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Large neutral amino acids (LNAAs), including pheaighhine (Phe), compete for transport across the
blood-brain barrier (BBB) via the L-type amino adadrrier. Accordingly, elevated plasma Phe impairs
brain uptake of other LNAAs in patients with phdmtbnuria (PKU). Direct effects of elevated braimeP
and depleted LNAAs are probably major causes fetudbed brain development and function in PKU.
Competition for the carrier might conversely be patuse to lower Phe influx when the plasma
concentrations of all other LNAAs are increasedisThypothesis was tested by measuring brain Phe in
patients with PKU by quantitativd magnetic resonance spectroscopy during an omalcRallenge with
and without additional supplementation with all @th.NAAs. Baseline plasma Phe was ~ 1,0080l/I
and brain Phe was ~ 250nol/l in both series. Without LNAA supplementatidirain Phe increased to ~
400 mol/l after the oral Phe load. ElectroencephalogrdfG) spectral analysis revealed acutely
disturbed brain activity. With concurrent LNAA supmentation, Phe influx was completely blocked and
there was no slowing of EEG activity. These resaits relevant for further characterization of tHeAA
carrier and of the pathophysiology underlying brdysfunction in PKU and for treatment of patienishw
PKU, as brain function might be improved by conddlLNAA supplementation.

J. Clin. Invest 103:1169-1178 (1999)

Introduction Despite tremendous progress in the understandirigeof
In phenylketonuria (PKU), an inherited disorderamhino molecular basis of PKU, the causes of brain damiage
acid (AA) metabolism (McKusick 261600), blood lev@lf untreated patients and of the mechanisms underlying
phenylalanine (Phe) are extremely elevated becafise impaired brain function occurring with acutely edéed Phe
deficiency of phenylalanine hydroxylase (PAH; Enzynievels are still unclear. Direct effects of Phe,veall as
Commission 1.14.16.1). Untreated PKU leads to digd imbalances of the large neutral amino acids (LNAKS)
brain  development  with  profound retardatiofrain, are thought to be major causgsj.
microcephaly, epilepsy, and other neurologic symmsto In earlier studies, it was demonstrated that cateBhe
which can be widely prevented by early institutioha can be readily detected non-invasively by protorgmedic
Phe-restricted diet. Elevated Phe levels also bcirgpair resonance spectroscopy'H(MRS) @, 9) and that
brain function in early treated, and thus normaltuantitative'H-MRS can be applied to reliably determine
developed, patients, which was proved usiitg concentrations 10). It was also shown that the influx
neuropsychologic tasks and electroencephalogranG)EBf Phe through the blood-brain barrier (BBB) durangoral
spectral analysisl{3). Phe challenge can be monitored’blMRS (11). The aim
Because some patients are not able to adhere ugjgroof the present study was to use this approach e
to the Phe-restricted diet during early years @, liand investigate Phe transport through the BBB in pasievith
given that most patients relax or stop the dietirdur PKU by manipulating blood concentrations of Phe #rel
adolescence, alternative treatment regimens hawn HaNAAs valine, methionine, iseleucine, leucine, Tyr,
developed. To overcome suspected cerebral dopaanide histidine, and Trp, while monitoring brain activiby EEG
serotonin depletion, patients with PKU who were difft spectral analysis.
were treated with the neurotransmitter precurspmssine
(Tyr) and tryptophan (Trp)4j. To reduce Phe influx intoMethods
the brain, Berry et al5] supplemented the branched-chaiduman subjectsSix male patients with PKU were included
AAs valine, isoleucine, and leucine (VIL). Howevein this study, which was approved by the Ethics Guttee
widespread acceptance could not be obtained fberedf of the University of Heidelberg. Before the studhe
these approaches. experimental protocol was explained to all subjeetsd
their written informed consent was obtained.



The mean age of the patients was 27.6 years (r2&Bge Amino acid analysisPlasma Phe levels during the study
30) (Tablel). None of the patients had any history of otherere determined by an enzymatic assay (Quantase Phe
factors disturbing brain development. Start of aligt assay; Porton, Cambridge, United Kingdom). Valine,
treatment, defined by the first plasma level of RI&G®0 methionine, leucine, isoleucine, Tyr, and histidinere

mol/l after diet onset, was at a mean age of 38 dange analyzed by automated ion-exchange chromatogragitty w
24-63) after birth. Clinical phenotype was detemdiron ninhydrin, using an AA analyzer (Sykam, Munich,
the basis of Phe tolerance at five years of dd®, @and Germany) following standard procedures. Plasma\ifap
standardized oral protein loading was performedtin@ determined by HPLC (Beckman System Gold, Palo Alto,
the age of six yeard 8). Four patients (nos. 1, 2, 3, 6) stilCalifornia, USA). To compare AA plasma levels dgrthe
practiced a Phe-restricted diet. Long-term aduWNAA supplementation and the baseline period, theaa
biochemical control was determined as the meanief sunder the curve was calculated for a time range b to
month medians that were obtained from all Phe waioe 11 h after Phe load. During the Bhge series, plasma
the last three years prior to the study. LNAA analysis was restricted to —0.5, 0.5, onegfid1l,

Clinical data. Clinical evaluation (Tabld) included the and 24 h after Phe load. Blood samples for AA asialin
identification of PAH mutations, which was based @ncontrol subjects and for pre-treatment values enghtients
combination of denaturing gradient gel electropbmrewere taken in the morning two hours after a light
(DGGE), restriction enzyme analysis, and sequerstandardized breakfast.
analysis. Referring to in vitro expressions of iotes and  Effects of Phe loading and LNAA supplementation on
genotype-phenotype relations, mutations were dladsas carrier-mediated Phe transport at the BBB weramadéd,
either severe, moderate, or mild2). All patients were based on th&.-normalized Phe ratio (ratio of Phe to the
examined with a standardized neurologic investigati other LNAAS) regulating the influx through the BBBider
routine EEG (10/20), standard magnetic resonanegiimy AA competition for the same carriet5):

