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Chapter 1

A brief history of phenylketonuria
In 1930, Mr. and Mrs. Egeland were in a state of deep concern. At the age 

of three years, their daughter Liv had still not begun to speak. Now, their several 
month old son Dag also seemed to be developmentally delayed. At first, Dag had 
developed normally. However, during the last few months, he showed decreasing 
interest for his surroundings and was increasingly difficult to feed. In addition to 
these developmental symptoms, the parents had noted that their children’s urine 
had a particular, musty odor. After visiting several doctors to no avail, the Egelands 
turned to Asbjørn Følling, a physician and chemist studying metabolic diseases.

Puzzled by the developmental symptoms combined with the particular urine 
smell, Følling started analyzing urine samples. He discovered that these samples 
contained phenylpyruvic acid, a ketonic breakdown product of the amino acid 
phenylalanine (Phe; the particular odor was related to phenylacetate, a metabolite of 
phenylpyruvic acid). Følling proceeded to test urinary samples of mentally retarded 
children in institutions, and found that phenylpyruvic acid was present in several of 
those samples. In 1934, approximately six months after being approached by the 
Egelands, Følling published his findings, terming the newly discovered condition 
“imbecillitas phenylpyruvica” (1). A year later, the English geneticist Lionel Penrose 
changed the disorder’s name to phenylketonuria (PKU) (2), reflecting the presence 
of phenylketones in the urine associated with the disease. Although PKU could now 
be diagnosed, treatment options were still unavailable.

It would not be until the 1950s that further steps in the characterization and 
treatment of PKU were made. In 1951, Louis Woolf and David Vulliamy reported 
the effects of treating PKU with glutamic acid, theorizing that reducing blood 
concentrations of Phe and/or its metabolites could improve cognitive development. 
After observing that glutamic acid did not achieve the desired effects, the authors 
suggested that a dietary restriction of Phe might be an effective treatment form (3). 
In 1953, George Jervis showed that PKU results from a deficiency of phenylalanine 
hydroxylase (PAH), the enzyme converting Phe into tyrosine (Tyr) (4). In the same 
year, Horst Bickel and colleagues, in cooperation with Louis Woolf, published the 
first report on the effects of a Phe-restricted diet in PKU. In a severely affected two-
year-old girl, this diet not only reduced blood Phe concentrations, but also improved 
development and behavior (5). To this day, a dietary Phe-restriction treatment, 
achieved by limiting natural protein intake while supplementing non-Phe amino 
acids, remains the cornerstone of PKU therapy (6,7).

Could early diagnosis and treatment of PKU lead to a better outcome? In 
1963, Robert Guthrie and Ada Susi developed a blood test to detect elevated 
concentrations of Phe, allowing for population-wide screening of neonates (8). In 
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subsequent years, continuous treatment of early-diagnosed patients proved to 
prevent the severe mental retardation associated with untreated PKU. Unfortunately, 
the diet could not normalize development once severe mental retardation had 
occurred (as in the Egeland children). Throughout the following decades, the genetic 
and enzymatic abnormalities associated with PKU were characterized in detail, and 
dietary treatment was further developed, e.g. by improving taste and applicability of 
the amino acid supplementations. In recent years, PKU treatment was additionally 
optimized, following the discovery that certain PKU patients benefit from treatment 
with tetrahydrobiopterin (BH4), the naturally occurring cofactor of PAH (6,9). In these 
so-called BH4-responsive patients, treatment with the cofactor reduces blood Phe 
concentrations, thus improving metabolic control and/or allowing for a relaxation of 
the strict dietary treatment.

Despite the advances in the PKU field, several pathophysiological and 
treatment-related questions remain today. For example, although the strong 
relationship between elevated blood Phe concentrations and disturbed cognitive 
development has been well-established (10,11), the mechanisms mediating this 
relationship are only partially known (12,13). Moreover, current PKU treatment may 
be further optimized, as early and continuously treated patients still show impaired 
mental functioning, manifested as mild reductions in intelligence quotient (14-16), 
executive function deficits (17-20), and possibly an increased risk for psychiatric 
disorders (21). Several new treatment modalities have been suggested to further 
improve outcome in PKU (6,7).

This thesis investigates several topics associated with these pathophysiological 
and treatment-related questions. The remainder of this introduction provides a 
background to these topics. First, current knowledge on blood-brain barrier (BBB) 
transport of large neutral amino acids (LNAAs), cerebral LNAA and neurotransmitter 
metabolism, and cerebral protein synthesis (CPS) is reviewed in the context of 
PKU. Second, the molecular regulation of CPS in relation to cognitive functioning 
is addressed. Third, the presently identified phenotypes of existing genetic PKU 
mouse models are discussed, followed by two examples of how pathophysiological 
insights may improve PKU treatment.

LNAA transport across the blood–brain barrier
In the pathophysiology of mental dysfunction in PKU, amino acid transport across 

the BBB is considered to be important for two reasons. First, PKU symptomatology 
almost exclusively concerns the brain (22). Second, some untreated PKU subjects 
show normal intelligence despite having the blood biochemical characteristics of 
untreated PKU (23-25).
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Amino acid transport across the BBB is a dynamic process, currently known 
to be mediated by ten amino acid transport systems (26). One of these transport 
systems involves the large neutral amino acid type 1 (LAT1)-transporter, which 
selectively binds to the LNAAs (valine, isoleucine, leucine, methionine, threonine, 
tryptophan, Tyr, histidine, and Phe) (27,28). Binding of LNAAs to the LAT1-transporter 
is a competitive process (27-29). Moreover, the LAT1-transporter likely acts as a 
counter-transporter, excreting one LNAA for each LNAA taken up into the brain (30).

At physiological LNAA concentrations, the LAT1-transporter is almost fully 
saturated (27-29). It has different affinities and km-values (the km-value is the 
substrate concentration at which the reaction rate is 50% of its maximum value) 
for each LNAA, and Phe has the lowest km-value, indicating that it binds the LAT1-
transporter more strongly than other LNAA (27,28,30). Therefore, elevated blood 
Phe concentrations in PKU are believed to markedly increase uptake of Phe from 
blood to brain and to reduce uptake of non-Phe LNAA by two mechanisms. First, 
non-Phe LNAA uptake into the brain is reduced because of competitive inhibition 
by Phe. Second, non-Phe LNAA export from the brain in exchange for blood Phe is 
increased. These processes likely continue until a new equilibrium is reached and 
Phe is continually transported across the BBB, resulting in a net Phe transport of zero. 
Several clinical studies support the notion that elevated blood Phe concentrations 
reduce blood-to-brain transport of non-Phe LNAAs. In nine late-treated mentally 
retarded PKU patients with blood Phe concentrations mostly >1000 µmol/L, blood-
to-brain transport of 75Se-selenomethionine was reduced compared to non-PKU 
mentally retarded subjects (31). Similarly, Landvogt et al. (32) reported reduced 
uptake of F-dihydroxyphenylalanine (F-DOPA) in PKU patients compared to healthy 
controls. Similar to LNAA uptake, F-DOPA uptake from blood to brain is mediated 
by the LAT1-transporter (32). In addition, in healthy volunteers consuming a single 
dose of 100 mg Phe/kg of body weight, uptake of the artificial LNAA 11C-amino-
cyclohexanecarboxylate was reduced in the presence of markedly elevated plasma 
Phe concentrations (33).

If elevated plasma Phe concentrations disturb LNAA uptake from blood to 
brain, one would expect elevated brain Phe concentrations and reduced brain non-
Phe LNAA concentrations in PKU. Indeed, elevated brain Phe concentrations have 
been observed in PKU patients, as measured by magnetic resonance spectroscopy 
(34-40), and in the Pah-enu2 PKU mouse model (41-48). Moreover, reduced brain 
concentrations of valine, isoleucine, leucine, methionine, and Tyr have been reported 
in the Pah-enu2 PKU mouse model (41,42,45,46,48). In autopsied brains of PKU 
patients, brain concentrations of Tyr and tryptophan were reduced (49). It is not yet 
technically feasible to measure brain non-Phe LNAA concentrations non-invasively 
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in vivo.

Even in the relatively mild supraphysiological range of 200–600 µmol/L, blood 
Phe concentrations are negatively associated with CPS (27,50). Thus, even in early- 
and continuously-treated patients with blood Phe concentrations within the currently 
recommended treatment range, LNAA transport across the BBB may be disrupted.

Based on the concept that disturbed LNAA transport is central in PKU 
pathogenesis, studies using oral LNAA supplementation as a PKU treatment were 
conducted. These studies showed that oral LNAA supplementation lowered brain Phe 
concentrations (36,38,51), mitigated electroencephalography (EEG) abnormalities 
(36), and improved neuropsychological performance (40).

In healthy individuals, all LNAA except Tyr are essential amino acids (EAAs; 
i.e. they cannot be biosynthesized in man). In PKU, Tyr synthesis is reduced, so 
that Tyr may also function as an EAA, in particular in untreated PKU. Reduced 
non-Phe LNAA transport across the BBB in PKU may thus result in cerebral EAA 
deficiencies, possibly impairing cerebral neurotransmitter and/or protein synthesis, 
leading to the mental retardation and other cognitive and neurological abnormalities 
observed in PKU. Thus, reduced brain non-Phe LNAA concentrations, rather than 
elevated brain Phe concentrations, might be considered of paramount importance 
in the pathogenesis of PKU (13). This theory will be discussed in more detail below.

Neurochemical findings in PKU
In the Pah-enu2 PKU mouse model, concentrations of catecholamines, 

serotonin, and their associated metabolites are reduced in homogenized brain 
(42,45,47,52-55) and in different brain regions, including the prefrontal cortex, 
amygdala, hippocampus, and striatum (46,52,56-59). Embury et al. (58,60) also 
reported reductions in dopaminergic cell body density in the substantia nigra 
and nigrostriatum, another finding possibly consistent with decreased dopamine 
synthesis. In PKU patients, reduced concentrations of catecholamines, serotonin, 
and associated metabolites have been reported that are similar to those reported 
in the PKU mouse brain, both in brain tissue (49) and in cerebrospinal fluid (61-
63). Dietary treatment restores neurotransmitter metabolite concentrations in 
cerebrospinal fluid (61,63), as do Tyr and tryptophan supplementation (64). Taken 
together, these findings suggest that reduced neurotransmitter concentrations 
in PKU are caused by reduced neurotransmitter synthesis rather than increased 
neurotransmitter degradation.

Synthesis of catecholamines occurs via hydroxylation of Tyr to 
L-dihydroxyphenylalanine (L-DOPA) by tyrosine hydroxylase. L-DOPA is subsequently 
converted to dopamine, which is next metabolized to noradrenalin and adrenalin. 
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Reduced catecholamine synthesis in PKU may be caused by competition between 
brain Phe and Tyr for hydroxylation by tyrosine hydroxylase (45,46,54,56,57). Other 
explanations for reduced brain catecholamine synthesis in PKU include reduced 
synthesis and/or availability of tyrosine hydroxylase, which has been reported in the 
Pah-enu2 PKU mouse model (46,57,58), and reduced BBB transport of Tyr. This 
latter theory is supported by the reduced brain Tyr concentrations reported in PKU 
mice (41,45,46,57) and reduced brain Tyr concentrations in PKU patients (49).

Synthesis of serotonin occurs via hydroxylation of tryptophan to 
5-hydroxytryptophan by tryptophan hydroxylase. Subsequently, 5-hydroxytryptophan 
is converted to serotonin (5-hydroxytryptamine). Little is known about the cause 
of the probable reduction of brain serotonin synthesis in PKU. Reduced serotonin 
synthesis may be the result of reduced tryptophan brain concentrations caused by 
reduced BBB transport of tryptophan at elevated plasma Phe concentrations (13). 
Although brain tryptophan concentrations of PKU mice are comparable to those 
found in heterozygous or wild type mice (42,45,52,55), reduced brain tryptophan 
concentrations have been identified in PKU patients (49). Alternatively, reduced 
brain serotonin synthesis may be caused by reduced tryptophan hydroxylase activity 
at elevated brain Phe concentrations. In accordance with this idea, Pascucci et al. 
(52) reported reduced hydroxylation of tryptophan to 5-hydroxytryptophan in PKU 
mice compared to non-PKU controls while the amount of tryptophan hydroxylase 
was unaltered, suggesting reduced tryptophan hydroxylase activity. Interestingly, 
tryptophan hydroxylase activity was restored after treatment with Phe-restriction 
without amino acid supplements (52). This in vivo work supports the in vitro finding 
of an inhibitory effect of Phe on tryptophan hydroxylase activity (65).

The clinical significance of reduced brain catecholamine and serotonin 
concentrations in PKU patients has not been fully elucidated. Of these 
neurotransmitters, dopamine has been studied most extensively. Reduced dopamine 
availability may be particularly problematic for prefrontal cortex neurons, which 
have a higher dopamine turnover than neurons elsewhere in the brain (14,66,67). 
Dopamine availability in the dorsolateral prefrontal cortex is important for executive 
functioning, and thus may explain the reduced neuropsychological performance 
observed in PKU patients (14,17,18). Moreover, untreated PKU patients may 
occasionally develop chorea, tremors, and dystonia (68,69), symptoms possibly 
caused by dopamine deficiency in the basal ganglia. Cerebral serotonin deficiency 
may explain the increased occurrence of anxiety and depression disorders in PKU 
patients (21).

However, although both dopamine and serotonin are likely to be involved 
in postnatal brain development and maturation, severe mental retardation is not 
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the most characteristic feature of inborn deficiencies of these neurotransmitters 
in humans (70). Therefore, while neurotransmitter deficiencies likely underlie 
certain cognitive deficiencies in PKU, they do not seem to fully explain its clinical 
presentation.

Cerebral protein synthesis in PKU
Reduced brain non-Phe LNAA concentrations rather than elevated brain 

Phe concentrations may be the main pathophysiological mechanism of cognitive 
dysfunction in PKU. Reduced brain non-Phe LNAA concentrations may underlie 
the impairments of CPS reported by several authors in PKU animal models. 
Increases in inactive monoribosomes, reductions in polyribosomes, and reductions 
in polypeptide elongation have been reported in pharmacologically induced chronic 
hyperphenylalaninemia (HPA) in mice (71,72) and after a single Phe injection 
(73). LNAA supplementation restored brain non-Phe LNAA concentrations (72), 
and restored polyribosome formation and polypeptide elongation either partially 
(73) or completely (71,72). Interestingly, brain Phe concentrations were unaltered, 
suggesting that CPS may be more affected by reduced brain non-Phe LNAA 
concentrations than by elevated brain Phe concentrations (71,72).

In hyperphenylalaninemic rats, reduced incorporation of 3H-leucine and 
3H-lysine into cerebral proteins has been reported (27,74). Likewise, reduced 
incorporation of 14C-leucine into cerebral protein has been reported in the Pah-enu2 
PKU mouse model (41). Studies in early and continuously treated PKU patients 
demonstrated that CPS decreased as blood Phe concentrations increased (50,75). 
These data show that in PKU, CPS is negatively associated with increased blood 
Phe concentrations, both in patients and in animal models.

Reduced CPS in PKU might underlie a variety of neuroanatomical findings 
reported in PKU patients, in the Pah-enu2 PKU mouse model, and in the 
pharmacologically induced HPA rat model. Bauman and Kemper reported reduced 
myelination and reduced dendritic arborization of brain structures in three adults 
with untreated PKU at post-mortem investigation, a possible consequence of 
reduced CPS (76). Impaired dendritic arborization has similarly been reported in the  
Pah-enu2 PKU mouse model (53,77). Moreover, abnormalities of periventricular and 
subcortical white matter have been reported in PKU patients (78-80). In the PKU 
mouse model, reduced myelin staining in forebrain structures has been reported 
(57,81,82). Oligodendroglia, cells that synthesize myelin under healthy conditions, 
seemed to have adapted to a non-myelinating phenotype in the PKU mouse brain 
(57). Berger et al. (74) found myelin proteins to be reduced by 50% compared to 
controls in a HPA rat model. Dyer et al. (81) reported altered isoform expression 
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of myelin basic protein in PKU mice, and reduced concentrations of myelin basic 
protein were later reported in untreated PKU mice, which were restored upon dietary 
Phe-restriction (57).

Regulation of CPS is essential for brain development and function, as it forms 
the molecular basis of synaptic plasticity, long-term potentiation, and cognition 
(83,84). Deficiencies in the regulation of CPS may cause mental retardation 
syndromes in man (83-86) and therefore could be associated with mental retardation 
in patients with PKU.

Molecular regulation of cerebral protein synthesis
In the field of neurobiology, a wide array of studies have contributed to 

knowledge of the molecular regulation of CPS, many of which relate CPS to learning 
and memory formation. An extensive review of the molecular processes regulating 
learning and memory is beyond the scope of this thesis. Therefore, this section 
focuses on one particularly important molecular regulator of CPS.

 This key molecular regulator is the cAMP responsive element binding 
(CREB) protein (87-90). CREB activity is mediated by phosphorylation at different 
sites, which can be induced by a wide variety of stimuli and associated kinases. In the 
regulation of CREB activity, its most important phosphorylation site is serine-133 (Ser-
133) (88,91). When phosphorylated at Ser-133, CREB binds to a specific promotor 
region called the cAMP responsive element (CRE) motif (88,90-92). Following 
CREB binding to the CRE motif, transcriptional coactivators are recruited (including 
CREB-binding protein), after which RNA polymerase II binds to the transcription 
complex and transcription is initiated (88,90,91). By this process, CREB regulates 
the transcription of many genes involved in the formation of learning and memory, 
such as those encoding transcription factors, growth factors, and neurotransmitter 
receptor subunits (90,92). The translation of mRNA derived from these genes into 
cerebral proteins underlies the cellular acquisition and maintenance of memory 
(90,92,93).

CREB regulates protein synthesis in a wide variety of organisms, ranging 
from sea snails to humans (87,88,90). Increased CREB phosphorylation at Ser-133 
underlies learning and memory in many paradigms and associated brain regions 
(88,90,92). Along these lines, impaired CREB Ser-133 phosphorylation disturbs the 
formation of learning and memory in several tasks (88,90). Together, these findings 
show the importance of CREB phosphorylation at Ser-133 in regulating CPS and the 
associated formation of learning and memory.
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From fundamental neurobiology to cognitive functioning

 One may wonder to which extent the above neurobiological findings are 
relevant for PKU, and whether learning and memory performance in animal models 
translates to cognitive functioning in humans. Several arguments support the validity 
of extending these fundamental neurobiological findings to humans. First, the role 
of CPS in healthy development and cognitive functioning has been well-established 
(85,86), and several mental retardation syndromes in humans are associated with 
reduced CPS (84-86). Second, comparing CREB-mediated effects across different 
species shows that CREB regulates increasingly complex processes as species 
complexity increases (88,90), suggesting that CREB-mediated CPS could underlie 
processes as complex as human cognitive functioning. Clinically, the relevance 
of CREB and associated regulatory factors for cognitive functioning in humans is 
evidenced by two genetic mental retardation syndromes affecting CREB-mediated 
signaling, i.e. the Rubinstein-Taybi syndrome and the Coffin-Lowry syndrome. In 
the Rubinstein-Taybi syndrome, mutations in the gene encoding CREB binding 
protein prevent CREB from mediating its regulatory effects (94). In the Coffin-Lowry 
syndrome, reduced activity of ribosomal S6 kinase 2 (RSK2) prevents phosphorylation 
of several of its downstream targets, one of which is CREB (95). Both syndromes 
have severe mental retardation as one of their clinical hallmarks, signifying the 
importance of well-regulated CREB activity for normal cognitive development. This 
importance is further underlined by the observation that in patients with Coffin-Lowry 
syndrome, the residual ability of RSK2 to phosphorylate CREB at Ser-133 correlated 
with cognitive outcome (96). Third, in several studies investigating human cognitive 
deficits, learning and memory performance in animal models have contributed 
to pathophysiological understanding and treatment development (85,86,88,90). 
Combined, the above findings illustrate the translational value of neurobiological 
experiments assessing CREB-mediated signaling, CPS, and learning and memory 
for the study of cognitive functioning in humans.

The development of the Pah-enu2 PKU mouse models
For the study of neurobiological processes associated with PKU, the 

development of the genetic Pah-enu2 PKU mouse model has been crucial. Previous 
in vitro and in vivo PKU models showed several characteristics limiting their 
translational value, such as biochemical alterations not observed in PKU patients 
and inhibition of enzymes other than PAH (97). First described in 1993 (98), the  
Pah-enu2 PKU model was developed by exposing mice of the BTBR strain to N-ethyl-
N-nitrosourea (enu), a chemical which randomly induces gene mutations. By crossing 
and backcrossing several generations, mice displaying hyperphenylalaninemia were 
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obtained. In the so-called enu2 mice, the hyperphenylalaninemia proved to result 
from PAH deficiency, thus reflecting the enzymatic deficiency underlying PKU. In 
1997, the PAH deficiency in enu2 mice was shown to result from homozygosity for a 
point mutation in the associated gene, validating that the enu2 mouse line genetically 
modelled PKU (99). In subsequent years, the BTBR Pah-enu2 PKU mouse model 
was further characterized on a biochemical and behavioral level, and was shown to 
display corresponding phenotypes reflecting PKU in humans (41,42,45,100,101). In 
2006, the Pah-enu2 mutation was bred into the C57Bl/6 mouse strain to increase 
breeding efficacy (102). Although studies investigating blood and brain biochemical 
phenotypes of C57Bl/6 PKU mice have been limited, existing data suggest that the 
blood and brain biochemical phenotypes of these mice are similar to those observed 
in BTBR PKU mice (47,48,55,103). Contrary to these biochemical phenotypes, 
learning and memory phenotypes of C57Bl/6 PKU mice have not been reported. 
The absence of such reports matters, as in contrast to the BTBR strain, the 
C57Bl/6 strain is widely used in neurobiological studies to investigate learning and 
memory performance (104-106). Moreover, thus far, no studies have investigated 
neuromolecular pathways in the C57Bl/6 PKU mouse model. In conclusion, while 
several studies have investigated behavioral, biochemical and molecular phenotypes 
in the BTBR PKU mouse model, the C57Bl/6 PKU mouse model has scarcely been 
characterized, in particular regarding learning and memory deficits and associated 
molecular pathways.

New treatment modalities in PKU
 Pathophysiological knowledge obtained in PKU mouse models may serve 

to optimize current PKU therapy, regarding both treatment burden and treatment 
outcome. This paragraph addresses two treatment modalities that may improve 
current PKU treatment using pathophysiological considerations as a starting point, 
i.e. LNAA supplementation and BH4 treatment.

 LNAA supplementation refers to increasing intake of non-Phe LNAAs 
in order to achieve specific treatment aims, which include 1) reducing blood Phe 
concentrations and increasing blood concentrations of non-Phe LNAAs by influencing 
gastro-intestinal LNAA uptake, 2) reducing brain Phe concentrations, 3) increasing 
brain concentrations of tyrosine and tryptophan, aiming to increase synthesis of 
associated neurotransmitters, and 4) increasing brain concentrations of all non-Phe 
LNAAs, aiming to increase CPS. The concept of LNAA supplementation therapy 
in PKU has been suggested as early as 1948 (107). In the past decades, several 
studies have investigated LNAA supplementation in relation to the above treatment 
aims, both fundamentally and clinically. Still, LNAA supplementation is currently not 
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used in PKU treatment. Thus, the question arises what the current state of evidence 
is for this therapeutic modality, and which issues should be clarified before LNAA 
supplementation can be applied clinically.

A second treatment modality of interest to this thesis is BH4 treatment. The 
decrease of blood Phe concentrations occurring in certain BH4-treated PKU patients 
is mediated by increased activity of mutated PAH. BH4 acts as a cofactor for not only 
PAH, but also for tyrosine hydroxylase and tryptophan hydroxylase. Considering 
that BH4 is able to increase activity of mutated PAH, it could be conceived that BH4 
treatment similarly increases activity of the tyrosine and tryptophan hydroxylases. 
Thus, BH4 treatment could increase synthesis of the associated downstream 
neurotransmitters and improve mental functioning. If so, BH4 treatment might be 
beneficial to all PKU patients, regardless of its effect on blood Phe concentrations.

Thesis outline
This thesis focuses on the pathophysiology of reduced CPS and cognitive 

dysfunction in PKU, combining data obtained in PKU patients and in the C57Bl/6 
PKU mouse model. In addition, the relevance of several pathophysiological insights 
for clinical practice is addressed, by reviewing the current state of evidence for LNAA 
supplementation, and by investigating possible new therapeutic targets in BH4 
treatment. 

As discussed above, CPS has been shown to play a pivotal role in cognitive 
development, and impairments of this process result in cognitive deficits. Reduced 
CPS has been described in PKU in both patients and rodent models (27,41,50,75). 
We recently showed that CPS decreases as blood Phe concentrations increase (50). 
However, many aspects of the biochemical and molecular pathways mediating the 
relationships between blood Phe concentration, CPS and cognitive dysfunction in 
PKU remain to be clarified. To this aim, this thesis addresses the following research 
questions:

1. To which extent is the association between CPS and blood Phe concentrations 
in PKU patients related to alterations in blood-brain barrier LNAA transport? 

2. Are elevated brain Phe concentrations related to CPS in PKU patients?
3. Do untreated C57Bl/6 PKU mice show behavioral phenotypes of learning and 

memory deficits?
4. Is CREB phosphorylation at Ser-133 reduced in relation to behavioral phenotypes 

of learning and memory deficits in C57Bl/6 PKU mice?
5. Do untreated C57Bl/6 PKU mice display behavioral phenotypes of impaired 

mood and motor deficits?
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In current PKU treatment, the stringent restriction of protein intake profoundly 
impacts everyday life, while treatment outcome appears to be suboptimal. The 
current treatment burden and outcome raise the question whether new therapeutic 
modalities, aiming to influence known pathophysiological targets, could improve 
current PKU treatment. In this context, this thesis addresses the following research 
questions:

6. What is the current state of evidence for LNAA supplementation in PKU in 
relation to treatment aims?

7. Does BH4 treatment impact brain concentrations of catecholamines, serotonin, 
and LNAAs in C57Bl/6 PKU mice? 

The final chapter of this thesis provides an overview of the findings answering 
these questions, provides additional experimental avenues and associated data, 
and outlines the relevance of the results for today and tomorrow.



21

General Introduction

1
References

1. Følling A (1934) Über Ausscheidung von Phenylbrenztraubensäure in den Harn als 
Stoffwechselanomalie in Verbindung mit Imbezillität. Hoppe-Seylers Ztschr. Physiol. Chem. 227: 
169-176.

2. Penrose LS (1935) Inheritance of phenylpyruvic amentia (phenylketonuria). Lancet 2: 192-194.

3. Woolf LI, Vulliamy DG (1951) Phenylketonuria with a study of the effect upon it of glutamic acid. 
Arch. Dis. Child. 26: 487-494.

4. Jervis GA (1953) Phenylpyruvic oligophrenia deficiency of phenylalanine-oxidizing system. Proc. 
Soc. Exp. Biol. Med. 82: 514-515. 

5. Bickel H, Gerrard J, Hickmans EM (1953) Influence of phenylalanine intake on phenylketonuria. 
Lancet 265: 812-813. 

6. Blau N, van Spronsen FJ, Levy HL (2010) Phenylketonuria. Lancet 376: 1417-1427. 

7. van Spronsen FJ (2010) Phenylketonuria: a 21st century perspective. Nat. Rev. Endocrinol. 6: 509-
514. 

8. Guthrie R, Susi A (1963) A simple phenylalanine method for detecting phenylketonuria in large 
populations of newborn infants. Pediatrics 32: 338-343. 

9. Kure S, Hou DC, Ohura T, et al. (1999) Tetrahydrobiopterin-responsive phenylalanine hydroxylase 
deficiency. J. Pediatr. 135: 375-378. 

10. Smith I, Beasley MG, Ades AE (1990) Intelligence and quality of dietary treatment in phenylketonuria. 
Arch. Dis. Child. 65: 472-478. 

11. Waisbren SE, Noel K, Fahrbach K, Cella C, Frame D, Dorenbaum A, Levy H (2007) Phenylalanine 
blood levels and clinical outcomes in phenylketonuria: a systematic literature review and meta-
analysis. Mol. Genet. Metab. 92: 63-70. 

12. Surtees R, Blau N (2000) The neurochemistry of phenylketonuria. Eur. J. Pediatr. 159 Suppl 2: 
S109-S113. 

13. van Spronsen FJ, Hoeksma M, Reijngoud DJ (2009) Brain dysfunction in phenylketonuria: is 
phenylalanine toxicity the only possible cause? J. Inherit. Metab. Dis. 32: 46-51. 

14. Anderson PJ, Wood SJ, Francis DE, Coleman L, Anderson V, Boneh A (2007) Are neuropsychological 
impairments in children with early-treated phenylketonuria (PKU) related to white matter abnormalities 
or elevated phenylalanine levels? Dev. Neuropsychol. 32: 645-668. 

15. Moyle JJ, Fox AM, Arthur M, Bynevelt M, Burnett JR (2007) Meta-analysis of neuropsychological 
symptoms of adolescents and adults with PKU. Neuropsychol. Rev. 17: 91-101. 

16. DeRoche K, Welsh M (2008) Twenty-five years of research on neurocognitive outcomes in early-
treated phenylketonuria: intelligence and executive function. Dev. Neuropsychol. 33: 474-504. 

17. Huijbregts SC, de Sonneville LM, Licht R, van Spronsen FJ, Verkerk PH, Sergeant JA (2002) 
Sustained attention and inhibition of cognitive interference in treated phenylketonuria: associations 
with concurrent and lifetime phenylalanine concentrations. Neuropsychologia 40: 7-15. 

18. Huijbregts SC, de Sonneville LM, van Spronsen FJ, Licht R, Sergeant JA (2002) The 
neuropsychological profile of early and continuously treated phenylketonuria: orienting, vigilance, 
and maintenance versus manipulation-functions of working memory. Neurosci. Biobehav. Rev. 26: 
697-712. 



22

Chapter 1

19. Channon S, German E, Cassina C, Lee P (2004) Executive functioning, memory, and learning in 
phenylketonuria. Neuropsychology 18: 613-620. 

20. Channon S, Mockler C, Lee P (2005) Executive functioning and speed of processing in 
phenylketonuria. Neuropsychology 19: 679-686. 

21. Smith I, Knowles J (2000) Behaviour in early treated phenylketonuria: a systematic review. Eur. J. 
Pediatr. 159 Suppl 2: S89-93. 

22. Scriver CR, Kaufman S (2001) In: The metabolic and molecular bases of inherited disease. 
Hyperphenylalaninemia: phenylalanine hydroxylase deficiency. Scriver CR, Beaudet AL, Sly WS, 
Valle D, eds. New York: McGraw-Hill, 1667-1724. 

23. Primrose DA (1983) Phenylketonuria with normal intelligence. J. Ment. Defic. Res. 27 (Pt 4): 239-
246. 

24. Ramus SJ, Forrest SM, Pitt DD, Cotton RG (1999) Genotype and intellectual phenotype in untreated 
phenylketonuria patients. Pediatr. Res. 45: 474-481. 

25. Möller HE, Weglage J, Wiedermann D, Ullrich K (1998) Blood-brain barrier phenylalanine transport 
and individual vulnerability in phenylketonuria. J. Cereb. Blood Flow Metab. 18: 1184-1191. 

26. Valdovinos-Flores C, Gonsebatt ME (2012) The role of amino acid transporters in GSH synthesis in 
the blood-brain barrier and central nervous system. Neurochem. Int. 61: 405-414. 

27. Pardridge WM (1998) Blood-brain barrier carrier-mediated transport and brain metabolism of amino 
acids. Neurochem. Res. 23: 635-644. 

28. Smith QR (2000) Transport of glutamate and other amino acids at the blood-brain barrier. J. Nutr. 
130: S1016-1022. 

29. Boado RJ, Li JY, Nagaya M, Zhang C, Pardridge WM (1999) Selective expression of the large neutral 
amino acid transporter at the blood-brain barrier. Proc. Natl. Acad. Sci. U. S. A. 96: 12079-12084. 

30. Zielke HR, Zielke CL, Baab PJ, Collins RM (2002) Large neutral amino acids auto exchange 
when infused by microdialysis into the rat brain: implication for maple syrup urine disease and 
phenylketonuria. Neurochem. Int. 40: 347-354. 

31. Oldendorf WH, Sisson BW, Silverstein A (1971) Brain uptake of selenomethionine Se 75. II. Reduced 
brain uptake of selenomethionine Se 75 in phenylketonuria. Arch. Neurol. 24: 524-528. 

32. Landvogt C, Mengel E, Bartenstein P, et al. (2008) Reduced cerebral fluoro-L-dopamine uptake in 
adult patients suffering from phenylketonuria. J. Cereb. Blood Flow Metab. 28: 824-831. 

33. Shulkin BL, Betz AL, Koeppe RA, Agranoff BW (1995) Inhibition of neutral amino acid transport 
across the human blood-brain barrier by phenylalanine. J. Neurochem. 64: 1252-1257. 

34. Novotny EJ,Jr, Avison MJ, Herschkowitz N, Petroff OA, Prichard JW, Seashore MR, Rothman DL 
(1995) In vivo measurement of phenylalanine in human brain by proton nuclear magnetic resonance 
spectroscopy. Pediatr. Res. 37: 244-249. 

35. Kreis R, Pietz J, Penzien J, Herschkowitz N, Boesch C (1995) Identification and quantitation 
of phenylalanine in the brain of patients with phenylketonuria by means of localized in vivo 1H 
magnetic-resonance spectroscopy. J. Magn. Reson. B 107: 242-251. 

36. Pietz J, Kreis R, Rupp A, Mayatepek E, Rating D, Boesch C, Bremer HJ (1999) Large neutral amino 
acids block phenylalanine transport into brain tissue in patients with phenylketonuria. J. Clin. Invest. 
103: 1169-1178. 



23

General Introduction

1
37. Koch R, Moseley KD, Yano S, Nelson M,Jr, Moats RA (2003) Large neutral amino acid therapy and 

phenylketonuria: a promising approach to treatment. Mol. Genet. Metab. 79: 110-113. 

38. Moats RA, Moseley KD, Koch R, Nelson M,Jr (2003) Brain phenylalanine concentrations in 
phenylketonuria: research and treatment of adults. Pediatrics 112: 1575-1579. 

39. Sijens PE, Oudkerk M, Reijngoud DJ, Leenders KL, de Valk HW, van Spronsen FJ (2004) 1H MR 
chemical shift imaging detection of phenylalanine in patients suffering from phenylketonuria (PKU). 
Eur. Radiol. 14: 1895-1900. 

40. Schindeler S, Ghosh-Jerath S, Thompson S, et al. (2007) The effects of large neutral amino acid 
supplements in PKU: an MRS and neuropsychological study. Mol. Genet. Metab. 91: 48-54. 

41. Smith CB, Kang J (2000) Cerebral protein synthesis in a genetic mouse model of phenylketonuria. 
Proc. Natl. Acad. Sci. U. S. A. 97: 11014-11019. 

42. Pascucci T, Ventura R, Puglisi-Allegra S, Cabib S (2002) Deficits in brain serotonin synthesis in a 
genetic mouse model of phenylketonuria. Neuroreport 13: 2561-2564. 

43. Matalon R, Surendran S, Matalon KM, et al. (2003) Future role of large neutral amino acids in 
transport of phenylalanine into the brain. Pediatrics 112: 1570-1574. 

44. Glushakov AV, Glushakova O, Varshney M, et al. (2005) Long-term changes in glutamatergic 
synaptic transmission in phenylketonuria. Brain 128: 300-307. 

45. Pascucci T, Andolina D, Ventura R, Puglisi-Allegra S, Cabib S (2008) Reduced availability of brain 
amines during critical phases of postnatal development in a genetic mouse model of cognitive delay. 
Brain Res. 1217: 232-238. 

