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Abstract

Phenylketonuria and hyperphenylalanemia are inborn errors in metabolism of phenylalanine 

arising from defects in steps to convert phenylalanine to tyrosine. Phe accumulation causes severe 

mental retardation that can be prevented by timely identification of affected individuals and their 

placement on a Phe-restricted diet. In spite of many studies in patients and animal models, the 

basis for acquisition of mental retardation during the critical period of brain development is not 

adequately understood. All animal models for human disease have advantages and limitations, and 

characteristics common to different models are most likely to correspond to the disorder. This 

study established similar levels of Phe exposure in developing rats between 3 and 16 days of age 

using three models to produce chronic hyperphenylalanemia, and identified changes in brain 

amino acid levels common to all models that persist for ~16h of each day. In a representative 

model, local rates of glucose utilization (CMRglc) were determined at 25–27 days of age, and only 

selective changes that appeared to depend on Phe exposure were observed. CMRglc was reduced 

in frontal cortex and thalamus and increased in hippocampus and globus pallidus. Behavioral 

testing to evaluate neuromuscular competence revealed poor performance in chronically-

hyperphenylalanemic rats that persisted for at least three weeks after cessation of Phe injections 

and did not occur with mild or acute hyperphenylalanemia. Thus, the abnormal amino acid 

environment, including hyperglycinemia, in developing rat brain is associated with selective 

regional changes in glucose utilization and behavioral abnormalities that are not readily reversed 

after they are acquired.
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Introduction

Phenylketonuria (PKU) and hyperphenylalanemia comprise a group of inborn errors of 

metabolism of phenylalanine arising from defects in phenylalanine hydroxylase, 

dihydropteridine reductase (the co-enzyme required for regeneration of the oxidized 
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cofactor, tetrahydrobiopterin), or in the enzymatic steps to synthesize the cofactor [1, 2]. 

Classical PKU is caused by the absence of phenylalanine hydroxylase, and is characterized 

by increased plasma and tissue phenylalanine levels, severe mental retardation, epilepsy, 

neurotransmission disorders, myelination deficits, and other biochemical and behavioral 

abnormalities in untreated children [3, 4]. Hyperphenylalanemia arises from incomplete 

inhibition of phenylalanine hydroxylase or other deficits in metabolic pathways required for 

conversion of phenylalanine to tyrosine, and the affected patients also acquire serious 

neurological deficits [3, 4]. The most effective treatment for PKU is detection of high 

phenylalanine levels in blood in the newborn and placement of the subject on a 

phenylalanine-restricted diet. Close control and monitoring of hyperphenylalanemia during 

the period of brain development prevents or minimizes acquisition of mental retardation, but 

dietary control is difficult to sustain and the patients do not have normal metabolic 

homeostasis. A number of additional treatment paradigms (e.g., dietary supplementation 

with tetrahydrobiopterin, synthetic forms of the cofactor, or large neutral amino acids) have, 

therefore, been undertaken to improve clinical care and reduce the deleterious effects of 

PKU and hyperphenylalanemia [5].

The pathogenesis and basis for acquisition of cognitive defects associated with PKU and 

hyperphenylalanemia has been intensively studied in patients and animal models during the 

past 50 years, but the critical mechanisms that lead to disruption of brain development and 

cause mental retardation are still not adequately understood. Blockade of Phe hydroxylation 

to generate tyrosine leads to its metabolism by alternative pathways to generate increased 

levels of minor metabolites, including phenylethylamine, phenylacetate, 2-

hydroxyphenylacetate, phenylpyruvate, and phenyllactate. High levels of Phe and its 

metabolites can have concentration- and exposure duration-dependent effects on transport 

systems, metabolic pathways, and developmental processes in vitro or in vivo, ranging from 

inhibition or modulation of amino acid transport across the blood-brain barrier and cellular 

membranes, glycolytic and oxidative metabolism of glucose, fatty acid metabolism, 

neurotransmitter turnover, myelination, dendritic arborization, and synaptic spines [6–8]. 

However, the pathophysiological relevance of any one or combination of these effects to 

neurological deficits of PKU remains to be established.