(MRI) examination (grading of white matter abnoritias
according to Pietzet al [14]), and intelligence testing

(revised Wechsler Adult Intelligence Scale). K ,-normalized PHE ratio = ][,E HES
Ten healthy volunteers with a mean age of 25.3syee K [LNAA]
(range 20-46) were examined withl-MRS at a single glLNAA]
m

point in time to determine averaged norf&MR spectra.
Their neurologic status and brain MRI scans wenemad |n equation 1K P andK "N are the absoluti,, values
Heterozygous status for known PAH mutations wgsPhe and all other competing LNAAs, respectiveiggd
excluded, and plasma Phe and LNAA concentratioabl€T [PHE] and [LNAA] are their respective plasma
2) were determined according to the procedures imslte concentrationsK,, values (Table2) determined in vivo in
patients. the conscious rat were usetb). Similarly K,-normalized
Experimental protocol of Phe and LNAA intakéhe Tyr and Trp ratios were derived.
study was constructed in a cross-over repeategroton MRSTo determine brain tissue concentrations of
measurement design to determine treatment effectse phe, localizedH-MRS was performed on a routine 1.5 T
six patients with PKU. Design and timing of alirR scanner (General Electric Medical Systems,
investigations are depicted in Figute All patients were Milwaukee, Wisconsin, USA) preload (minus one hour)
administered a single oral dose of purified L-PHOX( and six, 12, and 24 h post load. Spectra from gelar
mg/kg body weight; time 0 h) in each of two testie In volume placed above the ventricular system invagvin
one series, termed Phgaa (solid lines in all figures), Phewhite and grey matter of both hemispheres wererdecb
intake was supplemented for 12 h with an LNAA migtuysing a quadrature head coil. Voxel volume wascslpi
containing 150 mg/kg body weight of each of théofeing 60 x 50 x 20 mm. Axial Tweighted MR images were used
AAs: valine, methionine, isoleucine, leucine, Thyistidine, for accurate (re-)positioning of the MRS voxel. Fou
and Trp. The LNAA mixture was divided into five eu spectra of 128 acquisitions were acquired in eassisn,
portions and started two hours before the Phe I3&@. ysing a PRESS sequence (Bottomley, Pennsylvania) US
subsequent four portions were taken every threesh@me, with outer volume suppression, water presaturatimg
four, seven, and 10 h post load). During the expents, phase rotation (echo time 20 ms, repetition petioge
the usual diet was unchanged, except that therpsit#ill seconds, 2,048 data points) as described ea@)ieF¢r the
on diet did not consume their regular AA mixture. avoid determination of different brain compartments anatewr
hypoglycaemia due to the intake of large amounttre¥ referencing, a series of separate recordings wiferent
AAs, regular small meals rich in free carbohydraé@sl echo times, but without water suppression, wasisedu
poor in protein were given during both series, gisvabout  The data processing scheme used was similar tortae
two hours before blood drawings. The results ofs thjescribed in ref9. It is based on a three-compartment
Phenaa series were compared with an otherwise identigabdel (brain tissue, cerebrospinal fluid [CSF], ddp in
baseline series without LNAA intake (termed RRE which the visibility of plasma Phe was set to zar the
dotted lines in all figures). To control for effectf order, in Phe content of CSF was assumed to be equal toofhat
three patients, the Pheaa series was performed first; irprain tissue (rather than a steady-state relatih regard
the others, the order was reversed. The interuslé® the to plasma Phe, as assumed in r@f. Conversion to
two series was four to eight weeks. Ten days #ferstart absolute concentration units was performed baseda on
of each series, plasma Phe and LNAA concentratie™® proton signal density taken from the literature amdthe
monitored to ensure return to pre-treatment levels. unsuppressed water signal. The determination ofPthe
peak area had been redesigned compared wit8. rigfis



Table 1
Genetic and clinical data of patients with PKUPatient

Patient  Clinical Mutations Severity PRAE Age Diet Long-term Phe 1Q Climical EEG MRI
PrKL 1/2 of (%) (years) anset last three years®  WAIS-R  neurologic  evaluation grade”

Ma.  phenotype® mutations (days) (Hmel/1) SYMpLoms

1 Moderare R2610) Moderare J0% 252 A48 899 106 Tremar Mormal 4
R2610) Moderare 30%

2 Moderate  IWS10nc-11G24 Severe Mull 302 33 230 1M1 - Mormal 4
P225R ? ?

3 Moderare R2610) Moderare I0% 263 a3 B84 110 Tremar Monmal &
G272 Severe Mull

4 Moderate  IVS12nc-10=A Severe Mull 26.1 35 1,357 i — helild &
R2610) Moderare 30%

5 Severe RADEW Severe Mull 26.3 28 1,304 95 - Monmnal 7

Mot idencified (Severe?) (Muliz)

& Moderare ¥ GEX [ Severe? ) ? 28.4 24 Q&0 112 - MNormal
R261C) Moderate 3I0%

Mean = 5D 76:1.6 3812143  1039+£230 97.5:189 5425

*Phe tolerance duning che fifth year of life {15} and standardized oral protein loading studies at the age of six years were used for the determination of che clinical PEU
phencrype. SPRA, predicted residual activity of phenylalanine hydrasylase. “Long-term Phe was determined as the mean of six-month medians obtained from all Phe val-
ues in the last three years prior to the study, "WaAIS-R, revised Wechsler Adult Intelligence Scale. FMRI grading was performed as described in ref. 17