46. Pascucci T, Giacovazzo G, Andolina D, Conversi D, Cruciani F, Cabib S, Puglisi-Allegra S (2012) In 
vivo catecholaminergic metabolism in the medial prefrontal cortex of ENU2 mice: an investigation of 
the cortical dopamine deficit in phenylketonuria. J. Inherit. Metab. Dis. 35: 1001-1009. 

47. Vogel KR, Arning E, Wasek BL, Bottiglieri T, Gibson KM (2013) Non-physiological amino acid (NPAA) 
therapy targeting brain phenylalanine reduction: pilot studies in Pah-enu2 mice. J. Inherit. Metab. 
Dis. 36: 513-523. 

48. Vogel KR, Arning E, Wasek BL, Bottiglieri T, Gibson KM (2013) Characterization of 2-(methylamino)
alkanoic acid capacity to restrict blood-brain phenylalanine transport in Pah-enu2 mice: preliminary 
findings. Mol. Genet. Metab. 110 Suppl: S71-S78. 

49. McKean CM (1972) The effects of high phenylalanine concentrations on serotonin and catecholamine 
metabolism in the human brain. Brain Res. 47: 469-476. 

50. Hoeksma M, Reijngoud DJ, Pruim J, de Valk HW, Paans AM, van Spronsen FJ (2009) Phenylketonuria: 
High plasma phenylalanine decreases cerebral protein synthesis. Mol. Genet. Metab. 96: 177-182. 

51. Koch R, Moats R, Guttler F, Guldberg P, Nelson M,Jr (2000) Blood-brain phenylalanine relationships 
in persons with phenylketonuria. Pediatrics 106: 1093-1096. 

52. Pascucci T, Andolina D, Mela IL, et al. (2009) 5-Hydroxytryptophan rescues serotonin response 
to stress in prefrontal cortex of hyperphenylalaninaemic mice. Int. J. Neuropsychopharmacol. 12: 
1067-1079. 

53. Andolina D, Conversi D, Cabib S, Trabalza A, Ventura R, Puglisi-Allegra S, Pascucci T (2011) 
5-Hydroxytryptophan during critical postnatal period improves cognitive performances and promotes 
dendritic spine maturation in genetic mouse model of phenylketonuria. Int. J. Neuropsychopharmacol. 
14: 479-489. 



24

Chapter 1

54. Harding CO, Winn SR, Gibson KM, Arning E, Bottiglieri T, Grompe M (2014) Pharmacologic inhibition 
of L-tyrosine degradation ameliorates cerebral dopamine deficiency in murine phenylketonuria 
(PKU). J. Inherit. Metab. Dis.: doi:10.1007/s10545-013-9675-2. 

55. Sawin EA, Murali SG, Ney DM (2014) Differential effects of low-phenylalanine protein sources 
on brain neurotransmitters and behavior in C57Bl/6 Pah-enu2 mice. Mol. Genet. Metab. 111: doi: 
10.1016/j.ymgme.2014.01.015. 

56. Puglisi-Allegra S, Cabib S, Pascucci T, Ventura R, Cali F, Romano V (2000) Dramatic brain aminergic 
deficit in a genetic mouse model of phenylketonuria. Neuroreport 11: 1361-1364. 

57. Joseph B, Dyer CA (2003) Relationship between myelin production and dopamine synthesis in the 
PKU mouse brain. J. Neurochem. 86: 615-626. 

58. Embury JE, Charron CE, Martynyuk A, et al. (2007) PKU is a reversible neurodegenerative process 
within the nigrostriatum that begins as early as 4 weeks of age in Pah(enu2) mice. Brain Res. 1127: 
136-150. 

59. Pascucci T, Giacovazzo G, Andolina D, et al. (2013) Behavioral and neurochemical characterization 
of new mouse model of hyperphenylalaninemia. PLoS One 8: e84697. 

60. Embury JE, Reep RR, Laipis PJ (2005) Pathologic and immunohistochemical findings in hypothalamic 
and mesencephalic regions in the pah(enu2) mouse model for phenylketonuria. Pediatr. Res. 58: 
283-287. 

61. Butler IJ, O’Flynn ME, Seifert WE,Jr, Howell RR (1981) Neurotransmitter defects and treatment of 
disorders of hyperphenylalaninemia. J. Pediatr. 98: 729-733. 

62. Lou HC, Guttler F, Lykkelund C, Bruhn P, Niederwieser A (1985) Decreased vigilance and 
neurotransmitter synthesis after discontinuation of dietary treatment for phenylketonuria in 
adolescents. Eur. J. Pediatr. 144: 17-20. 

63. Burlina AB, Bonafe L, Ferrari V, Suppiej A, Zacchello F, Burlina AP (2000) Measurement of 
neurotransmitter metabolites in the cerebrospinal fluid of phenylketonuric patients under dietary 
treatment. J. Inherit. Metab. Dis. 23: 313-316. 

64. Lou H (1985) Large doses of tryptophan and tyrosine as potential therapeutic alternative to dietary 
phenylalanine restriction in phenylketonuria. Lancet 2: 150-151. 

65. Ogawa S, Ichinose H (2006) Effect of metals and phenylalanine on the activity of human tryptophan 
hydroxylase-2: comparison with that on tyrosine hydroxylase activity. Neurosci. Lett. 401: 261-265. 

66. Diamond A, Ciaramitaro V, Donner E, Djali S, Robinson MB (1994) An animal model of early-treated 
PKU. J. Neurosci. 14: 3072-3082. 

67. Diamond A (1996) Evidence for the importance of dopamine for prefrontal cortex functions early in 
life. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 351: 1483-1493. 

68. Thompson AJ, Smith I, Brenton D, et al. (1990) Neurological deterioration in young adults with 
phenylketonuria. Lancet 336: 602-605. 

69. Pietz J (1998) Neurological aspects of adult phenylketonuria. Curr. Opin. Neurol. 11: 679-688. 

70. Pearl PL, Capp PK, Novotny EJ, Gibson KM (2005) Inherited disorders of neurotransmitters in 
children and adults. Clin. Biochem. 38: 1051-1058. 

71. Binek PA, Johnson TC, Kelly CJ (1981) Effect of alpha-methylphenylalanine and phenylalanine on 
brain polyribosomes and protein synthesis. J. Neurochem. 36: 1476-1484. 



25

General Introduction

1
72. Binek-Singer P, Johnson TC (1982) The effects of chronic hyperphenylalaninaemia on mouse brain 

protein synthesis can be prevented by other amino acids. Biochem. J. 206: 407-414. 

73. Hughes JV, Johnson TC (1978) Experimentally induced and natural recovery from the effects of 
phenylalanine on brain protein synthesis. Biochim. Biophys. Acta 517: 473-485. 

74. Berger R, Springer J, Hommes FA (1980) Brain protein and myelin metabolism in 
hyperphenylalaninemic rats. Cell. Mol. Biol. Incl Cyto Enzymol. 26: 31-36. 

75. Paans AM, Pruim J, Smit GP, Visser G, Willemsen AT, Ullrich K (1996) Neurotransmitter positron 
emission tomographic-studies in adults with phenylketonuria, a pilot study. Eur. J. Pediatr. 155 Suppl 
1: S78-S81. 

76. Bauman ML, Kemper TL (1982) Morphologic and histoanatomic observations of the brain in 
untreated human phenylketonuria. Acta Neuropathol. 58: 55-63. 

77. Liang L, Gu X, Lu L, Li D, Zhang X (2011) Phenylketonuria-related synaptic changes in a BTBR Pah-
enu2 mouse model. Neuroreport 22: 617-622. 

78. Bick U, Fahrendorf G, Ludolph AC, Vassallo P, Weglage J, Ullrich K (1991) Disturbed myelination in 
patients with treated hyperphenylalaninaemia: evaluation with magnetic resonance imaging. Eur. J. 
Pediatr. 150: 185-189. 

79. Thompson AJ, Tillotson S, Smith I, Kendall B, Moore SG, Brenton DP (1993) Brain MRI changes in 
phenylketonuria. Associations with dietary status. Brain 116: 811-821. 

80. Huttenlocher PR (2000) The neuropathology of phenylketonuria: human and animal studies. Eur. J. 
Pediatr. 159 Suppl 2: S102-6. 

81. Dyer CA, Kendler A, Philibotte T, Gardiner P, Cruz J, Levy HL (1996) Evidence for central nervous 
system glial cell plasticity in phenylketonuria. J. Neuropathol. Exp. Neurol. 55: 795-814. 

82. Shefer S, Tint GS, Jean-Guillaume D, et al. (2000) Is there a relationship between 3-hydroxy-3-
methylglutaryl coenzyme a reductase activity and forebrain pathology in the PKU mouse? J. 
Neurosci. Res. 61: 549-563. 

83. Ramakers GJ (2002) Rho proteins, mental retardation and the cellular basis of cognition. Trends 
Neurosci. 25: 191-199. 

84. Johnston MV (2003) Brain plasticity in paediatric neurology. Eur. J. Paediatr. Neurol. 7: 105-113. 

85. Greer PL, Greenberg ME (2008) From synapse to nucleus: calcium-dependent gene transcription in 
the control of synapse development and function. Neuron 59: 846-860. 

86. Vaillend C, Poirier R, Laroche S (2008) Genes, plasticity and mental retardation. Behav. Brain Res. 
192: 88-105. 

87. Cardin JA, Abel T (1999) Memory suppressor genes: enhancing the relationship between synaptic 
plasticity and memory storage. J. Neurosci. Res. 58: 10-23. 

88. Josselyn SA, Nguyen PV (2005) CREB, synapses and memory disorders: past progress and future 
challenges. Curr. Drug Targets CNS Neurol. Disord. 4: 481-497. 

89. Wu H, Zhou Y, Xiong ZQ (2007) Transducer of regulated CREB and late phase long-term synaptic 
potentiation. FEBS J. 274: 3218-3223. 

90. Sakamoto K, Karelina K, Obrietan K (2011) CREB: a multifaceted regulator of neuronal plasticity and 
protection. J. Neurochem. 116: 1-9. 

91. Johannessen M, Delghandi MP, Moens U (2004) What turns CREB on? Cell. Signal. 16: 1211-1227. 



26

Chapter 1

92. Carlezon WA,Jr, Duman RS, Nestler EJ (2005) The many faces of CREB. Trends Neurosci. 28: 
436-445. 

93. Costa-Mattioli M, Sossin WS, Klann E, Sonenberg N (2009) Translational control of long-lasting 
synaptic plasticity and memory. Neuron 61: 10-26. 

94. Roelfsema JH, Peters DJ (2007) Rubinstein-Taybi syndrome: clinical and molecular overview. 
Expert Rev. Mol. Med. 9: 1-16. 

95. Pereira PM, Schneider A, Pannetier S, Heron D, Hanauer A (2010) Coffin-Lowry syndrome. Eur. J. 
Hum. Genet. 18: 627-633. 

96. Harum KH, Alemi L, Johnston MV (2001) Cognitive impairment in Coffin-Lowry syndrome correlates 
with reduced RSK2 activation. Neurology 56: 207-214. 

97. Martynyuk AE, van Spronsen FJ, van der Zee EA (2010) Animal models of brain dysfunction in 
phenylketonuria. Mol. Genet. Metab. 99 Suppl 1: S100-S105. 

98. Shedlovsky A, McDonald JD, Symula D, Dove WF (1993) Mouse models of human phenylketonuria. 
Genetics 134: 1205-1210. 

99. McDonald JD, Charlton CK (1997) Characterization of mutations at the mouse phenylalanine 
hydroxylase locus. Genomics 39: 402-405. 

100. Zagreda L, Goodman J, Druin DP, McDonald D, Diamond A (1999) Cognitive deficits in a genetic 
mouse model of the most common biochemical cause of human mental retardation. J. Neurosci. 19: 
6175-6182. 

101. Cabib S, Pascucci T, Ventura R, Romano V, Puglisi-Allegra S (2003) The behavioral profile of 
sevwere mental retardation in a genetic mouse model of phenylketonuria. Behav. Genet. 33: 301-
310. 

102. Ding Z, Georgiev P, Thony B (2006) Administration-route and gender-independent long-term 
therapeutic correction of phenylketonuria (PKU) in a mouse model by recombinant adeno-associated 
virus 8 pseudotyped vector-mediated gene transfer. Gene Ther. 13: 587-593. 

103. Arning E, Bottiglieri T, Sun Q, et al. (2009) Metabolic profiling in phenylalanine hydroxylase deficient 
(Pah-/-) mouse brain reveals decreased amino acid neurotransmitters and preferential alterations of 
the serotoninergic system. Mol. Genet. Metab. 98: 21. 

104. Crawley JN, Belknap JK, Collins A, et al. (1997) Behavioral phenotypes of inbred mouse strains: 
implications and recommendations for molecular studies. Psychopharmacology (Berl) 132: 107-124. 

105. Holmes A, Wrenn CC, Harris AP, Thayer KE, Crawley JN (2002) Behavioral profiles of inbred strains 
on novel olfactory, spatial and emotional tests for reference memory in mice. Genes Brain Behav. 
1: 55-69. 

106. Mishina M, Sakimura K (2007) Conditional gene targeting on the pure C57BL/6 genetic background. 
Neurosci. Res. 58: 105-112. 

107. Christensen HN, Streicher JA, Elbinger RL (1948) Effects of feeding individual amino acids upon the 
distribution of other amino acids between cells and extracellular fluid. J. Biol. Chem. 172: 515-524.



27

Chapter 2

Phenylketonuria: reduced tyrosine brain influx 
relates to reduced cerebral protein synthesis 

Martijn J. de Groot1,2*, Marieke Hoeksma1,2*, Dirk-Jan Reijngoud2,3, Harold W. de 
Valk4, Anne M.J. Paans5, Pieter J.J. Sauer1,2, Francjan J. van Spronsen1,3 

1 Dept. of Metabolic Diseases, Beatrix Children’s Hospital, University Medical Center 
Groningen, University of Groningen, Groningen, the Netherlands
2 Laboratory of Metabolic Diseases, Dept. of Laboratory Medicine, University Medical 
Center Groningen, University of Groningen, Groningen, the Netherlands 
3 Center for Liver, Digestive and Metabolic Diseases, University Medical Center 
Groningen, University of Groningen, Groningen, the Netherlands
4 Dept. of Internal Medicine, University Medical Center Utrecht, Utrecht University, 
Utrecht, the Netherlands
5 Dept. of Nuclear Medicine and Molecular Imaging, University Medical Center 
Groningen, University of Groningen, Groningen, the Netherlands

* These authors contributed equally to this work.

Orphanet J. Rare Dis. 2013; 8: 133-141



28

Chapter 2

Abstract 

Background: In phenylketonuria (PKU), elevated blood phenylalanine (Phe) 
concentrations are considered to impair transport of large neutral amino acids 
(LNAAs) from blood to brain. This impairment is believed to underlie cognitive deficits 
in PKU via different mechanisms, including reduced cerebral protein synthesis. 
In this study, we investigated the hypothesis that impaired LNAA influx relates to 
reduced cerebral protein synthesis.
Methods: Using positron emission tomography, L-[1-11C]-tyrosine (11C-Tyr) brain 
influx and incorporation into cerebral protein were studied in 16 PKU patients 
(median age 24, range 16 – 47 years), most of whom were early and continuously 
treated. Data were analyzed by regression analyses, using either 11C-Tyr brain influx 
or 11C-Tyr cerebral protein incorporation as outcome variable. Predictor variables 
were baseline plasma Phe concentration, Phe tolerance, age, and 11C-Tyr brain 
efflux. For the modelling of cerebral protein incorporation, 11C-Tyr brain influx was 
added as a predictor variable.
Results: 11C-Tyr brain influx was inversely associated with plasma Phe 
concentrations (median 512, range 233 – 1362 µmol/L; delta adjusted R2=0.571, 
p<0.001). In addition, 11C-Tyr brain influx was positively associated with 11C-Tyr 
brain efflux (delta adjusted R2=0.098, p=0.041). Cerebral protein incorporation was 
positively associated with 11C-Tyr brain influx (adjusted R2=0.567, p<0.001). All 
additional associations between predictor and outcome variables were statistically 
nonsignificant.
Conclusions: Our data favour the hypothesis that an elevated concentration of Phe 
in blood reduces cerebral protein synthesis by impairing LNAA transport from blood 
to brain. Considering the importance of cerebral protein synthesis for adequate brain 
development and functioning, our results support the notion that PKU treatment be 
continued in adulthood. Future studies investigating the effects of impaired LNAA 
transport on cerebral protein synthesis in more detail are indicated.
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Background
Phenylketonuria (PKU; OMIM 261600) is an inborn error of metabolism 

characterized by the inability to convert phenylalanine (Phe) to tyrosine (Tyr), caused 
by the deficiency of hepatic phenylalanine hydroxylase (EC 1.14.16.1). Untreated, 
PKU results in markedly elevated blood Phe concentrations, low-to-normal blood 
Tyr concentrations, and severe mental retardation (1). The cornerstone of current 
treatment is reducing blood Phe concentrations, achieved in most patients by dietary 
Phe restriction combined with a Phe-free amino acid mixture (1). When initiated early 
in life and followed continuously, this treatment prevents mental retardation (1), but 
mild reductions in intelligence quotient and impaired executive functioning remain 
(2-8). Although it is clear that blood Phe concentrations throughout life closely relate 
to cognitive outcome in PKU (1), the pathophysiological consequences of elevated 
blood Phe concentrations are unknown (9-11).

Among others, reduced cerebral protein synthesis (CPS) is a particularly 
important pathophysiological mechanism (9-11). CPS plays an essential role during 
cognitive development (12,13), and reduced CPS results in cognitive deficits in 
several disorders (13,14). Our group was the first to study CPS in PKU patients 
(15). In this exploratory study, 11C-Tyr cerebral protein incorporation was analyzed 
in five early and continuously treated PKU patients, showing a tendency for reduced 
CPS at increasing blood Phe concentrations. In a follow-up paper describing sixteen 
patients, we showed that CPS indeed decreases significantly with increasing blood 
Phe concentrations (16). 

Reduced CPS in PKU is believed to result from impaired transport of large 
neutral amino acids (LNAAs) across the blood-brain barrier (BBB). These LNAAs 
(Phe, valine, isoleucine, leucine, Tyr, tryptophan, threonine, histidine, and methionine) 
compete for transport by the LNAA type I transporter (17-20), for which Phe has the 
highest binding affinity (17-19). Possibly, competition between LNAAs for blood-to-
brain uptake also occurs at other transporters, such as SLCA19 and SLCA15 (21). 
An elevated blood Phe concentration reduces uptake of non-Phe LNAAs from blood 
to brain in several fundamental studies (17-20). Moreover, similar findings have 
been obtained in clinical studies. Reduced uptake of 75Se-selenomethionine has 
been reported in nine late-treated mentally retarded PKU patients with blood Phe 
concentrations mostly >1000 µmol/L, compared to mentally retarded patients without 
PKU (22). More recently, Landvogt et al. (23) reported on the striatal decarboxylation 
of 6-[18F]-L-dihydroxyphenylalanine (FDOPA) in seven early and continuously 
treated PKU patients, with blood Phe concentrations between 510 and 1290 µmol/L. 
FDOPA and LNAA share the same transporter. Since arterial FDOPA concentrations 
were not measured in this study, FDOPA transport from blood to brain could not 
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be modelled directly. However, an indirect approach assessing FDOPA transport, 
based on striatal FDOPA signal intensity changes during the first six minutes of the 
study, suggested reduced FDOPA transport from blood to brain (23).

The question arises whether impaired LNAA transport across the BBB is 
associated with the decrease in CPS observed in PKU patients. Thus far, no studies 
have simultaneously assessed LNAA BBB transport and CPS in PKU patients. 
Accordingly, we investigate the hypothesis that the observed CPS reduction in PKU 
patients is associated with impaired LNAA BBB transport.
 
Patients, materials and methods

Study cohort
The study cohort is the same as that in Hoeksma et al. (2009) (16). Sixteen 

adult PKU patients (seven males; age 16 – 47 years, median age 24 years) were 
included. Most patients (13/16) had been diagnosed by neonatal screening and were 
continuously treated since. Three patients were late diagnosed, one of whom was 
identified at 3 years of age, after his sister was diagnosed by neonatal screening. 
The other two late diagnosed patients were identified after diagnostic work-up for 
developmental delay at 6 and 9 years of age, respectively. 

Aimed Phe treatment ranges were 200 – 500 µmol/L for all ages until 2002, 
according to Dutch national guidelines. From 2002 onward, aimed ranges were 120 
– 360 µmol/L for patients <12 years and 120 – 600 µmol/L for patients ≥12 years (24). 
Clinical severity of PKU was assessed by Phe tolerance, which is the amount of Phe 
that can be consumed daily while maintaining Phe concentrations within treatment 
range. Phe tolerance varied from 11 to 32 mg/kg/day at age 5 years, corresponding 
to 15% – 45% of the recommended daily protein intake for age-matched healthy 
subjects. Phe tolerance in early childhood reliably predicts Phe tolerance later in life 
(25).

At the time of study, all patients were non-pregnant without pregnancy wish, 
and free of concomitant diseases. The Medical Ethical Committee of the University 
Medical Center Groningen approved the study design. Informed consent was 
obtained in all participants. 

Isotope preparation
L-Tyr was obtained from Merck (Darmstadt, Germany). No-carrier-added 

L-[1-11C]-Tyr (11C-Tyr) was synthesized via microwave-induced Bucherer-Strecker 
synthesis, as described previously (26). Next, 11C-Tyr was dissolved in a 0.9% (w/v) 
NaCl solution and passed through a sterile 0.22 µm Millipore filter. This process 
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resulted in an average radiochemical yield of 800 MBq, a radiochemical purity >95%, 
and a specific activity >40 TBq/mmol. A dose of 400 MBq 11C-Tyr, corresponding to 
<10 nmol 11C-Tyr, was administered to each patient. The effects of this dose on Tyr 
metabolic fluxes are negligible (27).

PET data acquisition
Data acquisition started after a 10 – 12 h overnight fast or a light breakfast 

with a very small amount of natural protein without amino acid supplement. Arterial 
and venous cannulae were inserted. A venous blood sample was taken to determine 
baseline plasma Phe and Tyr concentrations. Next, patients were positioned in the 
whole body PET scanner (ECAT EXACT HR+ PET camera, Siemens/CTI, Knoxville, 
TN, USA). Hereafter, 400 MBq of 11C-Tyr was infused in 8 ml 0.9% NaCl solution, 
followed by 32 ml solution to flush the injection line, using a programmable infusion 
system (Medrad International, Maastricht, the Netherlands). Total injection time was 
50 s. During the next 50 min, a dynamic PET scan was performed. The scanner was 
used in two-dimensional mode, imaging 63 consecutive two-dimensional images 
of 128x128 pixels over an axial length of 15.5 cm. The in-plane resolution of the 
system was 4 – 5 mm full-width half-maximum, depending on the exact position in 
the plane. Spatial resolution was nearly isotropic in all three dimensions. The voxel 
size amounted to 16.5 mm3. The system was calibrated in absolute terms and cross-
calibrated with an automated gamma well-counter (LKB Wallac, Turku, Finland). 
Throughout the scanning procedure, nineteen arterial blood samples were taken to 
measure plasma 11C-Tyr concentrations, as described by Willemsen et al. (1995) 
(27): one sample every 10 s during the first minute after injection, one sample every 
30 s during the next 4 minutes, and one sample at 10, 15, 20, 30, and 40 min. For 
each patient, plasma 11CO2 and 11C-protein concentrations were determined in nine 
samples, obtained at 0.5, 1, 2.5, 5, 10, 15, 20, 30, and 40 min after injection.

Biochemical analyses
After baseline arterial blood collection, samples were centrifuged at 2000 g 

x 5 min at 4 ˚C, and plasma was transferred to a clean tube. Arterial plasma Phe 
concentrations were measured using the AccQ Tag® method (Waters BV, Breda, 
the Netherlands). Arterial plasma Tyr concentrations were measured by high-
performance liquid chromatography with post-column ninhydrin derivatization on 
a Biochrom 20 amino acid analyzer (Pharmacia, Roosendaal, the Netherlands). 
Arterial plasma 11C radioactivity was determined with a calibrated and automated 
gamma well-counter. Quantification of 11C-Tyr, 11C-protein, and 11CO2 was performed 
as described by Willemsen et al. (1995) (27). Plasma 11C measurements were 
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corrected for radioactive decay (t1/2=20.4 min) during sample manipulation.

Modelling of 11C-Tyr fluxes
A three-compartment model was used to calculate 11C-Tyr fluxes (Figure 1), 

adapted from the five-compartment kinetic model described by Willemsen et al. 
(1995) (27). This modification increases the accuracy of rate constant determination. 
The following three compartments were defined: (1) a blood compartment of free 
11C-Tyr, (2) a brain compartment of free 11C-Tyr, and (3) a brain compartment of 
11C-protein. With these three compartments, the following rate constants were 
defined: k2,1, describing the transport of free 11C-Tyr from blood to brain; k3,2, 
describing the incorporation of 11C-Tyr into 11C-protein in the brain; k2,3, describing 
the release of 11C-Tyr from 11C-protein in the brain; k1,2, describing the efflux of free 
11C-Tyr from brain to blood.

Figure 1 Three-compartment model of 11C fluxes, adapted from Willemsen et al. (1995). Each rate 
constant kA,B reflects the unidirectional 11C transport to compartment A from compartment B. Compartment 
1: blood free 11C-Tyr; compartment 2: brain free 11C-Tyr; compartment 3: 11C-Tyr incorporated into cerebral 
protein.

This model was based on results obtained in animal studies, which 
indicate that certain metabolic 11C-Tyr pathways can be ignored within the time 
frame of our study (26,28). 11C-Tyr can be metabolized to 11C-protein, 11C-3,4-
dihydroxyphenylalanine (11C-DOPA), 11C-p-hydroxyphenylpyruvic acid (11C-HPPA), 
and 11C-p-hydroxyphenyllactic acid (11C-HPLA). 11C-HPLA can be metabolized 
to 11CO2 and next H11CO3

-. Previous work on 14C-Tyr in rats has shown that 60 
min after injection, the major metabolic pathway of 14C-Tyr is incorporation into 
14C-protein (26). In addition, the cerebral amount of 14C incorporated into non-
protein metabolites, including 14C-DOPA, was <4% of the total cerebral amount of 
14C (24). Similarly, the amounts of brain 14CO2 and H14CO3

- were negligible (26). In 
line with these results, Cumming et al. (1998) described that in rats, 3H-Tyr is mainly 
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metabolized into 3H-protein rather than 3H-DOPA (28). Another study investigating 
CPS by 11C-leucine incorporation (29) showed that within a time frame of 110 min, 
the contribution of ‘recycled’ 11C-leucine (i.e. leucine derived from proteolysis of 
11C-protein reincorporated to 11C-protein) to the 11C-leucine incorporation rate is 
negligible.

Based on these studies, we made the following assumptions regarding the 
three-compartment model. First, 11C-Tyr is mainly metabolized to 11C-protein, and the 
contribution of brain non-protein 11C-metabolites (11C-DOPA, 11C-HPPA, 11C-HPLA, 
11CO2, and H11CO3

-) to total brain radiation is negligible within the time frame of our 
study. Second, the contribution of 11C in the cerebral vasculature to brain 11C signal 
equals ~2.5% of total brain 11C radiation. Third, the effluxes of 11C-protein, 11CO2, and 
H11CO3

- from brain to blood, as well as k2,3, can be neglected within the time frame 
studied.

For the purposes of this study, k2,1 was considered to reflect transport 
of non-labelled LNAAs across the BBB, and k3,2 was considered to reflect CPS. 
Therefore, the primary parameters of interest in our study were k2,1 (the transport 
of 11C-Tyr from blood to brain) and k3,2 (the incorporation of brain 11C-Tyr into brain 
11C-protein). Of note, 11C-Tyr incorporation into 11C-protein is not identical to net 
CPS, nor does it necessarily reflect incorporation of non-labelled, non-Tyr amino 
acids (27). Both outcome parameters were assessed in three regions of interest 
(ROIs), as described by Hawkins et al. (1989) (29) and shown in Figure 2. This 
regional approach was chosen because compartment analysis cannot be performed 
on a pixel-by-pixel basis, due to the stochastic variation in radioactivity data (27). 
Thus, the compartment model was fitted to the 11C radioactivity signal per ROI per 
sampling time point (Ctis(t)), and to the arterial 11C-Tyr plasma radioactivity signal at 
each time point (Cpl(t)), using the MATLAB software package (MATLAB version 5, 
MathWorks Inc., Natick, MA, USA). 

Statistical analyses
Testing for normality and homogeneity of variances was done using the 

Shapiro-Wilk test and Levene’s test, respectively. Normally distributed variables 
with homogeneous variances are reported as mean ± SD. Non-normally distributed 
variables and/or variables with inhomogeneous variances are given as range with 
median in parentheses.

Prior to multivariate analyses, multicollinearity was assessed by correlation 
analyses of predictor variables. Correlation coefficients |r| >0.80 were considered to 
reflect statistically relevant multicollinearity. For normally distributed variables with 
homogeneous variances, Pearson’s correlation test was used. Otherwise, correlation 



testing was done by Spearman’s rank correlation test. Multiple linear regression 
analyses were done using a stepwise approach, with either k2,1 or k3,2 as outcome 
variables. For both outcome variables, baseline plasma Phe, Phe tolerance, age, 
and k1,2 were used as predictor variables. For the k3,2 multiple regression analysis, k2,1 
was additionally selected as a predictor variable. Baseline non-labelled plasma Tyr 
concentration was excluded as a predictor variable in all models, as it was involved 
in calculating 11C-Tyr fluxes and would thus by definition show high r-values.

Figure 2 Regions of interest for 11C compartment and rate constant modelling. Upper left: right temporal 
region, upper right: left temporal region, bottom: occipital region.

Following multiple regression analyses, the assumptions of homoscedasticity, 
independence of errors, normality of error distribution, and linearity were evaluated. 
In addition, the presence of multicollinearity was again assessed, by analyzing 
variance inflation factor (VIF) and tolerance values. Statistical analyses were done 
using SPSS (Windows version 20, SPSS, Chicago, IL, USA). A two-sided p-value 
<0.05 was considered to be statistically significant.
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Results

Patient characteristics and 11C-Tyr fluxes 
Individual patient data are presented in Table 1. Baseline venous plasma Phe 

concentrations ranged from 233 to 1362 µmol/L (512 µmol/L). Five of the sixteen 
subjects studied had Phe concentrations above aimed treatment upper limit (i.e. 600 
µmol/L). Baseline venous plasma Tyr concentrations ranged from 31 to 87 µmol/L 
(40 µmol/L). Mean rate of clearance of free 11C-Tyr by transport from blood to brain 
(k2,1) was 0.033 ± 0.010 ml plasma/g brain tissue/min. Mean 11C-Tyr incorporation 
into cerebral protein (k3,2) was 0.53 ± 0.21 nmol/g brain tissue/min. Mean rate of 
clearance of free 11C-Tyr by transport from brain to blood (k1,2) was 0.062 ± 0.014 ml 
plasma/g brain tissue/min.

Table 1 Study cohort characteristics.

Patient Age
(years)

Phe tolerance
(mg/kg/day)

Plasma Phe 
(µmol/L)

Plasma Tyr 
(µmol/L)

k2,1
a k3,2

b k1,2
c

1 16 28 233 66 0.055 1.06 0.073

2 23 11 358 37 0.037 0.48 0.064

3 23 12 361 32 0.046 0.71 0.077

4 24 16 373 35 0.041 0.46 0.070

5 26 31 375 47 0.031 0.50 0.052

6 25 27 405 49 0.031 0.47 0.069

7 23 20 411 87 0.037 0.70 0.072

8 21 18 477 31 0.034 0.42 0.061

9 22 32 546 42 0.033 0.54 0.057

10 25 13 565 76 0.028 0.78 0.047

11 20 19 586 38 0.039 0.55 0.085

12 24 17 632 61 0.023 0.50 0.055

13 21 15 805 35 0.027 0.36 0.066

14 27 23 825 49 0.021 0.32 0.060

15 47 14 1078 33 0.019 0.21 0.029

16 33 12 1362 37 0.021 0.34 0.049
Phe tolerance values were obtained at age 5 years. Patients 15 and 16 were treated from 6 and 9 years 
of age onward, respectively. In these patients, Phe tolerance was determined 6 months after treatment 
start. Phenylalanine and tyrosine plasma concentrations shown are baseline values. a 11C-Tyr transport 
from blood to brain (ml plasma/g brain tissue/min). b 11C-Tyr cerebral protein incorporation (nmol/g brain 
tissue/min). c 11C-Tyr transport from brain to blood (ml plasma/g brain tissue/min).

11C-Tyr transport from blood to brain
The stepwise multiple linear regression with 11C-Tyr transport from blood to 
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brain as dependent variable resulted in a significant model (adjusted R2=0.669, 
F=16.182, p<0.001). Parameters of this model are summarized in Table 2. In this 
model, baseline Phe concentration and k1,2 were significant predictor variables for 
11C-Tyr transport from blood to brain (Δ adjusted R2=0.571, p<0.001; Δ adjusted 
R2=0.098, p=0.041, respectively). 11C-Tyr transport from blood to brain showed 
a negative partial correlation with baseline Phe concentration, indicating that at 
increasing baseline Phe concentrations, 11C-Tyr influx to brain is decreased.

Table 2 Multiple linear regression modelling for 11C-Tyr transport from blood to brain.

B SE B β adjusted R2 
change

p

baseline Phe -1.728 * 10-5 0.000 -0.529 0.571 0.013

k1,2 0.301 0.132 0.417 0.098 0.041

constant 0.024 0.011 n.a. n.a. 0.041
Multiple regression model with 11C-Tyr transport from blood to brain as outcome variable, using baseline 
plasma Phe, Phe tolerance, age, and k1,2 as predictor variables. Only statistically significant predictor 
variables are shown. k1,2: 

11C-Tyr transport from brain to blood. SE: standard error.

11C-Tyr influx to brain showed a positive partial correlation with k1,2, indicating that 
with increasing efflux of 11C-Tyr from brain to blood, 11C-Tyr transport from blood 
to brain increases. Statistical analyses to verify the assumptions for multiple linear 
regression showed that the assumptions of homoscedasticity, independent errors, 
normality of error distribution, and linearity had been met. Correlation coefficients 
between predictor variables, as well as VIF and tolerance values were consistent 
with no multicollinearity. Figure 3 shows the relation between 11C-Tyr transport from 
blood to brain and plasma Phe concentration.

Figure 3 Relation between 11C-Tyr transport from blood to brain and plasma phenylalanine concentration.
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11C-Tyr cerebral protein incorporation
The stepwise multiple linear regression with 11C-Tyr cerebral protein 

incorporation as dependent variable resulted in a significant model (adjusted 
R2=0.567, F=20.642, p<0.001), with only 11C-Tyr transport from blood to brain as a 
significant predictor variable. Parameters of this model are summarized in Table 3.

 
Table 3 Multiple linear regression modelling for 11C-Tyr cerebral protein incorporation.

B SE B β adjusted R2 
change

p

k2,1 16.303 3.588 0.772 0.567 <0.001

constant -0.008 0.122 n.a. n.a. 0.949
Multiple regression model with 11C-Tyr cerebral protein incorporation as outcome variable, using baseline 
plasma Phe, Phe tolerance, age, k1,2 and k2,1 as predictor variables. Only statistically significant predictor 
variables are shown. k2,1: 

11C-Tyr transport from blood to brain. SE: standard error.

11C-Tyr cerebral protein incorporation showed a positive partial correlation with 11C-Tyr 
transport from blood to brain. Thus, lower 11C-Tyr influx values were associated with 
lower 11C-Tyr cerebral incorporation values. Following the main analysis, additional 
analyses were performed to assess the assumptions for multiple linear regression. 
These analyses showed that the assumptions of homoscedasticity, independent 
errors, normality of error distribution, and linearity had been met. Correlation 
coefficients between predictor variables, as well as VIF and tolerance values were 
consistent with no multicollinearity. Figure 4 shows the relation between 11C-Tyr 
cerebral protein incorporation and 11C-Tyr transport from blood to brain.