To better understand the biochemical, developmental, physiological, and behavioral changes 

associated with hyperphenylalanemia, a number of animal models have been developed by 

treatments with their onset at various postnatal ages for different durations using specific 

metabolites of Phe given alone (e.g., phenylacetate [9, 10]), or different doses of Phe either 

alone [11] or in combination with an inhibitor of Phe hydroxylase (p-chlorophenylalanine 

(pCPhe) or α-methylphenylalanine (αMePhe) [12]). A PKU mouse model (BTBR 

background-Pahenu2) was subsequently developed by producing germline mutagenesis with 

ethylnitrosourea (enu) and identification of Phe hydroxylase deficiency by Phe clearance 

screening [13]. These models reproduce many of the biochemical, developmental, and 

behavioral characteristics of PKU patients, but the use of enzyme inhibitors involves side 

effects of the drugs and differential toxicity, with pCPhe having greater deleterious effects 

than αMePhe or high doses of Phe alone, and the residual Phe hydroxylase activity in the rat 

models causes high levels of tyrosine (e.g., [12, 14–16]). The Phe hydroxylase-deficient 

mouse model is generally considered advantageous due to lack of inhibitor side effects, but 
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lack of sufficient demand led Jackson Laboratory to maintain the mutant lines by 

cryopreservation, increasing the cost and time to obtain the animals unless they are available 

from active PKU researchers [17]. All animal models for human disease have advantages 

and limitations, and characteristics common to different models are most likely to represent 

those of the human disorder. In addition, specific models may be useful to evaluate the 

contributions of different characteristics to pathophysiology, as for example differential 

effects on levels of neurotransmitters due to elevated levels of tyrosine. If similar 

biochemical characteristics are established in non-genetic PKU animal models, various 

studies could be readily carried out in many laboratories and subsequently compared with 

the Pahenu2 mouse model. The present study, therefore, established similar levels of Phe 

exposure in three models for hyperphenylalanemia in developing rats between 3 and 16 days 

of age, and identified changes in brain amino acid content common to all models. In one 

model, changes in local rates of glucose utilization (CMRglc) were observed in specific brain 

structures, and behavioral testing to evaluate neuromuscular competence revealed poor 

performance in the chronic hyperphenylalanemic rats that persisted for at least three weeks 

after cessation of Phe injections.

Materials and Methods

Materials

L-Phenylalanine (Phe) and α-methyl-L-phenylalanine (αMePhe) were obtained from ICN 

Life Sciences Group (Cleveland, OH, USA). p-Chlorophenylalanine (pCPhe) and other 

reagents were obtained from Sigma-Aldrich (St. Louis, MO) and were of the highest purity 

available. Amino acid standards and norleucine were purchased from Pierce Chemical Co. 

(Rockford IL, USA). 2-Deoxy-D-[U-14C]glucose ([14C]DG, 343 mCi/mmol) and calibrated 

[14C]methylmethacrylate standards were obtained from DuPont/NEN (Boston, MA, USA).

Experimental procedures

Hyperphenylalanemia—Procedures were similar to those previously described [12, 18, 

19] and used either αMePhe or pCPhe to inhibit liver phenylalanine hydroxylase along with 

large doses of Phe in the presence or absence of enzyme inhibition. Stock solutions (all were 

adjusted to pH 7.2) for injection of αMePhe (70 μmol/mL), αMePhe (70 μmol/mL) plus Phe 

(152 μmol/mL), or Phe (152 μmol/mL) were prepared in 0.9% NaCl (w/v) with warming. 

Suspensions of pCPhe (26 μmol/mL) were prepared in 0.9% NaCl or in Phe (152 μmol/mL), 

sonicated, and aliquots were taken during rapid stirring and injected immediately. For 

chronic treatments of animals used for brain amino acid analyses at age 10 or 16 days, 

Fisher CDF rats were injected subcutaneously once-daily with αMePhe (2.4 μmol/g body 

weight), αMePhe (2.4 μmol/g) + Phe (5.2 μmol/g), or with a similar volume of 0.9% NaCl 

from age 3–10 days, and the daily Phe dose was doubled from 11–16 days (i.e., 2.4 μmol/g 

αMePhe + 10.4 μmol/g Phe) to maintain plasma and brain Phe concentrations at elevated 

levels for a longer duration. In addition, two other procedures also were used to produce 

chronic hyperphenylalanemia from age 3 to 10 or 16 days, (i) pCPhe (2.6 μmol/g given on 

alternate days starting on day 3) + Phe (5.2 μmol/g given daily) [12], and (ii) two daily 

injections of Phe, each consisting of 6.1 μmol/g given 2h apart, from age 3–10 days [11]. 