now performed using a versatile time-frequency diom series were parallel with respect to the time of Riading
fitting program (7) with the following steps. Toand subsequent EEG investigations, thereby enstiniaig
parameterize normal background signals, the avdradwirnal variations of EEG activity were taken irgocount.
spectrum of four normal subjects was fitted usiBgvdigt Electrode locations were according to the 10/20esys
lines and a common no analytic line shape definredhe (monopolar, common reference, F = 128 Hz, time tzons
unsuppressed water peak (10 lines in the relevamhfield = 1.0). EEG activity was digitized with 256 Hz asibred
region). The spectrum of an aqueous 25 mm Phe maxtela personal computer. From each single recording
solution (pH 7.05) was similarly fitted and paraereted about 10 min duration, 16—20 artifact-free sectiohd.096
(11 Voigt lines to define the complicated stronguiing s were chosen visually. Spectral analysis was pedd by
pattern). The combination of the two parameter $ie¢s, fast Fourier transformation. Relative power (cedtedl as
the models of Phe and the in vivo background sggeath percentage of total power within the 1.5-25 Hz ggngas
treated as nuclear magnetic resonance entities)teas computed for the (1.5-3.5 Hz), (3.5-7.5 Hz), 1 (7.5-
used to determine the Phe peak areas in all insppextra. 9.5 Hz), 2 (9.5-12.5 Hz), 1 (12.5-18.5 Hz), and2
Because the signal phase and line shapes weranileter (18.5-25 Hz) bands from averaged spectra. In anfdithe
on the unsuppressed water signal, the peak aresmn frequency of the power spectrum from 1.5 tdH25
determination of the low signal-to-noise ratio pedkPhe (mean power frequency [MPF]), the frequency of
was thus essentially reduced to amplitude fittin§ maximum power within the band (peak frequency [PF]),
background and Phe models in the real part of amd the proportion of the power in theband to the power
absorption mode spectrum. This approach is illtestran in the band (/ ratio), were derived from power spectra.
Figure 2 for a single spectrum (4 x 128 acquisitions) of$tatistical evaluation was restricted to lead Comparable
patient with PKU acquired before the Phe load (Féda). results were determined at other locations. All BE@&re
The parameterized and line shape—adapted modeis odiso assessed by standard visual criteria.
vivo background signals and Phe are displayed gargi2, Statistical analysis.Statistics were computed by SAS,
e and f, respectively, whereas the trace in FigRge version 6.12 (SAS Inc., Cary, North Carolina, USA).
contains the residual spectrum, i.e., original (Fég2a) Comparisons of means within, as well as betweenjlo
minus best fit (Figur@d). Spectra from model solutions o$eries (Phgnaa, Pheny) were compared by Student's
the LNAA mixture as well as Tyr and Trp were reanldo pairedt tests. Because of the small number of observations
rule out confounding signal contributions of the AAs. co relational analysis was done by calculation afkr co
Brain tissue concentrations are given in units &lational coefficients (Kendall's,).
micromole per kilogram of wet weight. Plasma
concentrations are listed in units of micromole fige. Results
Concentration gradients of Phe between plasma amid b Clinical data.On the basis of clinical data (Tatl five
are reported as dimensionless values, obtained byita patients corresponded to moderate PKU, and onentati
conversion using brain and plasma density value$.@ had a severe type. Mutations were mostly typical fo
kg/l. European patients with PKU, e.g., R408W, R261Q,
EEG analysisTo monitor brain activity during the twoG272X. In P225R, first described in a Sweden, amd i
series in the six patients with PKU, EEGs in thiaxed Y166X, which was not described earlier, the seyefitthe
awake state with eyes closed were derived —2.5eloqal mutations is unknown. In patient no. 5, one mutatiould
(before first LNAA intake) and —-0.5 h preload (affest not be determined, despite repeated DGGE analysis.
LNAA intake), as well as 5.5, 11.5, and 23.5 h postd Assuming a large deletion or mutation in one of ldrge
immediately before théH-MRS session. To control forintrons, a null mutation (residual activity <1%) igost
diurnal variations of EEG spectra, Rhg, and Phg,, probable. Regarding Phe tolerance at five yea® &nd



data from standardized protein loading tedt3),(clinical both series (Tabl8), compared with 0.09 (Tyr ratio) and
phenotype and genotype corresponded. Neurologtasst®.19 (Trp ratio) in the control subjects.
was normal except for mild tremor, which was présan In all 12 preload*H-MR spectra of the patients, excess
two patients. Long-term baseline Phe values dusdglt Phe peaks at 7.37 pm were identified; these peaks a
age were lower in patients on diet compared wittiepts attributed to the phenyl protons of Phe. Fig@reontains
off diet. the spectrum for one patient before the Phe loathén
Baseline measurementBlasma Phe was normal in alPhe,, series (plasma Phe of 1,1934; brain Phe 265
control subjects (mean 66 + 9nol/l). In the six patients mol/kg) and demonstrates the signal-to-noise ratio
with PKU, preload plasma Phe values (TaB)eranged achieved for single data points. Absolute brairsus
between 796 and 1,459nol/l and were thus in the typicakoncentrations of Phe are listed in TaBlévlean statistical
long-term range of these patients. Mean preloashpdaPhe uncertainty of a single brain Phe measurement (ns&sv
concentrations before start of the Phe load and ANAf four spectra for each session) was 17 andm8l/kg for
treatment did not differ between both series (0.76, not the Phg,, and Phaaa series, respectively, i.e. ~7% of the
significant [ns]). Mean pre-treatment plasma cotredions measured values. Preload brain Phe concentratieres mot
of all other LNAAs (Phanaa —10 and —2.5 h; Phg —0.5 significantly different ( = 1.4, ns) for the two series.
h) were also comparable for the two series (Tabknd However, the mean plasma/brain ratio was somevormar|
Figure 3). Before the Phe load, med&,-normalized Phe during the Phg,, series { = 2.05, P < 0.10). Preload
ratios of 5.7 and 5.6 resulted for the Rpeand the plasma and brain Phe concentrations correlated
Phenaa series, respectively (Tab8, in comparison with significantly during the Phg, series (, = 0.87,P < 0.05)
a meanK,, -normalized Phe ratio of 0.33 + 0.04 in thieut not during the Phgyaa series (, = 0.33, ns).
control subjects. Prelodd,-normalized Tyr and Trp ratios
for the PKU patients were 0.015 and 0.026, respelgtiin

Pheqny, series Phe. nas series
LMAA intake 5 = 30 mpfkog ol
* Phe imake 100 mgkg ]
- o "H MR speciroscopy = = = L
AR A A EEG analysis ad 4l a "
[= s a st s Flasma LNAA o OO o fu]
* - s o s « Flasma Phe I s = . ™
12 -6 0 6 12 18 24 30 240 -12 -6 0 & 12 18 24 30 240
Time postioad [hours] Time postload [hours]

Figure 1.