Figure 4 Relation between 11C-Tyr cerebral protein incorporation and 11C-Tyr transport from blood to brain.
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Discussion
This study is the first to simultaneously investigate LNAA transport from blood 

to brain and CPS in PKU patients. Our work can be summarized in two main findings. 
First, increased blood Phe concentrations are strongly associated with reduced 
11C-Tyr transport from blood to brain. Second, reduced 11C-Tyr transport from blood 
to brain is strongly associated with reduced 11C-Tyr cerebral protein incorporation. 
Before discussing the results of this study, we will first address the strengths and 
limitations of our approach.

11C-Tyr transport from blood to brain and 11C-Tyr cerebral protein incorporation 
were calculated using a three-compartment model, adapted from (27). This approach 
differs from that in our previous study (16), which only allowed for quantification 
of CPS. Our current model allows for the assessment of multiple compartments 
and 11C-Tyr fluxes between these compartments. As outlined above, this three-
compartment model is based on results found in animal studies (26,28,29). It should 
be noted that these findings have not been validated in humans. 

The assumptions for performing multiple linear regression analyses were met, 
indicating that our conclusions can be generalized to other PKU patient cohorts. 
Still, for extensive statistical analyses such as regression modelling with four to five 
predictor variables, a cohort size of sixteen subjects is relatively small. This relatively 
small sample size may have reduced the power of the regression analyses in our 
study. Although the nonsignificant predictor variables in our study may correlate to 
some extent with their corresponding outcome variables, these correlations should 
be weaker that the currently observed correlations.

In order to acquire reliable measurements, a steady state condition in each 
patient was required. To obtain such a condition, patients fasted prior to the study 
and refrained from taking amino acid formula intake. After an overnight fast, some 
patients consumed a light breakfast with a very limited amount of Phe, whereas 
other patients remained fasted. We consider the influence of the light breakfast to 
be minimal, as we previously showed that such a breakfast does neither affect blood 
Phe nor blood Tyr concentrations (30). Similarly, one could hypothesize that ceasing 
amino acid formula intake could have affected blood Phe and Tyr concentrations 
during the study period. First, intake of amino acid formula could reduce Phe uptake 
at the gut-blood barrier, thus reducing blood Phe concentrations. Second, formula 
intake could increase blood Tyr concentrations. Whether these effects would in turn 
influence 11C-Tyr fluxes remains to be investigated.

In the 11C-Tyr influx regression model, both baseline Phe and 11C-Tyr efflux 
from brain to blood were found to be significant predictor variables. Of these two 
variables, baseline Phe showed the strongest association with 11C-Tyr influx. This 
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strong association supports the concept that increased blood Phe concentrations 
reduce binding of blood non-Phe large neutral amino acids to the LAT1 transporter, 
thus reducing brain influx of these amino acids. The observed relationship between 
increased blood Phe concentrations and reduced 11C-Tyr influx could not have been 
biased by in vivo tyrosine synthesis, as flux analyses were performed for 11C-Tyr 
rather than Tyr, and a standardized amount of 11C-Tyr was administered to each 
patient. The significant association between 11C-Tyr influx and 11C-Tyr efflux may be 
explained as follows. Similar to brain influx, brain efflux of large neutral amino acids is 
at least partly mediated by the LAT1-transporter (31). In addition to LAT1 (32), other 
amino acid transport systems exist at the abluminal membrane of BBB endothelial 
cells, which similarly transport LNAAs in a competitive manner (33). These transport 
systems may thus complement LAT1 in mediating LNAA efflux from brain to blood 
(31,33). Therefore, increased brain Phe concentrations could competitively reduce 
11C-Tyr efflux via several transporters, including LAT1. Such increased brain Phe 
concentrations likely occur at increased blood Phe concentrations, which in turn 
are significantly associated with reduced 11C-Tyr influx. Thus, reduced 11C-Tyr 
influx may be associated with reduced 11C-Tyr efflux. In the 11C-Tyr cerebral protein 
incorporation regression model, 11C-Tyr transport from blood to brain was found to 
be a significant predictor variable, whereas blood Phe concentration was not. Blood 
Phe concentration explained 57% of the observed variance in 11C-Tyr transport 
from blood to brain. Thus, 43% of the observed variance could not be predicted by 
blood Phe concentration. This relatively large variance unexplained by blood Phe 
concentration may clarify why blood Phe concentration did not independently predict 
11C-Tyr cerebral protein incorporation.

Only two subjects had blood Phe concentrations outside the 360 – 1000 µmol/L 
range. On the one side, this result could limit the predictive value of our models 
for patients with blood Phe concentrations outside the studied range. Therefore, to 
further validate our conclusions, more patients with Phe concentrations <360 µmol/L 
and >1000 µmol/L at the time of study (presumably associated with relatively high 
and low values for LNAA BBB influx and CPS) should be investigated. On the other 
side, the blood Phe range studied offers new insights. First, contrary to previous 
reports, our dataset systematically studies LNAA BBB transport and CPS in PKU 
patients with blood Phe concentrations <1000 µmol/L. In the study of Oldendorf et 
al. (1971) (22), only two patients had blood Phe concentrations below this value. In 
the study of Landvogt et al. (2008) (23), individual blood Phe concentrations are not 
presented. However, it can be deduced from these data that at most three patients 
had blood concentrations <1000 µmol/L. Second, the blood Phe range in our study 
includes 600 µmol/L, the currently aimed treatment maximum for adults. Even in 
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patients with blood Phe concentrations below this current treatment maximum, 
11C-Tyr transport from blood to brain was decreased compared to that observed at 
lower blood Phe concentrations. This finding suggests that the current treatment 
maximum may have to be lowered in order to obtain optimal cognitive development.

The results presented in this study may have both fundamental and clinical 
implications. Regarding the fundamental relevance, reduced CPS may be one 
of the main mechanisms by which untreated PKU results in mental retardation. 
CPS is involved in many processes during brain development, including neuronal 
differentiation, maturation, migration, synaptic plasticity, and the formation of 
functional networks (12,13). Thus, reduced CPS may negatively affect cognition 
via many mechanisms. Indeed, in inherited mental retardation diseases other than 
PKU, reduced CPS has been described (13,34). Clinically, our data underline the 
importance of continuing PKU treatment after early adulthood. CPS-dependent 
developmental processes continue into the third decade (35,36), and CPS-dependent 
synaptic plasticity occurs lifelong (37). Thus, also at adult age, reduced CPS could 
contribute to impaired cerebral functioning. Finally, the observation that both 11C-Tyr 
influx from blood to brain and cerebral protein incorporation are reduced in PKU 
patients considered to be well-treated, justifies the development of new treatments 
aiming to restore these abnormalities.

 Follow-up studies should focus on the functional consequences of reduced 
CPS in PKU, as well as the identification of a safe blood Phe upper limit with regards 
to CPS. Another direction for future research is to identify the contributions of 
elevated brain Phe concentrations and reduced brain non-Phe LNAA concentrations 
to reduced CPS. Combination of PET with magnetic resonance spectroscopy allows 
for investigating the association between brain Phe concentrations and CPS.w

In summary, we observed that reduced 11C-Tyr cerebral protein incorporation 
in early and continuously treated PKU patients is strongly associated with reduced 
11C-Tyr transport from blood to brain. 11C-Tyr transport from blood to brain was 
significantly reduced at increasing blood Phe concentrations. These findings support 
the hypothesis that reduced CPS in PKU results from impaired LNAA transport from 
blood to brain. Our findings may serve as a starting point for both improving current 
treatment practice and developing new treatment strategies, in order to optimize 
cognitive outcome and quality of life in PKU patients.
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Abstract

In phenylketonuria, elevated plasma phenylalanine concentrations may disturb 
blood-to-brain large neutral amino acid (LNAA) transport and cerebral protein 
synthesis (CPS). We investigated the associations between these processes, using 
data obtained by positron emission tomography with L-[1-11C]-tyrosine (11C-Tyr) 
as a tracer. Blood-to-brain transport of non-Phe LNAAs was modeled by the rate 
constant for 11C-Tyr transport from arterial plasma to brain tissue (K1), while CPS 
was modeled by the rate constant for 11C-Tyr incorporation into cerebral protein 
(k3). Brain phenylalanine concentrations were measured by magnetic resonance 
spectroscopy in three volumes of interest (VOIs): supraventricular brain tissue 
(VOI 1), ventricular brain tissue (VOI 2), and fluid-containing ventricular voxels 
(VOI 3). The associations between k3 and each predictor variable were analyzed 
by multiple linear regression. The rate constant k3 was inversely associated with 
brain phenylalanine concentrations in VOIs 2 and 3 (adjusted R2=0.826, F=19.936, 
p=0.021). Since brain phenylalanine concentrations in these VOIs highly correlated 
with each other, the specific associations of each predictor with k3 could not be 
determined. The associations between k3 and plasma phenylalanine concentration, 
K1, and brain phenylalanine concentrations in VOI 1 were non-significant. In 
conclusion, our study shows an inverse association between k3 and increased brain 
phenylalanine concentrations.
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Introduction
Phenylketonuria (PKU; OMIM 261600) is an inborn error of amino acid 

metabolism, resulting from deficiency of hepatic phenylalanine hydroxylase 
(phenylalanine 4-monooxygenase, EC 1.14.16.1). This deficiency results in impaired 
hydroxylation of phenylalanine (Phe) to tyrosine (Tyr), manifested as elevated plasma 
Phe concentrations and low-to-normal plasma Tyr concentrations. Untreated, PKU 
is mainly characterized by severe mental retardation. Early diagnosis by neonatal 
screening, combined with a timely initiated Phe-restricted dietary treatment, prevents 
mental retardation. However, executive function deficits still occur, even in early and 
continuously treated patients. Although the relationship between cognitive outcome 
and plasma Phe concentrations has been clearly established (1), the downstream 
consequences of elevated plasma Phe concentrations are only partially understood 
(2,3).

One such consequence could be reduced cerebral protein synthesis (CPS) 
(2-4). CPS plays a central role in cognitive development (5-7), and reduced CPS 
contributes to cognitive deficits in several mental retardation disorders (5,7,8). In 
recent publications, we studied CPS in PKU patients using two different approaches 
(9-11). First, cerebral protein synthesis rate (cPSR) was estimated using positron 
emission tomography (PET) with 11C-Tyr as a tracer. cPSR was calculated on a 
pixel-by-pixel basis, as described by Patlak and Blasberg (12). We found that cPSR 
in PKU patients was strongly inversely associated with plasma Phe concentrations 
(9,10). In a follow-up study, we aimed to analyze the etiology of this association in 
further detail. To do so, a kinetic approach was used, based on a five-compartment 
model described by Willemsen et al. (13). CPS was modeled by the rate constant for 
11C-Tyr incorporation into cerebral protein in three large volumes of interest, which 
were selected for their homogenous distribution of radioactivity (10). We found that 
plasma Phe concentrations were strongly inversely associated with the rate constant 
for 11C-Tyr transport from arterial plasma to brain tissue. In turn, reduced rate 
constants for 11C-Tyr transport from arterial plasma to brain were strongly associated 
with reduced rate constants for 11C-Tyr incorporation into cerebral protein (11). We 
concluded that reduced blood-to-brain transport of non-Phe large neutral amino 
acids (LNAAs), reflected by reduced rate constants for 11C-Tyr transport from arterial 
plasma to brain, may explain the observed inverse association between plasma 
Phe concentrations and cPSR (9,10). The LNAAs compete for transport across the 
blood-brain barrier mediated by the LNAA type I transporter (a SLC7A5:SLC3A2 
heterodimer) (14-16). This facilitated transport appears to be the only physiologically 
significant route for LNAA transport from blood to brain, as diffusion-mediated 
transport of LNAAs across the blood-brain barrier (BBB) is hindered by the extensive 
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presence of tight junctions between endothelial cells (17-19). Still, the contribution 
of diffusion-mediated LNAA transport to total LNAA BBB transport in PKU patients 
remains to be investigated. In decreasing order of affinity (20), the LNAAs are Phe, 
tryptophan, leucine, methionine, isoleucine, Tyr, histidine, valine, and threonine. 
Therefore, elevated plasma Phe concentrations are believed to increase Phe 
transport across the BBB and concomitantly decrease transport of non-Phe LNAAs 
across the BBB, resulting in increased brain Phe concentrations and decreased 
brain concentrations of non-Phe LNAAs (2,3).

These theorized effects of elevated plasma Phe concentrations on LNAA 
BBB transport in PKU patients are supported by several clinical studies. Using an 
intravenous double-indicator method, Knudsen et al. reported that the modeled brain 
Phe influx was significantly higher in four PKU patients than in four age-matched 
non-PKU controls (14). In line with these data, Möller et al. showed that in nine PKU 
patients, brain Phe concentrations (determined by magnetic resonance spectroscopy 
(MRS)) were positively associated with plasma Phe concentrations (15). Moreover, 
this relationship was consistent with a Michaelis-Menten kinetic model for transport 
of Phe from blood to brain (15). Furthermore, two clinical radioisotope studies 
support an inhibitory effect of elevated plasma Phe concentrations on blood-to-
brain transport of non-Phe LNAAs in PKU patients (16,21). Specifically, elevated 
plasma Phe concentrations were shown to reduce uptake of 75Se-selenomethionine 
(21) and were associated with reduced apparent blood-to-brain transport of 6-[18F]-
L-dihydroxyphenylalanine (FDOPA) (16), a substance which, like the LNAAs, is 
transported across the BBB by the LNAA type I transporter.

Considering our findings on the processes associated with CPS in PKU, we 
next asked ourselves to which extent the rate constant for 11C-Tyr incorporation 
into cerebral protein is associated with brain LNAA concentrations. As brain 
concentrations of non-Phe LNAAs can presently not be measured in patients in vivo, 
we focused on brain Phe concentrations in the current study. Using multiple linear 
regression analysis, the independent correlations between the rate constant for 
11C-Tyr incorporation into cerebral protein and brain Phe concentrations (measured 
by MRS), the rate constant for 11C-Tyr transport from arterial plasma to brain, and 
plasma Phe concentrations were investigated in six PKU patients. We hypothesized 
that the rate constant for 11C-Tyr incorporation into cerebral protein is inversely 
associated with brain Phe concentrations, and positively associated with the rate 
constant for 11C-Tyr transport from arterial plasma to brain, with the latter having the 
strongest association.
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Materials and methods

Study cohort and design
Our study cohort is a subpopulation of that reported by Hoeksma et al. (10) 

and de Groot et al. (11). In these studies, cPSR and rate constants for 11C-Tyr 
transfer between plasma and brain compartments were investigated in sixteen PKU 
patients by PET scanning. In our current report, six out of these sixteen patients 
are described (patients 5, 8, 12, 13, 15, and 16 in the previously reported studies 
(10,11)). In these patients, MRS was additionally performed, to measure brain Phe 
concentrations. After an overnight fast, MRS was performed first, followed by PET 
scanning two hours later. Three MRS measurement volumes of interest (VOIs) 
were identified by magnetic resonance imaging, as described in detail below. Of 
note, these VOIs differed from the volumes of interest involved in calculating the 
rate constant of 11C-Tyr incorporation into cerebral protein, which are defined in our 
previous work (10,11). Scanning durations were 90 min for MRI with MRS and 50 
min for PET. All patients were diagnosed by neonatal screening and continuously 
treated since, except for patients 5 and 6, who were diagnosed at age 6 and 9 
years, after work-up for developmental delay. The Medical Ethical Committee of the 
University Medical Center Groningen approved the study. Informed consent was 
obtained in all subjects.

Isotope preparation, PET data acquisition, and rate constant modeling
Preparation of 11C-Tyr, PET data acquisition and modeling of rate constants for 

11C-Tyr transfer between compartments of interest were performed as described in 
de Groot et al. (11). In short, 11C-Tyr was produced by Bucherer-Strecker synthesis, 
dissolved in a 0.9% (weight:volume) NaCl solution, and purified by passage through 
a 0.22 µmol/L filter. This 11C-Tyr synthesis method resulted in a radiochemical purity 
>95%, with a specific activity >40 TBq/mmol. For PET data acquisition, 400 MBq 
of 11C-Tyr was injected in each subject. A whole body scanner (ECAT EXACT HR+ 
PET camera, Siemens/CTI, Knoxville, TN, USA) was used in two-dimensional 
mode. Throughout the 50 min measurement period, 63 two-dimensional images 
were obtained. The rate constants for 11C-Tyr transfer between compartments were 
assessed in three volumes of interest: two parietal volumes and one occipital volume, 
as defined in Hoeksma et al. (10). This volume-based approach was necessary to 
correct for intervoxel variation, allowing compartmental analysis. Each voxel had a 
volume of 16.5 mm3. Additional specifications are described in Hoeksma et al. (10) 
and de Groot et al. (11). The kinetic model consisted of three compartments (two 
of which were tissue compartments), as shown in de Groot et al. (11). This three-
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compartment model was derived from the five-compartment model of Willemsen 
et al. (13). The following rate constants for 11C-Tyr transfer between compartments 
were defined: the rate constant for 11C-Tyr transport from arterial plasma to brain (K1), 
the rate constant for 11C-Tyr transport from brain to plasma (k2), the rate constant 
for 11C-Tyr incorporation into cerebral protein (k3), and the rate constant for 11C-Tyr 
release from cerebral protein (k4). Of note, this rate constant nomenclature differs 
slightly from that in our previous publication (11), as we currently use the consensus 
PET terminology proposed by Innis et al. (22). The present rate constant terms 
relate to the previous terms as follows: K1 corresponds to k2,1, k2 corresponds to 
k1,2, k3 corresponds to k3,2, and k4 corresponds to k2,3. Rate constants were modeled 
directly, using the approach described by Willemsen et al. (13).

The three-compartment model of our current study is based on data obtained 
in animal studies (23-25). These data and associated assumptions are discussed in 
further detail in de Groot et al. (11). Specifically, this includes the assumption that the 
contribution of ‘recycled’ 11C-Tyr (i.e. 11C-Tyr derived from proteolysis of 11C-protein) 
to the brain 11C-Tyr precursor pool for 11C-Tyr incorporation into cerebral protein 
is negligible within the time frame of this study. Therefore, k4 was excluded from 
our analyses. In addition to k4, k2 was not used in statistical analyses, as this rate 
constant was not significantly associated with k3 in our recent publication (11), and 
exclusion of k2 would increase the power of the statistical analyses in the current 
study. K1 was considered to relate to transport from plasma to brain of non-labeled, 
non-Phe LNAAs, while k3 was considered to relate to net cerebral protein synthesis.

The compartment model was fitted to the 11C signal per volume of interest and to 
the arterial plasma free 11C-Tyr signal at each time point, using the MATLAB software 
package (MATLAB version 5, MathWorks Inc., Natick, MA, USA). Consequently, 
additional 11C-containing substances in plasma (e.g. 11C-containing proteins) were 
not used to calculate the rate constants for 11C-Tyr transport between compartments. 
The time-activity curves and graphical analyses associated with the current data are 
described in one of our previous publications (10).

Magnetic resonance spectroscopy
Brain Phe concentrations were measured by MRS, at 1.5 T using a standard 

Siemens Magnetom Vision MR scanner (Siemens AG, Erlangen, Germany). 1H 
chemical shift imaging was performed in a transversal area of 8 x 8 x 2 cm above the 
ventricles and in a transversal area of 8 x 8 x 2 cm passing through the ventricles. 
The following three volumes of interest (VOIs) were defined: 1) the supraventricular 
area, which consisted of tissue-containing voxels only (VOI 1), 2) tissue-containing 
voxels of the transventricular area (VOI 2), and 3) fluid-containing voxels of the 
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transventricular area (VOI 3), which were considered to contain cerebrospinal fluid 
(CSF). This approach resulted in 64 voxels sized 1 x 1 x 2 cm per volume. Echo 
time was set to TE=135 ms, considering the median Phe T2 relaxation time of 215 
ms (26). The creatine signal was used as internal reference. Since the Phe signal-
to-noise ratio per voxel (2 cm3) was low, Phe signals from multiple voxels were 
combined to generate a Phe signal per volume of interest. Figure 1 shows the MRS 
volumes of interest with corresponding relevant MR spectra.

Biochemical analyses
Throughout the PET scanning procedure, repetitive arterial blood samples were 

collected for analyses of Phe, Tyr, and 11C-containing substances, according to the 
schedule of Willemsen et al. (13). Directly after collection, samples were centrifuged 
at 2000 g x 5 min at 4 ˚C. Plasma aliquots were transferred to clean vials for each 
of the specific analyses. Samples for 11C-radioactivity determination were processed 
immediately. Isolation and quantification of 11C-containing substances was performed 
according to Willemsen et al. (13). Arterial plasma 11C-radioactivity was determined 
with a calibrated and automated gamma well-counter. Measured values were 
corrected for radioactive decay since sample acquisition. Arterial plasma samples 
for amino acid analysis were stored at -80 ºC. Arterial plasma Phe concentrations 
were measured using the AccQ Tag® method (Waters BV, Breda, the Netherlands), 
as described in the manufacturer’s protocol. Arterial plasma Tyr concentrations were 
measured by high-performance liquid chromatography with post-column ninhydrin 
derivatization on a Biochrom 20 amino acid analyzer (Pharmacia, Roosendaal, the 
Netherlands), according to the manufacturer’s protocol.

Statistical analyses
Normality of variable distributions was tested using the Shapiro-Wilk test. 

Normally distributed variables are reported as mean ± standard deviation. Non-
normally distributed variables are given as median with range in parentheses. 
Multiple linear regression analysis was used to analyze the associations between 
k3 and predictor variables of interest. These predictor variables were plasma Phe 
concentration, K1, brain Phe concentration in VOI 1, brain Phe concentration in VOI 
2, and brain Phe concentration in VOI 3.

In order to obtain generalizable conclusions with multiple linear regression 
analysis, several assumptions must be met. These assumptions include the 
assumption of linearity (i.e. the assumption that predictor variables show a linear 
correlation with the outcome variable) and the assumption of no multicollinearity 
(i.e. the assumption that predictor variables do not correlate too strongly with one 
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A Volume of interest 1. D VOI 1 1H MR spectrum.

B Volume of interest 2. E VOI 2 1H MR spectrum.

C Volume of interest 3. F VOI 3 1H MR spectrum.

Figure 1 MRS volumes of interest (VOIs; left panel) and corresponding 6.5 – 8.0 ppm regions of 1H MR 
spectra (right panel). Ppm: parts per million.
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another). To investigate these assumptions, simple linear regression analyses 
between the corresponding variables were performed prior to the multiple linear 
regression analysis. A |r| >0.85 was considered to reflect collinearity.

Next, a stepwise multiple linear regression analysis was performed. In this type 
of multiple regression analysis, each predictor variable is subsequently entered into 
the regression model, while the model is constantly re-evaluated for non-significant 
predictor variables. Following the multiple regression analysis, the assumptions of 
homoscedasticity, independence of errors, and normality of error distribution were 
evaluated by post-hoc procedures. The presence of multicollinearity was additionally 
assessed by analyzing the variance inflation factors. Statistical analyses were 
performed with the SPSS software package (Windows version 20, SPSS, Chicago, 
IL, USA). A two-sided p-value <0.05 was considered to be statistically significant.

 
Results

Cohort characteristics
Cohort characteristics are given in Table 1. Mean patient age was 27 ± 10 

years. Mean plasma Phe concentrations at the time of study were 788 ± 376 µmol/L, 
with mean plasma Tyr concentrations of 41 ± 11 µmol/L. K1 had a mean value of 
0.026 ± 0.006 (95% confidence interval 0.020 – 0.032) ml plasma/cm3 brain tissue/
min. The rate constant k3 had a mean value of 0.388 ± 0.110 (95% confidence 
interval 0.273 – 0.504) nmol/cm3 brain tissue/min. Mean Phe concentrations in brain 
tissue were 143 ± 66 µmol/L, 142 ± 78 µmol/L, and 248 ± 114 µmol/L for VOIs 1, 2, 
and 3. In one subject (subject 2), no fluid-containing voxels were observed in VOI 
2. Therefore, the value for brain Phe concentration in VOI 3 could not be obtained 
in this subject.

Table 1 Study cohort characteristics.

Subject Age Plasma 
Phe

Plasma 
Tyr

K1
a k3

b Brain Phe 
VOI 1

Brain Phe 
VOI 2

Brain Phe 
VOI 3

1 26 375 47 0.031 0.50 79 115 163

2 21 477 31 0.034 0.42 132 77 n.m.

3 24 632 61 0.023 0.50 165 67 166

4 21 805 35 0.027 0.36 95 127 191

5 47 1078 33 0.019 0.21 125 273 429

6 33 1362 37 0.021 0.34 264 194 290
Plasma phenylalanine (Phe) concentrations shown are baseline values. Age is given in years. Plasma 
and brain Phe concentrations are given in µmol/L. a rate constant for 11C-Tyr transport from arterial plasma 
to brain (ml plasma/cm3 brain tissue/min). b rate constant for 11C-Tyr incorporation into cerebral protein 
(nmol/cm3 brain tissue/min). VOI: volume of interest. n.m.: not measurable.
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Multiple linear regression analysis
As a primary assessment of the assumptions regarding linearity and 

multicollinearity, simple linear regression analyses between predictor variables were 
performed, prior to multiple linear regression modeling. These analyses revealed 
that the assumption of linearity was met, i.e. that k3 showed approximately linear 
correlations with each predictor variable (data not shown). Table 2 shows the results 
of simple linear regression analyses between predictor variables. As shown in this 
Table, the correlations between plasma Phe concentrations and the other predictor 
variables were below collinear values. Similarly, K1 did not show collinearity with the 
other predictor variables. Brain Phe concentrations of different VOIs did not show 
collinearity with one another, except for the brain Phe concentration in VOI 2 with the 
brain Phe concentration in VOI 3 (r=0.968).

Table 2 Results of simple linear regression analyses between predictor variables.

Correlation of interest r

Plasma Phe concentration – K1 -0.812

Plasma Phe concentration – brain Phe concentration in VOI 1  0.722

Plasma Phe concentration – brain Phe concentration in VOI 2  0.752

Plasma Phe concentration – brain Phe concentration in VOI 3  0.708

K1 – brain Phe VOI 1 -0.514

K1 – brain Phe VOI 2 -0.704

K1 – brain Phe VOI 3 -0.783

Brain Phe concentration in VOI 1 – brain Phe concentration in VOI 2  0.210

Brain Phe concentration in VOI 1 – brain Phe concentration in VOI 3  0.244

Brain Phe concentration in VOI 2 – brain Phe concentration in VOI 3   0.968*
Pearson correlation coefficients (r) between each set of two predictor variables. * Indicates collinearity, 
defined as |r| >0.85.

Multiple linear regression analysis was done with k3 as outcome variable 
and plasma Phe concentration, K1, brain Phe concentration in VOI 1, brain Phe 
concentration in VOI 2, and brain Phe concentration in VOI 3 as predictor variables. 
Since one value for brain Phe concentration in VOI 3 was missing, the analysis 
included five subjects. The observed model was significant (adjusted R2=0.826, 
F=19.936, p=0.021) and revealed the brain Phe concentration in VOI 2 as the only 
significant predictor variable (B=-0.001, SE B <0.001, β=-0.932). This model was 
described by the following equation:

k3 = -0.001 * brain Phe concentration in VOI 2 + 0.603.
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Due to the high degree of collinearity between brain Phe concentrations in 
VOI 2 and VOI 3, it could not be determined to which extent each of these predictor 
variables was associated with k3. Figure 2 shows the relationships between k3 
and the brain Phe concentration in each VOI. Post-hoc analyses showed that the 
assumptions of homoscedasticity, independence of errors, and normality of error 
distribution were met. As observed in the simple linear regression analyses, brain 
Phe concentrations in VOI 2 and VOI 3 showed multicollinearity in the post-hoc 
analyses, based on the variance inflation factor of brain Phe concentration in VOI 3.

Figure 2 Relations between the rate constant for 11C-Tyr incorporation into cerebral protein (k3) and brain 
Phe concentrations in each volume of interest (VOI). The red line represents the simple linear regression 
model between k3 and brain Phe concentration in VOI 2.

Discussion
This study is the first to sequentially investigate plasma Phe concentrations, 

K1, brain Phe concentrations, and k3 within a very short time frame on one day. The 
main finding of this study is the strong inverse association between k3 and brain Phe 
concentrations outside VOI 1, without K1 and plasma Phe concentration as significant 
predictor variables. In contrast to this association, the association between k3 and 
brain Phe concentrations in VOI 1 was non-significant. Before interpreting these 
findings, we discuss the strengths and limitations of this study.
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A strong point of our study design is the combination of PET and MRS scanning 
in each subject on the same day under standardized conditions. Due to the time 
needed to prepare and perform both procedures, this set-up required subjects to 
remain fasted for 4–5 h, in addition to overnight fasting. The logistical challenge of 
this set-up reduced the number of subjects willing to participate. Thus, six out of the 
previously reported (10,11) sixteen patients underwent MRS scanning in addition 
to PET scanning. One may wonder whether plasma concentrations of LNAAs, in 
particular of Phe, remained stable throughout the study. While these data were 
not obtained in the current study, in previous research, we observed that plasma 
Phe concentrations remained stable under fasting conditions (27). Therefore, we 
consider plasma Phe concentrations, and associated blood-to-brain LNAA transport, 
not to have differed to a clinically relevant extent during the current study.

MRS is a well-established method for quantifying several free metabolites in 
tissue, including Phe. The currently obtained brain Phe concentrations are similar 
to previously published concentrations using MRS (28-33), which validates our 
approach. Still, the currently reported values for brain Phe concentrations are based 
on multiple assumptions, including a brain tissue creatine concentration of 6.1 mM, 
as well as similar T1 and T2 relaxation rates for Phe and creatine (26). These factors 
were not verified in the individual patients reported in this study, as such verification 
was considered to be too time-consuming, in particular if chemical exchange 
processes would also be taken into account. In the context of validating brain Phe 
concentrations obtained by MRS, one may wonder whether these concentrations 
are similar to those obtained by other approaches. Such approaches could include 
conventional biochemical analyses and prediction of brain Phe concentration using 
the obtained brain volume of distribution for 11C-Tyr. Regarding the first approach, 
previous studies in PKU patients and PKU mice yield results in the µmol/L to mmol/L 
range (34-38). Thus, the brain Phe concentrations reported in this study correspond 
with these values. Regarding the second approach, in our view, additional data 
obtained by using radioactively labeled Phe would be required, for two reasons. 
First, the suggested approach applies to plasma and brain concentrations of a tracer 
under steady state conditions, which may not apply to the current Phe concentrations 
in plasma and brain. Second, as the amount of administered tracer is fixed, the 
plasma concentrations of a labeled amino acid do not directly relate to the plasma 
concentrations of its unlabeled counterpart. Thus, we consider this approach to be 
beyond the scope of our current manuscript.

Multiple linear regression analysis was used to investigate the associations 
between k3 and predictor variables of interest. This analysis can be viewed as an 
extension of simple regression analysis (in which one outcome variable is associated 
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with one predictor variable). Multiple regression analysis is preferable to performing 
serial simple regression analyses for at least three reasons. First, it models the 
specific associations between the outcome variable and each predictor variable, 
correcting for effects that predictor variables have on one another. Second, it allows 
detection of associations in which predictor variables only influence the outcome 
variable when analyzed in combination. Third, it reduces the chance to erroneously 
find a significant result.

Regarding the main findings of our paper, several results deserve further 
discussion. We found a significant correlation between k3 and brain Phe 
concentrations in VOI 2 and/or VOI 3. This correlation explained ~80% of the 
variance of k3. Considering the small sample size, one may wonder to which extent 
our data may be biased by certain cases, and whether this strong correlation 
accurately represents the relationship between CPS and brain Phe concentrations 
in PKU. However, two main statistical findings support the validity of the observed 
association. First, the relevant assumptions for multiple linear regression modeling 
were met, indicating that the obtained model can be generalized to other samples. 
Second, post-hoc statistical parameters showed that no case disproportionally 
influenced the observed model, further supporting the robustness of the data set. 
As indicated by these post-hoc statistical analyses, random exclusion of a particular 
value barely influenced the obtained R2.

Contrary to the association between k3 and brain Phe concentrations of the 
VOIs other than VOI 1, the association between k3 and brain Phe concentration in 
VOI 1 did not reach statistical significance. This non-significant association could 
result from regional variation of k3. VOI 2 and VOI 3 for brain Phe concentration 
measurements by MRS were situated closer to the volumes used for 11C-Tyr kinetic 
modeling than MRS VOI 1. In case of regional variation of k3, k3 values in MRS VOI 
1 may not relate strongly to k3 values in the volumes currently used for 11C-Tyr kinetic 
modeling. Alternatively, the non-significant association between k3 and brain Phe 
concentration in VOI 1 could be caused by the limited power of our study, resulting 
from the small sample size. This limited power may also explain why the associations 
of k3 with K1 and with plasma Phe concentrations did not reach statistical significance 
in our current study, contrary to our previous findings (10,11). Still, simple regression 
analyses performed in the current study supported the main conclusions from our 
previous work (data not shown). The finding that brain Phe concentrations outside 
VOI 1 were independently associated with k3, whereas K1 was not, suggests that 
pathophysiological mechanisms downstream of LNAA BBB transport influence CPS 
in PKU.

Since brain Phe concentrations in VOI 2 and VOI 3 correlated highly with each 
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other, the specific associations of each of these predictor variables with k3 could not 
be determined. During the selection of predictor variables for multiple regression 
analysis, we decided to include brain Phe concentrations in VOI 3 (considered to 
represent CSF Phe concentrations) as a predictor variable. This inclusion was based 
on the consideration that both CSF Phe concentrations and brain Phe concentrations 
could correlate to k3 more strongly than plasma Phe concentrations, as both CSF 
and brain tissue are situated behind the blood-brain barrier. The observed strong 
correlation between brain Phe concentrations in VOI 2 and VOI 3 suggests that 
CSF Phe concentrations and brain Phe concentrations may highly influence each 
other. Due to the high degree of collinearity, based on our current data, one can not 
determine whether k3 relates more to Phe concentrations in brain tissue, or to Phe 
concentrations in CSF. However, regardless of which predictor variable contributed 
most to the observed association, the conclusion that processes downstream of 
LNAA BBB transport are likely to influence CPS in PKU remains valid.

The findings reported in this study have both fundamental and clinical 
implications. From a fundamental viewpoint, the finding that k3 was more strongly 
associated with brain Phe concentrations than with K1, justifies the investigation 
of cerebral metabolic processes downstream of LNAA transport from blood to 
brain. Considering the central role of CPS in many processes during cognitive 
development (5-7), reduced CPS in PKU probably negatively impacts cognition. 
In non-PKU mental retardation diseases, reduced CPS has been described 
(5,7,8). From a clinical viewpoint, our data may raise the question whether brain 
Phe concentrations are more relevant than plasma Phe concentrations when 
considering treatment adjustments. This question has been addressed previously 
by several authors (30-33,39). Increased brain Phe concentrations showed a linear 
relationship with decreased IQ (32,33), as well as with increased severity of white 
matter abnormalities (32,33). In line with these associations, PKU patients with 
relatively normal brain Phe concentrations and normal IQ, despite high plasma Phe 
concentrations, have been reported (31,39). However, the relatively low costs and 
easy applicability of measuring plasma Phe concentrations favor using plasma Phe 
concentrations rather than brain Phe concentrations.

Regarding future studies, an important direction for fundamental research is 
investigating how elevated brain Phe concentrations and/or associated biochemical 
processes interact with CPS. Future clinical studies should include functional 
outcome parameters (e.g. reflecting neurophysiological, neuropsychological, and 
cognitive performance), in addition to analyses of LNAA concentrations in plasma, 
Phe concentrations in brain, LNAA BBB transport, and CPS.