For acute treatments, animals were given single or short-term injections as described in the 
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text. For glucose utilization and behavioral assays, separate groups of Wistar of rats from a 

commercial supplier were used because these studies were carried out at a different 

institution and Fisher rats from the ‘in house’ colony were not available. The Wistar rats 

injected daily with either (1) αMePhe (2.4 μmol/g) + Phe (5.2 μmol/g) from 3 to 27 days, or 

(ii) a daily supplemental dose of Phe (2.6 μmol/g) was injected about 10–12h after the daily 

injection of αMePhe (2.4 μmol/g) + Phe (5.2 μmol/g) from 3 to 25 or 27 days; these animals 

were also used for the string test behavioral assays. Animals were weaned at age 21 days 

and given free access to water and Purina Chow. All animal procedures were in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Amino acid analysis—Fisher CDF rats were killed by decapitation, brains were quickly 

excised and grossly dissected on an ice-cold platform to obtain tissue samples comprised of 

cerebral cortex, hippocampus, and caudate (hereafter referred to as brain). Brains from 4–6 

animals were pooled for each sample and homogenized in ice-cold deionized water, 

followed by addition of ice-cold trichloroacetic acid (final concentration 0.3 mol/L) 

containing norleucine as an internal standard. After mixing and standing for 20 min, the 

samples were centrifuged at 12,000 g for 20 min, and the supernatant fractions were stored 

at −20°C until analyzed. Amino acids in the acid-soluble fractions were separated on a 

Beckman 120C automatic amino acid analyzer using a program for physiological fluids [20], 

ninhydrin detection, and a Beckman system AA computing integrator that was calibrated 

with amino acid standards (Pierce Chemical Cl., Rockford IL, USA) [19]. Recovery of 

norleucine ranged from 91–99%. Arginine and glutamine were not resolved by the 

separation procedure, but brain contains very low amounts of arginine [21], and results are 

tabulated as glutamine. Postmortem increases in the concentrations of γ-aminobutyric acid 

(GABA) that is derived from glutamate, which decreases proportionally, and alanine occur 

with a lag of about 1 min after death, increasing thereafter [22, 23]. Since the time between 

death and protein precipitation was about 2–2.5 min, the reported concentrations of these 

amino acids are not their true values. Brain amino acid concentrations in the NaCl-treated 

rats showed little variation with respect to time of day when tissue was harvested, and 

effects of any daily rhythms to changes in amino acid levels in the hyperphenylalaninemic 

animals is considered negligible; there were no differences in amino acid levels in animals 

given chronic or acute NaCl injections. Values for all NaCl-injected animals were, therefore, 

averaged to obtain mean (±SD) control values.

Local rates of cerebral glucose utilization (CMRglc)—CMRglc was assayed in 

awake, non-fasted 25–27-day-old control and acute and chronic hyperphenylalaninemic 

Wistar rats (Charles River, Wilmington, MA, USA) that were given treatments described in 

the text and weaned at 21 days. Assays were carried out according to the procedures of 

Sokoloff et al. [24], adapting the methods previously described for adult rats [25] for use in 

weanlings. In brief, tail arterial (PE10 Intramedic polyethylene tubing, Clay Adams division 

of Becton Dickinson, Parsippany, NY, USA) and external jugular venous catheters (Silastic, 

Dow Corning medical-grade tubing; Midland, MI, USA) were inserted under halothane 

anesthesia (1–1.5% in air with dose adjustments as needed to maintain the unconscious 

state), the animals were restrained by the hind limbs on plastic boards, and they were 

allowed about 4h recovery until the experiment. Rectal temperature was maintained at 37°C 
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with a heat lamp connected to a thermistor throughout the recovery and experimental 

intervals. Baseline blood pressure, rectal temperature, and arterial plasma glucose levels 

were determined immediately prior to the pulse intravenous injection of [14C]DG (10 μCi in 

0.1 mL 0.9% NaCl). Timed samples of arterial blood (10 μL) were drawn for analysis of 

plasma [14C]DG and glucose concentrations by liquid scintillation counting with external 

standardization and Beckman glucose analyzer, respectively. At the end of the 45 min 

experimental period the rats were anesthetized with thiopental (50 mg/kg, iv), decapitated, 

and their brains were removed and frozen in isopentane at about −45°C. Frozen 20 μm-thick 

coronal sections were cut in a cyrostat at −20°C, dried, and exposed to Kodak SB-5 medical 

x-ray film along with calibrated 14C-standards. Local 14C concentrations in brain regions of 

interest were determined by densitometry, and CMRglc was calculated with the operational 

equation of the method using values for the lumped constant and rate constants for normal 

adult rats [24, 25].

String test to evaluate coordination—Behavioral testing using a tightrope to evaluate 

neuromuscular competence [26] was carried out essentially as described by Barclay et al. 

[27] except that a different scoring procedure was used. The testing apparatus consisted of a 

nylon cord (3 mm thick, 50 cm long) tightly tied between two vertical poles 60 cm above a 

2.5 cm-thick foam landing pad; ring stand platforms were located at each end of the string. 