Study design. In the Phg series left), plasma concentrations of Phe and the other LN#&ge determined during an
oral Phe load. Brain tissue concentrations of Peeewneasured with in vivtH-MRS. Brain activity was monitored
using spectral analysis of EEG activity. In the Pt series (ight), this experiment was supplemented by LNAA
treatment with 5 x 30 mg/kg body weight.

Dynamic data during Phe and LNAA intak&fter the comparison with the Plg series. Phe levels had decreased
oral Phe load, plasma Phe values (Fig@e steeply by 17% (Phg,,) and 20% (Phgnaa), respectively, at 24 h
increased to reach a maximum one hour post-loathglucompared with maximum Phe at one hour post-loadh Te
both series and slowly decreased thereafter. InPtie,, days later, Phe levels had returned to preloadesgéiuboth
series, plasma Phe increase in comparison withogdelseries and in all patients.
values was 82% (854 = 10Imol/l) six hours post-load, During the Phg,, series, plasma concentrations of some
78% (802 + 133 mol/l) 12 h post-load, and 63% (657 bther LNAAs decreased slightly in the post-loadiquebr
123 mol/l) 24 h post-load. In the Pheaa series, plasma(Table2). This was statistically significant for isoleueirt
Phe increase was 75% (797 + 368&ol/l) six hours post- = 3.8, P < 0.05) and Trpt(= 6.7,P < 0.01). During the
load, 55% (579 + 238mol/l) 12 h post-load, and 38% (40%he naa Series, LNAA supplementation started at minus
+ 212 mol/l) 24 h post load. Comparing plasma Pheo hours and led to a substantial increase immalsNAA
concentrations in the two series, these were sinsia concentrations in all seven AAs (Talflg The courses of
hours post loadt(= 0.02, ns). In the Phgaa sSeries, valine (Figure 3b), methionine, isoleucine, and leucine
plasma Phe was 9% lower 12 h post Idad 2.5,P < 0.10) plasma concentrations from preload to 12 h post-loa
and 12% lower 24 h post load £ 3.6, P < 0.05) in showed a marked jitter, attributed to both fasbaftson



Table 2
Plasma LNAA concentrations in patients with PKLU

Phen, series (baseline)

100 mg/kg

LMNAAs K, Control® Pretreatment Postload Postload Treatment Postload

values n=10 Phe -0.5 h six howrs™ 12 ht Mean 24 b=

{pmal )t {maliT) LMAM -0.5 0.5-11 bt
Phenylalanine 3219 6619 1,036 £ 199 1,890 & 244+ 1,838 ¢ 1871%=+ 1,895 £ 203+=% 1,693 £ 196+ +#
valine 168172 211 £33 218 £ 59 2014 & 45 237+ 198 £ 34 215155
Methionine g3t6 41t6 EE.] 30216 LM 278 2T 3
Isoleucine 1451 29 G 12 F1+14 3+ 17* 6& + 135 53 &14% 57118
Leucine a7t 11 126122 1361 1 120 42 135 432 115+ 37 104 £ 36%
Tyrosine gat1/ 3911 437 4% 1 54413 39tx9 47113
Histidine 164+ 24 g2+9 B5t14 fd %13 B2+ 8 7312 FRE10
Tryptophan 52414 68413 494170 344 9% 4749% 35280 3a+6%*
Lysine = 178 £33 161 £33 1541 = 45 170+ 63 146 + 41 1as 49
AR vitlues of AA transpert at the blood-brain barrier determined in the conscious rat, according o refl 19, the K, of lysing, which does not Belong to the group of LNAMAS, was not dever-

mined. *Normal data were obtained from 10 heakthy subjects who alzo served in the decormination of normal reference 'H-MR spectra. “Significance values are grven for differences

from the gastrointestinal tract and fast eliminatitom The effects of Phe loading during the two series @so
blood, whereas the courses of Tyr, histidine, amg Wiewed in Figured4. The differing sizes of the Phe peaks
(Figure 3c) concentrations were found to be smoothéom difference spectra (PKU minus control) reflebe
During LNAA treatment, lysine concentrations desesh differing cerebral Phe levels. Because of a delapédx
by ~30%. As lysine levels also slightly decreasedhie from plasma into brain tissue, plasma/brain ratb$he
Phe,, series compared with pre-treatment levels (Tahle (Figure 3f) increased during the Pfg series from preload
there was no significant difference between théeset (4.0) to six hours (5.3) and 12 h (4.7) post-logdis ratio
=1.9,P = 0.11). However, an effect of LNAA treatment oreturned to preload values 24 h post-load (4.2)plasma
plasma lysine levels has to be assumed. Also, ddlder Phe concentrations increased, and brain Phe rechaine
showed a slight decrease of plasma concentratis$ gtable, the increase of the plasma/brain ratichsixrs and
load. This effect was present in both series, empithine 12 h post-load was much more pronounced during the
Pheny series: —14 mol/l, approximately —18%; Phgaa Pheinaa series.
series: —10 mol/l, approximately —12%, compared with The'H-MR spectra did not show contributions from any
pre-treatment levels. Most LNAA concentrations &sine of the supplemented LNAAs. In particular, there was
were back in the pre-treatment range 14 h aftgopitg indication for a doublet at 1 pm that would be ecéeristic
LNAA supplementation, i.e., 24 h after the Phe loair valine, which reached almost 1 mm n plasma.
However, mean concentrations for methionine (+196%)Monitoring brain activity by EEG spectral analysighe
Tyr (+43%), and histidine (+20%) were still aboveep effect of Phe intake on EEG activity (Tall@nd Figureb)
treatment levels. Ten days after the Phe load.ldAA was also different for the two series. Although the
levels were in the pre-treatment range. individual profiles of the power spectra were repreed in

