Boot et al. – Cerebral dopamine deficiency in PKU

Supplementary material
Description of selected tasks from the Amsterdam Neuropsychological Tasks test battery

Memory Search Two-Dimensions (MS2D) task

The MS2D-task consists of two parts and measures working memory, one of the “core” executive functions (next to inhibitory control and cognitive flexibility). In the first task part (48 trials), one stimulus with two specific features (shape and colour; e.g., a blue cross) has to be memorized. Every trial consists of a display of four stimuli (i.e., a red circle, a blue cross, a green square, and a yellow triangle). Participants have to respond by pressing the “yes” button (i.e., the mouse button below the index finger of the dominant hand) when the memorized stimulus is present and the “no” button (mouse button below index finger of the non-dominant hand) when it is not. In the second task part (48 trials), three stimuli, each with two specific features, have to be memorized, and a “yes”-response is required when one of these three is present in the trial display. A response has to be provided between 200 and 6000 msec. and the fixed post-response interval is 1200 msec. For a graphic illustration of the MS2D-task, see (Rowbotham et al., 2009).

Shifting Attentional Set – visual (SSV) task 

The SSV-task consists of three parts and measures include inhibitory control (part two) and cognitive flexibility (part three). Throughout the task, a horizontal bar is presented on the computer screen, across which a coloured square randomly moves to the left or to the right. In task part one (compatible condition, 40 trials) spatially compatible responses are required: when the (green-coloured) square moves to the left, participants need to respond by pressing the mouse button below the index finger of the left hand. When it moves to the right, a response is required with the index finger of the right hand. In task part two (incompatible condition, 40 trials) spatially incompatible responses are required: when the, now red-coloured, square moves to the left, a right hand response is required and vice versa. The “automatic” and practiced response of task part one has to be inhibited. In task part three (flexible condition, 80 trials) response mode depends on the colour of the square after its movement. When it is green after its movement, participants must respond as they did in task part one (i.e., provide a compatible response); when it becomes red after its movement, an incompatible response is required, as in task part two (i.e., a right-hand response after a move to the left and a left-hand response after a move to the right). A response has to be provided between 200 and 5000 msec. and the fixed post-response interval is 250 msec. For a graphic illustration of the SSV-task, see (Huijbregts et al., 2002).
In-vivo proton magnetic resonance spectroscopy (1H MRS) of brain phenylalanine levels

Eighteen patients with phenylketonuria (PKU, age range 18-42 years; eight female) were examined on a Philips Ingenia 3.0 Tesla magnetic resonance (MR) system (Philips Healthcare, Best, The Netherlands) equipped with a 16-channel head coil (Philips Healthcare). A standard 3D turbo gradient-echo protocol was performed to acquire images of the brain for anatomic reference. Next, the voxel of interest (~20 × 20 × 20 mm3) was carefully positioned in the left or right parietal white matter, aiming to minimize the inclusion of cerebrospinal fluid or grey matter (Figure 2). After volume-selective shimming of the voxel of interest, water-suppressed proton (1H) MR spectra were acquired with a point resolved spectroscopy (PRESS) sequence (water presaturation bandwith 140 Hz; echo time (TE) = 36 ms; repetition time (TR) = 2000 ms; number of averages = 128; 2048 data points; phenyl ring protons of phenylalanine (Phe) at 7.37 ppm on-resonance) (Bottomley, 1987).

In the normal cerebral 1H MR spectrum, multiple signals downfield from water overlap with the phenyl ring protons of Phe at 7.37 ppm (Govindaraju et al., 2000). For an unambiguous detection and quantification of Phe, we therefore calculated the difference spectra by subtracting an averaged control spectrum from the individual PKU patient spectra (Kreis et al., 1995). This typically resulted in a prominent excess peak at 7.37 ppm (Figure 3), which was attributed to elevated levels of Phe in the brain of PKU patients. A reference spectrum was constructed by averaging the spectra acquired in five healthy volunteers (age range 22-31 years; one female) using identical settings as described for PKU patients described above.

Blinded to patient characteristics or other readouts of this study, patient spectra and the reference spectrum were manually phased and referenced to the creatine-methyl resonance at 3.03 ppm in jMRUI (Naressi et al., 2001). Next, the averaged control spectrum was subtracted from the patient spectrum (Figure 3), and the area under the peak was determined for the signal at 7.37 ppm in the difference spectrum. The same procedure was followed for estimating the brain Phe levels in the individual healthy volunteers. This integral then served as a quantitative measure of brain Phe levels relative to the reference control level as determined in healthy volunteers (ΔPhe).

In three PKU patients 1H MRS was unsuccessful due to technical issues. In one PKU patient, the 1H MR spectrum suffered from lipid contamination due to patient movement during the scan, and was therefore excluded from the analysis. Thus, 1H MR spectra for quantification of brain Phe levels were successfully acquired in 14 PKU patients.