The test was initiated by holding the rat by the tail and allowing it to grab the string with 

both forepaws near the midpoint between the platforms. Then the animal was gently 

released and scored by one or two observers blind to the treatment of the animal; the 

duration of the test was 1 min unless terminated sooner if the rat fell off the string or 

traversed to a platform. Because hyperphenylalaninemic rats were less active than controls 

discrimination between groups was increased by awarding points for contact of paws and 

tail with the string and speed of traversing the string to the platform and assigning penalty 

(negative) points for less contact with the string, inactivity, and falling. Rats were tested at 

twice daily, at 4–6h after the last phenylalanine injection when brain phenylalanine levels 

were highest, in the range of 2–4 μmol/g, and at about 12 h after the last injection when the 

brain phenylalanine level had fallen below from peak levels (See Results, Fig. 1). If a rat 

received a score of ≤2 it was re-tested about 2–3 min later and both scores averaged. Details 

of the testing and scoring systems are presented in the legend to Fig. 4.

Statistics—Statistically-significant differences between control and experimental values 

were identified with the Student’s t test or one- or two-way analysis of variance (ANOVA) 

with Dunnett’s test for multiple comparisons against a single control. P<0.05 was considered 

significant.

Results

Optimization of phenylalanine dosing to produce sustained elevations of Phe in plasma 
and brain

The study establishing the use of αMePhe in a model for chronic hyperphenylalanemia 

showed that a dose of 2.4 μmol/g αMePhe reduced liver Phe hydroxylase activity by about 

65–75% and injections of αMePhe+Phe caused 20–30-fold increases in plasma Phe 
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concentration and about 2-fold increases in plasma tyrosine level; age-related gains in body 

and brain weight, brain protein and DNA content, and developmental profiles of 6 enzymes 

were similar to those of controls whereas phosphoserine phosphatase was elevated in 

hyperphenylalanemic rats [12]. In contrast, rats treated with pCPhe had a 30–60% mortality 

rate and grew more slowly than those given αMePhe [12].

Initial experiments in the present study (not shown) evaluated the time courses of Phe 

clearance from plasma and brain at 10 and 16 days of age after a single injection of Phe and 

after chronic αMePhe + Phe injections, and demonstrated that the rate constant for Phe 

clearance was linearly correlated with liver phenylalanine hydroxylase activity. In brief, in 

10-day-old rats the plasma Phe concentration peaked at about 6 μmol/mL within 30 min 

after a dose of αMePhe + 5.2 μmol/g body wt., fell by about 30% at 2h, remained above 1 

μmol/g for 16h, and returned to near-normal between 16–20h. Because clearance of Phe 

from plasma and brain was faster in older rats due to higher phenylalanine hydroxylase 

activity that is not prevented by αMePhe, the daily Phe doses were doubled starting at day 

11. In 16 day-old rats that were given once-daily αMePhe + 5.2 μmol/g Phe doses from 3–

10 days and αMePhe + 10.4 μmol/g Phe from 10–16 days, plasma Phe peaked at about 9 

μmol/mL at 0.5–2h, and declined by about 30% and 80% at 2 and 8h, respectively, 

becoming near normal by 14–16h. At both ages, maximal brain Phe level lagged that in 

plasma, consistent with transport limitation, and it had a lower peak of 2.5–3 μmol/g at 

about 6h after the injections (Fig. 1A). In contrast, inhibition of phenylalanine hydroxylase 

by pCPhe was more effective at 10 and 16 days than with αMePhe, and brain Phe was in the 

range of 0.7–2.1 μmol/g during 6–20h after the 5.2 μmol/g Phe injection, i.e., the 16-day-old 

pCPhe-treated rats had elevated brain Phe levels for a longer period with lower Phe doses 

than with α-MePhe treatments (Fig. 1A). Double injections of Phe alone raised the brain Phe 

level in 10-day-old rats to 3.7 μmol/g at 6h and it normalized by 20h (Fig 1A). Brain 

tyrosine levels were highest in rats injected with only Phe and no inhibitor, peaking at 12–

15-fold above normal, whereas the rats treated with αMePhe or pCPhe had 2–4-fold 

elevations in brain tyrosine content due to incomplete inhibition of the enzyme (Fig. 1B). 

The temporal profiles of brain Phe concentrations were generally similar in the different 

models for hyperphenylalanemia, except that its levels were highest in rats given the highest 

Phe doses (i.e., double injections of Phe alone and higher doses of Phe in the αMePhe-

treated rats from 11–16 days) (Fig. 1A).

The brain concentrations of the phenylalanine hydroxylase inhibitors were also estimated. 