In summary, our study shows a strong inverse association between brain 
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phenylalanine concentrations and k3 (the rate constant for 11C-Tyr incorporation into 
cerebral protein), while the associations of plasma Phe concentrations and K1 (the 
rate constant for 11C-Tyr transport from arterial plasma to brain) with k3 were non-
significant. These findings suggest that elevated brain Phe concentrations and/or 
associated biochemical processes may reduce CPS in PKU, and validate studies 
aiming to identify associated molecular pathways. Ultimately, results from such 
studies may be translated to clinical care, possibly allowing for a more targeted 
treatment of PKU patients than currently available and improving treatment outcome.
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Abstract

In phenylketonuria (PKU), elevated brain phenylalanine concentrations and/or 
decreased brain concentrations of non-phenylalanine large neutral amino acids 
(LNAAs) likely underlie cognitive dysfunction. However, the molecular pathways 
and brain regions involved are only partially known. To increase pathophysiological 
understanding, we investigated behavioral phenotypes reflecting learning and 
memory, brain LNAA and neurotransmitter concentrations, and brain cAMP 
responsive element binding protein (CREB) phosphorylation at serine 133 (Ser-
133) in C57Bl/6 Pah-enu2 PKU mice. Increased CREB Ser-133 phosphorylation 
is essential for learning and memory formation in several paradigms. CREB and 
Ser-133-phosphorylated CREB (pCREB) were studied by immunohistochemical 
analyses. We hypothesized that, compared to C57Bl/6 non-PKU controls, C57Bl/6 
PKU mice would show a) learning and memory deficits, and b) reduced pCREB to 
CREB ratios in a brain-region specific manner. However, in several learning and 
memory paradigms, C57Bl/6 PKU mice did not show behavioral deficits. Home 
cage control PKU mice, which were not behaviorally tested, showed biochemical 
phenotypes characteristic of PKU, as well as significantly reduced pCREB to CREB 
ratios compared to corresponding non-PKU controls in the dentate gyrus, striatum, 
and somatosensory cortex. In contrast, in behaviorally tested PKU mice, pCREB to 
CREB ratios were comparable to those of corresponding non-PKU control mice in 
all brain regions of interest. Together, these data suggest that behavioral testing of 
C57Bl/6 PKU mice may lead to normalization of reduced pCREB to CREB ratios, 
thus preserving learning and memory. Further studies are indicated to characterize 
the processes upstream and downstream of the reduced pCREB to CREB ratios 
observed in home cage control PKU mice, as well as the mechanisms involved 
in normalizing pCREB to CREB ratios and preserving learning and memory in 
behaviorally tested C57Bl/6 PKU mice.
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Introduction
Phenylketonuria (PKU; OMIM 261600) is an inborn error of amino acid 

metabolism, caused by deficiency of the hepatic enzyme phenylalanine hydroxylase 
(PAH; EC 1.14.16.1). PAH converts phenylalanine (Phe) into tyrosine (Tyr). PAH 
deficiency results in increased blood Phe concentrations and low-to-normal blood 
Tyr concentrations. Clinically, untreated PKU mainly manifests as a neurological 
disorder, with severe mental retardation as its main hallmark. PKU is diagnosed 
by neonatal screening and mainly treated with a Phe-restricted diet, based on a 
limitation of natural protein intake combined with supplementation of non-Phe 
amino acids. When timely diagnosed and treated, most manifestations of PKU can 
be prevented, in particular the severe mental retardation (1,2). However, even in 
patients considered to be well-treated, impairments in neuropsychological functions 
occur (3,4). Moreover, these patients appear to have an increased risk for psychiatric 
pathology (5). These outcomes in treated PKU patients indicate that current PKU 
treatment is not yet optimal.

An increased understanding of PKU pathophysiology could improve PKU 
treatment outcome. Elevated blood Phe concentrations serve as a pathophysiological 
starting point, as reflected by the well-established negative association between 
cognitive outcome in PKU and the extent of the increase in blood Phe concentration 
(1). Several pathophysiological mechanisms may contribute to this strong 
association (6,7). One particularly relevant mechanism could be reduced cerebral 
protein synthesis (CPS). In the field of neurobiology, the relevance of CPS for normal 
cognitive development has been clearly established (8,9). Clinically, this relation is 
supported by the finding of reduced CPS in several disorders associated with mental 
retardation (8-10). In PKU, reduced CPS has been reported in both animal and 
clinical studies (11-14). Recently, we reported that CPS rate in PKU patients shows a 
strong negative relationship with blood Phe concentration (15), similar to the strong 
negative relationship between cognitive outcome and blood Phe concentration.

One of the main molecular regulators of cognition-related CPS is cAMP 
responsive element-binding protein (CREB) (16-19). CREB activity is mediated by 
phosphorylation at serine 133 (Ser-133), which can be induced by a wide variety of 
stimuli and kinases (19,20). The resulting Ser-133-phosphorylated CREB (pCREB) 
protein is able to bind to a specific promoter sequence, leading to recruitment of 
additional regulatory factors and transcription of a number of genes. In turn, the 
newly transcribed gene products selectively increase synthesis of various proteins, 
and thereby orchestrate learning, memory, and cognition (16-19). Hence, in 
neurobiological studies investigating CREB activity in relation to protein synthesis 
and learning and memory, pCREB to CREB ratios are often used as a read-out 
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parameter (21-25).
To investigate neuronal signaling pathways and neuroanatomical substrates 

involved in PKU pathophysiology, the development of the Pah-enu2 PKU mouse 
model has been particularly valuable (26,27). In this model, PKU phenotypes result 
from homozygosity for the Pah-enu2 mutation, as first described in mice of the 
BTBR background (26). BTBR PKU mice show biochemical phenotypes in blood 
and brain, as well as learning and memory deficits, thus reflecting the characteristics 
of untreated PKU in humans (14,28-31). In 2006, the Pah-enu2 mutation was bred 
into wild type (WT) mice of the C57Bl/6 background to increase breeding efficiency, 
for the purpose of studying gene therapy (32). Another important advantage of using 
the C57Bl/6 background is that it has been well validated for studying learning and 
memory performance (33-36), and is often used in mouse models of disorders 
associated with mental retardation (37,38). Previous reports in C57Bl/6 Pah-enu2 
mice showed that the blood and brain biochemical phenotypes of these mice are 
comparable to those observed in BTBR Pah-enu2 mice (39-42). However, thus 
far, learning and memory phenotypes of C57Bl/6 Pah-enu2 mice have not been 
reported.

We hypothesized that C57Bl/6 Pah-enu2 mice would show behavioral 
learning and memory deficits compared to C57Bl/6 non-PKU counterparts. In 
addition, we hypothesized that the assumed learning and memory deficits would 
be associated with reduced pCREB expression and/or reduced pCREB to CREB 
ratios. Thus, we performed a series of experiments to achieve the following two 
goals: (I) to characterize behavioral learning and memory phenotypes of C57Bl/6 
Pah-enu2 mice and (II) to relate CREB phosphorylation data to behavioral learning 
and memory phenotypes of these mice.

 
Animals, materials and methods

Animals
Breeding and housing

A breeding colony was initiated using C57Bl/6 mice heterozygous for the 
p.F263S Pah-enu2 mutation, kindly provided by Prof. B. Thöny (University of 
Zürich, Switzerland). Mice were weaned and genotyped at 3-4 weeks of age, and 
subsequently housed in filter top cages in groups of 2-3 mice. Prior to behavioral 
testing, mice were housed individually, thus allowing for food deprivation when 
needed. In order to standardize housing conditions across experimental cohorts, 
this individual housing regime was used in all cohorts. A 12-hour light/dark cycle 
was maintained (lights on at 8.00 a.m.). Standard mouse chow (RMH-B 2181, 
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AB Diets, Woerden, the Netherlands) and water were available ad libitum, unless 
otherwise specified. Multiple mouse cohorts were tested, as shown in Table 1. The 
Animal Ethical Committee of the University of Groningen approved all experiments 
described below.

Table 1 Mouse cohorts and corresponding analyses.

Cohort Composition Gender Age (months) Data

1 10 WT, 13 PKU all F 3 – 14 SA

2 4 WT, 6 HTZ, 6 PKU all F 8 – 8.5
Brain and blood LNAAs

Brain NTs

3 3 WT, 4 HTZ, 7 PKU all F 4 – 4.5
Y-maze learning

Y-maze reversal learning

4 10 WT, 10 PKU all F 3.5 – 9.5 pCREB/CREB

5 9 WT, 8 PKU
4 M, 5 F
5 M, 3 F

14 – 16
Ten-arm radial maze

Cross maze
pCREB/CREB

6 5 WT, 5 PKU
3 M, 2 F
3 M, 2 F

4 – 5 Cross maze

7 16 WT, 16 PKU
8 M, 8 F
8 M, 8 F

4 – 5
NOR
SOR

Characteristics of each experimental group. WT: wild type, HTZ: heterozygous, PKU: phenylketonuric. F: 
female, M: male. LNAAs: large neutral amino acids, NTs: neurotransmitters. SA: spontaneous alternation, 
NOR: novel object recognition, SOR: spatial object recognition.

Genotyping
Genotyping was performed on DNA extracted from tail tissue, by incubating 

tail snips with mouse-tail lysis buffer and proteinase K (100:1, volume:volume (v:v)) 
overnight. Next, samples were centrifuged (13.000 rpm x 10 min), supernatant was 
transferred to clean tubes, and isopropanol was added (1:1). Samples were centrifuged 
(6.000 rpm x 10 min), the supernatant was discarded, and DNA-samples were dried. 
Next, 200 µl Tris-HCl-EDTA-buffer (pH 8.0) was added to each sample. Samples 
were stored at -80 ˚C prior to genotyping. qPCR genotyping was performed on 50x 
diluted DNA samples. Mastermix consisted of ddH2O, 10x PCR buffer, 50 mM MgCl2, 
5 mM dNTP-mix, 5 µM FAM, 5 µM Yakima Yellow, and 5 U/µl Hot Goldstar polymerase 
(all obtained from Eurogentec, Seraing, Belgium). 5’ CCGTCCTGTTGCTGGCTTAC 
3’ was used as a forward primer and 3’ CTAGATTCGGGTACATGTGTGGAC 5’ was 
used as a reverse primer (both from Invitrogen, Carlsbad, USA). qPCR consisted of 
a 1 min cycle at 60 ˚C, a 10 min cycle at 95 ˚C, and 40 cycles of heating at 95˚C for 
15 s and cooling at 60˚C for 1 min. Probe signal intensity after 25 – 30 cycles was 
used for genotyping. Samples were analyzed in triplicates.
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Biochemical validation of the model
Amino acid concentration measurements

After inhalation anesthesia with isoflurane, blood for amino acid measurements 
was collected by cardiac puncture. Blood was transferred to heparinized tubes and 
stored on ice. Blood samples were centrifuged (12.800 rpm x 10 min), plasma was 
transferred to clean vials, and stored at -80 ˚C. Brain tissue was extracted after 
decapitation and further processed depending on follow-up analyses (see below). 
For brain amino acid measurements, cerebral and cerebellar tissues were separated, 
and both were snap frozen in liquid nitrogen. Brain tissue was stored at -80 ˚C 
prior to biochemical measurements. To measure blood amino acid concentrations, a 
solution of norleucine (72 µg/ml) and sulphosalicylic acid (75 mg/ml) was added to 
thawed samples (1:1, v:v). Samples were centrifuged (20.800 g x 4 min), supernatant 
was transferred to new vials, and LiOH was added (4:1, v:v). Next, samples were 
loaded into capsules, and loading buffer was added (4:1, v:v). Amino acids were 
separated and qualified with high-performance liquid chromatography (HPLC) 
followed by ninhydrin derivatization using the Biochrom 20 system (Pharmacia 
Biotech, Cambridge, UK). Quantification was performed according to standardized 
calibration techniques. Blood Trp concentrations were measured according to the 
serotonergic pathway protocol described below, with plasma diluted 4x in ddH2O. 
Brain amino acid concentrations were measured using a procedure similar to blood 
concentration measurements, with the following adaptations. To obtain whole-brain 
homogenates, brains were grinded in liquid nitrogen. Samples were weighed and 
stored on dry ice. Phosphate-buffered saline (PBS, pH 7.4) was added at a 1:4 
(weight:volume (wt:v)) ratio and samples were kept on ice. Next, samples were 
sonified for 30 s per sample at 11-12 W and centrifuged (12.800 rpm x 10 min). 
Supernatant was transferred to clean vials, after which the same protocol as for blood 
amino acid measurements was followed. Plasma concentrations were expressed as 
µmol/L and brain concentrations as nmol/g wet weight.

Neurotransmitter concentration measurements
For brain neurotransmitter concentration measurements, two biosynthetic 

pathways were assessed. First, the dopaminergic pathway, by measuring 
dopamine (DA) and noradrenaline (NA) concentrations. Second, the serotonergic 
pathway, by measuring concentrations of tryptophan (Trp), serotonin (5-HT), 
and 5-hydroxyindoleacetic acid (5-HIAA). Concentrations of adrenaline and 
5-hydroxytryptophan were below the thresholds for reliable determination. Both 
pathways were assessed in brain homogenates, obtained in a similar manner as 
described for amino acid measurements, with the following adaptations. For the 
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dopaminergic pathway measurements, a homogenate buffer of glutathione (80 g/L) 
in 0.08 M acetic acid was used (1:20, v:v). Brain homogenates (2%, wt:v) were 
diluted 10x in ddH2O, and 2,3-dihydroxybenzoic acid was added as an internal 
standard (10:1, v:v). Samples were analyzed by HPLC coupled to electrochemical 
detection. Samples were sonified and centrifuged at 4 ˚C as described above. 
For the serotonergic pathway measurements, 20% brain homogenates (wt:v in 
0.08 M acetic acid) were added to an anti-oxidative solution of ascorbic acid (250 
g/L), EDTA (104 g/L), and sodium metabisulphite (104 g/L) in ddH2O (volume ratio 
2:1:1:6). Next, 5-methyltryptophan was added as an internal standard (1:1 20% 
homogenate:internal standard, v:v). Samples were analyzed by HPLC coupled to 
fluorometric detection (Waters, Milford, MA).

Learning and memory performance
Spontaneous alternation in the Y maze

Spontaneous alternation behavior in the Y maze was used to assess spatial 
working memory. Performance in this paradigm involves the prefrontal cortex and 
the hippocampus (43,44). The Y maze consisted of three transparent plexiglas 
tubes (length 29 cm, diameter 4.5 cm), connected by a central sphere (diameter 
8 cm), with a 120° angle between each arm. Alternation behavior was scored for 
10 min, by analyzing the sequence in which mice entered different arms. Each 
sequence in which the three arms were subsequently entered was scored as an 
alternation. An entry was defined as having all paws in one arm. To prevent mice 
from using olfactory cues, the Y maze was cleaned with 70% ethanol between trials. 
Spontaneous alternation score were calculated by dividing the observed number 
of alternations by the number of entries minus two. Performance was analyzed by 
comparing spontaneous alternation scores and the number of arm entries between 
experimental groups.

Learning and reversal learning in the Y maze
Mice were food deprived to 85 - 90% of their ad libitum weight and habituated to 

find food in a Y maze (characteristics described above and elsewhere (45-48)). The 
habituation consisted of two phases. First, a 10 min free exploration of the Y maze 
without a food reward. Second, two sessions in which each arm was subsequently 
baited. In the testing phase, mice were trained to find food (0.01 – 0.05 g of standard 
chow) in one of two specific arms of the Y maze, which was randomized for each 
experimental group. To keep mice from using sensory information to locate the food 
reward, food was placed behind a small rim, as well as outside both the baited 
and non-baited arms, which contained small openings in the bottom of each arm. 



70

Chapter 4

The third arm served as a starting arm and was connected to a starting box. After 
entering an arm, the non-chosen arm was closed off with a guillotine door, manually 
operated by the investigator. Mice were allowed to eat the food when choosing the 
baited arm. Regardless of which arm was chosen, mice were kept in the starting 
cage after returning to it. Each animal was trained for six trials per day, with a 
maximum trial time of 5 min. The Y maze was cleaned with 70% ethanol between 
trials. For each mouse, training continued until food was obtained in at least five out 
of six trials for two consecutive days. Hereafter, the non-baited and baited arms were 
switched, to investigate reversal learning. In this way, four reversal learning series 
were investigated after the first learning series.

Novel object recognition and spatial object recognition tests
Figure 1A summarizes the protocols used in the novel object recognition 

(NOR) and spatial object recognition (SOR) tests. Both tests were performed in 
a square arena (50 x 50 cm). Prior to NOR and SOR testing, mice were allowed 
to freely explore the arena for 10 min, in order to habituate them to the testing 
environment. On day 1 of NOR testing, two identical objects were placed inside the 
arena. Mice were allowed to explore this set-up for 10 min. On NOR test day 2, one 
object was replaced by a novel object of a different shape. Exploration behavior 
was again registered during 10 min. After an interval of 5 days, the SOR test was 
performed in the mice previously analyzed in the NOR test. On day 1 of the SOR 
test, three objects with different shapes were placed inside the arena. In three 10 
min trials, mice were allowed to explore the set-up. The intertrial interval was 2 min. 
On SOR test day 2, one of the outer objects was displaced (randomized between 
experimental groups), after which exploration time was again registered for 10 min. 
Performance in these tests was analyzed as follows. For NOR testing, the read-
out parameter was the time spent on exploring the novel object compared to the 
non-novel object, expressed as the ratio of novel object exploration time to total 
exploration time of both objects. SOR test results were analyzed in three steps. First, 
the mean times spent exploring each object in the three sessions prior to the read-
out session were calculated. Second, for each object, the difference between the 
exploration time in the read-out trial and the mean exploration time in the three pre-
read out sessions was calculated, and expressed as a percentual difference. Third, 
relative exploration time differences for the non-displaced objects were averaged 
and compared to the relative exploration time difference for the displaced object.

Ten-arm radial maze
Ten-arm radial maze performance was primarily investigated to analyze 
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Figure 1 Set-up and performance in the NOR and SOR tests. Data were obtained in test cohort 7. 
A) NOR and SOR test set-up. B) NOR test performance, expressed as novel object exploration time 
relative to total exploration time of both objects. The dotted line represents chance level performance. 
C) SOR test performance, expressed as exploration times at the read-out trial relative to the mean 
exploration time of three habituation trials prior to the read-out trial. WT: wild type, PKU: phenylketonuric, 
DO: displaced object, NDO: non-displaced objects. * p<0.05 for WT vs PKU.
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spatial discrimination ability, a function mostly mediated by the dentate gyrus of the 
hippocampal formation (49-51). The custom-made ten-arm radial maze consisted 
of one starting arm and nine choice arms, connected by a circular arena, as shown 
in Figure 2A. Arms were 25 cm in length with a diameter of 4 cm. The central 
arena had a diameter of 30 cm. Prior to the testing phase, mice were food-deprived 
to 80-85% of their ad libitum bodyweight and habituated to the maze. The testing 
phase had the following set-up. Mice were put in a starting box connected to the 
starting arm. Each trial started by opening a guillotine door positioned in the starting 
arm. During each trial, three adjacent choice arms were opened. Of these three, the 
middle arm contained a food reward (0.01 – 0.05 g standard chow). All other choice 
arms were closed. Mice were trained to locate the food reward in the middle arm. 
After entering one of the three available choice arms, the two non-chosen arms were 
closed. An entry was defined as having all four paws in one arm. When choosing 
the rewarded arm, mice were allowed to retrieve the food reward. Regardless of 
which arm was entered, mice were maintained in the starting cage when re-entering 
this cage after having entered one of the choice arms. Maximum trial duration was 
5 min. The position of the three choice arms relative to the starting arm (i.e. left or 
right as viewed from the starting arm) was randomized among experimental groups. 
Each mouse underwent six consecutive trials daily. During trials 1, 3, and 5, only 
the rewarded arm was opened. During trials 2, 4, and 6, three adjacent choice arms 
were opened, with only the middle arm containing a food reward. This reinforcement 
set-up proved to be necessary in protocol optimization experiments. To prevent mice 
from using sensory cues, the food reward was placed behind a small rim, and food 
was placed underneath small perforations in each choice arm, which could not be 
reached, similar to the set-up in the Y-maze learning task. Performance was scored 
as the percentage of correct entries. Scores were calculated per mouse before 
calculating the experimental group mean. Ten-arm radial maze training continued 
until at least one experimental group reached an average performance score of ≥ 
80%.

Cross maze
After a four week wash-out phase, cross maze performance was investigated 

in the mice that had previously been studied in the ten-arm radial maze, using a 
protocol reported previously (48). The cross-maze task assesses the preference for 
a spatial or non-spatial strategy during food-rewarded learning. The maze consists of 
four arms arranged in a cross shape. Arms had a length of 27.5 cm, with a diameter 
of 5 cm. After food deprivation and habituation, mice were trained to locate food in 
one specific arm. For each mouse, the position of this food-rewarded arm relative to 
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Figure 2 Set-up (A) and performance (B) in the ten-arm radial maze. WT: wild type, PKU: phenylketonuric. 
Results are shown as mean with SEM. Data were obtained in test cohort 5.

the starting arm (i.e. left or right) was the same as in the ten-arm radial maze. During 
the testing phase, the starting arm and two choice arms were opened. Mice were 
able to enter the starting arm from a starting box. The arm opposing the start arm was 
closed. Six consecutive trials were performed daily, with a maximum trial duration of 
5 min. Performance was scored as the percentage of correct trials per day. Based 
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on data previously obtained in our group (48), cross-maze training continued for 
four days. In order to prevent overtraining, which could bias probe trial results, mice 
with at least 5 out of 6 correct trials on training day two were exposed to three trials 
(rather than six trials) on subsequent training days. Following cross-maze training, 
a probe trial was performed. In this trial, the arm opposing the starting arm became 
the new starting arm, while the original starting arm was closed off. Performance in 
the probe trial was interpreted as follows. Mice using a spatial strategy will locate the 
food reward based on a spatial mind map, and will thus be able to retrieve the food 
reward during the probe trial. Mice using a non-spatial strategy will have learned to 
take a specific turn when approaching the cross point, and thus be unable to retrieve 
the food reward during the probe trial. These principles are discussed in more detail 
elsewhere (52,53). Prior to starting the probe trial, mice were kept in the starting box 
for 2 min, to allow spatial orientation for mice using a spatial strategy. During the 
probe trial, both arms were baited with food, to reduce a possible influence of probe 
trial performance on immunohistochemical markers. Mice were euthanized 100 min 
after the probe trial to obtain brain tissue for immunohistochemical analyses.

 
CREB and pCREB immunohistochemistry

Mice were anesthetized with O2/CO2 and transcardially perfused with a NaCl 
0.9%/heparin 0.5% solution, followed by perfusion with 4% paraformaldehyde (PFA) 
and ddH2O. Brains were removed and stored in 4% PFA at room temperature for 
postfixation during 24 hrs. Hereafter, the PFA solution was replaced with a 0.01 M 
PBS solution (pH 7.4) and stored at 4 ˚C for 24 hrs. In order to dehydrate the brain 
tissue, the PBS solution was changed for a 30% sucrose solution (in ddH2O), to which 
brains were exposed for 12 - 24 hrs. Next, brains were rinsed with 0.01 M PBS, frozen 
with liquid nitrogen, and stored at –80 ˚C before further processing. Brain sectioning 
was performed using a Leica CM3050 cryostat (Leica Microsystems, Rijswijk, the 
Netherlands) with a section diameter of 20 µm. Sections were collected according 
to the following Bregma coordinates: +2.80 to +1.10 mm (prefrontal cortex), +1.10 
to -0.94 mm (striatum), -0.94 to -2.46 mm (somatosensory cortex and hippocampal 
formation). Free-floating sections were stored in 0.01 M PBS (pH 7.4) with 0.01% 
sodium azide at 4 ˚C prior to staining. The staining protocol consisted of the 
following steps. First, sections were rinsed with 0.01 M PBS. To quench endogenous 
peroxidase activity, sections were pretreated with 0.3% H2O2 for 30 min at room 
temperature. Next, sections were again rinsed with 0.01 M PBS. Sections were 
incubated with primary antibody in 0.01 M PBS, which additionally contained 2% 
BSA and 0.1% Triton X-100, at 4 ˚C overnight to 72 hrs (depending on the antibody 
of interest). The primary antibodies investigated were CREB (ab32515, 1:2000; 
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Abcam, Cambridge, UK) and pCREB (Ser-133, 06-519, 1:1000; Millipore, Temecula, 
USA). After primary antibody incubation, sections were rinsed and incubated with a 
biotinylated goat-anti-rabbit secondary antibody (1:500; Jackson Laboratories, Bar 
Harbor, USA) in 0.01 M PBS with 0.1% Triton X-100 for both primary antibodies for 2 
h at room temperature. After rinsing with 0.01 M PBS, sections were incubated with 
a streptavidin-biotin complex (1:500, Vector Laboratories, Burlingame, USA) for 2 
hrs at room temperature. Staining was performed with 3,3’-diaminobenzidine (DAB, 
0.35 mg/ml; SigmaFast, Amsterdam, the Netherlands) and initiated by adding 100 µl 
0.1% H2O2 to 3 ml solution. The staining reaction was stopped by changing the DAB 
solution for 0.01 M PBS. The next day, sections were mounted from a 1% gelatin 
solution onto SuperfrostTM microscope slides (Thermo Fisher Scientific, Waltham, 
USA), passed through an ethanol/xylol series, and air-dried for 24 hrs. Finally, 
sections were covered with a glass cover plate. Immunohistochemical analyses were 
performed using a Quantimet image analyzer (Leica Camera AG, Solms, Germany). 
Table 2 shows the immunohistochemical measurement characteristics for CREB 
and pCREB. For CREB and pCREB immunoreactivity in the striatum, analyses 
were made in a dorsomedial, dorsolateral, and ventromedial measurement area, 
using a sampling template of 450 µm2. For CREB and pCREB immunoreactivity 
in the cortex, the measurement area was positioned at the somatosensory cortex 
overlying CA2, and included cortical layers I – VI. For all brain regions of interest, 
the corrected optical density (i.e. the optical density in a region of interest minus the 
optical density in a background region) for CREB and pCREB was determined. In 
each animal, three sections were used to calculate mean values for CREB corrected 
optical density (OD), pCREB corrected OD, and corresponding pCREB/CREB ratios. 
Next, these data were compared between WT and PKU mice. pCREB to CREB 
ratios served as the primary outcome parameter.

Table 2 Immunohistochemical measurement characteristics for CREB and pCREB.

Region Expression pattern Background

DGi neuronal nuclei granular layer CA3 stratum oriens

DGo neuronal nuclei granular layer CA3 stratum oriens

CA1 neuronal nuclei pyramidal layer CA1 stratum oriens

CA3 neuronal nuclei pyramidal layer CA3 stratum oriens

STR neuronal nuclei corpus callosum

CORT neuronal nuclei layers I – VI CA1 stratum oriens

PFC neuronal nuclei prelimbic and orbital cortex
DGi: inner layer of the dentate gyrus; DGo: outer layer of the dentate gyrus; CA: cornu ammonis; STR: 
striatum, measured in a dorsomedial, dorsolateral, and ventromedial area; CORT: somatosensory cortex, 
measured in cortical tissue overlying CA2; PFC: prefrontal cortex.



76

Chapter 4

Statistical analyses 
Normality of distributions and homogeneity of variances were tested using the 

Shapiro-Wilk and Levene’s tests, respectively. In case of normal distribution with 
similar variance, experimental groups were compared using Student’s t-test and 
ANOVA tests with Bonferroni post-hoc testing. Otherwise, the Mann-Whitney U test 
and Kruskal-Wallis tests were used. Specific univariate and multivariate ANOVA 
tests were performed as indicated. Fisher’s exact test was used to analyze the data 
on choice-making behavior in the 10-arm radial maze and performance at the cross-
maze probe trial. A p-value <0.05 was considered to be statistically significant.

 
Results

Biochemical validation of the model
Amino acid and neurotransmitter concentration measurements

Blood and brain amino acid concentrations did not differ significantly between 
WT and heterozygous (HTZ) mice. Therefore, data from these non-PKU control 
mice were pooled. Table 3 shows blood and brain amino acid concentrations, as 
well as brain concentrations of neurotransmitters and associated metabolites in PKU 
mice and non-PKU controls. PKU mice showed increased blood Phe concentrations 
and decreased blood Tyr concentrations compared to non-PKU controls (p<0.001 
for both). Blood concentrations of the additional LNAAs did not differ significantly 
between PKU mice and non-PKU controls. Brain LNAA concentration measurements 
showed increased brain Phe concentrations in PKU mice compared to non-PKU 
mice (p<0.001). These elevated brain Phe concentrations were paralleled by 
reduced brain concentrations of several non-Phe LNAAs, which were decreased by 
20-40% of non-PKU control values. Specifically, these reductions concerned valine, 
methionine, tyrosine, and tryptophan (p=0.015, p=0.032, p=0.023, and p=0.001, 
respectively), with a statistical trend for threonine (p=0.063).

Brain neurotransmitter marker concentrations were determined for the 
dopaminergic and serotonergic pathways. Brain dopamine and brain noradrenaline 
concentrations were decreased in PKU mice, by ~30% and ~45% compared to 
non-PKU controls, respectively (p<0.001 for both). Brain serotonin and 5-HIAA 
concentrations were decreased in PKU mice, both by ~60% compared to WT 
controls (p<0.001 for both).

Learning and memory performance
Spontaneous alternation in the Y maze

Figure 3A shows spontaneous alternation performance in the Y maze. 
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Spontaneous alternation scores did not differ between WT and PKU mice (WT 63 ± 
13% vs PKU 65 ± 10%, p=0.716). The number of arm entries of WT and PKU mice 
was comparable (WT 29 ± 9 vs PKU 28 ± 9, p=0.511).

Table 3 Blood LNAA concentrations (µmol/L), brain LNAA concentrations (nmol/g wet weight) and brain 

neurotransmitter marker concentrations (nmol/g wet weight) per experimental group.

Non-PKU control (n=10) PKU (n=6) p

Blood LNAAs
Threonine 234 ± 67 196 ± 51 0.259

Valine 327 ± 50 336 ± 60 0.765

Methionine 58 ± 14 52 ± 11 0.387

Isoleucine 127 ± 15 122 ± 20 0.575

Leucine 232 ± 33 214 ± 32 0.292

Tyrosine 99 ± 24 49 ± 6* <0.001

Histidine 101 ± 22 90 ± 16 0.348

Tryptophan 87 ± 15 75 ± 15 0.143

Phenylalanine 122 ± 17 1954 ± 380* <0.001

Brain LNAAs
Threonine 392 ± 75 320 ± 56 0.063

Valine 124 ± 20 91 ± 28 0.015

Methionine 32 ± 8 23 ± 5 0.032

Isoleucine 75 ± 20 62 ± 21 0.236

Leucine 173 ± 49 141 ± 50 0.234

Tyrosine 112 ± 35 71 ± 21 0.023

Histidine 137 ± 39 160 ± 25 0.226

Tryptophan 46 ± 5 35 ± 1 0.001

Phenylalanine 130 ± 42 685 ± 53 <0.001

Brain NT markers
Dopamine 6.970 ± 0.450 5.059 ± 0.332 <0.001

Noradrenaline 2.754 ± 0.136 1.560 ± 0.088 <0.001

Serotonin 2.148 ± 0.299 0.914 ± 0.145 <0.001

5-HIAA 3.239 ± 0.163 1.292 ± 0.193 <0.001
Data were obtained in test cohort 2. Results are shown as mean ± standard deviation. PKU: 
phenylketonuric, LNAA: large neutral amino acid, NT: neurotransmitter.

Learning and reversal learning in the Y maze
Learning and reversal learning results in the Y maze are shown in Figures 

3B-D. Both PKU mice and non-PKU mice mastered the paradigms. Data from WT 
and HTZ mice were pooled, as in each testing phase, performance scores for these 
non-PKU control mice were not significantly different. Figures 3B and 3C show 
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the performance of PKU mice and non-PKU controls in the learning phase. Mixed-
design ANOVA showed a main effect for training session (F=6.043, p=0.007), but not 
for experimental group (F=0.082, p=0.780). There was no interaction effect between 
training session and experimental group (F=0.181, p=0.840). Figure 3D shows the 
performance of PKU mice and non-PKU controls in the reversal phases. Reversal 
phase data were analyzed by mixed-design ANOVA, with reversal phase as within-
subjects factor and experimental group as between-subjects factor. Reversal phase 

Figure 3 Performance in Y maze-related paradigms. A) Spontaneous alternation score and number of 
entries in the Y maze. B) Performance in the learning phase of Y-maze experiments. C) Number of 
sessions needed to pass the learning criterion in the learning phase. D) Reversal training performance in 
the Y maze. Results are given as mean ± SEM. WT: wild type, PKU: phenylketonuric. These data were 
obtained in test cohorts 1 and 3.
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did not have a main effect on the number of sessions needed to pass the learning 
criterion (F=1.431, p=0.250). Both the main effect for experimental group and 
the interaction effect between reversal phase and experimental group were non-
significant (F=0.227, p=0.642 and F=0.330, p=0.804, respectively).

Novel object recognition and spatial object recognition tests
Figures 1B and 1C show NOR and SOR test performance. For both tests, 

data were analyzed by two-way independent ANOVA, with genotype and gender 
as factors. In the NOR test, both WT and PKU mice performed above chance level 
(p=0.019 and p=0.008, respectively). Two-way ANOVA showed no main effect of 
genotype (F=0.040, p=0.843), no main effect of gender (F=2.372, p=0.135), and no 
interaction effect between genotype and gender (F=0.222, p=0.641). In the SOR 
test, both WT and PKU mice were able to recognize the displaced object, performing 
above chance level (p=0.005 and p=0.024, respectively). Two-way ANOVA showed 
no main effect of genotype (F=0.544, p=0.467), no main effect of gender (F=2.714, 
p=0.111), and no interaction effect between genotype and gender (F=2.861, 
p=0.102).

 
Ten-arm radial maze

Ten-arm radial maze performance is shown in Figure 2B. All mice gradually 
learned to distinguish the baited arm from the non-baited arms. Mixed-design 
ANOVA showed a main effect of training session (F=6.212, p<0.001). Genotype did 
not have a main effect (F=0.018, p=0.894). There was no interaction effect between 
training session and genotype (F=1.320, p=0.210).

Cross maze
Figures 4A and 4B show cross-maze performance during the training sessions 

and probe trial in the mice previously tested in the ten-arm radial maze. Mixed-
design ANOVA showed a main effect of training session on cross-maze performance 
(F=10.695, p=0.001), without a main effect of genotype (F=1.051, p=0.332). There 
was no interaction effect between training session and genotype (F=0.800, p=0.429). 
In the probe trial, both WT and PKU mice showed a preference for making the same 
turn as during the training sessions, consistent with favoring a non-spatial strategy 
over a spatial strategy. Probe trial results did not differ between WT and PKU mice 
(p=1.000). To investigate whether a carryover effect could have influenced these 
data, cross-maze performance was additionally assessed in mice without previous 
exposure to behavioral testing. Figures 4C and 4D show cross-maze performance 
of these mice. The results of mice without previous behavioral testing were similar 
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to those of mice previously tested in the ten-arm radial maze, showing comparable 
training performance curves in both genotype groups, with main effect of training 
session as the only significant effect (F=9.959, p<0.001). Again, in the probe trial, a 
strong preference for a non-spatial strategy was observed in both genotype groups. 
This preference did not differ between genotype groups (p=1.000).