The K,-corrected Phe/LNAA ratio (Tabl@ and Figure all EEG derivations of both series, a shift of thmminant
3d) more than doubled in the Rhg series, whereas itpeak of background activity to the lower-frequency
decreased under LNAA treatment, i.e., up to 12nhthke spectrum was observed for the Rjeseries from six hours
Pheny seriesKy-normalized Tyr and Trp ratios decreasefdost-load onward. This dominant peak was locatethén
However, in the Pheyaa Series, they increased despiteenter of the band in five patients. Figurg contains the
elevation of plasma Phe. averaged EEG power spectra of all six patients fr@® h

In vivo 'H-MRS (Figures3e and 4) revealed totally preload to 24 h post-load. Calculation of the retapower
different courses of cerebral Phe levels with arithaut in conventional frequency bands confirmed Phe-eelat
LNAA supplementation. The data from the Rljeseries changes in EEG spectra. A significant increase agtivity
confirmed that an increase in plasma Phe leads tdroan preload to 24 h post-load € 3.6, P < 0.05) was
significant, but delayed, increase of Phe concéatra in accompanied by a simultaneous decrease& aictivity ¢ =
brain tissue (preload to six hours post-load; 6.4,P < -3.5, P < 0.05). Consequently, the/ ratio decreased
0.01). On average, this increase still continugdraf2 h, continuously from preload to 24 h post-load in BMeg,,
and brain Phe levels were higher at 24 h compaiddd®2 series. Similarly, PRE —6.0,P < 0.01) and MPFt(= —4.9,
h post-load (Tablg). Total increase from preload to 24 B < 0.01) decreased by 0.4 Hz (Talde These changes
post-load was 64%. During the Rhea series, the influx were noted in all six patients; 1, and activity were
of Phe into brain tissue was totally blocked forhl@igure unchanged.
3e). From preload to 12 h post-load, brain Phe evemuring the Phgyaa Series, comparable effects were not
decreased by 5%, although this difference was wbiserved (Figure5). EEG power spectra from —2.5 h
significant ¢ = -1.2, ns). After stopping LNAApreload (before first LNAA intake) and —-0.5 h piato
supplementation, brain Phe also increased during (hfter first LNAA intake) were comparable. An inase in
Phe yaa series. Total increase from preload to 24 h pofast activity, as well as PF and MPF, was observed in
load was 41% in the Pheaa series { = 3.8, P < 0.05). EEGs 12 h post-load, i.e., around midnight. Théofaing



morning, which was 24 h after Phe intake, EEG @&gtivexperiments in patients with PKU. Our results prohat
was not significantly different compared with praio despite significantly increasing plasma Phe valoesgbral
measurements. Comparing Blie and Phauyaa series, Phe concentrations remained unchanged, or were even
differences were statistically significant foractivity 24 h lowered, during concomitant high-dose oral intakean
post-load, 2 activity 12 and 24 h post-load, as well as thé&lAA mixture. Although a complete block of Phe unfl
/ ratio 12 and 24 h post-load (Talde seems to be the most plausible explanation, other
Visual evaluations of all EEG recordings from be#ties mechanisms (e.g., influences on cerebral Phe mietabas
revealed no abnormalities. In particular, abnorB&8G well as AA efflux from brain) have to be considerédvas
patterns, like epileptiform activity, were not obgsl. shown that high brain Phe concentrations causewirsj
During both Phg,, and Phanaa series, no side effectsof electrical brain activity and that this effecarc be
were registered, except for feelings of satiatiftard NAA avoided by LNAA supplementation. These main resaiés
intake. Blood glucose levels were above 4.4 mmal/l relevant to basic research addressing the propesfighe
regular checks. Standard laboratory evaluationd @med LNAA carrier through the BBB and to understanditg t
white blood cell counts, electrolytes, transamisasdiochemical mechanisms underlying brain dysfunction
remained in the normal range. PKU. They are also significant for treatment of igatis
In this study, brain Phe concentrations were meashy with PKU.
means of in vivo'H-MRS in two series of AA loading

e
g M’“’W”"—wa
10 a A B & 10 =1 & 7 &
chemical shift [ppan] chamical shifi [pprm]

Figure 2.

Downfield portion of théH-MR spectrum. §) Spectrum of a 26-year-old patient with PKW) The averaged spectrum
of 10 healthy age-matched subjects, ar)dtife corresponding spectrum of an aqueous solutidPhe. The right side
illustrates the model-fitting procedure used. Speut (d) contains the best-fitting model for spectrian which is
composed of a parameterized spectrum of normalgraokd and residual water signaty &s well as the parameterized
spectrum of Phef). Trace @) contains the residuals of the best fit (izeq) for this case.