The amino acid analysis procedure did not separate αMePhe from tyrosine, and the results 

for tyrosine in Fig. 1B are reported as the sum of the two amino acids. However, the 

ninhydrin color coefficient (area/μmol) for tyrosine was 6.3 times that of αMePhe, and 

overestimation of tyrosine level would be <15% if both amino acids were present in 

equimolar amounts. In separate assays for tyrosine using a fluorometric procedure [28, 29], 

concentrations of standard tyrosine agreed within 5% of those obtained by amino acid 

analysis and αMePhe did not contribute fluorescence or interfere with the assay. Brain 

αMePhe concentrations were, therefore, estimated by difference, from tyrosine levels 

determined by the two methods. Approximate αMePhe concentration ranges in brain of 10-

day-old rats were 0.3–0.6 μmol/g at 6 and 12h after the last injection and 0.9–1.2 at 20h; in 

16-day-old rats αMePhe was 0.2–0.3 μmol/g at 6 and 12h after the injection. Brain tyrosine 
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levels ranged from 0.2–0.4 μmol/g in the same animals indicating that any contributions of 

αMePhe to tyrosine levels were generally small (<15%). Phe, Tyr, and pCPhe were resolved 

by the analytical procedure, and brain pCPhe levels ranged from about 0.2–0.4 and 0.2–0.3 

μmol/g in 10- and 16-day old rats, respectively, at 6–20h after the last pCPhe injection.

To summarize, the rate constant for clearance of Phe from plasma correlated with liver Phe 

hydroxylase activity in αMePhe-treated rats, but different relationships were obtained with 

pCPhe- and Phe-treated rats (not shown), indicating that brain and plasma Phe 

concentrations cannot be predicted simply from knowledge of Phe hydroxylase activity and 

Phe dose; other factors, perhaps cofactor availability, are also involved. An important 

consideration is that there is little benefit of greatly increasing the Phe dose to maintain 

elevated brain Phe levels because the plasma levels appear to be sufficiently high to saturate 

brain Phe uptake (Kt of the large neutral amino acid transporter ≈0.45–0.9 mmol/L in the 

presence of other amino acids [30, 31]). More frequent injections using lower Phe doses are 

a better approach to sustain its level in brain. The doses of Phe used in the above three 

models to produce chronic hyperphenylalaninemia cause large, dynamic changes in plasma 

and brain levels that vary with Phe dose and time after injection (Fig. 1A). These levels 

approximate or exceed the range of values in plasma (~1.8–3.3 μmol/ml) of fasting human 

phenylketonuric children [3], in brain of adult phenylketonuric patients determined with 

magnetic resonance spectroscopy (~0.2–0.9 mmol/L or per kg wet wt.) [32–40], or in adult 

phenylketonuric brain at autopsy (~0.8–1.4 μmol/g) [41, 42]. Blood and tissue Phe levels in 

PKU patients are governed by clinical and dietary intervention treatments, diet composition, 

and time after eating, and Phe levels would be higher in untreated patients. All three rat 

models have the disadvantage that they cause elevated levels of tyrosine and the enzyme 

inhibitors have side effects. Nevertheless, biochemical changes common to all three 

experimental animal models are likely to be most relevant to the pathophysiology of 

phenylketonuria.

Brain amino acid levels in chronic hyperphenylalanemic rats

Daily injections of αMePhe alone increased brain Phe concentration about 4-fold at 10 and 

16 days of age without increasing brain Tyr levels (Table 1). Ile and phosphoethanolamine 

levels were depressed and glycine increased at 10 days. Inclusion of single daily injections 

of Phe (5.2 μmol/g from 3–10 days and 10.4 μmol/g from 11–16 days) with αMePhe greatly 

increased brain Phe and Tyr levels, depressed concentrations of neutral amino acids by 30–

50%, and increased Gly level to a greater extent than inhibitor alone, as previously reported 

[19]. At 10 days the concentrations of phosphoserine and Glu were reduced by about 20%, 

whereas at 16 days the levels of Tau and Asp were elevated by 50 and 84%, respectively. 

Thus, there were age-related and Phe concentration-dependent effects on specific brain 

amino acid levels in the αMePhe + Phe-treated rats (Table 1).