CREB and pCREB immunohistochemistry
CREB and pCREB expression in home cage control mice

Consistent with previous reports (19,48,54) and known physiological functions, 
both CREB and pCREB were expressed in neuronal nuclei throughout the brain. We 
focused on CREB and pCREB staining in the dentate gyrus, CA1, CA3, striatum, 
somatosensory cortex, and prefrontal cortex. CREB and pCREB expression patterns 

Figure 4 Cross-maze performance during training and in the probe trial in mice previously tested in the 
ten-arm radial maze (A,B; test cohort 5) and in mice without previous behavioral testing (C,D; test cohort 
6). WT: wild type, PKU: phenylketonuric. Results are shown as mean ± SEM.
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were comparable for WT and PKU mice. Since CREB and pCREB staining in the 
striatum did not differ significantly between subregions (regardless of genotype), 
striatal subregion data were pooled for each genotype. Prior to comparing mean 
pCREB to CREB ratios between WT and PKU mice, CREB and pCREB corrected 
OD values were compared between these genotype groups. Table 4 and Figure 5A 
show CREB corrected OD values, pCREB corrected OD values, and corresponding 
pCREB to CREB ratios in home cage control WT and PKU mice (which were not 
behaviorally tested).

Mean CREB corrected OD values and mean pCREB corrected OD values did 
not differ significantly between PKU and WT mice in the brain regions of interest. 
However, mean pCREB/CREB corrected OD ratios in PKU mice were significantly 
lower than WT values in the dentate gyrus, the striatum, and the somatosensory 
cortex. In these brain regions, mean ratios of PKU mice were reduced by 
approximately 5% to 20% compared to mean WT ratios. In the CA1 and CA3 regions 
of the hippocampal formation, as well as in the prefrontal cortex, mean pCREB/
CREB corrected OD ratios did not differ significantly between WT and PKU mice. 
When interpreting immunohistochemical pCREB/CREB ratios, it should be noted 
that these ratios may be >1, as antibody-specific background OD values were used 
to calculated corrected OD values, and signal intensities for pCREB and CREB may 
differ at similar amounts of the protein of interest, due to different binding affinities of 
the anti-pCREB and anti-CREB antibodies.

CREB and pCREB expression in behaviorally tested mice
The cellular distribution patterns of CREB and pCREB in behaviorally tested 

mice were comparable to the corresponding patterns in home cage control mice. 
As in home cage control mice, CREB and pCREB staining in the striatum did not 
differ significantly between subregions in behaviorally tested mice (regardless of 
genotype). Therefore, striatal subregion data of behaviorally tested mice were 
pooled for each genotype. Table 4 and Figure 5B show CREB corrected OD 
values, pCREB corrected OD values, and corresponding pCREB to CREB ratios in 
behaviorally tested WT and PKU mice. Mean CREB corrected OD values and mean 
pCREB corrected OD values in behaviorally tested WT and PKU mice did not differ 
significantly for the dentate gyrus, CA1, CA3, striatum, somatosensory cortex, and 
prefrontal cortex. Contrary to the findings in home cage control PKU mice, mean 
pCREB to CREB corrected OD ratios in behaviorally tested PKU mice were not 
significantly different from corresponding WT values in any brain region.
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Table 4 Corrected OD values for CREB and pCREB with associated pCREB/CREB ratios per experimental 

group.

Home cage control Behaviorally tested
WT (n=10) PKU (n=10) Δ WT (n=9) PKU (n=8) Δ

CREB
DGi 0.27 ± 0.08 0.31 ± 0.07  +15% 0.27 ± 0.08 0.31 ± 0.07  +15%

DGo 0.28 ± 0.08 0.32 ± 0.09  +14% 0.51 ± 0.05 0.54 ± 0.05 +6%

CA1 0.47 ± 0.06 0.46 ± 0.09  -2% 0.39 ± 0.04 0.41 ± 0.03 +5%

CA3 0.14 ± 0.03 0.15 ± 0.03  +7% 0.18 ± 0.02 0.20 ± 0.05 +11%

STR 0.60 ± 0.03 0.63 ± 0.03  +5% 0.56 ± 0.03 0.56 ± 0.02 0%

CORT 0.08 ± 0.01 0.09 ± 0.02  +13% 0.06 ± 0.01 0.07 ± 0.01 +17%

PFC 0.62 ± 0.05 0.62 ± 0.05  0% 0.58 ± 0.03 0.60 ± 0.01 +3%

pCREB
DGi 0.32 ± 0.07 0.31 ± 0.07  -3% 0.37 ± 0.08 0.37 ± 0.09 0%

DGo 0.28 ± 0.07 0.27 ± 0.06  -4% 0.34 ± 0.07 0.34 ± 0.07 0%

CA1 0.18 ± 0.07 0.18 ± 0.05  0% 0.21 ± 0.04 0.22 ± 0.06 +5%

CA3 0.12 ± 0.04 0.13 ± 0.03  +8% 0.10 ± 0.03 0.11 ± 0.02 +10%

STR 0.47 ± 0.02 0.46 ± 0.02  -2% 0.48 ± 0.06 0.47 ± 0.03 -2%

CORT 0.16 ± 0.01 0.15 ± 0.02  -6% 0.07 ± 0.02 0.08 ± 0.02 +14%

PFC 0.36 ± 0.04 0.35 ± 0.03  -3% 0.44 ± 0.02 0.44 ± 0.03 0%

pCREB/CREB
DGi 1.23 ± 0.21  1.03 ± 0.14* -16% 0.69 ± 0.12 0.70 ± 0.13 +1%

DGo 1.04 ± 0.15  0.88 ± 0.11* -15% 0.66 ± 0.10 0.62 ± 0.08 -6%

CA1 0.39 ± 0.14 0.40 ± 0.11  +3% 0.53 ± 0.08 0.52 ± 0.11 -2%

CA3 0.94 ± 0.26 0.93 ± 0.18 -1% 0.54 ± 0.12 0.57 ± 0.10 +6%

STR 0.77 ± 0.03  0.73 ± 0.03* -5% 0.86 ± 0.08 0.84 ± 0.05 -2%

CORT 2.03 ± 0.31  1.65 ± 0.26* -19% 1.13 ± 0.39 1.10 ± 0.28 -3%

PFC 0.58 ± 0.07 0.57 ± 0.04  -2% 0.76 ± 0.05 0.73 ± 0.05 -4%
Data were obtained in test cohorts 4 and 5. Results are shown as mean ± SD. WT: wild type, PKU: 
phenylketonuric. Δ shows the difference between mean PKU values and mean WT values, expressed as 
percentage change compared to mean WT values. DGi: inner layer of the dentate gyrus, DGo: outer layer 
of the dentate gyrus, CA: cornu ammonis, STR: striatum, CORT: somatosensory cortex, PFC: prefrontal 
cortex. * p<0.05 PKU vs corresponding WT.
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Figure 5 pCREB/CREB ratios for corrected optical density in home cage control mice (A; test cohort 4) 
and behaviorally tested mice (B; test cohort 5). WT: wild type. PKU: phenylketonuric. Results are shown 
as mean values with SEM as error bars. * p<0.05 PKU vs WT. DGi: inner layer of the dentate gyrus, 
DGo: outer layer of the dentate gyrus, CA: cornu ammonis, STR: striatum, CORT: somatosensory cortex, 
PFC: prefrontal cortex.
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Discussion
In this study, we investigated learning and memory in relation to brain CREB 

phosphorylation in C57Bl/6 Pah-enu2 PKU mice. The main findings are the absence 
of learning and memory deficits in C57Bl/6 PKU mice, the reduced pCREB/CREB 
ratios in several brain regions in home cage control PKU mice, and the absence of 
reduced pCREB/CREB ratios in behaviorally tested PKU mice, compared to C57Bl/6 
non-PKU mice.

Contrary to our hypothesis, we did not find learning and memory deficits in 
C57Bl/6 PKU mice. Of note, our home cage control C57Bl/6 PKU mice showed the 
typical biochemical characteristics of untreated PKU, i.e. markedly elevated blood 
Phe concentrations, elevated brain Phe concentrations, reduced brain concentrations 
of non-Phe LNAAs, and reduced brain concentrations of monoaminergic 
neurotransmitters. Other authors have reported similar biochemical results in 
C57Bl/6 PKU mice (39-42). In addition, the degrees of the biochemical alterations 
observed in the current study are comparable to those reported previously (39-42). 
Therefore, the absence of learning and memory deficits in our C57Bl/6 PKU mice 
does not appear to result from atypical biochemical phenotypes.

When interpreting the behavioral findings of this study, one may wonder to 
which extent these findings correspond to previously published data. For the results 
regarding spontaneous alternation in the Y maze, learning and reversal learning in 
the Y maze, novel object recognition testing, and spatial object recognition testing, 
performance of non-PKU control mice was comparable to previously published 
findings in the C57Bl/6 strain (36,45-48,55-59). In the ten-arm radial maze, a new 
paradigm developed by our group, PKU mice appeared to perform worse than 
WT mice during sessions 8, 9, 10, and 11. However, these apparent differences in 
performance scores did not reach statistical significance. Since, to our knowledge, 
this study is the first to describe the use of this particular set-up in C57Bl/6 mice, 
performance results of WT mice could not be compared with previously published 
data. In the cross maze, both WT and PKU mice showed comparable performance 
results during cross-maze training, mastering the task in a few sessions. The cross 
maze results of this study correspond well with previously published C57Bl/6 data 
(60-62), although performance scores at the first training session were relatively 
high in test cohort 5. These relatively high scores likely related to the position of 
the baited arm relative to the starting arm, which was similar in the cross maze task 
and ten-arm radial maze task. In support of this interpretation, in WT and PKU mice 
that had not been behaviorally tested previously (i.e. test cohort 6), performance 
scores on the first training session were ~50%, as in previous reports (48,62). In the 
cross-maze probe trials, both WT and PKU mice showed behavior consistent with 
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a strong preference for using a non-spatial strategy. This strategy preference differs 
from previous reports showing that C57Bl/6 WT mice generally prefer using a spatial 
strategy in this paradigm (48,61,62). Possibly, an increased number of extra-maze 
spatial cues would have facilitated the preference for a spatial strategy in our cross 
maze experiments.

In home cage control PKU mice, reduced pCREB/CREB ratios compared 
to home cage control WT mice were observed in the dentate gyrus, the striatum, 
and the somatosensory cortex. Even relatively slight reductions in CREB Ser-
133 phosphorylation in the 10-20% range have been associated with learning 
and memory deficits (48,63-65). These data suggest that the reduced pCREB/
CREB ratios as observed in our study may have functional consequences. Thus, 
reduced CREB Ser-133 phosphorylation could underlie the reduced CPS previously 
reported in PKU, in both patients and mice (1,12-15,66). Contrary to the reduced 
pCREB/CREB ratios in home cage control PKU mice, pCREB/CREB ratios of 
behaviorally tested PKU mice did not differ from those of corresponding WT mice. 
Thus, behavioral testing appeared to normalize the reduced pCREB/CREB ratios 
present in home cage control PKU mice. In this context, it should be noted that 
both behavioral paradigms used in relation to the calculation of pCREB/CREB ratios 
(i.e. the ten-arm radial maze and the cross maze) involved food restriction. Thus, 
it may be postulated that food restriction contributed to the apparent normalization 
of pCREB/CREB ratios. To our knowledge, the effects of food restriction on brain 
pCREB/CREB ratios in rodents have been reported for rat striatum only (67-70). 
In these studies, which involved a more stringent food restriction regime than our 
current study, pCREB/CREB ratios were unaffected by food restriction. Therefore, we 
consider the apparent normalization of reduced pCREB/CREB ratios in behaviorally 
tested PKU mice to be most likely caused by behavioral testing, rather than by food 
restriction. This conclusion suggests that C57Bl/6 PKU mice are able to restore 
CREB phosphorylation during behavioral testing by an as yet uncharacterized 
mechanism, and thus preserve learning and memory.

It may seem tempting to directly compare the immunohistochemical results of 
home cage control mice and behaviorally tested mice by genotype group. However, 
it should be noted that this study focused on comparing PKU and WT mice within 
each test cohort, rather than comparing immunohistochemical parameters across 
test cohorts. The immunohistochemical analyses of home cage control mice and 
behaviorally tested mice were performed in different sessions. Thus, the comparison 
between PKU mice and WT mice within each test cohort can be made reliably, 
whereas the comparison between home cage control mice and behaviorally tested 
mice should be made with caution.
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When considering the upstream mechanisms underlying the reduced pCREB/
CREB ratios in home cage control PKU mice, the question arises which kinases 
could be involved. Currently, about 15 kinases phosphorylating CREB to pCREB at 
Ser-133 have been reported (19,20). These kinases respond to an even wider range 
of possible stimuli (19,20). In relation to existing pathophysiological knowledge on 
PKU, several kinases appear to be particularly interesting, i.e. protein kinase A (PKA), 
protein kinase C (PKC), kinases belonging to the mitogen-activated protein kinase/
extracellular signal-regulated kinase (MAPK/ERK) and Ca2+/calmodulin-dependent 
protein kinase (CaMK) families, and the eukaryotic initiation factor 2α (eIF2α). These 
kinases regulate CREB phosphorylation at Ser-133 in response to dopaminergic, 
serotonergic, and glutamatergic signaling, as well as under conditions of essential 
amino acid deficiency. Impaired dopaminergic and serotonergic signaling may 
result from the reduced brain concentrations of these neurotransmitters observed 
in PKU. In BTBR PKU mice, impaired glutamatergic signaling and reduced 
CaMK phosphorylation have been reported (71-73). The final kinase mentioned 
above, eIF2α, reduces CREB phosphorylation at Ser-133 in response to several 
physiological stressors, including essential amino acid deficiency (74-76). As almost 
all LNAAs are essential amino acids, reduced brain concentrations of non-Phe 
LNAAs (as observed in our current study and elsewhere (14,29,31,40,41)) could 
increase eIF2α kinase activity. The aforementioned kinases may thus reduce CREB 
Ser-133 phosphorylation, either alone or in combination. Lastly, the reduced pCREB/
CREB ratios may result from increased dephosphorylation, which could be mediated 
by protein phosphatase 1 and/or protein phosphatase 2 (17,19,20).

The findings of our study may have both fundamental and clinical relevance. 
Fundamentally, our data provide additional insight into the pathophysiology of 
cognitive dysfunction in PKU, combining the fields of inborn errors of metabolism 
and molecular neurobiology. As such, the findings of this study are not only relevant 
for those working in the PKU field, but also for those interested in the neurobiology of 
learning and memory. Clinically, the characterization of pathways critically involved 
in PKU pathophysiology may lead to new, mechanism-based treatments. Such 
treatments could reduce treatment burden and improve cognitive outcome and 
quality of life in PKU.

In summary, we performed a series of experiments to investigate learning 
and memory, LNAA and neurotransmitter concentrations, and immunoreactivity 
for CREB and pCREB in C57Bl/6 Pah-enu2 PKU mice. Despite the presence of 
biochemical profiles characteristic of PKU and despite reduced pCREB/CREB ratios 
in several brain regions in home cage control PKU mice, behaviorally tested C57Bl/6 
PKU mice did not show learning and memory deficits. In behaviorally tested PKU 
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mice, pCREB/CREB ratios were comparable to those of behaviorally tested WT 
mice. The normalization of reduced pCREB/CREB ratios, which was likely induced 
by behavioral testing, appeared to preserve learning and memory in behaviorally 
tested C57Bl/6 PKU mice. Further research is needed to identify the processes 
upstream and downstream of reduced CREB phosphorylation in PKU, as well as the 
mechanisms involved in normalizing CREB phosphorylation and preserving learning 
and memory.
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Abstract

In phenylketonuria (PKU) research, the development of the genetic Pah-enu2 
PKU mouse model has greatly increased pathophysiological knowledge. Recently, 
we found that C57Bl/6 PKU mice do not display behavioral phenotypes reflecting 
learning and memory deficits (manuscript under revision). In the current study, 
behavioral phenotypes reflecting mood and motor function of C57Bl/6 PKU 
mice were investigated in relation to brain concentrations of monoaminergic 
neurotransmitters. We hypothesized that C57Bl/6 PKU mice would show several 
behavioral phenotypes reflecting mood and motor function impairments compared 
to C57Bl/6 wild type (WT) mice, paralleled by reduced brain concentrations of 
monoaminergic neurotransmitters known to induce such phenotypes. In line with 
this hypothesis, PKU mice displayed an increase in time spent in the corners of 
the open field test (WT 239 ± 32 s vs. PKU 301 ± 31 s, p<0.001), increases of the 
number of steps and number of slips in the balance beam (WT 39 ± 3 vs. PKU 54 
± 4, p<0.001 and WT 5 ± 4 vs. PKU 27 ± 10, p<0.001, respectively), increased 
open arm times and open arm entries in the elevated plus maze (WT 23 ± 14 s 
vs. PKU 73 ± 38 s, p=0.003 and WT 2 ± 2 vs. PKU 5 ± 2, p=0.024, respectively), 
and increased immobility times in the forced swim test (WT 133 ± 27 s vs. PKU 
194 ± 32 s, p<0.001). These behavioral phenotypes were paralleled by reduced 
brain concentrations of dopamine, noradrenaline, and serotonin in PKU mice 
(p<0.001 for all compared to WT mice). In conclusion, C57Bl/6 PKU mice showed 
behavioral phenotypes reflecting mood and motor function impairments, which were 
associated with reduced brain concentrations of monoaminergic neurotransmitters. 
Further studies are needed to investigate the associated biochemical and molecular 
pathways in further detail, and to assess the effects of intervening in these pathways. 
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Introduction
 Phenylketonuria (PKU; OMIM 261600) is an inborn error of amino 

acid metabolism, caused by homozygosity for mutations in the gene encoding 
phenylalanine hydroxylase (PAH; EC 1.14.16.1), which leads to impaired activity of 
the corresponding enzyme. This impairment results in elevated blood phenylalanine 
(Phe) concentrations and low to normal blood tyrosine (Tyr) concentrations. 
Clinically, the main hallmark of untreated PKU is severe mental retardation, which 
can be prevented by timely diagnosis using neonatal screening followed by early and 
continuous treatment. PKU treatment is primarily diet-based, aiming to lower blood 
Phe concentrations by limiting Phe intake. This limitation of Phe intake is achieved 
by restricting natural protein intake, which is combined with Phe-free amino acid 
mixtures to prevent nutritional deficiencies (1,2).

 The pathophysiology of cognitive dysfunction in PKU is not fully understood. 
Cognitive outcome in PKU strongly relates to blood Phe concentrations (1). Several 
studies have provided evidence for a role of altered blood-to-brain transport of large 
neutral amino acids (LNAAs) in PKU pathophysiology (as reviewed in e.g. 1,3,4). 
The LNAAs compete for transport across the blood-brain barrier (BBB) mediated by 
the LNAA type I transporter (5-7). In decreasing order of affinity for this transporter, 
the LNAAs are Phe, tryptophan, leucine, methionine, isoleucine, Tyr, histidine, 
valine, and threonine (8). Elevated blood Phe concentrations are considered to 
concomitantly increase Phe transport and decrease transport of non-Phe LNAAs 
from blood to brain. The disruption of LNAA BBB transport in PKU is believed to 
result in both elevated brain Phe concentrations and reduced brain concentrations 
of non-Phe LNAAs. These brain biochemical alterations likely affect several 
neurodevelopmental processes, including cerebral protein synthesis, monoaminergic 
neurotransmitter metabolism (as reflected by reduced brain concentrations of 
dopamine, noradrenaline, and serotonin), and glutamatergic signaling (3,4,9).

 Many insights on PKU pathophysiology have been derived from the genetic 
Pah-enu2 PKU mouse model (10). In this mouse model, PAH deficiency results 
from homozygosity for the enu2 missense mutation in the Pah gene. The Pah-
enu2 PKU mouse model highly resembles PKU in humans on several biochemical 
and neurodevelopmental levels (10). The Pah-enu2 mutation was first described 
on the BTBR background in 1993 (11) and has been most widely studied in this 
strain. In 2006, the Pah-enu2 mutation was crossed into the C57Bl/6 background, to 
increase breeding efficacy in the context of gene therapy studies (12). While several 
studies have investigated behavioral phenotypes of BTBR PKU mice (13-17), such 
phenotyping studies have only scarcely been reported for C57Bl/6 PKU mice (18). 
This lack of behavioral phenotyping studies in C57Bl/6 PKU mice is relevant, as the 
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C57Bl/6 strain is used to study a wide array of behavioral phenotypes, including 
those reflecting learning and memory (19-22).

Recently, we investigated several behavioral phenotypes reflecting learning 
and memory in C57Bl/6 PKU mice (under revision). Contrary to our hypotheses, 
C57Bl/6 PKU mice did not display behavioral learning and memory deficits compared 
to C57Bl/6 wild type (WT) mice in the studied paradigms. The experiments of the 
current manuscript aimed to further characterize C57Bl/6 PKU mice on a behavioral 
level. To this aim, we studied phenotypes reflecting exploration behavior, motor 
function, anxiety-like behavior, and depression-like behavior (hereafter referred 
to as “non-learning behavioral phenotypes”), in relation to brain concentrations of 
monoaminergic neurotransmitter markers. We hypothesized that C57Bl/6 PKU mice 
would show several non-learning behavioral phenotypes associated with reduced 
brain concentrations of monoaminergic neurotransmitters compared to C57Bl/6 WT 
mice.

 
Animals, materials and methods

Animals
A breeding colony of C57Bl/6 Pah-enu2 PKU mice was established, using 

heterozygous (HTZ) founders kindly provided by Prof. B. Thöny (University of 
Zürich, Zürich, Switzerland). Mice were weaned at age 3-4 weeks and housed in 
filter top cages, which contained a layer of sawdust and cage enrichment material. 
At the same age, genotyping was performed by qPCR, as described below. Mice 
were maintained on a 12 h light/dark cycle (lights on at 8.00 a.m.). Standard mouse 
chow (RMH-B 2181, AB diets, Woerden, the Netherlands) and water were available 
ad libitum. Non-learning behavioral phenotypes were investigated in several mouse 
cohorts, as described in Table 1. The reported experiments were approved by the 
Animal Ethical Committee.

Genotyping
 Mice were genotyped by qPCR, using DNA extracted from tail tissue. The 

qPCR master mix consisted of 10x PCR buffer, 50 mM MgCl2, 5 mM dNTP-mix, 5 µM 
FAM, 5 µM Yakima Yellow, and 5 U/µl Hot Goldstar polymerase (all obtained from 
Eurogentec, Seraing, Belgium) in ddH2O. Forward primer and reverse primer were 
5’ CCGTCCTGTTGCTGGCTTAC 3’ and 3’ CTAGATTCGGGTACATGTGTGGAC 
5’, respectively (both obtained from Invitrogen, Carlsbad, USA). Samples were 
analyzed in triplicates.
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Behavioral paradigms
Open field test

Exploration behavior was assessed in an open field test (20,23) using a square 
arena (50 x 50 cm). The arena was divided into a center zone, four border zones, 
and four corner zones, as depicted in Figure 1A. Open field testing was performed 
for 10 min. Exploration behavior was quantified as the time spent in different zones, 
the average exploring velocity, and the total distance moved.

Figure 1 Open field test set-up and results. A) Open field arena (50 x 50 cm), with center zone (30 x 30 
cm), border zones (30 x 10 cm), and corner zones (10 x 10 cm). B) Exploration times in each open field 
area. Data are shown as mean ± SEM. WT: wild type, PKU: phenylketonuric. * WT vs. PKU p<0.05.
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Hanging wire test
The hanging wire test assesses sustained muscle strength (23). The set-up 

consisted of a steel bar (length 100 cm, diameter 2 mm), positioned horizontally 
between two vertical supports, 58 cm above the underlying surface. Paper towels 
placed underneath the bar served to prevent injuries if mice would fall off the wire. 
Mice were placed on the wire in a vertical position, with their forepaws containing the 
wire. Hanging wire performance was scored as the latency time to fall off the wire 
and behavior during the test, defined as 1) hanging on the wire using both forepaws, 
2) hanging on the wire using both forepaws while attempting to climb it, 3) hanging 
on the wire with both forepaws and one or both hind paws, 4) hanging on the wire 
with all paws and the tail. For each mouse, two trials were performed consecutively. 
Latency time to fall was averaged between these two trials. Behavior during the 
hanging wire test was analyzed as behavior in each trial and as the best behavioral 
score of both trials.

Balance beam
The balance beam assesses coordination and balance (24,25). The balance 

beam set-up consisted of a wooden beam (length 1 m, cross section 5 x 10 mm), 
positioned horizontally 50 cm above the underlying surface. One end of the beam 
was connected to a wooden safe cage (20 x 20 cm) filled with sawdust. Paper towels 
were placed below the beam, in order to prevent injuries in case mice would fall 
off. Habituation to the balance beam was done as follows. First, mice were placed 
inside the safe cage for 60 s. Second, three habituation sessions were performed, in 
which mice were positioned at 10, 40, and 75 cm from the safe cage, respectively. 
After these habituation sessions, a read-out trial was performed, in which mice were 
challenged to reach the safe cage, starting at a 100 cm distance. Balance beam 
performance was quantified as crossing time, number of steps taken, and number 
of slips made.

Elevated Plus Maze
The Elevated Plus Maze (EPM) was used to assess anxiety-like behavior 

(26,27). This paradigm consisted of four arms arranged in a plus shape, located 50 
cm above the ground. Two of the arms were open, while the other two arms contained 
plastic boxes, which were closed from all sides except the front side. Exploratory 
behavior in this maze was scored independently by two observers during 8 min. The 
following parameters were recorded: the number of open arm entries and closed 
arm entries, the time spent in the open arms and closed arms, and the number of 
crossings from one arm type to another. An increase in the time spent in the closed 
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arms and/or an increased number of entries in the closed arms are consistent with 
more anxiety-like behavior (26,27).

Forced Swim Test
The Forced Swim Test (FST) paradigm was used to assess depression-like 

behavior (28,29). In this paradigm, mice were placed in a 2000 ml cylinder containing 
1700 ml of 24 ˚C tap water for 6 min. Mice typically start swimming in response 
to this challenge. During the test, swimming behavior gradually diminishes, and 
mice remain immobile for certain periods of time. An increase in immobility time 
is consistent with more depression-like behavior (28,29). FST performance was 
scored independently by two observers.

Biochemical measurements
Blood and brain LNAA concentrations

Blood and brain tissue were obtained for cohort 3 only (described in 
Table 1). For blood and brain tissue collection, mice were first anesthetized with 
isoflurane. Next, full blood samples were obtained by cardiac puncture, transferred 
to heparinized tubes, and centrifuged (14.000 rpm x 10 min). After centrifugation, 
plasma supernatants were transferred to new vials, and stored at -80 ˚C. Cerebral 
tissue was extracted after rapid decapitation directly after cardiac puncture, snap 
frozen in liquid nitrogen, and stored at -80 ˚C. Shortly before brain amino acid 
concentration measurements, brain tissue was grinded in liquid nitrogen, using a 
mortar and pestle. Brain homogenates were obtained by first adding phosphate-
buffered saline (PBS, pH 7.4) to brain tissue samples, using a 1:4 weight to volume 
ratio (mg:µl). Next, brain tissue samples were sonified (30 s per sample at 11-12 W)

Table 1 Mouse cohorts and corresponding behavioral paradigms and biochemical analyses.

Cohort Composition Gender Age (months) Parameter

1
16 WT
16 PKU

8 M, 8 F
8 M, 8 F

4 – 5 Open field test

2
5 WT

18 HTZ
8 PKU

1 M, 4 F
14 M, 4 F
1 M, 7 F

2 – 13 Hanging wire

3
8 WT
8 PKU

2 M, 6 F
2 M, 6 F

5 – 6
Balance beam

Blood and brain LNAAs
Brain NTs

4
8 WT
8 PKU

4 M, 4 F
4 M, 4 F

8 – 14
Elevated Plus Maze
Forced Swim Test

WT: wild type, HTZ: heterozygous, PKU: phenylketonuric. F: female, M: male. LNAAs: large neutral amino 
acids, NTs: neurotransmitters.
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and centrifuged (12.800 rpm x 10 min), after which brain homogenates were 
transferred to new vials. Blood and brain amino acid concentrations were determined 
using high-performance liquid chromatography (HPLC) coupled to derivatization with 
ninhydrin, according to the manufacturer’s protocol (Pharmacia Biotech, Cambridge, 
UK).

Brain monoaminergic neurotransmitter concentrations
Brain dopaminergic and serotonergic pathways were analyzed by determining 

brain homogenate concentrations of dopamine (DA), noradrenaline (NA), serotonin 
(5-HT), and 5-hydroxyindoleacetic acid (5-HIAA), hereafter collectively referred to 
as brain monoaminergic neurotransmitter markers. These neurotransmitter markers 
were measured in brain homogenates obtained as described above, with the following 
modifications. For dopaminergic pathway markers, glutathione (80 g/L in 0.08 M 
acetic acid, volume ratio 1:20) rather than PBS was used as the homogenization 
buffer. 2,3-dihydroxybenzoic acid served as an internal standard. DA and NA 
concentrations were determined using HPLC coupled to electrochemical detection 
(Thermo Scientific, Waltham, MA, USA). For serotonergic pathway markers, 0.08 
M acetic acid rather than PBS was used as the homogenization buffer, at the same 
weight:volume ratio as used for PBS. A solution of ascorbic acid (250 g/L), EDTA 
(104 g/L), and sodium metabisulphite (104 g/L) in ddH2O was used to suppress 
oxidation (volume ratio 2:1:1:6). 5-methyltryptophan served as an internal standard. 
5-HT and 5-HIAA concentrations were determined by HPLC coupled to fluorometric 
detection (Waters, Milford, MA, USA). 

Statistical analyses
Normality of variable distribution and homogeneity of variance were tested 

using the Shapiro-Wilk test and Levene’s test, respectively. Normally distributed 
variables with homogeneity of variance were analyzed using Student’s t-test, ANOVA 
testing, and MANOVA testing as indicated. Continuous variables not meeting these 
criteria were analyzed using Mann-Whitney U testing and Kruskal-Wallis testing as 
indicated. Categorical variables were analyzed by Fisher’s exact test. A two-sided 
p-value <0.05 was considered to reflect statistical significance.
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Results

Behavioral paradigms
Open field test

Figure 1B shows exploration behavior results in the open field test. Two-way 
independent MANOVA, using time spent in the center zone, time spent in the border 
zones, and time spent in the corner zones as outcome parameters, with genotype 
and gender as factors, showed a main effect of genotype (F=11.866, p<0.001), with 
a statistical trend towards a main effect of gender (F=2.834, p=0.058). There was 
no interaction effect between genotype and gender (F=0.804, p=0.503). Follow-
up ANOVA testing revealed that genotype affected exploration times in the center 
zone, in the border zones, and in the corner zones (p<0.001, p=0.008 and p<0.001, 
respectively). Both the average exploring velocity and the total distance moved were 
not different between genotype groups (F=2.398, p=0.110 in two-way MANOVA, 
data not shown).

Hanging wire test 
Latency times to fall were 56 ± 25 s for WT mice, 44 ± 34 s for HTZ mice, 

and 43 ± 28 s for PKU mice. These data were analyzed by three-way independent 
ANOVA, with mean latency time as outcome variable, and genotype, gender and 
age (categorized as <30 weeks or ≥30 weeks) as factors. The observed ANOVA 
model showed that none of the factors influenced mean latency time (F=1.170, 
p=0.149). Behavioral scores during trial 1, behavioral scores during trial 2, and 
best behavioral scores of both trials did not differ between WT, HTZ, and PKU mice 
(p=0.553, p=0.321, and p=0.589 respectively, using Fisher’s exact test).

Balance beam
Two-way independent MANOVA, using crossing time, number of steps, and 

number of slips as outcome parameters, with genotype and gender as factors, 
showed a main effect of genotype (F=16.512, p<0.001). Gender did not have a main 
effect (F=0.114, p=0.950). There was no interaction effect between genotype and 
gender (F=0.064, p=0.978). Post-hoc testing revealed that mean crossing times of 
PKU mice and WT mice did not differ (WT 20 ± 10 s vs. PKU 17 ± 4 s, p=0.482). 
Figure 2 shows the number of steps and the number of slips during balance beam 
testing in each genotype group. Mean values of both parameters were higher in PKU 
mice compared to WT mice (p<0.001 for both).
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Figure 2 Balance beam performance for number of steps (left panel) and number of slips (right panel). 
Data are shown as mean ± SEM. WT: wild type, PKU: phenylketonuric. *** WT vs. PKU p<0.001.

Elevated Plus Maze
Table 2 shows EPM behavior in WT and PKU mice. Compared to WT mice, 

PKU mice spent more time in the open arms and showed a higher number of open 
arm entries (p=0.003 and p=0.024 using Student’s t-test, respectively). Additional 
EPM parameters did not differ significantly between genotype groups.

Table 2 Elevated Plus Maze behavior in wild type mice and phenylketonuric mice.

WT (n=8) PKU (n=8)

Open arm time (s) 23 ± 14 73 ± 38*

Closed arm time (s) 395 ± 29 357 ± 53

Center time (s) 63 ± 39 50 ± 27

Open arm entries 2 ± 2 5 ± 2*

Closed arm entries 17 ± 4 19 ± 4

Total arm entries 19 ± 5 23 ± 5
Exploration times and number of arm entries are given as mean ± SD. WT: wild type, PKU: phenylketonuric. 
* p<0.05 vs. WT.

Forced Swim Test
Figure 3 shows the immobility times in the FST. Data from both genders were 
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pooled, as gender did not significantly influence immobility time. PKU mice had 
higher immobility times than WT mice (p<0.001 using Student’s t-test).

Figure 3 Immobility times in the forced swim test. Dotted lines represent group mean. WT: wild type, PKU: 
phenylketonuric. * WT vs. PKU p<0.05.

Biochemical measurements
Blood and brain LNAA concentrations

Table 3 shows blood and brain LNAA concentrations of WT and PKU mice 
(determined for cohort 3 only, i.e. the cohort in which balance beam testing was 
done). Compared to WT mice, PKU mice had higher blood Phe concentrations, 
lower blood Tyr concentrations, and lower blood methionine concentrations 
(p=0.001, p=0.020, and p=0.031, respectively). Mean blood concentrations of the 
additional LNAAs did not differ between WT and PKU mice (p-values shown in 
Table 3). Brain LNAA concentration measurements showed that, compared to WT 
mice, PKU mice had higher brain Phe concentrations (p<0.001). These higher brain 
Phe concentrations were paralleled by reduced brain concentrations of threonine, 
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valine, methionine, isoleucine, leucine, and tyrosine (p<0.001, p<0.001, p<0.001, 
p=0.003, p=0.002, and p<0.001, respectively). Mean brain concentrations of these 
non-Phe LNAAs in PKU mice were decreased by ~10-40% compared to mean WT 
concentrations. Mean brain histidine concentrations were higher in PKU mice than 
in WT mice (p<0.001), while mean brain tryptophan concentrations did not differ 
between genotype groups (p=0.194).

Table 3 Blood LNAA concentrations (µmol/L), brain LNAA concentrations (nmol/g wet weight) and brain 
neurotransmitter marker concentrations (nmol/g wet weight) per experimental group.

WT (n=8) PKU (n=8) p

Blood LNAAs
Threonine 249 ± 116 215 ± 34 0.505

Valine 216 ± 71 220 ± 64 0.920

Methionine 25 ± 14 56 ± 27 0.031

Isoleucine 86 ± 28 76 ± 12 0.436

Leucine 163 ± 63 144 ± 25 0.483

Tyrosine 107 ± 35 64 ± 36 0.020

Histidine 95 ± 33 101 ± 19 0.240

Tryptophan n.m. n.m. n.a.