LNAA carrier system.Normal brain development ancdpresented prove these predictions to be correct thad
function depend on the continuous influx of nutteenunderlying model valid.
through the BBB. Therefore, the properties of sfeci The applicability of such a simple model to theviuo
transport systems have been an essential issuéeinsituation is surprising because the calculationLhfAA
understanding of  physiological as  well asansport on the basis of apparéqt values under non—
pathophysiological conditions. For LNAAs, net uptaksteady state conditions obviously disregards some
through the BBB is determined by their ratio ingmtea and important aspects. First, it may appear questien&bluse
their different affinity to the stereospecific Lpy AA K, values obtained in an animal study, but theret®xis
carrier system18-21). Carrier saturation and competitivagreement in the literature th&t, values can be transferred
inhibition of the influx of other LNAAs can be exgted at from animals to humand, 18, 19, 21). SecondK,, values
supraphysiological plasma Phe levels usually fonrf@dKU reported in the literature vary to some degreenpewvihin
and may be present already at concentrations iratigee of one species, depending on the experimental appeeach
200-500 mol/l (18). TheK-normalized Phe/LNAA ratio used. However, the main results from using the &guéor
was calculated using measured plasma concentradiothis competing enzyme kinetics are well reproduced, avieen
K values from the literature. It predicted thathe Phg,, other sets oK, values are usedl9, 20). Only the use of
series, the increase of plasma Phe should leadfuater K, values determined in vitro in isolated human dapés
increase in brain Phe uptake, whereas in the, Rhe (21) produced somewhat different results, with smaller
series, brain Phe uptake should decrease despiteledb effects of LNAA competition. This confirms that tdis
plasma Phe. The'H-MRS and EEG measurementom in vitro studies cannot directly be transferte the in
vivo situation. Third, AA uptake by the brain canrze



Table 3
Plasma and brain Phe concentrations, K -normalized Phe/ LMAA ratio, p|as ma,/brain Phe ratio, and EEG spectral parameters in PKU patients as fune-
von of time

Phi.., series (baseline) Phe. nas series 100 mg/kg Phe at time O h
Preload Postload Postload Postload Prelaad Postoad Postload Postload
six hours 12h 24h sin hours 12h 24 h

Plasma Phe (pmol/1)* 1.036 + 199 1,890 + 244" ] 838 + 1817 1,693 £ 196" 1,063 £ 189 1,887 + 2357 1669 + 168" 1,495+ 128"
Hy-normalized Phe ratic® 5714 120£1.77 10,3 2 2.2 11.1 22,47 5620 24:047 2.1 x0477 6.4 1.5
Ho-normalized Tyr ratio® 0,015 20,003  0.007 £0.002° 0.07 £ 0.003 0,072 0,003 0.01520.007 002820007 00320007 0.071520.004
Ku-normalized Trp ratic® 0,026+ 0.006 0.011 20003 0,013 0003 0072+ 0.002™" 0.026 + 0.009 0.057 = 0,009 0055+ 0.011" 0.019 = 0.005
Brain Phe (Umol/kg wet weight)* 252 £ 73 344 + 5477 377+ 80° 397 + E8™° 226+ 52 235+ 33 210+ 31 309 2 457
Plasma/brain ratio Phe? 4.0+0.4 53 +£067 4.7 2067 4,24 0.6 46409 7.9+ 2.0% A4 4.7 207
EEG: 8 band (%)° 19.6+11.5 241 £14.7 2352148 2484138 16.1 + 5.5 15.5+6.3 13424108 19.3+10. 7+~
EEG: 062 band (%5 16.2+10.2 132294 14,2191 1M3x9.1 16.5+9.8 1692 7.7 208+ 13.0%  16.7210.7%*
EEG: 0t/8 ratio® 45243 3.83.0 3.5 27 3020 45+ 1.8 491+ 2.4 5.6 2.5%* 4.1 2 2.4*
EEG: PF (Hz)" 9.7+0.5 9.3+0.6 95209 52405 97+05 9.7+03 10,1 + 0.7¢ 93207
EEG: MPF {Hz) 2.3+0.6 9.1+09 9.3+ 8.8+ 0.8 9.5+0.3 .4+ 003 98+0.3 2205

*Significance values are given for differences between preload and postload values within the two series: *P<0.05, **P<0.01, ***P < 0.001. Because of repeaced use of
the preload data, significance with # = (105 should be treated with caution. ®For the calculation of raties, brain tissue concentrations were transformed o pmal/| accord-
ing to a brain tsswe density of 1.05 g/l “Because of divrnal EEG variations, significance values are given for differences between the Pheg.,, and Phe, ya, series: 180<0.10
(AUTHOR: edit to P-value correct? Please check this and others carefully), *F=0.05, **FP<0.01.

a b c
Plasma Phe [umalil] Plasme Valine [jimaol!|] Plasma Tryptophan [emal/1]
2700 1200 1200+
2400
1000 A 10003
21004
18004 BOD S
1500
600
12004
5004 4004
6004
2004
300
b T R e o ARARRS LELIAS AARLL SaEass Liantisanant 03
42 & 0 & 12 1\ W N W 42 46 0 8 12 W M W B . EY
Time postioad [hours] Time postioad [hours]
d e f _
Keenommalized Phe/LMAA ratio Brain Phe [umaolikg wet weight] Plasmaibrain Phe Ratio
16 600 - 12
" i 500 104
12 11 | i
1o i R R o 400 B
3 |
| 3007 6
| 2004 45
1004 23
e | AR L e I e e —— e . - .
42 84 0 & 12 186 24 3} B 4 a 8 12 1w 3 £ 0 & 12 18 24 a0
Time pastioad [houwrs] Time postioad [hours) Time postioad [hours]

Figure 3.

Time course of plasma and brain Phe and examplddNidAs. (a) Steep increase of plasma Phe levels after ardoss
of L-Phe (time 0 h) in the Phg (dotted line) and Phgaa series (solid line).) Plasma concentrations of valine acyl (
tryptophan are given as examples of LNAA increasend LNAA supplementation in the Phgaa series (solid line),
compared with the Phg, series (dotted line)df Ky-corrected Phe/LNAA ratio versus time after loadiridg Phgny,
this ratio increased because of the increase isn@aPhe; it decreased during LNAA treatmem). Brain Phe
concentrations as determined by in vieb MRS demonstrating a continuous increase during,Rfand a block of Phe
influx during LNAA treatment. f) The ratio of plasma/brain Phe increased much mgtle LNAA treatment than
without. All curves represent the average valuemfall six patients.