Temporal profiles of changes in concentrations of brain amino acids at intervals after the last 

Phe injection and comparisons with effects of treatment with αMePhe + Phe, pCPhe + Phe, 

and double daily doses of Phe are illustrated in Fig. 2. Most but not all of the trends 

observed for the10-day-old αMePhe + Phe-treated rats (solid lines) were evident at 5, 7, and 

16 days of age, and were also observed for the two other treatments to produce chronic 
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hyperphenylalanemia. Elevated levels of Gly were sustained in the range of about 1.5–3.5-

fold above normal throughout the day, with highest concentrations in the rats given the 

largest dose of Phe (double injections with no inhibitor), intermediate in pCPhe-treated rats, 

lower but still 1.6–3-fold above normal in the αMePhe + Phe-treated rats (Fig. 2A), and 

lowest in those given only αMePhe (Table 1); these findings suggest Phe-concentration-time 

dependence of hyperglycinemia. This conclusion is supported by findings in the 16-day-old 

rats in which the brain glycine concentrations determined at 6 and 12h after the last Phe 

injection were 2–3-fold higher in rats injected with (i) αMePhe + 10.4 μmol/g Phe from age 

11–16 days compared with those given 5.2 μmol/g Phe during the same interval, or (ii) 

pCPhe-treated rats given Phe doses 5.2 μmol/g compared with 2.6 μmol/g from age 3–16 

days (data with lower Phe doses not shown). The brain concentrations of other neutral amino 

acids (Fig. 2B–F) were lowest, in the range of 30–75% of control, when Phe was highest 

(i.e., about 6–12h, Fig. 1A), and they tended to normalize when Phe was cleared from brain. 

Brain Phe concentration fell more rapidly (Fig. 1A) in the 16-day-old αMePhe + Phe-treated 

rats where Phe hydroxylase activity (not shown) increased in spite of the inhibitor and 

cleared Phe from plasma and brain more rapidly. Of interest, the mean levels of Glu (Fig. 

2G) and phosphoserine (Fig. 2J) between 2.5 to 15h after the last injection were depressed 

by about 20–40% (P<0.05) in all three animal models in 10-day-old rats, but not for Glu in 

the 16-day-old αMePhe + Phe-treated rats or for P-Ser in the pCPhe + Phe-treated 16-day-

old rats, indicating age- and treatment-dependent effects of hyperphenylalanemia (Table 1, 

Fig. 2). Curiously, Arg levels were significantly reduced at 10 days in the pCPhe + Phe- and 

double dose-phenylalanine-treated rats and tended to be below normal in αMePhe + Phe-

treated rats but rose above normal as Phe was cleared from brain (Fig. 1I). Disruption of 

brain amino acid levels was most severe in the pCPhe-treated rats, perhaps due to side 

effects of the drug, and these animals had significantly elevated levels of Lys that was not 

observed in the two other models (Fig. 1H). Both pCPhe + Phe-treated and Phe-injected 10-

day-old rats also had significantly reduced mean levels (range: 23–39%, P<0.05) over the 

2.5–15h interval for Gln (Fig. 2K), Asp (Fig. 2L), and Ser (not shown) that were not evident 

in the 10 day-old αMePhe + Phe-treated rats (Table 1), perhaps reflecting differences in 

brain Phe exposure (i.e., area under curve in plots of concentration vs. time that was greatest 

in these two groups). The effects of higher daily Phe dosage are also evident when pCPhe-

treated rats were given daily Phe doses of 2.6 (data not shown) or 5.2 μmol/g. With the 

higher dose, the mean levels of Asp, Ser, Gln, Glu, Ala, Met, GABA, Orn, and Arg were 

depressed to a greater extent during the 6, 12, and 20h interval after the last Phe injection. 

To sum up, at 10 days all three animal models had elevated Gly content throughout the day 

and reduced levels of phosphoserine, Glu, and neutral amino acids, most of which varied 

with brain Phe content, and had some age- and treatment-dependence of the magnitude of 

change. Because the αMePhe + Phe-treated rats exhibited most of the characteristics of the 

two other animal models but were healthier and had tyrosine levels in the lower range (2–3-

fold increases), these animals were used for assays of CMRglc and behavior.

Local rates of cerebral glucose utilization in chronic hyperphenylalanemic rats

Phenylalanine or its metabolites, e.g., phenylpyruvate, can interfere with whole-brain 

glucose utilization in brain in vivo after a single Phe injection [43] and with pyruvate and 

ketone body metabolism in vitro (e.g., [44, 45]). Rates of glucose utilization (CMRglc) were, 
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therefore, determined in brain of weanling rats that were given once-daily injections from 

age 3 to 25 days of either NaCl (controls), αMePhe + Phe (5.2 μmol/g), or only αMePhe. 

CMRglc was also assayed after a single injection of αMePhe + Phe (5.2 μmol/g). CMRglc 

was measured at 4 and 24 h after the last Phe injection when brain Phe concentrations would 

be highest (2–4 μmol/g) or near-normal (0.05 μmol/g), respectively (Fig. 1A). Glucose 

utilization rates throughout the brain were largely unaffected by chronic 

hyperphenylalaninemia, with selective decreases (some time-dependent) in CMRglc in the 

mamillary body and two structures in the auditory pathway, the cochlear nucleus and 

inferior colliculus (Table 2). Chronic treatment with αMePhe alone that causes modest 

chronic hyperphenylalanemia (Table 1) had no effect on CMRglc, whereas a single injection 

of αMePhe + Phe caused increases in CMRglc at 4h in a number of gray and white matter 

regions that were unaffected by chronic treatment (Table 2), suggesting adaption to chronic 

treatment. Baseline values for physiological variables, arterial plasma glucose concentration, 

hematocrit, and blood pressure were similar in all experimental groups (Table 2).