Phenylalanine 84 ± 28 1663 ± 133 0.001

Brain LNAAs
Threonine 86 ± 5 64 ± 16 <0.001

Valine 19 ± 2 13 ± 2 <0.001

Methionine 19 ± 1 14 ± 1 <0.001

Isoleucine 10 ± 2 8 ± 1 0.003

Leucine 42 ± 2 38 ± 3 0.002

Tyrosine 30 ± 3 19 ± 4 <0.001

Histidine 22 ± 1 30 ± 2 <0.001

Tryptophan 36 ±10 28 ± 13 0.194

Phenylalanine 25 ± 1 181 ± 21 <0.001

Brain NT markers
Dopamine 12.14 ± 1.45 7.81 ± 0.87 <0.001

Noradrenaline 2.782 ± 0.223 1.425 ± 0.188 <0.001

Serotonin 4.312 ± 0.403 2.003 ± 0.282 <0.001

5-HIAA 1.451 ± 0.251 0.369 ± 0.116 <0.001
Data were obtained in test cohort 3. Results are shown as mean ± standard deviation. Blood LNAA 
samples could not be obtained in 2/8 PKU mice. Blood methionine concentrations were below the 
threshold for reliable detection in 1/8 WT mouse and 2/6 PKU mice. WT: wild type, PKU: phenylketonuric, 
LNAA: large neutral amino acid, NT: neurotransmitter. n.m.: not measured, n.a.: not applicable.
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Brain monoaminergic neurotransmitter concentrations
Table 3 shows brain concentrations of monoaminergic neurotransmitter 

markers. Compared to WT mice, PKU displayed reduced brain concentrations of all 
investigated markers (p<0.001 for all). Specifically, compared to mean concentrations 
in WT mice, mean concentrations in PKU mice were decreased by ~35% and 
~45% for DA and NA, respectively. For 5-HT and 5-HIAA, these decreases were 
~50% and ~75, respectively. Mean ratios of brain DA concentration to brain Tyr 
concentration were comparable between WT mice and PKU mice (WT 0.41 ± 0.05 
vs. PKU 0.43 ± 0.06, p=0.584). The mean ratio of brain 5-HT concentration to brain 
Trp concentration was lower in PKU mice than in WT mice (WT 12.69 ± 2.79 vs. PKU 
8.17 ± 2.55, p=0.004).

 
Discussion

 This study investigated non-learning behavioral phenotypes of C57Bl/6 Pah-
enu2 PKU mice, in relation to brain concentrations of monoaminergic neurotransmitter 
markers. The main findings of this manuscript are that, as hypothesized, C57Bl/6 PKU 
mice showed non-learning behavioral phenotypes in several paradigms, which were 
paralleled by reduced brain concentrations of monoaminergic neurotransmitters. 
Specifically, the observed behavioral phenotypes consisted of increased time spent 
in the corner zones of the open field test, increases of the number of steps and 
number of slips in the balance beam paradigm, increases of open arm entries and 
open arm time in the EPM, and increased immobility times in the FST.

 The observed biochemical findings in the current manuscript are in line with 
previously published data in C57Bl/6 PKU mice, both in terms of which parameters 
are affected and the relative changes of these parameters (18,30-33). Specifically, 
this similarity concerns elevated blood and brain Phe concentrations, reduced 
brain concentrations of most non-Phe LNAAs, and reduced brain concentrations 
of monoaminergic neurotransmitter markers in C57Bl/6 PKU mice. In addition, as 
previously reported by us and others (18,31,32), the relative reduction of mean brain 
5-HT concentrations in C57Bl/6 PKU mice compared to mean WT concentrations 
exceeded the reduction of mean brain DA concentrations. Together, these findings 
suggest that several biochemical phenotypes of C57Bl/6 PKU mice are robust 
across different testing conditions and scientific groups. 

Most of the non-learning behavioral phenotypes of C57Bl/6 PKU mice 
described in this study have not been investigated previously. To our knowledge, 
of these phenotypes, only locomotor activity has been reported by others (18). In 
that study, C57Bl/6 PKU mice showed increased locomotor activity, which contrasts 
with the similar locomotor activity parameters in PKU mice and WT mice currently 
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observed. Possibly, the apparent phenotype difference between both studies 
relates to the relatively long testing period in the recently published study. If so, the 
translational value of those locomotor activity data may be limited.

Our findings underscore the association between behavioral phenotypes 
of disturbed mood and impaired motor function with reduced serotonergic and/
or dopaminergic signaling, as reported previously (28,29,34-38). In the open field 
test, C57Bl/6 PKU mice spent more time in the corner zones than WT mice. This 
phenotype is consistent with increased anxiety-like behavior (19,20), which is likely 
associated with reduced brain serotonergic signaling (39). In the balance beam test, 
PKU mice displayed both a higher number of steps and a higher number of slips. 
These phenotypes are consistent with impairments of coordination and balance (thus 
reflecting motor deficits) (34,35,37), as reported in mice with reduced dopaminergic 
signaling in the basal ganglia (35,37). In the EPM, both the number of open arm 
entries and the open arm time were higher in PKU mice. These observations 
contradicted our expectations, as this behavior is consistent with decreased (rather 
than increased) anxiety-like behavior (19,20,34,40). Possibly, the observed EPM 
phenotype may relate to the simultaneous reductions of brain 5-HT and brain DA 
concentrations. As DA is involved in reward-mediated signaling (41,42), it may be 
hypothesized that such signaling is impaired in C57Bl/6 PKU mice. If this holds true, 
the observed EPM phenotype may reflect insufficient reward perception induced by 
visiting the EPM closed arms. Contrary to this possible role of reward in the EPM, 
reward-related signaling may not be as important for the behavioral phenotypes 
observed in the open field test. This interpretation could explain why an anxiety-like 
phenotype was observed in the open field, but not in the EPM. In the FST, PKU mice 
showed higher mean immobility times than WT mice. This phenotype may reflect 
increased depression-like behavior (23,28,29) and/or reflect motor deficits (28), 
and may thus relate to reduced signaling of the serotonergic and/or dopaminergic 
systems in the brain (23,28,29,35,37).

Contrary to the aforementioned behavioral phenotype differences between 
C57Bl/6 PKU mice and C57Bl/6 WT mice, hanging wire performance and balance 
beam crossing time did not differ between PKU mice and WT mice. These 
parameters both relate to brain dopaminergic signaling (23,35,37,43,44). Possibly, 
in order to additionally observe such phenotypes, brain dopamine concentrations 
should be reduced to an even greater extent. This idea is supported by previous 
studies showing that brain dopaminergic signaling reductions of at least 60% may 
be needed to increase balance beam crossing time (35,37).

When comparing behavioral phenotypes of learning and memory in C57Bl/6 
PKU mice to non-learning behavioral phenotypes in these mice, the question arises 



107

Motor performance, exploration, and depression-like behavior in PKU mice

5

why C57Bl/6 PKU mice are spared from behavioral learning and memory deficits, 
but not from several non-learning behavioral impairments. Recently, we found that 
C57Bl/6 PKU mice do not show behavioral phenotypes reflecting learning and 
memory deficits. In behaviorally tested C57Bl/6 PKU mice, these intact behavioral 
phenotypes are associated with normalized pCREB/CREB ratios compared to home 
cage control C57Bl/6 PKU mice (under revision). These findings suggest that the 
arousal associated with behavioral testing, may lead to increased phosphorylation 
of CREB, a neuronal marker critically involved in learning and memory formation. In 
this context, it should be noted that the biochemical phenotypes currently observed 
in behaviorally tested C57Bl/6 PKU mice are highly similar to those of home cage 
control C57Bl/6 PKU in our recent study. Together, these findings suggest that 
C57Bl/6 PKU mice maintain learning and memory performance by upregulating 
neuronal signaling pathways, rather than by restoring brain concentrations of amino 
acids and/or neurotransmitters. In non-learning behavioral challenges, such an 
upregulation of associated neuronal signaling pathways may not sufficiently occur, 
thus leading to the behavioral phenotypes reported in this study.

The current observations may have relevance for both fundamental research 
and clinical practice in PKU for several reasons. First, the finding that certain 
behavioral parameters are affected in C57Bl/6 PKU mice whereas others are not, 
suggests that different biochemical and/or molecular pathways may be involved in 
mediating the observed phenotypes. Increased knowledge of these pathways may 
contribute to understanding the pathophysiology of cognitive dysfunction in PKU. 
Second, this manuscript identified various non-learning behavioral phenotypes of 
C57Bl/6 PKU mice, which may serve as read-out parameters in future treatment-
oriented studies in this mouse model. Third, the consideration that the currently 
observed phenotypes seem to be particularly related to impaired monoaminergic 
neurotransmitter signaling is relevant from a translational perspective. In early and 
continuously treated PKU patients, impaired neurotransmitter signaling appears 
to affect cerebral functioning, as reflected by executive function deficits and mood 
disturbances (45-47). Thus, the C57Bl/6 PKU mouse model may be well-suited for 
studying therapeutic interventions aiming to improve mental outcome in early and 
continuously treated PKU patients.

Future studies should validate the currently reported behavioral findings. 
This validation appears to be indicated, particularly considering the variations in 
group size, gender, and age between the cohorts in this manuscript. If the observed 
behavioral phenotypes prove to be robust, follow-up studies may aim to identify 
the neuroanatomical, neurochemical, and neuromolecular parameters associated 
with the currently observed behavioral phenotypes in C57Bl/6 PKU mice. Moreover, 
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comparative studies between C57Bl/6 PKU mice and BTBR PKU mice, both 
regarding learning and memory phenotypes and non-learning phenotypes, may 
increase pathophysiological understanding. Finally, future intervention studies 
should attempt to restore neurological phenotypes of PKU mice at several levels.

 In summary, we investigated non-learning behavioral phenotypes in C57Bl/6 
PKU mice in relation to brain concentrations of monoaminergic neurotransmitters. 
In line with our hypothesis, C57Bl/6 PKU mice displayed behavioral phenotypes 
in most paradigms, paralleled by reduced brain concentrations of monoaminergic 
neurotransmitters, which are known to induce such behavioral phenotypes. The 
observed non-learning behavioral phenotype differences between C57Bl/6 PKU 
mice and C57Bl/6 WT mice contrast with behavioral phenotypes reflecting learning 
and memory in C57Bl/6 PKU mice, which we recently showed to be comparable 
to those of WT mice (under revision). Future studies are indicated to investigate 
which processes underlie the observed non-learning behavioral phenotypes, and 
how these processes may be targeted by interventional studies. Thus, the current 
manuscript may provide a stepping stone for the development of treatments aimed 
at improving therapeutic outcome and quality of life in PKU patients.
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Abstract

Notwithstanding the success of the traditional dietary phenylalanine restriction 
treatment in phenylketonuria (PKU), the use of large neutral amino acid (LNAA) 
supplementation rather than phenylalanine restriction was suggested. This treatment 
modality deserves attention as it might improve cognitive outcome and quality of 
life in patients with PKU. Following various theories about the pathogenesis of 
cognitive dysfunction in PKU, LNAA supplementation may have multiple treatment 
targets: a specific reduction of brain phenylalanine concentrations, a reduction 
of blood (and consequently brain) phenylalanine concentrations, an increase of 
brain neurotransmitter concentrations, and an increase of brain essential amino 
acid concentrations. These treatment targets imply different treatment regimes. 
This review summarizes the treatment targets and the treatment regimes of LNAA 
supplementation, and discusses the differences in LNAA intake between the classical 
dietary phenylalanine restricted diet and several LNAA treatment forms.
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Introduction 
In phenylketonuria (PKU, OMIM 261600), dietary restriction of phenylalanine 

(Phe) has been the cornerstone of treatment for over 50 years. The result of dietary 
treatment is a near-normal cognitive outcome, although mild neuropsychological 
disturbances may still occur (1). Large neutral amino acids (LNAAs) have been 
suggested as an alternative treatment to further improve outcome. Possible LNAA 
treatment targets include reduction of brain Phe concentrations (2-4), reduction of 
blood Phe concentrations (5), augmentation of cerebral neurotransmitter synthesis 
(6-9), and/or elevation of brain non-Phe LNAA concentrations (10). In this article, we 
summarize the reports of the clinical trials of LNAAs, and the rationales behind the 
use of LNAAs.

Apart from Phe, LNAAs include tyrosine, tryptophan, threonine, methionine, 
valine, isoleucine, leucine, and histidine (10). In healthy individuals, all of these 
except tyrosine are essential amino acids. In patients with PKU, tyrosine has 
become an essential amino acid. LNAA treatment as an alternative to dietary Phe 
restriction was suggested as early as 1948 (11) and first studied in rats in 1976 (12). 
Since then, different combinations of LNAAs have been designed, based on different 
rationales and treatment targets. Some ‘LNAA’ combinations contain arginine and/or 
lysine, both of which are not LNAAs.

 LNAA treatment is further addressed here through the work discussed 
by Bodamer and Hung, and Ney in this journal. Together, they show not only the 
relevance but also the diversity in the use of LNAAs in theory and treatment strategies 
for patients with PKU.

Rationale A: LNAA supplementation to decrease cerebral Phe concentrations 
The underlying rationale for this therapeutic strategy is that elevated brain 

Phe concentrations are considered to be neurotoxic. Because all LNAAs share a 
common transport system in order to enter the brain, and high plasma concentrations 
of LNAAs may block the transport of Phe into the brain (13), increasing blood 
LNAA concentrations may reduce uptake of Phe into the brain. This hypothesis 
was first studied in rats with experimental hyperphenylalaninemia. LNAA-treated 
hyperphenylalaninemic rats were shown to have significantly reduced brain Phe 
concentrations compared to untreated hyperphenylalaninemic control rats, at 
similar blood Phe concentrations (12). Later studies in PKU patients showed that 
supplementation with valine, isoleucine and leucine resulted in slightly improved 
neuropsychological function in patients with PKU (3,14). More recent studies 
included the administration of all LNAAs. Pietz et al. (4) and Moats et al. (15) showed 
that oral LNAA supplementation reduced brain Phe concentrations, and improved 
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neurophysiological and neuropsychological functioning (4,15,16). Differences in 
outcome may be related to composition, dosing, route of administration and duration 
of the supplementation period.

Rationale B: tyrosine and/or tryptophan supplementation to increase cerebral 
neurotransmitter synthesis 

The rationale for this therapeutic strategy is that high plasma Phe concentrations 
result in decreased brain neurotransmitter concentrations. This is reflected by 
reduced brain neurotransmitter concentrations in the PKU mouse brain (17-20), 
and by reduced concentrations of dopamine and serotonin and their metabolites 
in PKU patients, both in cerebrospinal fluid (CSF) (6,21,22), and in autopsied brain 
tissue (23). In PKU patients with an unrestricted natural protein intake, tyrosine 
and tryptophan supplementation have been shown to improve neurotransmitter 
metabolism, reaction time and vigilance (7-9), suggesting that dietary treatment 
could be replaced by a combination of tyrosine and tryptophan. Further support for 
such a treatment strategy was based on the theory of prefrontal lobe dysfunction 
(24). This theory presumes that the prefrontal cortex is most affected by dopamine 
depletion, because dopaminergic neurons innervating the prefrontal cortex have 
relatively high levels of activity and higher dopamine turnover, inducing dopamine 
dependency. Following these lines of consideration, large doses of tyrosine or 
L-dopa were expected to have a positive effect. However, later studies with large 
doses of tyrosine or L-dopa did not show positive results (25-29).

Rationale C: LNAA supplementation to decrease blood Phe concentrations
This therapeutic strategy of supplementing LNAA is based on the rationale 

that LNAA transport not only occurs at the blood–brain barrier (BBB), but also at the 
gut–blood barrier. After performing studies in mice (30), Matalon et al. performed an 
open and a double-blinded trial in patients, who received LNAAs three times daily 
with meals, while patients’ regular diet was unchanged (5,31). A decrease of blood 
Phe concentrations up to 50% of initial values was found on LNAA supplementation 
of 0.5–1.0 g/kg/day (5,31). This suggests that LNAA supplementation superimposed 
on regular dietary treatment may reduce Phe absorption in the gastro-intestinal 
tract. If reduction in blood Phe concentrations indeed results from reduced Phe 
absorption, supplementation of all LNAAs at this dosage may not be required, 
as supplementation with threonine up to 50 mg/kg is reported to be sufficient to 
reduce blood Phe concentration by 20-50% (32). In addition, the reduction of blood 
Phe concentrations following LNAA supplementation may at least partly result 
from increased protein synthesis resulting from increased essential amino acid 



117

Large neutral amino acids in the treatment of PKU: from theory to practice

6

availability, in case of essential amino acid deficiency. However, it is largely unknown 
whether the patients studied may have had essential amino acid deficiencies (due 
to insufficient intake of natural protein and/or protein substitute), as so far, none of 
the clinical studies on the effects of LNAA supplementation quantified the amount 
of natural protein and protein substitute intake patients used. Finally, reduced blood 
Phe concentrations on LNAA supplementation may just be a matter of timing of 
blood sampling, as suggested by prof. Bachmann (personal communication).

Rationale D: LNAA supplementation to increase cerebral amino acid 
concentrations

Reduced brain LNAA concentrations have been reported in PKU mice 
(18,19,33). In autopsied brain tissue of PKU patients, McKean reported reduced 
tyrosine concentrations (23). Restoring reduced brain LNAA concentrations in 
PKU may improve cognitive outcome. The rationale for LNAA supplementation 
to increase cerebral LNAA concentrations is, again, that LNAAs share the same 
transport system as Phe for entering the brain. Where rationale A hypothesizes that 
it is important to decrease the brain Phe concentration, rationale D hypothesizes 
that a deficiency in any essential amino acid in the brain may affect brain (protein) 
metabolism. Consequently, rationale D focuses on the effect of LNAA treatment on 
brain LNAA concentrations, rather than on (a decrease in) brain Phe concentrations. 
Hoeksma et al. (34) showed that a significant negative relationship exists between 
plasma Phe concentration and cerebral protein synthesis in patients with PKU. 
However, this finding does not differentiate between the influence of elevated brain 
Phe concentrations and reduced brain non-Phe LNAA concentrations on cerebral 
protein synthesis.

Rationale E: comparison of LNAA intake in LNAA treatment and present 
dietary treatment

Recent trials with LNAA supplements in PKU patients include LNAA alone 
(4), LNAA with extra lysine and/or arginine (5,15,16,31,35), or only threonine (32). 
Whatever combination of amino acids is given, LNAA treatment strategies start with 
a more or less normal (i.e. unrestricted) intake of natural protein. The response of 
blood Phe concentrations to LNAA treatment (4,5,15,16,31,35) is comparable to the 
response of blood Phe concentrations to the protein substitutes in the traditional 
dietary treatment (36,37).

 To illustrate treatment-dependent differences in LNAA intake, we calculated 
prescribed LNAA intake on several treatment regimes, based on an adult PKU 
patient with a body weight of 70 kg (Figure 1). In Figure 1, prescribed LNAA intake 
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is compared among four different diets: 1. conventional dietary PKU treatment 
consisting of Phe-restriction combined with synthetic amino acid mixtures; 2. LNAA 
supplementation (0.5 g/kg/day) with natural protein intake at 0.8 g/kg/day, the 
recommended daily allowance (RDA) (38); 3. LNAA supplementation combined with 
conventional dietary treatment; 4. RDA of protein of healthy adults. For calculation of

Figure 1 Prescribed large neutral amino acid intake (g/day) on different treatment regimes.

LNAA content of synthetic amino acid mixtures (treatment 1), the mean of the 
following 14 amino acid mixtures was used: PKU3® (Milupa); PKU3advanta® 
(Milupa); XP Maxamum® (SHS); Lowphlex Powder® (SHS); Phlexy-10 drinkmix® 
(SHS); Phlexy-10 tablets® (SHS); PK Aid-4® (SHS); Aminogran® (UCB Pharma); 
PKU Express Powder® (Vitaflo); Phenex-2® (Ross); Xphe advance® (Metax); 
Easiphen® (SHS); PKU Express Liquid® (Vitaflo); Lophlex Liquid® (SHS). 
Regarding LNAA supplementation (treatments 2 and 3), a dose of 0.5 g/kg/day is 
used, based on several recent trials following the work of Moats et al. and Koch et al. 
(15,35). Prescribed LNAA intake of these treatments was calculated as the mean of 
Lanaflex® (SHS international) and NeoPhe® (Solace Nutrition). The dietary regime 
of LNAA supplementation combined with conventional dietary treatment (treatment 
3) reflects the regime studied by Matalon et al. (5,31).

 Several assumptions underlie the calculated values. First, the dose of amino 
acid mixture in conventional treatment is set at 1.0 g/kg/day rather than the RDA 
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(0.8 g/kg/day), correcting for the assumed 20% of the mixture that is not absorbed 
in the gastro-intestinal tract. Second, in conventional treatment, LNAA intake 
resulting from natural protein intake is not taken into account, as the natural protein 
in this treatment is assumed to be of relatively low nutritional value. However, the 
distinction between protein of relatively low and high nutritional value has not been 
applied to the prescribed LNAA intake at RDA of healthy controls, resulting in some 
inconsistencies.

 Based on these calculated prescribed LNAA intakes, Figure 1 demonstrates 
that LNAA intake in PKU is higher than in healthy controls, regardless of the specific 
treatment given. Moreover, LNAA intake on LNAA supplementation is higher than 
LNAA intake on conventional treatment. However, the difference in LNAA intake 
between these two treatment forms is small relative to the difference between 
conventional treatment and the dietary regimen studied by Matalon et al. Finally, 
LNAA intake on the treatment strategy studied by Matalon et al. clearly results in a 
higher LNAA intake than either conventional therapy or LNAA supplementation, and 
markedly exceeds LNAA intake of a healthy control.

 When LNAA treatment is discussed, not only the dose but also the composition 
is important. It is remarkable that LNAA treatment would need the addition of the non-
LNAA lysine and arginine. When the primary aim is to block the entrance of Phe into 
brain, this would favour LNAA supplements consisting of specific amino acid such 
as leucine, isoleucine and methionine, which are considered to be highly effective 
at decreasing the cerebral Phe concentration (39). Following that hypothesis, giving 
0.5 g/kg/day of all LNAA with also lysine and arginine might be changed into 0.5 g/
kg/day of leucine, isoleucine and/or methionine (39). When the primary aim is to 
increase the influx of tyrosine and tryptophan, this would favour the supplementation 
of only tyrosine and tryptophan to increase the synthesis of the neurotransmitters 
dopamine and serotonin in brain. Following that hypothesis, giving 0.5 g/kg/day of all 
LNAA (with or without lysine and/or arginine) might be changed into 0.5 g/kg/day of 
tyrosine and tryptophan. This is clearly above the doses ever given to PKU patients 
so far (6-9). When, however, increasing the cerebral concentrations of all essential 
amino acids is the primary aim, all essential amino acids should be given in such a 
way that normal concentrations of all essential amino acids are achieved, taking the 
Km of each amino acid into account. 

Summary of current treatment strategies in LNAA supplementation
LNAA supplementation may have several treatments aims: reducing brain 

Phe concentrations, reducing plasma Phe concentrations, increasing cerebral 
neurotransmitter concentrations, and increasing cerebral essential amino acid 
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concentrations. Although LNAA treatment in PKU was initially intended to be 
unrestricted natural protein intake combined with LNAA supplementation, it should 
be noted that not all authors studied LNAA supplementation in this manner. This 
deserves attention when interpreting the findings below.

First, LNAA supplementation has been found to reduce brain Phe 
concentrations in patients, even at mean plasma Phe concentrations >1000 µmol/L 
(4,35). Second, LNAA supplementation may reduce plasma Phe concentrations 
(5,31,32), although not all authors report this effect (4,15,35). Third, data suggest 
that supplementation of tyrosine and tryptophan only does not sufficiently correct 
biochemical and neuropsychological abnormalities. However, recent LNAA trials 
supplement LNAA at 0.5 g/kg/day, a dose much higher than studied for tyrosine 
and tryptophan supplementation. At this dose, the effect of LNAA supplementation 
on cerebral neurotransmitter concentrations is currently unknown. Fourth, LNAA 
supplementation combined with unrestricted natural protein intake has been 
suggested to increase cerebral essential amino acid concentrations. This hypothesis 
remains to be studied in future trials.

In conclusion, LNAA treatment is seen as an alternative to conventional 
dietary PKU treatment. Although usually considered to refer to a single specific 
treatment modality, this paper shows that LNAA treatment may refer to at least 
two different LNAA treatment strategies, i.e. natural protein intake at RDA with 
LNAA supplementation, and conventional dietary therapy combined with LNAA 
supplementation. In addition, LNAA treatment may refer to supplementation of 
single amino acids, such as tyrosine, tryptophan, and threonine. These differences 
in treatment strategies are based on clearly different theories regarding mechanism 
of action. Consequently, more in-depth studies are necessary to investigate the 
potential role, dose and composition of LNAA in PKU treatment.
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Abstract

Tetrahydrobiopterin (BH4) is the co-factor for tyrosine hydroxylase (TH) and tryptophan 
hydroxylase (TPH-2), the rate-limiting enzymes for cerebral dopamine and serotonin 
synthesis. In phenylketonuria (PKU), brain concentrations of both dopamine and 
serotonin are decreased. BH4 treatment might increase neurotransmitter synthesis 
and cerebral function in phenylketonuria patients. Wild type (WT) and Pah-enu2 

C57Bl/6 PKU mice were treated with 40 mg/kg/day BH4 or placebo by intraoral 
pipetting. Neurotransmitter and amino acid concentrations were measured in brain 
homogenates, while amino acid concentrations were also measured in plasma. 
Brain dopamine and serotonin concentrations were reduced in PKU mice compared 
to WT mice, both placebo-treated. Brain neurotransmitter concentrations of BH4-
treated PKU mice were not significantly different from those of placebo-treated PKU 
mice. However, in WT mice, brain serotonin concentrations were significantly higher 
in the BH4-treated group (BH4: median 4.50 (IQR 4.36-4.60) versus placebo 3.88 
(3.79-4.42) nmol/g wet weight, p=0.021). Brain dopamine concentrations were not 
statistically different between both WT groups. We concluded that BH4 treatment 
under the current conditions did not affect brain neurotransmitter concentrations 
in PKU mice. However, in WT mice BH4 increased brain concentrations of 
serotonin, which could indicate increased cerebral TPH-2 activity. Possibly, too high 
concentrations of brain phenylalanine or too low concentrations of brain tryptophan 
inhibit proper function of this enzyme and therefore abolish the possible cerebral 
effect of BH4 in PKU.
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Introduction
In phenylketonuria (PKU, OMIM 261600), deficiency of the hepatic 

phenylalanine hydroxylase (PAH) enzyme results in insufficient conversion of 
phenylalanine (Phe) to tyrosine (Tyr). Untreated, this deficiency results in markedly 
elevated plasma Phe concentrations, which are associated with severe mental 
retardation. Timely diagnosis and initiation of dietary Phe restriction lead to cognitive 
outcome within normal limits (1,2). Still, early and continuously treated patients show 
mild neuropsychological deficits (3-5), and have an increased risk of developing 
anxiety and depressive disorders (6-8).

Reduced cerebral concentrations of dopamine (DA), norepinephrine (NE), 
and serotonin (5-HT) are believed to contribute to the impairments of brain function 
in PKU (9,10). One study on neurotransmitters in deceased and untreated PKU 
patients has shown that concentrations of DA, NE and 5-HT were reduced by 60-
70% in the caudate nuclei (11). CSF obtained from both late-treated and early 
and continuously treated PKU patients shows decreased concentrations of the 
neurotransmitter metabolites homovanillic acid and 5-hydroxyindoleacetic acid (5-
HIAA) compared to controls (12-14), in association with impaired neuropsychological 
performance (15,16). Phe restriction increases the CSF concentrations of these 
metabolites (11-13,17). The rate-limiting step of cerebral synthesis of DA, NE and 
epinephrine is the hydroxylation of Tyr to L-3,4-dihydroxyphenylalanine (L-DOPA) 
by tyrosine hydroxylase (TH), whereas in 5-HT synthesis the rate-limiting step is the 
hydroxylation of tryptophan (Trp) to 5-hydroxytryptophan by tryptophan hydroxylase 
(TPH-2).

Recently, the PAH co-substrate and co-factor tetrahydrobiopterin (BH4) was 
found to increase PAH activity in a subset of PKU patients, who are described as BH4-
responsive patients (18-21). Some patients being tested for BH4-responsiveness 
during several weeks reported feeling more relaxed and to have a better ability to 
concentrate during BH4 treatment, while their blood Phe concentrations did not 
change (unpublished observations). Possibly, these improvements relate to the fact 
that in addition to its effect on PAH in the liver, BH4 also serves as a co-factor for TH 
and TPH-2 in the brain. Although evidence in humans is scarce (22-24), studies in 
laboratory animals show that BH4 crosses the blood-brain barrier when dosed at 20 
mg/kg/day or higher (25-30).

Therefore, we hypothesized that BH4 treatment enhances cerebral TH 
and TPH-2 activity, thereby increasing brain neurotransmitter concentrations, 
independent of its effect on blood Phe concentrations. To investigate this hypothesis, 
we studied neurotransmitter and amino acid concentrations in the C57Bl/6  
Pah-enu2 PKU mouse model treated with 40 mg/kg/day BH4.
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Experimental procedures

Animals
The reported experiment was approved by the ethics committee for the use 

of experimental animals of the University of Groningen, in accordance with national 
and international laws and standards for animal protection. A breeding colony was 
initiated using heterozygous founders, generously provided by Prof. B. Thöny 
(Department of Clinical Chemistry and Biochemistry, University Children’s Hospital, 
Zurich, Switzerland). Wild type (WT, C57Bl/6) and PKU (C57Bl/6 Pah-enu2) mice of 
both genders were used for the experiment. Animals were weaned at the age of four 
weeks and individually housed two weeks before the beginning of the experiment 
under a 12 hour light/dark cycle at 21 ± 1 ºC. Animals had ad libitum access to water 
and normal chow (RMH-B food pellets, Arie Block BV, Woerden, The Netherlands).

Genotyping
Genetic characterization was performed on DNA extracted from tail tissue 

using quantitative PCR analysis. Primers were based on GenBank and designed 
to replicate an amplicon on exon 7 of the PAH gene according to the guidelines of 
Eurogentec. We used double-dye probes tagged with a non-fluorescent Black-Hole 
Quencher1TM (Eurogentec) that transforms the absorbed excitation energy of the 
reporter into heat (absorbance maximum at 435 mm). WT and Pah-enu2 probes 
were tagged with a FAM fluorophore and a Yakima Yellow fluorophore (Epoch 
Biosciences), respectively. Both probes contained locked nucleic acids according to 
the guidelines of Exiqon to enhance mismatch discrimination. Reactions were carried 
out on an ABI Prism 7500 sequence detection system, using Applied Biosystems’ 
standard thermal cycling parameters (10 minutes 95°C followed by 40 cycles of 15 
minutes at 95°C and 1 minute at 60°C).

Study design
Mice were divided into four groups: placebo-treated WT, BH4-treated 

WT, placebo-treated PKU, and BH4-treated PKU, with n=8 animals per group. 
(6R)-5,6,7,8-Tetrahydro-L-biopterin dihydrochloride was purchased at Schircks 
Laboratories (Jona, Switzerland). BH4 was administered at a dose of 40 mg/kg/day 
in two doses by intra-oral pipetting two hours after the beginning of the light phase 
and two hours after the beginning of the dark phase (under red light conditions). 
Both the BH4 solution and the placebo solution contained 40 mg/kg ascorbic acid 
and 20 mg/kg N-acetyl-L-cysteine. Treatment started at age 2.5-4.5 months. At day 
31 of the study, approximately three hours after the last morning dose, the mice 
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were anesthetized with isoflurane. Next, blood was obtained by cardiac puncture, 
collected in heparinized tubes and centrifuged shortly after collection (12.000 rpm 
x 10 min). Mice were sacrificed by cervical dislocation, brains were removed and 
snap-frozen by freeze-clamping in liquid nitrogen. Plasma and brain samples were 
stored at -80 ˚C until further processing.

Biochemical analyses
Mouse brains were crushed in liquid nitrogen and divided into aliquots. Frozen 

brain aliquots for amino acid measurements were processed to 20% (weight:volume, 
mg:µl) homogenates in phosphate-buffered saline (pH 7.4). For neurotransmitter 
analyses, brain aliquots were processed to 20% (weight:volume) homogenates 
in acetic acid (0.08 M). Brain homogenates were sonified on ice at 11-12 W for 
approximately 30 s per sample and centrifuged at 12.800 rpm for 10 min at 4°C. The 
supernatant was used for further analyses.

For amino acid concentration measurements, brain homogenate supernatants 
and plasma samples were processed using the same method. Norleucine was used 
as an internal standard (1:1, volume:volume), with 60 mg/ml sulfosalicylic acid to 
precipitate the dissolved proteins. Samples were vortexed and centrifuged at 20.800 
rcf for 4 min. The supernatant was pipetted into capsules and measured by high-
performance liquid chromatography (HPLC) using a cation exchange resin followed 
by post-column ninhydrin derivatization on a Biochrom 30 apparatus (Pharmacia 
Biotech, Cambridge, UK).

For neurotransmitters, neurotransmitter metabolites and Trp concentration 
measurements, the supernatants of the 20% brain homogenates were further diluted 
to 2% homogenates in acetic acid (0.08 M). An antioxidative solution containing 400 
mg/l ascorbic acid and 1,616 g/l ethylenediaminetetraacetic acid was prepared in 
demineralised water. For catecholamine concentrations measurements, 10 µl of each 
2% homogenate was pipetted in a 96 wells plate with 40 µl anti oxidative solution. 
For indole concentration measurements (including the indole derivative Trp), 25 µl of 
each 2% homogenate was pipetted in a 96 wells plate with 25 µl antioxidative solution. 
Analysis was performed using isotope dilution mass spectrometry, essentially as 
described by Van de Merbel et al. (31).

Statistical analyses
Data with a normal distribution are presented as mean ± SD, whereas data 

with a skewed distribution are presented as medians with interquartile ranges (IQR). 
The Shapiro-Wilk test was used to test whether the variables in each experimental 
group were normally distributed. To test whether body weight changed during the 
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experiment, the Wilcoxon signed rank test was used. To compare normally distributed 
independent data the two-sample t-test was used. With skewed independent data, 
the Mann-Whitney U test was used. Statistical analyses were performed using IBM 
Corp. SPSS Statistics for Windows, Version 20.0. Armonk, NY, USA. A two-tailed 
p-value <0.05 was considered to be statistically significant.

 
Results

Baseline characteristics and general health
Gender and age at the start of the experiment were equally distributed among 

the treatment groups (Table 1). The Kruskal-Wallis test revealed that body weight 
at the beginning of the experiment differed significantly among treatment groups 
(p=0.004). Comparison by Mann-Whitney U test showed that PKU mice weighed 
significantly less than WT mice (p=0.000), while within mice of the same genotype 
no significant differences were found between the treatment groups (PKU p=0.536 
and WT p=0.798). One mouse (PKU, placebo-treated) was excluded from the 
experiment prematurely, as the animal developed seizures during daily handling. 
In the remaining mice, treatment as well as the procedures were well tolerated and 
did not affect general health. In WT mice, median weight did not significantly change 
during the experiment. In PKU mice, median weight increased slightly (PKU Placebo 
0.9 g p=0.018, PKU BH4 0.7 g p=0.017).

Table 1 Baseline characteristics of experimental groups.

WT placebo (n=8) WT BH4 (n=8) PKU placebo (n=7) PKU BH4 (n=8)

Gender, M:F 4:4 4:4 3:4 3:5

Age (months)a 3.6 (3.0 – 4.4) 4.1 (3.0 – 4.1) 3.1 (3.1 – 4.1) 3.5 (3.1 – 4.1)

Weight (g)a 22.0 (21.5 – 26.9) 24.1 (22.1 – 26.4) 19.6 (18.1 – 22.7) 19.6 (17.4 – 20.3)
WT: wild type, PKU: phenylketonuric, M: male, F: female. a Values show median with interquartile range 
in parentheses.

Plasma phenylalanine and tyrosine concentrations
Median (IQR) plasma Phe concentration in placebo-treated PKU mice was 

significantly higher than in WT mice (1459 (1392 – 1646) versus 66 (58 – 79) µmol/l, 
respectively, p=0.000). In both PKU and WT mice, plasma Phe concentrations did 
not differ between placebo-treated and BH4-treated mice (p=0.241 and p=0.161). 
Median plasma Tyr concentration was lower in placebo-treated PKU mice compared 
to placebo-treated WT mice (37 (35 – 38) versus 79 (64 – 106) µmol/l, p=0.001). 
Both in PKU and WT mice, no differences in plasma Tyr concentration were found 
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between placebo-treated and BH4-treated groups (p=0.613 and p=0.574). 

