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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 
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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 
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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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