fully described by a simple two-compartment modeA uptake via the high-affinity L-type carrier at thedothelial
transport also occurs at cellular and intracellulaall constitutes the rate-limiting step under pbiagical
membranes 22). Thus, the distribution of AAs intoconditions. Finally, the role of adaptive procesgestill
different compartments and fluid spaces, as wekflax quite unclear. Based on results obtained with thebbk-
from brain, ought to be considere2i3( 24). Furthermore, indicator method, Knudsen et a5 speculated that inter-
glia and neuronal cells seem to be different wihard to individual differences between patients with PKUthwi
their free AA pools 24). However, it appears that LNAAregard to K,, and V..« could be explained by an up



regulation of the number of BBB carriers. The indial Research has focused on myelin synthesis and ternov
time courses of our measured brain versus plasnea Plotein synthesis, and amine neurotransmittersnifgignt
levels (not shown) appear to confirm a large irdlnal effects were observed with regard to the initiatiamd
spread in kinetic parameters. further processing of protein  synthesis 29)

'"H-MRS.As in earlier studies( 9, 11), it was possible to Hyperphenylalaninemia led to a loss of several AAs,
quantitate by 'H-MRS cerebral Phe concentrations iaspecially LNAAs, in the brain of newborn mice, fwia
patients with PKU, thereby confirming the usefumed concomitant decrease in the incorporation of AA® in
'H-MRS for the quantitative study of inborn error§ grotein. Interestingly, the co administration of ANs
metabolism in general and PKU in particular. Thmevented this effect30). However, the significance of
presented results for the steady-state plasma/batimfor animal models using experimentally  induced
Phe are in close accordance with our earlier valaesrage Hyperphenylalaninemia 20, 30) remains questionable
of 4.0 for preload values of the Rhgseries versus 4.1 inbecause of uncontrolled side effects of the PAHbitdrs
ref. 11). used, e.g.,-methyl phenylalanine.

The preload values of Phe were somewhat differentn addition to their long-term impact on brain sture,
between the two series. It seems quite possiblettiia high Phe concentrations have acute effects on brain
small difference is caused by the first dose of IA¢Aaken function. However, it is possible that thresholds &cute
before the baseline measurement. This explanat®onPhe effects and chronic Phe neurotoxicity in thestting
supported by the finding that plasma and brain eslbrain are different. It has been discussed thataired
correlate significantly for the Phg but not for the synthesis of serotonin and dopamine could undéhnkse
Phe yaa series. It indicates that an increase in plasmffects. Krause and colleagues, @) found correlations
LNAA concentration without Phe challenge might tse=di between high plasma Phe levels with decreased
to lower steady-state brain Phe levels. performance on neuropsychologic tests of higher

With the current setup dH-MRS data acquisition andintegrative function and characteristic changethépower
processing, brain Phe concentrations down to 16l/kg spectrum of the EEG. As Phe increase led to a coitant
can be determined reproducibly. This correspondsa talecrease in plasma L-dopa, it was speculated ttwh b
detectable proton density of 500mol/kg. Given this function might be impaired through inhibition of
detection threshold and the spectral pattern oh&alsix catecholamine synthesis. However, concentrations of
protons in an up field doublet), one can estimhgt brain neurotransmitters and their metabolites in blooawsbnly
valine content remains below 500nol/kg when plasmaa slight relation to the concentration in CSF audreless
valine is between 600 and 900/. Similarly, we did not to that in neuronal cells.
detect any interfering signals from Trp, Tyr, ostidine in ; : \
the downfield region during the LNAA series.

With the detection limit achievedH-MRS is a suitable 24 h
non-invasive method to characterize the LNAA uptake
the BBB even in healthy subjects. However, it hadé
taken into account that cerebral Phe concentratemes
determined not only by AA influx but also by effland
metabolism. These factors, which contribute to loereAA
concentrations, in principle can be de-convolutitidee by
dynamically fitting the time course of cerebral Pt
elevations or by the use of isotopically labelledqursors.
This approach is particularly promising, as altéxes @5, "
26) are invasive, requiring puncture of the interjugular 6 h ;' \
vein or application of radioisotopes, and are based 4 %
various assumptions. N

Moller et al. @7) tried to determine the kinetic
characteristics of Phe transport at the BBB by o$e
steady-state’H-MRS measurements and, analogous preload
glucose transport kinetic&), application of symmetric
Michaelis-Menten kinetics with an arbitrary congt&the
consumption rate. This method strongly relies oradi
obtained from patients with extremely high plasmzeP gg 3_‘0
values and is also susceptible to nonlinearitiesPhe
quantitation. Their appareht, and T/ Vimax Values do not

concur well with the current data if the same sifigdl Figure 4. - _ _ _
model is applied. Averaged "H-MRS difference spectra (patients minus

Pathophysiology of PKUThe biochemical mechanism&Vveraged normal spectra), acquired in vivo be_ferwedl as
leading to impaired brain development and functioRKU & 12, and 24 h after the oral Phe load. The irserex the
are still the subject of research. Direct effedtelevated Pne peak at 7.37 pm during the Rheseries (dotted line)
Phe concentrations on several enzyme systems, SH¢frasts with the unchanged Phe peak 6 and 13tHqzn
consequences of a concomitant depletion of otheAAdl N the Pheinas series (solid line). When LNAA treatment
in the brain, are thought to be the most importaciors for Was stopped, brain Phe also increased in this sserie
the disturbed brain development in untreated PRy ((measurement at 24 h).