Brain phenylalanine, tyrosine and tryptophan concentrations
Brain homogenate concentrations of Phe, Tyr and Trp are shown in Figure 

1. Brain Phe concentrations were significantly higher in placebo-treated PKU mice 
compared to placebo-treated WT mice (p=0.000). Brain concentrations of both Tyr 
and Trp were reduced in placebo-treated PKU mice compared to placebo-treated 
WT mice (p=0.002 and p=0.002). No differences in Phe, Tyr and Trp were found 
between the treatment groups in both PKU as WT mice.

Figure 1 Brain homogenate concentrations of phenylalanine (A), tyrosine (B), and tryptophan (C) in wild 
type (WT) and phenylketonuric (PKU) mice, either placebo- or BH4-treated. Bar graphs show means ± 
SD. Box plot whiskers represent the 5th and 95th percentiles.

Brain neurotransmitter and metabolite concentrations
Regarding DA and NE, brain homogenate concentrations were significantly 

lower in PKU mice compared to WT mice (Figure 2). This was also true for DA 
metabolite normetanephrine (PKU 0.10 ± 0.02 and WT 0.15 ± 0.06 nmol/g wet 
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weight, p=0.033). The concentration of 3-methoxytyramine (another DA metabolite) 
did not significantly differ between PKU and WT (0.54 ± 0.08 and 0.62 ± 0.21 nmol/g 
wet weight, respectively, p=0.352). In both PKU and WT mice, no differences were 
found between placebo-treated and BH4-treated groups for DA (PKU p=0.683, WT 
p=0.464), NE (PKU p=0.465, WT p=0.215), normetanephrine (PKU p=0.450, WT 
p=0.730) and 3-methoxytyramine (PKU p=0.540, WT p=0.927).

Regarding brain homogenate concentrations of 5-HT and its metabolite 
5-HIAA, both were found significantly lower in PKU mice compared to WT mice. In 
PKU mice, no differences were found between placebo and BH4 treated animals for 
5-HT (p=0.714) and 5-HIAA (p=0.961). However, in WT mice the median (IQR) 5-HT 
concentration was significantly higher in the BH4 treated group versus placebo (4.51 
(4.36 – 4.60) versus 3.88 (3.79 – 4.42) nmol/g wet weight, p=0.002). For 5-HIAA, this 
difference was not found (p=0.489).

Figure 2 Brain homogenate concentrations of serotonin (A), 5-HIAA (B), dopamine (C), and norepinephrine 
(D) in wild type (WT) and phenylketonuric (PKU) mice, either placebo- or BH4-treated. Bar graphs show 
means ± SD. Box plot whiskers represent the 5th and 95th percentiles.
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Discussion
The main finding of this study is that BH4-treated WT mice showed higher 

brain concentrations of 5-HT than their placebo-treated counterparts, and that this 
effect was not seen in PKU mice, contrary to our hypothesis. This finding is important 
as it shows that BH4 may indeed increase neurotransmitter synthesis (currently only 
shown for 5-HT), while additional interventions may be required to observe a similar 
effect in PKU.

Before discussing the results in more detail, we will address the methodological 
issues of the study. First, brain BH4 concentrations were not measured. In theory, 
BH4 could have sufficiently reached the brain of the WT mice, but not of the 
PKU mice. Although the mechanism of transport of BH4 across the blood-brain 
barrier is not known, BH4 transport does not seem to be influenced by blood Phe 
concentrations, as BH4 has been shown to reach the brain in BH4 deficient mice with 
hyperphenylalaninemia (29). Second, it is not known if cerebral BH4 is influenced by 
high Phe concentrations, for example by oxidation.

The C57Bl/6 Pah-enu2 mouse is homozygous for a null-mutation obtained 
by chemical mutagenesis. Our results show that blood Phe concentrations in 
C57Bl/6 Pah-enu2 mice do not respond to BH4 administration as previously shown 
for BTBR Pah-enu2 mice (32,33). Therefore, any observed effects of BH4 on 
neurotransmitter concentrations in Pah-enu2 mice are unrelated to changes of blood 
Phe concentrations. Thus, these animals provide an excellent model to study the 
brain-specific actions of BH4 treatment in PKU.

Regarding the results of the present study, two issues deserve attention, i.e. 
1) the difference in response to BH4 treatment regarding brain 5-HT concentration 
in WT and PKU mice, and 2) the different responses of 5-HT and dopamine to BH4 
in WT mice. With regard to the different response to BH4 in WT mice compared 
to PKU mice, there may be several explanations. First, BH4 may have reached 
the brain in insufficient amounts to exert cerebral effects in PKU mice, in contrast 
to WT mice. However, as reasoned above, differences in transport of BH4 across 
the blood-brain barrier in PKU mice and WT mice are unlikely. In addition, both the 
clinical side-effects and the reports of BH4-non-responsive PKU patients using BH4 
during longer time periods to test their BH4 responsiveness suggest that BH4 does 
reach the brain in these patients (34,35). Second, elevated brain Phe concentrations 
are suggested to decrease the activity of both TH and especially TPH-2 by inhibition 
(36), although discussion on this topic remains (37). This possible inhibiting effect 
of high brain Phe concentrations on cerebral neurotransmitter synthesis may have 
been too strong for the current dose of BH4 to overcome under the conditions of 
our experiment. Third, elevated blood Phe concentrations decrease the transport of 



134

Chapter 7

the neurotransmitter precursors Tyr and Trp across the blood-brain barrier (38,39), 
supported by the reduced brain concentrations of these precursors in our PKU mice. 
Therefore, reduced brain Tyr and Trp concentrations may have been limiting factors 
for the improvement of cerebral neurotransmitter synthesis on BH4 treatment in PKU 
mice. This is in line with studies of Joseph and Dyer (40) and Pascucci et al (41), 
which showed that brain neurotransmitter concentrations were not (fully) restored 
by only decreasing brain Phe concentrations. Therefore, future studies in PKU mice 
should examine the combined effects of increasing the cerebral availability of BH4 
as well as the precursors of DA and 5-HT, possibly in combination with decreasing 
the Phe concentration in (blood and) brain.

The observation that BH4 increased brain 5-HT concentrations in WT mice, 
while brain DA concentrations were unaffected, may be explained by different effects 
of BH4 on the TH and TPH-2 enzymes. Kinetic analyses on these enzymes have 
shown that Phe acted as an inhibitor more strongly against TPH-2 than against 
TH (36). Also, in urine of PKU patients, excretion of 5-HT is inhibited at lower Phe 
concentrations compared to dopamine (42). In BTBR Pah-enu2 mice, reduced 
precursor cerebral availability seems to be more limiting to TH than TPH-2, whereas 
inhibition by high Phe concentrations is more distinct for TPH-2 (41,43). In line with 
our current findings, previous studies in WT mice showed that BH4 did not influence 
brain DA concentrations. In contrast, BH4 did increase the amounts of TH protein 
and its activity (30). Possibly, this finding can be attributed to feedback inhibition 
mechanisms by catecholamines (44,45) and post-translational regulation of TH by 
phosphorylation by serine kinases (46).

It has been a matter of debate whether disturbed myelination or neurotransmitter 
abnormalities are the most important in the pathogenesis of brain dysfunction in 
PKU (9,10). Very recent studies showed that white matter integrity is important in 
PKU pathogenesis, even in early and continuously treated PKU patients (47-49). 
These studies support the theory that neuropsychological dysfunction in PKU is 
not only related to executive function and maybe even ‘just’ a matter of speed of 
neural transmission (50-52). Those white matter abnormalities have previously been 
thought to be primarily due to high blood and brain phenylalanine concentrations, 
but recent studies showed that the white matter abnormalities might be explained 
by problems in neurotransmitter metabolism rather than high phenylalanine (40,53), 
suggesting that both processes are involved in cognitive dysfunction in PKU, and 
interact with one another. Therefore, neurotransmitter metabolism likely has a 
central role in the pathogenesis of PKU brain dysfunction one way or the other and 
improving this metabolism in PKU might be the primary treatment goal.

In conclusion, 40 mg/kg/day of orally administered BH4 seems to improve 
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brain 5-HT concentrations in WT mice, but not in PKU mice. In both WT and PKU 
mice, BH4 treatment did not affect brain dopamine concentrations. Possibly, 
changes in the BH4 treatment regime and/or additional interventions are required 
to observe BH4-mediated treatment effects in PKU mice. Probably, too low cerebral 
concentrations of Trp and/or too high cerebral concentrations of Phe inhibit proper 
function of TPH-2 and therefore abolish the possible effect of BH4. Further studies 
are needed to investigate the cerebral effects of higher doses of BH4 treatment 
alone or the present dose in combination with other interventions.
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I. Summary
This thesis addressed several issues related to pathophysiology and treatment 

in PKU. Pathophysiologically, we focused on biochemical and molecular pathways 
by which elevated blood Phe concentrations influence cerebral protein synthesis 
(CPS) and cognitive outcome, as introduced in chapter 1. Regarding treatment, two 
concepts were discussed, i.e. LNAA supplementation and a repurposing approach 
for BH4 treatment.

In chapter 2, we investigated the associations between blood Phe 
concentrations, LNAA transport across the blood-brain barrier (BBB), and CPS. The 
research questions in this chapter arose from a previous publication by our group, 
in which blood Phe concentrations showed a strong inverse association with CPS 
rate (1). In the current study, LNAA BBB transport and CPS were modeled using 
data obtained by positron emission tomography with L-[1-11C]-tyrosine (11C-Tyr) as a 
tracer in a three-compartment model. In this approach, the rate constant for 11C-Tyr 
transport from blood to brain and the rate constant for 11C-Tyr incorporation into 
cerebral tissue were considered to reflect transport of non-Phe LNAAs from blood 
to brain and CPS, respectively. The associations of interest were studied by multiple 
linear regression analyses. These analyses showed that blood Phe concentrations 
were strongly inversely associated (~60% of the observed variance explained) with 
11C-Tyr transport from blood to brain, and that reduced 11C-Tyr transport from blood 
to brain was strongly associated (~60% of the observed variance explained) with 
decreasing rate constants for CPS. The robustness of the obtained models validates 
the generalization of these findings to other PKU patients. These results support the 
theory that increased blood Phe concentrations impact on CPS by disrupting LNAA 
transport from blood to brain.

In chapter 3, we wondered which downstream processes could be involved 
in mediating the observed relationship between 11C-Tyr transport from blood to brain 
and 11C-Tyr incorporation into cerebral protein. Specifically, we studied whether 
brain Phe concentrations independently predicted 11C-Tyr incorporation into cerebral 
protein, and whether 11C-Tyr incorporation into cerebral protein related more strongly 
to brain Phe concentrations or to 11C-Tyr transport from blood to brain. Brain Phe 
concentrations were measured by magnetic resonance spectroscopy in three volumes 
of interest (VOIs). Multiple linear regression was used to investigate the associations 
between 11C-Tyr incorporation into cerebral protein, brain Phe concentrations in 
each VOI, 11C-Tyr transport from blood to brain, and blood Phe concentrations. In 
a study cohort of six patients, brain Phe concentrations in two VOIs were strongly 
inversely associated (~80% of the observed variance explained) with 11C-Tyr 
incorporation into cerebral protein. As the brain Phe concentrations in these VOIs 
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highly correlated with each other, the specific associations of each of these predictor 
variables with 11C-Tyr incorporation into cerebral protein could not be determined. 
The associations between 11C-Tyr incorporation into cerebral protein and all other 
predictor variables (including 11C-Tyr transport from blood to brain) were statistically 
non-significant. These data suggest that elevated brain Phe concentrations and/or 
associated biochemical changes influence CPS in PKU. Moreover, brain biochemical 
alterations may be more important for the regulation of CPS in PKU than blood Phe 
concentrations and/or LNAA BBB transport. Together, these findings validate studies 
investigating brain biochemical alterations downstream of disrupted LNAA transport, 
as well as studies characterizing the molecular mechanisms connecting these 
biochemical changes to CPS and associated cognitive functioning. Considering that 
in PKU, disrupted LNAA BBB transport is likely to concomitantly result in elevated 
brain Phe concentrations and reduced brain concentrations of non-Phe LNAAs 
(which could not be measured in our current study), these data do not allow to 
answer the question whether elevated brain Phe concentrations and/or reduced 
brain concentrations of non-Phe LNAAs are most important for the regulation of 
CPS in PKU.

Chapter 4 investigated a molecular mechanism that could connect altered 
brain LNAA and neurotransmitter concentrations to reduced CPS in PKU, i.e. the 
phosphorylation of cAMP responsive element binding protein (CREB) at serine-133 
(Ser-133). In neurobiology, the importance of CREB Ser-133 phosphorylation for 
regulating CPS and associated learning and memory has been well characterized. 
A wide variety of stimuli may reduce CREB Ser-133 phosphorylation and 
associated CPS. We investigated the possible involvement of reduced CREB Ser-
133 phosphorylation in PKU pathophysiology, by relating behavioral phenotypes 
of learning and memory of C57Bl/6 PKU mice to brain concentrations of both 
LNAAs and monoaminergic neurotransmitters, as well as to ratios of Ser-133-
phosphorylated CREB (pCREB) to CREB. Contrary to our expectations, untreated 
C57Bl/6 PKU mice did not show behavioral phenotypes of learning and memory 
deficits compared to non-PKU controls. This intact learning and memory performance 
occurred despite the presence of blood and brain biochemical phenotypes 
characteristic of untreated PKU. In home cage control PKU mice, pCREB/CREB 
ratios were reduced by 5-20% in several brain regions compared to home cage 
control WT mice. However, in behaviorally tested PKU mice, pCREB/CREB ratios 
were comparable to those of behaviorally tested non-PKU mice. These findings 
suggest that behavioral testing (or associated factors) may normalize pCREB/CREB 
ratios in C57Bl/6 PKU mice, thus preserving learning and memory performance. 
Follow-up studies should address the upstream kinases involved in reducing 
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pCREB/CREB ratios, thereby investigating which signaling pathways are most 
critical. In addition, comparative studies in C57Bl/6 mice and BTBR mice could 
address how C57Bl/6 mice normalize reduced pCREB/CREB ratios. Such studies 
could not only increase pathophysiological understanding, but also translate to 
clinical practice, by identifying the main biochemical treatments aims and/or by 
providing molecular targets to normalize CREB phosphorylation. Thus, the insights 
of this study may contribute to a more tailored and targeted treatment in PKU.

In order to further characterize C57Bl/6 PKU mice at a behavioral level, chapter 
5 studied behavioral phenotypes of mood impairments and motor deficits in these 
mice. These phenotypes were related to brain concentrations of monoaminergic 
neurotransmitters. As hypothesized, C57Bl/6 PKU mice displayed several behavioral 
phenotypes of mood impairments and motor deficits. These behavioral findings were 
paralleled by reduced brain concentrations of monoaminergic neurotransmitters 
known to underlie normal mood and motor functioning. Future interventional studies 
should investigate whether increasing brain concentrations of monoaminergic 
neurotransmitters in PKU mice restores the observed behavioral phenotypes. Such 
studies may translate to clinical practice, possibly improving treatment outcome in 
PKU patients.

In a similar context of translating fundamental insights to clinical practice, 
chapter 6 presented the current state of evidence for LNAA supplementation 
treatments, different applications of LNAA treatment principles, and the involved 
treatment goals. As outlined in this chapter, LNAA treatment may 1) reduce blood 
Phe concentrations and/or increase blood LNAA concentrations, 2) reduce brain Phe 
concentrations, 3) increase brain Tyr and Trp concentrations, possibly improving 
synthesis of associated neurotransmitters, and/or 4) increase brain concentrations 
of all non-Phe LNAAs, possibly improving CPS. Based on reviewing the available 
evidence, we concluded that, while LNAA treatment appears to be both promising 
and relevant, several questions regarding treatment aims, application, composition, 
and dose remain to be answered before LNAA treatment can be applied in clinical 
practice.

In chapter 7, we studied a repurposing approach for BH4 treatment, i.e. 
increasing brain synthesis of dopamine, noradrenaline and/or serotonin to improve 
associated mental functions. In this experiment, C57Bl/6 PKU mice were treated 
with BH4 (40 mg/kg/day in two doses) during four weeks. Brain concentrations of 
Tyr, dopamine, noradrenaline, Trp, and serotonin served as the primary outcome 
parameters. The data showed that BH4 treatment as applied in this study did not 
impact the primary outcome parameters in PKU mice. As brain concentrations of BH4 
and other pterines were not determined, no definitive conclusions could be drawn 



145

Summary and General Discussion

8

on the cause of these absent treatment effects. The observed increase of brain 
serotonin concentrations in BH4-treated WT mice suggested that BH4 treatment 
increased brain BH4 concentrations in these mice. Following this interpretation, it 
may be assumed that BH4 treatment of PKU mice similarly increased brain BH4 
concentrations. In this case, the absent effects of BH4 treatment in PKU mice could 
indicate that in these mice, the presence of elevated brain Phe concentrations and/or 
reduced brain Tyr and brain Trp concentrations may hamper the effects of increasing 
brain BH4 concentrations. Thus, further studies investigating the possible cerebral 
effects of BH4 treatment in PKU remain indicated, in particular in combination 
with therapies aiming to reduce brain Phe concentrations and/or increase brain 
concentrations of Tyr and Trp.

II. General Discussion

Pathophysiology of cognitive dysfunction in PKU
 As discussed in chapter 1 of this thesis and elsewhere (2,3), disturbances 

of blood-to-brain LNAA transport induced by elevated blood Phe concentrations 
are believed to be central in the pathophysiology of cognitive dysfunction in PKU. 
These disturbances are considered to concomitantly result in increased brain Phe 
concentrations and reduced brain concentrations of non-Phe LNAAs (2,4). The 
resulting alterations in brain biochemistry may affect several downstream processes, 
including CPS and cerebral neurotransmitter metabolism. In turn, disruption of these 
downstream processes likely disrupts brain development on a neuroanatomical, 
neurophysiological, and cognitive level (2,4).

 The results of this thesis further support the importance of disrupted LNAA BBB 
transport in PKU pathophysiology. Moreover, these results suggest the involvement 
of CREB-mediated gene transcription as a molecular process downstream of 
disrupted LNAA BBB transport, providing valuable additional knowledge on how 
brain biochemical alterations may affect CPS and neurotransmitter signaling in PKU.

 In our PET studies, the parameter modeling CPS was found to have a 
strong significant association with the parameter modeling blood-to-brain transport 
of non-Phe LNAAs, rather than with blood Phe concentrations. In turn, brain Phe 
concentrations showed a strong significant association with CPS, whereas the 
parameter reflecting blood-to-brain LNAA transport did not. Together, these findings 
indicate that the detrimental effects of blood Phe concentrations may be mediated 
by altered concentrations of brain amino acids and neurotransmitters. In line with 
previously published data (5-8), we found altered concentrations of these brain 
biochemical parameters in C57Bl/6 PKU mice.
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 The question arises which neuronal signaling pathways connect these 
altered concentrations of brain biochemical parameters to cognitive outcome. The 
identification of CREB as a molecular marker affected in the PKU mouse model 
allows for studies further characterizing the involved signaling pathways. The next 
paragraphs discuss the relevance and future directions of this finding in further 
detail.

Relating altered brain biochemical parameters to reduced pCREB/CREB ratios
In the C57Bl/6 PKU mice reported in this thesis, reduced pCREB/CREB ratios 

were observed in several brain regions under home cage control conditions. Several 
kinases and associated stimuli may underlie the observed reduced pCREB/CREB 
ratios. Considering existing evidence on PKU pathophysiology, kinases involved 
in dopaminergic and serotonergic signaling (e.g. PKA and PKC), in glutamatergic 
signaling (e.g. MAPK and CaMK), and in mediating the responses to essential amino 
acid deficiency (e.g. eIF2α), may be of particular interest. We performed additional 
experiments to investigate one of these kinases, using the reduced brain non-Phe 
LNAA concentrations as a starting point. Of note, in PKU, all LNAAs are considered 
to be essential amino acids (EAAs). At a cellular level, the response to EAA deficiency 
is regulated by the general control non-derepressible 2 (GCN2) kinase (9-13). 
Decreased cellular EAA concentrations increase the amount of “uncharged” tRNA, 
which in turn activates the GCN2 kinase (9,10). Hereafter, increased GCN2 kinase 
activity increases the phosphorylation of eukaryotic initiation factor 2α (eIF2α), 
leading to increased activity of this downstream kinase (13,14). Increased eIF2α 
activity inhibits protein synthesis, both by a CREB-dependent pathway (resulting in 
reduced CREB-mediated gene transcription) and by a CREB-independent pathway 
(15). Figure 1 provides an overview of the GCN2 kinase/eIF2α pathway.

Considering the findings of reduced brain LNAA concentrations, reduced 
pCREB/CREB ratios and reduced CPS in PKU, we reasoned that the GCN2 kinase/
eIF2α pathway may be involved in PKU pathophysiology. To investigate this theory, 
we studied eIF2α phosphorylation by immunohistochemistry. We hypothesized that 
home cage control C57Bl/6 PKU mice would show increased eIF2α phosphorylation 
compared to non-PKU home cage controls. Immunohistochemistry was performed 
as described in chapter 4, with the following specifications. The primary antibodies 
used were anti-eIF2α (ab26197, 1:200, Abcam) and anti-phosphorylated eIF2α 
(peIF2α, phosphorylated at Ser-51; ab32157, 1:200, Abcam), with a goat-anti-rabbit 
secondary antibody (1:500; Jackson Laboratories, Bar Harbor, USA). The read-out 
parameters of interest were the corrected optical density (OD) values for eIF2α, 
peIF2α, and corresponding peIF2α/eIF2α ratios.
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Figure 1 The GCN2 kinase/eIF2α pathway. A cellular deficiency of one or more essential amino acids 
increases the amount of “uncharged” tRNA, which in turn increases the activity of the general control 
nonderepressible 2 (GCN2) kinase. Increased GCN2 kinase activity suppresses protein synthesis via 
two pathways. First, increased GCN2 kinase activity leads to increased phosphorylation of eukaryotic 
initiation factor 2α (eIF2α), resulting in a general reduction of mRNA translation and thus of protein 
synthesis. Second, increased GCN2 kinase activity increases translation of activating transcription factor 4
(ATF4) mRNA. Via mechanisms that are not yet fully characterized, ATF4 inhibits CREB-mediated gene 
transcription by preventing histone acetylation and transcription of CREB-associated genes. Thus, 
increased ATF4 concentrations specifically reduce CREB-mediated protein synthesis. The two pathways 
inhibiting protein synthesis in relation to GCN2 kinase activity are interconnected, as increased eIF2α 
phosphorylation is able to increase ATF4 mRNA translation independent of GCN2 kinase.

Figure 2 and Table 1 show the expression patterns of eIF2α and peIF2α. In 
line with previous reports, eIF2α was expressed in dendrites, whereas peIF2α was 
expressed in the cytoplasm of neurons (16-18). In addition, peIF2α stained the nuclei 
of glial cells, consistent with previous publications describing peIF2α expression 
in astrocytes and oligodendroglia (16,17). Both eIF2α and peIF2α staining were 
observed in the dentate gyrus, CA1, CA3, striatum, cortex, and prefrontal cortex. 
Contrary to eIF2α, peIF2α was not expressed in the dentate gyrus molecular layers, 
the CA1 stratum radiatum, and the CA3 stratum lucidum – radiatum. The expression 
patterns for eIF2α and peIF2α were similar for WT and PKU mice, both at a neuronal 
and at a brain regional level. Due to the differences in the cellular compartments 
stained by each antibody, absolute corrected OD values for eIF2α and peIF2α, rather 



148

Chapter 8

Figure 2 Immunohistochemical expression patterns of eIF2α (A) and peIF2α (B).

Table 1 Immunohistochemical measurement characteristics for eIF2α and peIF2α.

Region eIF2α expression eIF2α background peIF2α expression peIF2α background

DGi dendrites granular and 
molecular layers

CA1 str. oriens neuronal cytoplasm 
granular layer

CA3 molecular layer

DGo dendrites granular and 
molecular layers

CA1 str. oriens neuronal cytoplasm 
granular layer

CA3 molecular layer

CA1 dendrites str. radiatum 
and pyramidal layer

CA1 str. oriens and 
corpus callosum

neuronal cytoplasm 
pyramidal layer

CA1 str. radiatum

CA3 dendrites str. lucidum – 
radiatum and pyramidal 

layer

CA3 str. oriens and 
corpus callosum

neuronal cytoplasm 
pyramidal layer

CA3 str. radiatum

STR dendrites corpus callosum neuronal cytoplasm corpus callosum

CORT dendrites CA1 str. oriens neuronal cytoplasm CA1 str. oriens

PFC dendrites prelimbic and 
orbital cortex

neuronal cytoplasm prelimbic and orbital 
cortex

DGi: inner layer of the dentate gyrus; DGo: outer layer of the dentate gyrus; CA: cornu ammonis; STR: 
striatum; CORT: somatosensory cortex overlying CA3; PFC: prefrontal cortex. Str: stratum.

than peIF2α/eIF2α ratios, were used as outcome parameters. Table 2 shows these 
corrected OD values. Mean eIF2α corrected OD values did not differ significantly 
between PKU and WT mice, except for dentate gyrus inner blade granular cells and 
for CA1 pyramidal cells. In both of these brain regions, eIF2α mean corrected OD 
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values were significantly reduced in PKU mice compared to WT controls, by ~15% 
and ~20% respectively (p=0.044 and p=0.006, respectively). Similar to the eIF2α 
corrected OD, peIF2α corrected OD did not differ significantly between PKU and 
WT mice for most of the brains regions investigated. However, PKU mice showed 
a significantly increased peIF2α corrected OD in CA3 pyramidal cells compared to 
WT mice (p=0.009).

Table 2 Corrected optical density values for eIF2α and peIF2α in home cage control wild type and 
phenylketonuric mice.

Region eIF2α peIF2α
WT (n=10) PKU (n=10) WT (n=10) PKU (n=10)

DGi granular layer 0.33 ± 0.05  0.28 ± 0.04* 0.08 ± 0.03 0.08 ± 0.02

DGi molecular layer 0.26 ± 0.07 0.23 ± 0.04 n.a. n.a.

DGo granular layer 0.29 ± 0.06 0.27 ± 0.04 0.08 ± 0.02 0.08 ± 0.03

DGo molecular layer 0.32 ± 0.08 0.32 ± 0.05 n.a. n.a.

CA1 pyramidal layer 0.38 ± 0.06  0.31 ± 0.04* 0.11 ± 0.01 0.10 ± 0.03

CA1 str. radiatum 0.28 ± 0.09 0.23 ± 0.04 n.a. n.a.

CA3 pyramidal layer 0.29 ± 0.02 0.29 ± 0.05 0.05 ± 0.01 0.08 ± 0.02*

CA3 str. lucidum – radiatum 0.28 ± 0.06 0.26 ± 0.05 n.a. n.a.

STR 0.15 ± 0.05 0.12 ± 0.02 0.05 ± 0.01 0.04 ± 0.01

CORT 0.18 ± 0.03 0.17 ± 0.05 0.04 ± 0.01 0.04 ± 0.01

PFC 0.23 ± 0.10 0.20 ± 0.11 0.04 ± 0.01 0.05 ± 0.01
Data are shown as mean ± standard deviation. WT: wild type, PKU: phenylketonuric. *p<0.05 vs WT. 
n.a.: not applicable. DGi: inner layer of the dentate gyrus; DGo: outer layer of the dentate gyrus; CA: 
cornu ammonis; STR: striatum; CORT: somatosensory cortex overlying CA3; PFC: prefrontal cortex. Str: 
stratum.

When comparing these eIF2α and peIF2α results to the CREB and pCREB 
results presented in chapter 4, two main observations could be made. First, in the 
brain regions in which reduced pCREB/CREB ratios were observed in home cage 
control PKU mice, peIF2α immunoreactivity in home cage control PKU mice was 
comparable to that of home cage control WT mice. Second, in the brain region 
in which peIF2α immunoreactivity was increased in home cage control PKU mice 
compared to home cage control WT mice (i.e. CA3 pyramidal cells), the pCREB/
CREB corrected OD ratio in home cage control PKU mice was similar to the ratio 
in home cage control WT mice. Therefore, we concluded that increased eIF2α 
phosphorylation was not consistently associated with reduced pCREB/CREB ratios. 
Possibly, the observed reductions of brain non-Phe LNAA concentrations were 
insufficient to activate GCN2 kinase and lead to an associated increase of eIF2α 
phosphorylation. To our knowledge, the minimal reductions of EAA concentrations 
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needed to activate GCN2 kinase and increase eIF2α phosphorylation have not 
been reported. Alternatively, the absence of increased peIFα phosphorylation in 
home cage control PKU mice may be caused by counterregulatory mechanisms 
normalizing eIF2α phosphorylation at relatively mildly increased GCN2 kinase 
activity, e.g. increased dephosphorylation of peIF2α. In summary, the current 
findings do not support a role of the GCN2/eIF2α pathway in PKU. Thus, the pursuit 
of studies assessing other pathways possibly involved in reducing pCREB/CREB 
ratios in PKU, with a focus on those described above, is worthwhile.

Relating reduced pCREB/CREB ratios to reduced CPS and impaired cognition
When aiming to further characterize the importance of reduced pCREB/

CREB ratios in PKU pathophysiology, the question arises which downstream 
molecular actors are affected. Increased CREB Ser-133 phosphorylation induces 
increased transcription of many genes (19-21) and increased synthesis of the 
associated proteins. In neurobiology, several genes regulated by CREB Ser-133 
phosphorylation have been well studied, including cfos, cjun, and BDNF (22,23). 
Many of these genes act as transcription and growth factors, involved in regulating 
neuronal growth, differentiation and maturation, as well as in enhancing synaptic 
plasticity (21,23). Synaptic plasticity refers to the ability of neurons to change the 
strengths of interneuronal connections in relation to variations of input signals. 
Increased synaptic strength is one essential process underlying memory at a cellular 
level (15,23,24). Such increases in synaptic strength are mediated by increasing 
the number of synapses and/or by increasing neurotransmitter signaling across the 
involved synapses (15,24). Increased CREB-mediated signaling, CPS and resulting 
increases in synaptic plasticity have been shown to be critically involved in long-
term potentiation (LTP), a process considered to be a central electrophysiological 
correlate of learning and memory (15,23,24).

Thus, the ability of neurons to form interneuronal connections and mediate 
synaptic strength is essential for the formation of functional neuronal networks. In 
these processes, neuronal cell adhesion molecules are critically important (25,26). 
In an attempt to characterize the involvement of one such molecule in relation to 
CREB-mediated signaling in PKU, we studied the expression of polysialylated acid 
neural cell adhesion molecule (PSA-NCAM). Previous studies suggested that the 
formation of interneuronal connections and neurite outgrowth mediated by cell 
adhesion molecules are impaired in PKU (27-29). PSA-NCAM expression in home 
cage control C57Bl/6 PKU mice and home cage control WT mice was assessed 
by immunohistochemistry, performed as described in chapter 4 (primary antibody 
anti-PSA-NCAM, ab5324, 1:1000, Millipore; corresponding secondary antibody 
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used at a 1:500 dilution). We hypothesized that PSA-NCAM expression, quantified 
as corrected OD, would be significantly reduced in home cage control PKU mice 
compared to home cage control WT mice. In line with reports by other authors 
(25,30), we found PSA-NCAM to only be expressed in the stratum lucidum (a CA3 
subregion). Contrary to our hypothesis, mean PSA-NCAM corrected OD values did 
not differ significantly between home cage control WT mice and home cage control 
PKU mice (WT 0.10 ± 0.03 vs PKU 0.10 ± 0.03, p=0.833), suggesting that PSA-
NCAM is not one of the cell adhesion molecules affected by PKU.

To further characterize the downstream processes associated with reduced 
CREB-mediated signaling in PKU, studies assessing CPS and LTP in PKU mouse 
models may be valuable. To our knowledge, only three such studies have been 
performed, one addressing CPS (31) and two addressing LTP (32,33). These 
studies described reduced CPS in most brain regions in BTBR PKU mice, and 
impaired hippocampal LTP in both BTBR PKU mice and C57Bl/6 PKU mice. Further 
studies remain indicated to fully characterize the interplay between CREB-mediated 
signaling, CPS, LTP, and cognitive functioning in PKU.

Comparison of the C57Bl/6 and BTBR Pah-enu2 PKU mouse models
This thesis addressed behavioral phenotypes, biochemical phenotypes, 

and molecular phenotypes of C57Bl/6 PKU mice. Considering that the absence of 
behavioral phenotypes of learning and memory deficits in these mice contrasts with 
the behavioral phenotypes of learning and memory deficits reported in BTBR PKU 
mice, one may wonder to which extent the biochemical and molecular phenotypes 
of the C57Bl/6 PKU mouse model and the BTBR PKU mouse model are similar. 
This comparison is relevant for two reasons. First, it contributes to the design of 
future fundamental studies in the PKU field. Second, it may identify new treatment 
targets. Table 3 displays the main biochemical, molecular, neurophysiological, 
and behavioral phenotypes in both mouse models, as they are currently known. 
As shown in this Table, blood and brain biochemical phenotypes of C57Bl/6 PKU 
mice and BTBR PKU mice are highly similar, both in terms of which parameters are 
affected and the degree of the observed alterations compared to non-PKU controls. 
This similarity of biochemical phenotypes suggests that any observed behavioral 
differences between C57Bl/6 PKU mice and BTBR PKU mice do not result from 
different biochemical phenotypes.

Thus, the question arises why these biochemical phenotypes lead to behavioral 
phenotypes in BTBR mice for both learning and memory and for additional mental 
functions, while behavioral phenotypes of learning and memory deficits do not occur 
in C57Bl/6 PKU mice, despite the presence of behavioral phenotypes for additional 
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mental functions. This combination of findings may be explained as follows. 
BTBR PKU mice may have less capacity than C57Bl/6 PKU mice to cope with the 
biochemical changes induced by untreated PKU. On a neuroanatomical level, this 
possibly reduced coping capacity may be related to the absence of the corpus 
callosum and/or the severe underdevelopment of the hippocampal commissure in 
the BTBR mouse strain (34,35). Moreover, compared to the C57Bl/6 mouse strain, 
the BTBR mouse strain shows a different organization of both white matter and 
gray matter (35). These neuroanatomical differences may render C57Bl/6 PKU mice 
more able to cope with disturbances of brain biochemical homeostasis than BTBR 
PKU mice. In addition to these neuroanatomical differences, differences in neuronal 
signaling pathways may contribute to the behavioral phenotype differences between 
BTBR PKU mice and C57Bl/6 PKU mice. Possibly, C57Bl/6 PKU mice are able to 
maintain relatively normal activity of signaling pathways critically involved in learning 
and memory, whereas BTBR PKU mice are not. Following a similar line of thought, 
the observed behavioral phenotypes in C57Bl/6 PKU mice in paradigms unrelated to 
learning and memory may reflect an inability to restore impairments of the neuronal 
signaling pathways underlying performance in these tasks.

Table 3 Main biochemical, neuromolecular, neurophysiological, and behavioral phenotypes of BTBR 
Pah-enu2 mice and C57Bl/6 Pah-enu2 mice, relative to wild type mice of the corresponding strain.

Parameter BTBR Pah-enu2 mice C57Bl/6 Pah-enu2 mice

Blood LNAAs elevated Phe
reduced Tyr

other LNAAs unaffected

elevated Phe
reduced Tyr

other LNAAs unaffected

Brain LNAAs elevated Phe
reduced non-Phe LNAAs

elevated Phe
reduced non-Phe LNAAs

Brain monoaminergic NTs reduced reduced

pCREB/CREB ratios ? reduced

Cerebral protein synthesis reduced ?

Long-term potentiation reduced reduced

Learning and memory impaired intact

Non-learning behavior impaired impaired
LNAAs: large neutral amino acids; NTs: neurotransmitters; Phe: phenylalanine; Tyr: tyrosine; CREB: 
cAMP responsive element binding protein; pCREB: Ser-133 phosphorylated CREB.