ΔPhe levels were significantly higher in PKU patients compared to healthy control subjects (two-sided t-test, p<0.001, Figure 4). As expected, ΔPhe in healthy volunteers relative to the averaged control spectrum was essentially zero (Supplementary Fig. 3). In vivo brain ΔPhe measured with 1H-MRS correlated with plasma Phe concentrations (r=0.7355, p=0.0027; Figure 5).
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Supplementary Table 1 Characteristics of 18 patients with phenylketonuria (PKU). Median daily phenylalanine (Phe) intakes were 903.0 mg (D-2) and 777.0 mg (D-1), respectively. Blood Phe levels on the study day correlated significantly with capillary bloodspot Phe levels (D0: n=17, r=0.95, p<0.0001; D-2: n=16, r=0.91, p<0.0001; D-1: n=15, r=0.91, p<0.0001), and with brain Phe levels (n=14, r=0.74, p=0.003). D-2: two days prior to the study day; D-1:one day prior to the study day; D0: study day; Brain ∆Phe: Brain Phe levels in the parietal white matter relative to the averaged baseline of healthy volunteers; Phe: phenylalanine in blood; Tyr: tyrosine in blood; BH4: tetrahydrobiopterin. In The Netherlands, the recommended range for blood Phe levels for adults is 120-600 μmol/L (Ten Hoedt et al., 2011). a flunarizine: a calcium channel and histamine H1 receptor blocker that may also act as a postsynaptic striatal dopamine D2 receptor antagonist. b bromocriptine: a dopamine agonist.
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Supplementary Table 2 Individual results of 18 patients with phenylketonuria. D2/3R BPND: dopamine D2/3 receptor binding potential; pHVA: plasma homovanillic acid; pMHPG: plasma 3-methoxy-4-hydroxyphenylglycol; pVMA: plasma vanilylmandelic acid; p5-HIAA: plasma 5-hydroxyindoleacetic acid; Impulsivity: self-reported levels of impulsivity; SSV, part III: the shifting attentional set – visual task (subtask, part 3); MS2D: memory search two-dimensions task; SSV, part II: the shifting attentional set – visual task (subtask, part 2).

Supplementary Figures

[image: image3.png]Phenylalanine —/A/—> Tyrosine ———> ——> Dopamine —> Norepinephrine

Lo l
AVARVAN

TH (BH,) HVA VMA  MHPG

PAH (‘BH‘,)

Tryptophan ———> ———> Serotonin

N —

TPH (BH,) SHIAA



Figure 1 Monoaminergic metabolic pathways. Deficiency of phenylalanine hydroxylase (PAH) results in extremely high levels of circulating phenylalanine. Elevated phenylalanine levels in the blood of subjects with phenylketonuria (PKU) can competitively inhibit the uptake of tyrosine and tryptophan into the brain. High brain phenylalanine is a competitive inhibitor of tyrosine hydroxylase (TH) and tryptophan hydroxylase (TPH), and may, together with low levels of tyrosine and tryptophan in the brain, result in low levels of dopamine, norepinephrine, and serotonin. BH4: tetrahydrobiopterin (the essential cofactor of enzymatic hydroxylation reactions mediated by PAH, TH, and TPH); HVA: homovanillic acid; MHPG: 3-methoxy-4-hydroxyphenylglycol; VMA: vanilylmandelic acid; 5-HIAA: 5-hydroxyindoleacetic acid.
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Supplementary Figure 2 Axial magnetic resonance (MR) image of the brain, indicating the positioning of the voxel of interest (yellow box) for localized proton MR spectroscopy (1H MRS) in the parietal white matter. A = anterior; L = left.
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Supplementary Figure 3 Quantification of brain phenylalanine (Phe) levels in patients with phenylketonuria (PKU) relative to averaged healthy controls (Ctrl) with proton magnetic resonance spectroscopy (1H MRS). Top: 1H MR spectrum downfield from water, acquired in the parietal white matter of a PKU patient. Middle: Averaged Ctrl spectrum. Bottom: Difference spectrum revealing an excess peak at 7.37 ppm, signifying a higher level of Phe in the brain of the PKU patient compared to the Ctrl reference. The area under the peak was used to quantify in-vivo brain ΔPhe levels relative to the reference control level of healthy subjects. NAA: N-acetyl aspartate resonance at 7.82 ppm; ppm: parts per million.
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Supplementary Figure 4 Brain phenylalanine (Phe) levels in patients with phenylketonuria (PKU) relative to the control reference (ΔPhe). ΔPhe was higher (two-sided t-test, p<0.001) in PKU patients (n=14) compared to healthy controls (n=5). Error bars indicate 1 SD. 
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Supplementary Figure 5 Correlation of in vivo brain phenylalanine levels (ΔPhe) vs blood phenylalanine (Phe levels; n=14; r=0.74; p=0.003) in patients with PKU quantified with proton magnetic resonance spectroscopy.
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Supplementary Figure 6 Relationship between blood phenylalanine levels and peripheral monoaminergic markers in adults with phenylketonuria. (a) Correlations of blood phenylalanine (Phe; µmol/l) versus plasma homovanillic acid (pHVA; nmol/l). (b) Correlations of blood Phe versus plasma vanilylmandelic acid (pVMA; nmol/l). (c) Correlations of blood Phe versus 3-methoxy-4-hydroxy-phenylglycol (pMHPG; nmol/l). (d) Correlations of blood Phe versus p5HIAA = 5-hydroxyindoleacetic acid (p5HIAA; nmol/l). Blood Phe levels correlated negatively with pHVA, pVMA and p5HIAA in PKU patients, suggesting an inverse relationship between blood Phe levels and monoamine metabolism.
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