I T
7.0 6.0

chemical shift [ppm]




In this study, serial EEG spectral analysis wasduse one (Tyr) or three (VIL) AAs may even accentuate
monitor brain activity of patients with PKU duringhe disturbances of neurotransmitter or protein synsh@k?).
loading. EEG spectral analysis is free of learngffgcts VIL therapy did not find acceptance in PKU treatiédn
and is, therefore, an effective and reliable method the present studyK.-corrected Tyr, and Trp ratios
evaluate Phe-related impairments of brain functiamproved during LNAA supplementation, even undeg th
Because of diurnal variations, comparison of EBEndition of steeply increasing plasma Phe levels.
parameters was restricted to parallel measurerhettgeen To date, there exists only one report on the useN#As
the two series, as well as to preload and 24 h jpest in human PKU. In addition to a Phe-restricted diet,
measurements within the series. Our results coefirtihe Dotremont et al.43) used a supplement of 0.8 g/kg body
occurrence of specific changes in the frequencygtsp® of weight LNAA mixture. This was well tolerated withiou
the EEG background activity with high brain Phadverse effects. Laboratory evaluations were afimad
concentrations, which were seen earlier in childfgrand except for extremely low lysine levels. Also, inratudy, a
adults 8) with PKU. reversible 30% decrease of plasma lysine was noticed
Disturbances of the free AA pools of the brain neawe during LNAA treatment. The causes for this effeceé a
further implications for brain function because,aiddition unclear. One possible explanation for this phenamen
to serotonin and dopamine, other AAs (e.g., glutemacould be a stimulation of protein synthesis. Howetkis
aspartate, glycine) serve as neurotransmittg®s 33). As result highlights the necessity of careful AA moning
these AAs use different carrier systems, BBB transpnd during supplementation trials. Referring to anirealdies
resulting intracerebral concentrations should nat that proved lysine deficiency in hyperphenylalanine
disturbed during LNAA treatment if plasma levele arot rats, Huether et al.44) noted that additional lysine
substantially affected. Thus, further LNAA stud&sould supplementation should be considered in PKU treatme
include monitoring of the entire plasma AA profileUnfortunately, further data highlighting cerebralheP
Monofunctional explanations, such as the “dopaminencentrations or evaluations of brain function eveot
depletion hypothesis” 3@3), disregard the a priorireported by Dotrement et at3). Before use in the present
multifunctional character of impairments of braistudy, identical LNAA supplementation was studied i
development and function in PKU. Finally, the cau$ar three other adult control subjects with normal Plesma
acute Phe neurotoxicity, as reflected by the slgwhEEG levels. This trial showed no side effects, and Edp@ctra
activity, remain unclear. were not influenced by LNAA intake (data not shown)
Treatment of PKUOQur results have direct implications foin standard dietary treatment of PKU, large amoonhfsee
the treatment of PKU which was introduced more th@n AAs are consumed to compensate for the Phe-restrict
years ago34). In contrast to earlier suggestions that dietaapd hence, also natural protein—restricted, dieé present
treatment may be terminated after the most vulderafesults now raise the question whether such a aegA\h
period of fast brain development and myelin stahtlbn, mixture may have the previously unexpected effefct o
there has in recent years been a strong urge toavatdct lowering brain Phe in addition to replacing natysedtein.
“diet for life” in some metabolic centers35). Despite Ris et al. 45) found negative correlations between verbal
recommendations to continue diet in adult life, mastelligence quotient (IQ) and age when formula uses
patients relax or stop diet in adolescen86, 37). Thus, discontinued in adult patients with PKU. This ctation
alternative treatment regimes were developed wias even stronger than the association of verbanage
compensate for the relaxed Phe restriction. when Phe exceeded 1,20h0l/l. Whether patients off diet
Evidence from in vitro and animal studies, as wasllifrom might profit from the continuing intake of AA mixtes was
AA analyses of human CSF, suggests that high Rimmsidered. This speculation is supported by osulte In
concentrations inhibit dopamine and serotonin ssith addition, the profiles of LNAA increase (FiguB) after
Consequently, high-dose supplementation of theypsec repeated oral intake elucidate intestinal resonpkimetics
substances Tyr and Trp was tried as an alternatarel elimination from plasma. These aspects as agethe
therapeutic approach for adolescent and adult qiatieff specificK,, values of the AAs used should be considered in
diet @). However, a substantial benefit of high-dose Tfurther experiments to obtain a more balanced paibé
could not be confirmed in placebo-controlled stads). LNAA concentrations.

The VIL treatment (150 mg/kg valine, 150 mg/k&ecently, the metabolic effects resulting from &angtakes
isoleucine, and 200 mg/kg leucine) was designedHibit of AA mixtures have been reported§f. The recommended
Phe influx into the brain. Although plasma concetitns daily amount of 1.6/kg body weight AA mixture was
of Phe remained unchanged, a ~20% decrease of @ilien in a single dose to control subjects, leadinga
concentrations in CSF seemed to confirm the hymighén substantial increase of AAs. For example, leuchedased
addition, improvements on a neuropsychologic tagkewfrom 100 mol/l preload to 350 mol/l. Thus, AA
shown for VIL treatmentq, 39). The VIL approach wasincreases were nearly in the range of AA concebotiat
also used in an animal model of maternal PKI0).(Rats measured in our study. Side effects of AA intakeuded
exposed to high phenylalanine levels in utero shibwen increase of insulin in plasma, leading to sigaiit
characteristic learning deficits, which could beeyanted decreases in blood glucose. Most of these sidectsffe
by VIL treatment. Long-term VIL treatment did ndtasv however, could be prevented by dividing the sindtese
any side effects. However, as criticized by HomrEd, into three portions per day.

CSF Tyr concentrations were lowered further duffiy In conclusion, these results show that transporgtics of
treatment. It was also noted that the rate at whiaitein carrier systems at the BBB can be quantified nmasively
synthesis may be reduced in the PKU brain will depen by 'H-MRS. Evidence is provided that LNAA
the supply of all essential AAs. Thus, the increagenly supplementation blocks Phe influx at the BBB arelvpnts



disturbances of brain electrical activity caused High can be lowered during steady state and whethem brai
cerebral Phe concentration in an acute-phase skudther function can be improved by long-term continued LAA
studies in patients with PKU who are off diet amewn supplementation.

warranted to determine whether brain Phe concémbrat

Figure 5.

Averaged EEG power spectra from patients with PKU.
During the Phg,, series (dotted line), a shift of the
dominant peak of EEG background activity to thedow
frequency spectrum is demonstrated, which was
prevented by LNAA treatment (solid line).
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