Because single daily injections of αMePhe + Phe (5.2 or 10.4 μmol/g, Fig. 1) do not 

maintain elevated brain Phe concentrations for the entire day after age 10 days, CMRglc was 

also determined in a second group of rats that was given supplementary daily injections of 

0.9% NaCl (n=8) or Phe (2.6 μmol/g, n=8) at 10–12h after the αMePhe + Phe (5.2 μmol/g) 

injection from age 3 to 27 days. There were selective statistically-significant changes in four 

structures, frontal cortex (82% control), radiatum layer of hippocampus (115% control), 

thalamus (85% control), and globus pallidus (113% control) (Fig. 3), that differed from 

those of the lower duration of brain Phe exposure (Table 2). Baseline physiological variables 

were similar to those of animals given single daily injections (see legend to Table 2).

Behavioral changes in chronic hyperphenylalanemic rats

Prior to determination of CMRglc in the rats given supplementary daily Phe injections (Fig. 

3), their muscular coordination was evaluated with the string test. The chronic 

hyperphenylalanemic rats performed worse than the age-matched controls when assayed for 

several consecutive days at 4 or 24h after the last injection (Fig. 4A, left panel). Because the 

Phe-treated rats tended to be less mobile, hang onto the string with forepaws without 

traveling towards the rest platform, and then to drop to the landing pad, the initial scoring 

system (A) was changed to assign penalties for these behaviors and award points for faster 

travel to the platform using more limbs and tail (scoring system B, see legend Fig. 4); 

scoring system B amplified difference between the control and chronically 

hyperphenylalanemic rats (Fig. 4A, right panel). Poor performance on the string test 

persisted for at least 3 weeks after the twice-daily Phe injections were terminated at age 22 

days (Fig. 4B), and poor performance was not observed during mild hyperphenylalanemia 

(treatment with only αMePhe, Fig. 4C), or after a single injection of Phe or after 36h 

treatment with αMePhe + Phe (Fig. 4D). Thus, persistent behavioral abnormalities depend 

on chronic hyperphenylalanemia and are associated with selective changes in brain amino 

acid levels and CMRglc during the resting state, not global CMRglc deficits.
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Discussion

Chronic hyperphenylalanemia-evoked hyperglycinemia is common to different PKU 
models

The major findings of the present study demonstrate that three procedures to produce 

chronic hyperphenylalanemia in the developing rat cause large, sustained increases in brain 

phenylalanine content, smaller increases in brain tyrosine level, and time-, age-, and 

phenylalanine-concentration dependent disruption of brain amino acid levels, most of which 

are common to all three models. Fluctuations in the brain amino acid levels after the last Phe 

injection were generally related to changes in brain Phe concentration due to the Phe 

injection and its appearance in and clearance from blood. The main exception was glycine, 

which was elevated at 12h in 5- and 7-day-old rats and stayed high throughout the day in 10, 

16, and 30-day-old rats (Table 1, Fig. 2, [14, 19]). Glycine levels were not increased in 

spinal cord or liver of hyperphenylalanemic rats [19]. Significant increases in brain glycine 

content are also evoked in 6-week-old rats fed a high Phe diet for 2 weeks [46] and a 2-day-

old monkey fed a high Phe diet for 20 weeks [47]. Notably, elevated brain glycine levels are 

reported in 10-day-old and 4-week-old Phe hydroxylase-deficient mice in conjunction with 

abnormal levels of other amino acids at 4 weeks, including reduced levels of glutamate, 

aspartate, and glutamine but no change in GABA [48, 49]. Elevated glycine evoked by 

chronic hyperphenylalanemia in 3 different rat models, a monkey, and the genetic mouse 

PKU model is particularly important because it demonstrates that the cause(s) of 

hyperglycinemia are not related to side effects of the Phe hydroxylase inhibitors or of 

elevated blood and brain tyrosine concentrations. These data are relevant to high brain 

glycine levels that are considered to be neurotoxic in patients with nonketotic 

hyperglycinemia [50–52]. Glycine is detectable in human brain by 1H-MRS [53], but, to our 

knowledge, brain tissue glycine level has not been carefully examined in PKU patients. 