Finally, a comparison of the neuronal signaling pathways affected in both PKU 
models and the associated physiological processes (in particular CPS and LTP) 
deserves discussion. As outlined in Table 3, in the PKU field, these pathways and 
processes are a relatively uncharted area of research. Studies comparing both PKU 
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models may focus on CREB expression and associated regulatory pathways, and/or 
on their downstream molecular, physiological, and behavioral consequences. 

From fundamental research to clinical practice – main findings, implications, 
and perspectives

The conclusions based on the experiments performed in this thesis provide 
relevant new evidence in the PKU field. First, our experiments further support the 
important role of LNAA BBB transport in PKU pathophysiology, and specifically 
relate this transport to an important downstream process associated with cognitive 
development, i.e. CPS (chapter 2). Moreover, as outlined in chapter 3, the 
consequences of disrupted LNAA BBB transport likely involve alterations of brain 
LNAA concentrations. The observed strong association between elevated brain 
Phe concentrations and the marker for CPS suggests that altered brain LNAA 
concentrations likely influence CPS in PKU. Chapter 4 shows the involvement of 
a well-studied molecular regulator in PKU pathophysiology, suggesting that the 
relation between altered brain LNAA concentrations and CPS is at least partly 
mediated by CREB. The findings in this chapter open the avenue for pursuing more 
detailed molecular studies to further characterize CREB-associated signaling in 
PKU. In chapter 5, behavioral phenotypes of mood impairments and motor deficits 
in C57Bl/6 PKU mice are characterized. These phenotypes may serve as behavioral 
outcome parameters in future interventional studies. Such studies could translate 
to clinical practice and improve treatment outcome in PKU patients, in particular 
regarding mood and neuropsychological functioning. Chapter 6 exemplifies how 
insights from pathophysiological studies may have value for clinical practice. 
Specifically, the importance of influencing blood-brain barrier transport and/or 
associated downstream biochemical processes was discussed, which could serve 
as the basis for the development of LNAA supplementation treatments. In chapter 
7, we attempted to influence one biochemical process downstream of blood-brain 
barrier LNAA transport, i.e. cerebral synthesis of monoaminergic neurotransmitters, 
by treating C57Bl/6 PKU mice with BH4. In our set-up, BH4 treatment of these mice 
did not increase the observed reductions of brain neurotransmitter concentrations. 
Possibly, several brain biochemical processes must be affected simultaneously in 
order to increase brain neurotransmitters concentrations in PKU. If proven true, this 
theory would support extending BH4 treatment to all PKU patients.

 One of the questions leading to this thesis was whether the elevations of 
brain Phe concentrations or the reduced brain non-Phe LNAA concentrations most 
impact cognitive outcome in PKU. Based on the obtained data, a definitive answer to 
this question can not yet be given. The observed reduced pCREB/CREB ratios may 
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both be caused by processes affected by elevated brain Phe concentrations (e.g. 
impaired glutamatergic signaling (36-38)) and by processes resulting from reduced 
concentrations of brain non-Phe LNAAs, in particular of Tyr and Trp (e.g. reduced 
dopaminergic and serotonergic signaling (39-44)). While the reduced brain non-Phe 
LNAA concentrations observed in our C57Bl/6 PKU mice did not activate the GCN2 
kinase/eIF2α pathway based on eIF2α phosphorylation, they may still negatively 
impact on CPS and cognition. Considering the diversity of mechanisms possibly 
involved in PKU pathophysiology and the complexity of processes involved in the 
development of high order cognitive functioning, it seems probable that both elevated 
brain Phe concentrations and reduced brain concentrations of non-Phe LNAAs play 
a pathophysiological role. Moreover, the physiological processes believed to be 
affected by PKU are not separate entities; rather, they interact on many levels in 
many ways.

How might this thesis be relevant for clinical practice? In current practice, blood 
Phe concentrations are used as the main marker for monitoring treatment efficacy. 
At best, blood Phe concentrations serve as a surrogate marker for outcome, which 
involves optimal mental functioning, as well as quality of life. Despite this limitation, 
the strong relationship between blood Phe and cognitive performance supports the 
use of this blood biochemical marker in monitoring treatment efficacy. Still, another 
mindset than the focus on blood Phe may be more appropriate, i.e. the concept that 
the normalization of disrupted LNAA BBB transport should be the practical treatment 
aim. Even in patients with blood Phe concentrations within current aimed treatment 
range, blood Phe concentrations are still higher than those of non-PKU subjects. 
These slight elevations of blood Phe concentrations in PKU patients compared to 
non-PKU subjects may contribute to the current suboptimal treatment outcome in 
PKU (45-52). In support of this idea, this thesis provides data showing that even in 
patients currently considered to be well-treated, blood-brain barrier LNAA transport 
and its associated processes may still be disturbed compared to non-PKU control 
subjects. While reducing blood Phe concentrations clearly contributes to normalizing 
blood-brain barrier LNAA transport, the importance of blood concentrations of non-
Phe LNAAs should not be overlooked. Practically, this consideration underlines 
the importance of adhering to intake of amino acid mixtures in addition to adhering 
to a restriction of phenylalanine intake. In addition, considering the normalization 
of LNAA BBB transport as the primary mechanistic target in PKU allows for the 
development of targeted treatments influencing this process. Thus, this thesis may 
contribute to both improving current treatment practice and the development of new, 
mechanism-targeted treatments.

Future studies should focus on further characterizing the behavioral, 
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biochemical, and molecular sequelae of hyperphenylalaninemia, both in PKU mouse 
models and in patients. Pathophysiological studies may initiate the identification of 
new treatment targets and the development of associated treatment modalities. In 
this context, studying LNAA supplementation therapies seems particularly promising. 
These treatments may improve LNAA BBB transport and related downstream 
processes, in particular CREB-mediated signaling, CPS, neurotransmitter signaling, 
and ultimately mental functioning. As such, LNAA supplementation studies could 
improve a dietary treatment that has proved its value for over 50 years by focusing its 
therapeutic targets, which promises to increase treatment outcome, reduce treatment 
burden, and improve quality of life of PKU patients. Consequently, findings derived 
from such studies may serve to bridge the gap between fundamental neurobiology 
and clinical practice.
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Fenylketonurie, inleiding en achtergrond
In Nederland wordt bij pasgeborenen in de eerste levensweek bloed 

afgenomen met de hielprik. Dit bloed wordt gebruikt om een aantal aangeboren 
ziekten op te sporen. Eén van deze ziekten is fenylketonurie (PKU, een afkorting 
van de Engelse term phenylketonuria). PKU is een aangeboren ziekte van de 
stofwisseling van aminozuren. “Stofwisseling” staat voor de manieren waarop 
ons lichaam de bouwstoffen uit voedsel gebruikt voor allerlei processen. Hierbij 
gaat het vooral om koolhydraten, eiwitten en vetten. Deze bouwstoffen zijn 
opgebouwd uit kleinere eenheden. Zo bestaan eiwitten uit een aaneenschakeling 
van aminozuren. Voor de verwerking van de bouwstoffen uit voedsel zijn allerlei 
hulpstoffen (enzymen) nodig. PKU patiënten worden geboren met twee foutjes in 
het erfelijk materiaal, waardoor één van deze hulpstoffen niet goed werkt. Deze 
hulpstof, die het aminozuur fenylalanine omzet in het aminozuur tyrosine, doet dit 
bij PKU patiënten onvoldoende, waardoor de fenylalanineconcentratie in het bloed 
sterk stijgt. Onbehandeld leidt PKU tot een ernstige ontwikkelingsachterstand, met 
daarnaast soms epilepsie, gedragsproblemen en huidafwijkingen.

PKU werd voor het eerst beschreven in 1934, door de Noor Asbjørn Følling. 
De eerste effectieve behandeling van PKU werd beschreven in 1953, door de 
Duitser Horst Bickel en zijn collega’s. Deze behandeling beperkte de inname van 
fenylalanine via de voeding, met als doel de fenylalanineconcentratie in het bloed 
te verlagen. Het verminderen van de inname van fenylalanine vormt nog steeds het 
belangrijkste onderdeel van de behandeling van PKU. Deze verminderde inname 
van fenylalanine wordt bereikt met een eiwitbeperkt dieet, dat wordt aangevuld met 
aminozuurmengsels zonder fenylalanine om tekorten van aminozuren te voorkomen. 
In 1963 ontwikkelden de Amerikaan Robert Guthrie en de Estse Ada Susi een test 
om een verhoogde fenylalanineconcentratie in het bloed aan te tonen, zodat het 
mogelijk werd om pasgeborenen te screenen op PKU. Door deze vroege diagnostiek 
kan de behandeling van PKU tijdig starten, waardoor de meeste ziekteverschijnselen 
worden voorkomen. Onlangs is er een nieuwe behandelvorm beschikbaar gekomen: 
de behandeling met tetrahydrobiopterine (BH4). BH4 zorgt er bij sommige patiënten 
voor dat de hulpstof die bij PKU aangedaan is, beter functioneert. Dit leidt tot een 
verlaging van de fenylalanineconcentratie in het bloed, waardoor het dieet minder 
strikt hoeft te zijn.

Hoewel er tegenwoordig veel bekend is over PKU, is een aantal zaken nog 
onvoldoende duidelijk. Dit geldt in het bijzonder voor de vraag, hoe de verhoogde 
fenylalanineconcentratie in het bloed de ontwikkeling verstoort. Daarnaast leidt de 
huidige behandeling van PKU niet tot een volledig normale ontwikkeling. Patiënten 
die volgens de huidige inzichten goed behandeld worden, hebben namelijk een licht 
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verlaagd intelligentiequotiënt (IQ), verstoringen in bepaalde hogere functies van 
de hersenen en mogelijk een verhoogd risico op psychiatrische aandoeningen. Dit 
roept de vraag op hoe de behandeling van PKU verder verbeterd kan worden.

Onderwerpen van dit proefschrift
In dit proefschrift zijn verschillende onderwerpen besproken die te maken 

hebben met de ziektemechanismen en behandelmogelijkheden van PKU. Hierbij 
is de verhoogde fenylalanineconcentratie in het bloed als uitgangspunt genomen. 
Gegevens uit verschillende eerdere onderzoeken hebben gesuggereerd dat de 
verhoogde fenylalanineconcentratie in het bloed een verstorend effect heeft op het 
transport van bepaalde aminozuren (de zogenaamde large neutral amino acids of 
LNAAs) over de bloed-hersenbarrière, de cellaag tussen het bloed en de hersenen. 
Door dit verstoorde transport stijgt de fenylalanineconcentratie in de hersenen, 
terwijl de concentraties van bepaalde andere aminozuren dalen. In de ontwikkeling 
van de hersenen spelen aminozuren een belangrijke rol. Zo zijn aminozuren de 
bouwstenen voor nieuwe eiwitten, die in de hersenen nodig zijn voor het vormen 
van nieuwe verbindingen tussen zenuwcellen en het verankeren van ervaringen 
en kennis. Een aantal aminozuren is daarnaast belangrijk voor de aanmaak van 
boodschapperstoffen (neurotransmitters), die een rol spelen bij de communicatie 
tussen zenuwcellen in de hersenen. Zowel de stijging van de fenylalanineconcentratie 
in de hersenen als de daling van concentraties van andere LNAAs in de hersenen 
zou deze processen kunnen verstoren. Gezien de mogelijke betrokkenheid 
van deze ziektemechanismen bij PKU, komen in dit proefschrift de volgende 
onderwerpen aan de orde: het transport van aminozuren vanuit het bloed naar de 
hersenen, de concentraties van aminozuren in de hersenen, de concentraties van 
boodschapperstoffen in de hersenen, de aanmaak van de eiwitten in de hersenen 
en de relatie van deze processen met de ontwikkeling van de hersenen. Vervolgens 
worden er twee nieuwe behandelmogelijkheden bij PKU beschreven, benaderd 
vanuit deze ziektemechanismen.

Bevindingen in dit proefschrift
In hoofdstuk 1 worden verschillende theorieën over de ziektemechanismen 

van PKU gedetailleerd toegelicht, als introductie op de studies beschreven in dit 
proefschrift.

In hoofdstuk 2 is onderzocht wat de relatie is tussen de fenylalanineconcentratie 
in het bloed, transport van aminozuren over de bloed-hersenbarrière en de 
eiwitaanmaak in de hersenen van PKU patiënten. Het transport van aminozuren 
en de eiwitaanmaak in de hersenen werden in kaart gebracht met behulp van een 
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zogeheten PET-scan, die kon volgen hoe radioactief gemerkt tyrosine naar de 
hersenen werd getransporteerd en daar werd ingebouwd. De statistische analyses 
lieten zien dat hogere fenylalanineconcentraties in het bloed een sterk verband 
hadden met minder transport van gemerkt tyrosine over de bloed-hersenbarrière. 
Deze verlagingen van het transport van gemerkt tyrosine hadden een sterk verband 
met minder inbouw van gemerkt tyrosine in de hersenen. De resultaten ondersteunen 
hiermee de theorie dat de verhoogde fenylalanineconcentratie in het bloed de 
eiwitaanmaak in de hersenen vermindert door een verstoring van het transport van 
aminozuren over de bloed-hersenbarrière.

In hoofdstuk 3 is bij PKU patiënten gekeken naar de verbanden tussen 
de fenylalanineconcentratie in de hersenen en de processen die in hoofdstuk 2 
werden onderzocht. De fenylalanineconcentratie in de hersenen werd gemeten 
met een zogeheten MRS-scan. In twee van de drie meetgebieden toonden hogere 
fenylalanineconcentraties in de hersenen een sterk verband met lagere inbouw 
van tyrosine in de hersenen (in het derde gebied was dit verband niet statistisch 
significant). De fenylalanineconcentratie in het bloed en het transport van gemerkt 
tyrosine hadden hierbij geen aanvullende waarde voor het voorspellen van de 
inbouw van gemerkt tyrosine in de hersenen. Deze bevindingen suggereren dat de 
verhoogde fenylalanineconcentratie in de hersenen en/of hiermee gepaard gaande 
biochemische veranderingen de eiwitaanmaak in de hersenen bij PKU beïnvloeden.

Hoofdstuk 4 bestudeert een moleculaire route die dergelijke biochemische 
veranderingen zou kunnen koppelen aan de verminderde eiwitaanmaak in de 
hersenen bij PKU. Hiervoor is bij PKU muizen gekeken naar het stofje cAMP 
responsive element binding protein (CREB). Dit stofje speelt zowel een belangrijke 
rol bij het aansturen van eiwitaanmaak in de hersenen als bij leren en het vormen 
van geheugen. Bij de activering van CREB spelen meerdere omstandigheden 
een rol, waaronder de concentraties van aminozuren en neurotransmitters in de 
hersenen. CREB wordt geactiveerd door op een bepaalde plaats fosfaat toe te 
voegen, waardoor gefosforyleerd CREB (pCREB) ontstaat. De verhouding tussen 
pCREB en CREB, uitgedrukt als de pCREB/CREB ratio, is hiermee een maat voor 
CREB activiteit. We onderzochten de verbanden tussen aminozuren in het bloed, 
aminozuren in de hersenen, boodschapperstoffen in de hersenen, de pCREB/
CREB ratio in verschillende hersengebieden en leren en het vormen van geheugen 
bij de zogeheten C57Bl/6 PKU muizen. Deze PKU muizen zijn afkomstig uit een 
muizenfamilie die veel gebruikt wordt bij hersenonderzoek, in tegenstelling tot 
muizen van de zogeheten BTBR familie, die het meest onderzocht is bij PKU. We 
verwachtten dat onze PKU muizen de typische biochemische kenmerken van PKU 
zouden hebben, met daarbij verlaagde pCREB/CREB ratio’s en verstoringen van 
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leren en het vormen van geheugen. De C57Bl/6 PKU muizen konden echter net 
zo goed leren als de niet-PKU muizen, ondanks de aanwezigheid van de typische 
biochemische kenmerken van PKU. Het leervermogen van de C57Bl/6 PKU muizen 
verschilt hiermee van dat van de BTBR PKU muizen, die wel problemen hebben 
met leren en het vormen van geheugen. Hoewel de pCREB/CREB ratio’s onder 
basale condities lager waren bij PKU muizen, zagen we deze verlagingen niet bij 
PKU muizen die gedragstesten voor leren en het vormen van geheugen hadden 
ondergaan. We concludeerden dat het pCREB/CREB systeem inderdaad een 
rol zou kunnen spelen bij PKU patiënten en dat de C57Bl/6 PKU muizen in staat 
zijn om de verlaagde pCREB/CREB ratio’s te normaliseren tijdens gedragstesten. 
Verder onderzoek moet uitwijzen welke processen leiden tot de verlaagde pCREB/
CREB ratio’s bij de C57Bl/6 PKU muizen onder basale condities, hoe deze muizen 
de ratio’s normaliseren tijdens gedragstesten en welke verschillen er zijn tussen 
C57Bl/6 PKU muizen en BTBR PKU muizen.

In hoofdstuk 5 worden de resultaten van aanvullende gedragsexperimenten bij 
de C57Bl/6 PKU muizen beschreven. Deze experimenten richtten zich op stemming 
en motoriek, waarbij we verwachtten dat de PKU muizen gedragsafwijkingen lieten 
zien die passen bij een verstoorde stemming en motorische problemen. Dit gedrag 
werd gekoppeld aan de concentraties van boodschapperstoffen in de hersenen van 
de PKU muizen. In de meeste testen lieten de PKU muizen de gedragsafwijkingen zien 
die we verwachtten. Deze afwijkingen gingen gepaard met verlaagde concentraties 
van boodschapperstoffen in de hersenen die belangrijk zijn voor stemming en 
motoriek. De resultaten uit dit hoofdstuk vormen voor behandelexperimenten bij PKU 
muizen, met als uiteindelijke doel de behandeling van PKU patiënten te verbeteren.

Hoofdstuk 6 laat een voorbeeld zien van toepassing van kennis over 
ziektemechanismen voor een nieuwe behandelmethode bij PKU, namelijk 
behandeling met LNAAs (de groep aminozuren waarvan bij PKU het transport over 
de bloed-hersenbarrière verstoord lijkt te zijn). In dit hoofdstuk wordt de huidige 
kennis rond deze behandelvorm samengevat. Behandeling met LNAAs zou kunnen 
zorgen voor:

1. het verlagen van de fenylalanineconcentratie in het bloed en het verhogen van 
de concentraties van andere LNAAs in het bloed;

2. het verlagen van de fenylalanineconcentratie in de hersenen; 
3. het verhogen van de concentraties van de LNAAs in de hersenen die belangrijk 

zijn bij de aanmaak van boodschapperstoffen;
4. het verhogen van de concentraties van alle niet-fenylalanine LNAAs in de 

hersenen, waardoor de eiwitaanmaak mogelijk toeneemt.
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We concludeerden dat behandeling met LNAAs veelbelovend is, maar dat meer 
onderzoek nodig is voordat deze behandelvorm toegepast kan worden in de 
klinische praktijk.

Ook in hoofdstuk 7 is gekeken naar een manier om de behandeling van PKU 
te verbeteren, door mogelijke nieuwe behandeldoelen van BH4 te onderzoeken. 
BH4 is niet alleen nodig voor een goede werking van de hulpstof die onvoldoende 
functioneert bij PKU, maar ook voor een goede werking van twee andere 
hulpstoffen, die betrokken zijn bij de aanmaak van boodschapperstoffen in de 
hersenen. In dit hoofdstuk onderzochten we of behandeling met BH4 bij (C57Bl/6) 
PKU muizen zorgt voor een hogere aanmaak van boodschapperstoffen en een 
verbetering van gedragsafwijkingen. Dit was niet het geval. Bij de BH4-behandelde 
muizen zonder PKU zagen we echter wel verhoogde concentraties van één van 
de boodschapperstoffen. Het zou kunnen dat BH4 bij PKU muizen ineffectief is, 
doordat de verschillende biochemische veranderingen in de hersenen het BH4-
effect verhinderen.

Aanvullende onderzoeksgegevens
Naar aanleiding van bovenstaande bevindingen hebben we verdere 

experimenten gedaan, die zich richtten op het verder karakteriseren van de C57Bl/6 
PKU muizen. Hierbij hebben we gekeken naar een mogelijke oorzaak van de 
verlaagde pCREB/CREB ratio’s. Eén van de stofjes die CREB aansturen is eukaryotic 
initiation factor 2α (eIF2α). Bij een tekort aan aminozuren in lichaamscellen zet 
eIF2α een aantal beschermingsmechanismen in werking, zoals het verminderen 
van eiwitaanmaak. Deze vermindering van eiwitaanmaak treedt onder meer op door 
het verminderen van CREB activiteit. Om te onderzoeken of eIF2α betrokken is 
bij de verlaagde pCREB/CREB ratio’s, hebben we eIF2α en gefosforyleerd eIF2α 
(peIF2α) bestudeerd. Fosforylering van eIF2α zorgt voor een hogere activiteit van dit 
stofje. De hoeveelheden peIF2α en eIF2α lieten geen consistente relatie zien met de 
verlaagde pCREB/CREB ratio’s. We concludeerden daarom dat verhoogde eIF2α 
activiteit waarschijnlijk niet de oorzaak is van de verlaagde pCREB/CREB ratio’s 
bij onze PKU muizen. Verder onderzoek is nodig om de oorzaak van de verlaagde 
pCREB/CREB ratio’s te achterhalen, waarbij vooral veranderingen die te maken 
hebben met boodschapperstoffen interessant lijken te zijn.

We waren ook benieuwd naar de gevolgen van de verlaagde pCREB/CREB 
ratio’s. Om deze gevolgen in kaart te brengen, hebben we gekeken naar het 
stofje polysialylated acid neural cell adhesion molecule (PSA-NCAM). PSA-NCAM 
verstevigt de verbindingen tussen hersencellen, waardoor deze krachtiger met 
elkaar kunnen communiceren. We hebben de hoeveelheid PSA-NCAM van onze 
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PKU muizen vergeleken met die van niet-PKU muizen. Hierbij verwachtten we dat 
de PKU muizen minder PSA-NCAM zouden hebben dan niet-PKU muizen. Beide 
groepen muizen beschikten echter over vrijwel evenveel PSA-NCAM.

Tot slot hebben we gekeken naar gedrag zonder directe relatie met leren en 
het vormen van geheugen bij de PKU muizen. We verwachtten hierbij dat PKU 
muizen gedragsafwijkingen zouden laten zien ten opzichte van niet PKU-muizen. 
Bij de meeste gedragstesten bleek dit inderdaad het geval te zijn. De resultaten 
suggereerden dat PKU muizen afwijkingen hebben van coördinatie en balans en 
daarnaast een nieuwe omgeving op een andere manier verkennen dan niet-PKU 
muizen. Beide bevindingen kunnen het gevolg zijn van de gevonden veranderingen 
in boodschapperstoffen in de hersenen.

Relevantie van dit proefschrift en richtingen voor vervolgonderzoek
Dit proefschrift geeft nieuw bewijs voor de betrokkenheid van diverse 

ziektemechanismen bij PKU. Onze experimenten onderstrepen de rol van het 
transport van aminozuren over de bloed-hersenbarrière en de gevolgen van 
verstoord transport voor de eiwitaanmaak in de hersenen bij PKU. Daarnaast 
hebben we aangetoond dat veranderingen van de fenylalanineconcentratie in 
de hersenen (en/of hiermee gepaard gaande biochemische veranderingen) 
waarschijnlijk van invloed zijn op de eiwitaanmaak in de hersenen van PKU 
patiënten. Door het CREB systeem bij PKU muizen te onderzoeken, hebben we 
een belangrijke brug kunnen slaan tussen de kennisgebieden van de neurobiologie 
en de aangeboren stofwisselingsziekten. De verlaagde pCREB/CREB ratio’s bij 
PKU muizen onder basale condities suggereren dat het CREB systeem een rol 
kan spelen bij PKU patiënten. Bovenstaande resultaten bieden aanknopingspunten 
om de ziektemechanismen bij PKU nog gerichter te onderzoeken. Dit geldt in het 
bijzonder voor de vraag welke biochemische veranderingen in de hersenen het 
meest bepalend zijn voor de ontwikkeling. Het antwoord op deze vraag kan gebruikt 
worden om nieuwe behandelvormen bij PKU toe te passen, zoals de behandeling 
met LNAAs en nieuwe behandeldoelen bij de behandeling met BH4.

De bevindingen van dit proefschrift zijn ook relevant voor de huidige klinische 
praktijk. Bij de behandeling van PKU is de fenylalanineconcentratie in het bloed op 
dit moment de meest gebruikte parameter om de effectiviteit van de behandeling 
te beoordelen. De onderzoeksgegevens van dit proefschrift wijzen erop dat het 
biochemische behandeldoel niet zozeer het verlagen van de fenylalanineconcentratie 
in het bloed moet zijn, maar het normaliseren van het transport van aminozuren over 
de bloed-hersenbarrière. Dit principe onderstreept dat bij de behandeling van PKU 
een goede inname van de aminozuurmengsels van belang is, naast de beperking 
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van de inname van fenylalanine.
Om de vertaalslag te maken van fundamenteel onderzoek naar de klinische 

praktijk zijn nieuwe studies nodig. Deze studies zouden zich moeten richten op het 
verder karakteriseren van de gevolgen van PKU op biochemisch, moleculair en 
gedragsmatig niveau, zowel bij PKU muizen als bij PKU patiënten. Bevindingen uit 
dergelijke studies kunnen vervolgens gebruikt worden om de behandeling van PKU 
verder te ontwikkelen, met als uiteindelijke doel de behandeluitkomst en de kwaliteit 
van leven van PKU patiënten te verbeteren.
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Groningen, Enschede, Emmen en weer Groningen. Na een kleine reis door 
Nederland voelt het goed het laatste deel van dit proefschrift thuis in Groningen 
te kunnen schrijven. Een reis die, zoals veel promotietrajecten, soms onverwachte 
wendingen heeft gehad. Maar vooral een reis die niet afgelegd had kunnen worden 
zonder de hulp van velen. Mijn dank gaat uit naar iedereen die een bijdrage heeft 
geleverd aan dit proefschrift, op wat voor manier dan ook. Een aantal van hen wil ik 
hier specifiek bedanken.

Prof. dr. F.J. van Spronsen, beste Francjan, onze samenwerking begon in 2006, toen 
ik per toeval een dag meedraaide op de polikliniek kindergeneeskunde – metabole 
ziekten. Ik sprak mijn interesse voor wetenschappelijk onderzoek uit, je reageerde 
typerend enthousiast en na de zomer begon ik aan mijn eerste onderzoeksproject. 
Dat project resulteerde in het eerste experimentele artikel en uiteindelijk in dit 
proefschrift. Het is bijna een understatement te zeggen dat dit proefschrift er zonder 
jou niet was geweest. Je inspanningen om het C57Bl/6 PKU muismodel naar 
Groningen te krijgen vormden daarvan de basis. Bedankt voor het vertrouwen en de 
ruimte om dit onderzoeksproject zelf mede vorm te geven. Steeds houd je het belang 
van patiënten voor ogen en altijd ben je op zoek naar de relevantie voor de klinische 
praktijk. Je stelt de horizon, bent inspirator en motivator. Abstracts, presentaties en 
manuscripten kwamen grondig beoordeeld retour. Ik bewonder je gedrevenheid als 
clinicus en onderzoeker. Veel dank voor je begeleiding op alle vlakken!

Prof. dr. E.A. van der Zee, beste Eddy, ik herinner me het moment van onze 
kennismaking nog goed, net als de aanloop naar dat eerste contact. Met toch wel 
enigszins knikkende knieën fietste ik naar Haren voor mijn eerste gesprek met “de 
hoogleraar van de neurobiologie”. Voor mijn gevoel wist ik niet veel meer dan wat 
neuronen waren en waar ze ongeveer zaten. De spanning bleek totaal onnodig. 
Ik heb je leren kennen als warm, geïnteresseerd en laagdrempelig benaderbaar. 
Een wetenschapper met een uitgebreide interesse en een translationele manier 
van denken. Je werkwijze en kritische blik hebben onder meer geresulteerd in een 
fenotyperingsmanuscript met een duidelijke neurobiologische benadering. Dank 
voor de prettige samenwerking, humor en steun.

 
Prof. dr. D-J. Reijngoud, beste Dirk-Jan, je begeleiding heeft vanaf het begin 
katalyserend gewerkt. Terecht wordt je encyclopedische kennis van en inzicht in 
biochemische processen vaak benoemd in dankwoorden. Je bent scherp, direct 
en eerlijk, een combinatie waar ik even aan moest wennen, maar die ik snel ben 
gaan waarderen. Discussiëren en schrijven met jou ging tot de kern, theoretisch 
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zo zuiver mogelijk, waarbij je ook open stond voor alternatieve ideeën – mits ik 
die goed onderbouwd naar voren kon brengen. Ik heb veel plezier gehad tijdens 
onze samenwerking. Je nuchterheid en persoonlijke interesse hebben me vaak 
goed gedaan. Je reactie toen je hoorde dat dit dankwoord eraan kwam, tekent 
bovenstaande eigenschappen en je gevoel voor humor: “Je weet, dit is het 
allerbelangrijkste deel van je proefschrift, de rest is franje”. Dank voor je hulp op 
alle gebieden om de “franje” een goede biochemische en wetenschappelijke basis 
te geven.

Prof. dr. G.P.A. Smit, prof. dr. P.G.M. Luiten en prof. dr. C.E.M. Hollak, hooggeleerde 
leden van de leescommissie, hartelijk dank voor uw bereidheid dit proefschift 
kritisch te beoordelen. Prof. dr. G.P.A. Smit en prof. dr. P.G.M. Luiten, daarnaast wil 
ik u van harte bedanken voor uw enthousiasme en interesse bij mijn (poli)klinische 
werkzaamheden en promotietraject.

Prof. dr. B. Thöny, thank you for the willingness to share your personal experiences 
with the C57Bl/6 Pah-enu2 mouse model, several fruitful discussions, and your 
contributions to our BH4 mouse experiments. Your critical attitude and valuable 
comments have helped me to develop myself as a young scientist. 

Prof. dr. A.C. Muntau and dr. S.W. Gersting, thank you for the opportunity to work 
at your department, your involvement and interest in the behavioral studies, and 
helpful discussions at scientific symposia. Although our behavioral experiments in 
BTBR PKU mice did not yet lead to a publication, they did supplement our ideas on 
pathophysiological concepts in PKU and on further comparative studies. Thank you.

Prof. dr. I.P. Kema, dank voor uw geduld, benaderbaarheid en betrokkenheid. 
Uw kennis over neurotransmittermetabolisme en gerelateerde bepalingen heeft 
verschillende hoofdstukken meer diepgang gegeven. Hartelijk dank hiervoor.

Zonder analyses geen data, zonder data geen proefschrift. Mede daarom zeer 
veel dank aan de analisten van de labs van de Moleculaire Neurobiologie en de 
labs Metabole Ziekten en Bijzondere Chemie, van wie ik een aantal graag expliciet 
noem. Geachte ir. W. Douwenga, beste Wanda, toen ik als “labzwans” (klopt niet 
helemaal, maar dekt wel aardig de lading) begon bij de Neurobiologie, heb je me 
met veel geduld en vrolijkheid ontvangen. Je was bereid mee te denken over alles 
wat met het labwerk te maken had en ook over veel daarbuiten. Altijd benaderbaar, 
altijd constructief, altijd hardwerkend; één van de motors binnen de vakgroep. Veel 
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studenten en stagiaires komen na een eerste stage terug, ik denk dat jij daar een 
grote rol in speelt. Dank je wel voor je uitleg, hulp, gezelligheid, warmte, humor en 
kunde. Ik heb me vanaf het begin welkom gevoeld. Geachte ir. J.N. Keijser, beste 
Jan, nog zo’n oprjochte Frys en dat kan de besten overkomen (zie ook elders in dit 
dankwoord). Bij onze eerste labafspraak kreeg ik het voor elkaar om te laat te komen 
en om binnen een kwartier twee Western blot glasplaatjes te breken. Daarna was 
met het glas ook het ijs gebroken. Het heeft veel zweetdruppels (en Bradfords en 
blots) gekost, maar uiteindelijk hebben we de Western blots voor pCREB en CREB 
aan de praat gekregen. Daar ben ik nog steeds trots op, al zijn de data niet in dit 
proefschrift gekomen. Zeer veel dank voor je uitleg, betrokkenheid, deskundigheid 
en praktische hulp. Beste Bert en Folkert, leiders van het immunohistochemielab, 
hartstikke bedankt voor jullie ideeën, coaching en uitleg (en opnieuw uitleg…) bij de 
hersenkleuringen van de PKU muizen. Zonder jullie had ons fenotyperingshoofdstuk 
minder gewicht gehad. Jullie hebben zowel aan de coupes als aan het werken 
kleur gegeven. Analisten van het lab Metabole Ziekten en Bijzondere Chemie, in 
het bijzonder Pim, Pim, Janneke, Albert, Hermi, Fjodor, Margreet, Enge en Hillie, 
bedankt voor alle hulp, gezelligheid, praktische tips en wegwijzers in de wereld van 
DNA-extractie, qPCR en vloeistofchromatografie. Ook op jullie labs heb ik met veel 
plezier gewerkt en de menselijke factor is daarbij erg belangrijk geweest. Bedankt!

Dierverzorgers van het Centrum voor Levenswetenschappen, met name ook Jaap, 
Auke en Linda, bedankt voor de prettige samenwerking en de zekerheid dat de 
muizen in goede handen waren. Ook zonder jullie inspanningen was dit proefschrift 
er niet geweest. Beste Jaap, ook jij was aanwezig bij mijn kennismakingsgesprek bij 
de Neurobiologie en ook door jou heb ik me direct welkom gevoeld. We hebben een 
mooie populatie op weten te bouwen vanuit 2 x 2 heterozygote muizen! 

Collega-onderzoekers van de kindergeneeskunde en de neurobiologie, Annemieke, 
Anniek, Arianna, Ate, Berber, Bertine, Caroline, Chris-Peter, Deirdre, Elise, Elise, 
Ewelina, Fiona, Girsté, Henriëtte, Ingrid, Ivi, Jan, Jozien, Karin, Laura, Marcelo, 
Marrit, Nicole, Niki, Paulien, Simon en Stefano, met daarnaast kamergenoten Erin, 
Iris, Leonie, Menno, Michel, Kees, Paul, Pieter, Roelina en Yun, bedankt voor de 
samenwerking, ontspanning, het stoom afblazen, alle tips en tricks, perspectieven 
en relativeringsvermogen, met en zonder taart. Het was een mooie tijd.

Team PKU Groningen, onderweg steeds groter geworden, ook jullie bedankt! 
Marieke, het onderzoeksvoorstel over LNAAs bij PKU muizen en het PET2 manuscript 
vormden de aanzet voor dit proefschrift. Bedankt voor je hulp, aanvullende gegevens 
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en interesse. Greet, dank je wel voor het plezier en de openheid waarmee je mij als 
jonge padvinder op weg hebt geholpen en de discussies en luchtigheid op vele 
momenten daarna. Ik heb onze gesprekken over carrièrekeuzes zeer gewaardeerd. 
Karen en Rianne, bedankt voor jullie praktische insteek, suggesties, commentaar 
en gezelligheid. Heel veel succes bij jullie afronding. Danique en Vibeke, met veel 
plezier heb ik jullie op weg mogen helpen bij de PKU muizenstudies voordat we 
collega-aio’s werden. Ik heb genoten van het samen werken en ons contact en hoop 
dat jullie de studieresultaten verder uit kunnen bouwen, dat komt vast goed!

Master- en HBO-studenten, een belangrijk deel van het werk is door jullie verzet. Vaak 
hielpen jullie vragen en ideeën mijn gedachten en de experimenten aan te scherpen. 
Dicky, Elisabeth, Jolijn en Matthias, veel dank voor de prettige samenwerking en 
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