MRS technology appears to mainly have been used in PKU patients to determine brain Phe 

levels and relationships between blood and brain Phe levels under various conditions and 

amino acid supplementation therapy (e.g., [36, 54]). Metabolic profiling of PKU patients 

by 1H-MRS may be a useful approach for future studies.

The mechanisms responsible for chronic hyperphenylalaninemia-evoked hyperglycinemia 

are not known, and some possibilities have been previously discussed in detail [19]. In brief, 

brain glycine levels fall from peak levels shortly after birth to lowest levels at about 15 days, 

then slowly rise to adult levels, and chronic hyperphenylalaninemia prevents this fall [19]. A 

threshold and tissue specificity for Phe exposure to increase brain glycine content is 

suggested by the finding that 3–4-fold increases in brain Phe level caused by chronic 

treatment with αMePhe (Table 1) or pCPhe alone cause smaller increases brain glycine level 

[19], with no changes in spinal cord and liver even though these tissues have elevated Phe 

levels [19]. Furthermore, chronic treatment with serine, leucine, tyrosine or phenylacetate 

did not raise brain glycine levels, indicating that disruption of neutral amino acid transport is 

not a likely cause, nor is accumulation of a potentially-toxic Phe metabolite [19]. Disruption 

of 1-carbon metabolic pathways was considered as a possibility to alter serine-glycine 

interconversion, but supplementation of the αMePhe + Phe treatments from age 3–10 days 

with injections (given on day 9 at intervals after the last Phe injection) of pyridoxamine, 
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pyridoxol, glutamate, serine, methionine, B12, folate or a combination of folate

+B12+pyridoxol+methionine did not reduce glycine level [19]. Deficits in glycine cleavage 

system cause non-ketotic hyperglycinemia, severe mental retardation, seizures, and other 

neurological problems [50–52]. Valproic acid (2-propylpentanoic acid or dipropylacetic 

acid) is an anti-epileptic agent that inhibits the glycine cleavage system and elevates glycine 

levels in brain, liver, and blood [55–57]. Valproate-evoked increases in glycine levels 

worsen seizures in patients with epilepsy [58] and non-ketotic hyperglycinemia [59, 60]. 

Various α-keto acids inhibit glycine oxidation [61], raising the possibility that metabolic 

disruption in brain by phenylalanine and its metabolites may generate compounds that 

interfere with glycine metabolism. This possibility needs to be taken into account when 

assaying glycine cleavage system activity in vitro because dilution of metabolite levels in 

tissue homogenates and use of optimal assay conditions may prevent inhibition by 

compounds that are present at higher levels in brain in vivo. Understanding the mechanisms 

that elevate brain glycine level in PKU may lead to improved therapeutic approaches, and 

reducing brain glycine concentration in PKU animals and patients may improve outcome.

The αMePhe rat model for PKU

The rats treated with αMePhe to inhibit Phe hydroxylase were healthiest and had lower 

brain tyrosine levels compared to the other treatment groups, but use of this inhibitor 

requires an additional daily dose of Phe to maintain elevated Phe levels for most of the day 

due to residual liver phenylalanine hydroxylase activity. Conceivably, increasing the dose of 

the inhibitor at older ages may be useful to further inhibit the enzyme. On the other hand, 

variable Phe and amino acid levels associated with the injections may, in part, be a 

reasonable representation of fluctuations in PKU patients in whom the daily Phe levels 

would vary with meals and dietary control of Phe intake. As a cautionary note, most but not 

all amino acid changes are observed in different studies using the same rat model (compare 

Table 2, Fig 2 with [14]), but the most robust changes are similar in rat and mouse models, 

taking into account the likelihood of age-dependent differences [14, 48, 49, 62]. The 

αMePhe-treated rats that received double daily Phe injections exhibited post-weaning 

behavioral abnormalities that persisted for at least three weeks after phenylalanine 

treatments were halted. These animals also had regionally-selective changes in rates of 

glucose utilization (Table 2, Fig. 3), including forebrain which was also affected in the 

genetic mouse PKU model [63]. Normal energetic status [64] and selective, as opposed to 

global, changes in CMRglc suggest that in vitro metabolic studies [65] and global in vivo 

assays of CMRglc during acute hyperphenylalanemia [43] need not represent actual pathway 

fluxes in chronically-hyperphenylalanemic animals. For technical reasons related to serial 

blood sampling to measure the specific activity of [14C]deoxyglucose, the CMRglc assays 

were carried out in the resting state in the present study. However, it is likely that assays of 

CMRglc during functional activation when energy demand is increased would be more 

sensitive to detect local metabolic abnormalities or deficiencies. For example, adult (but not 

5–7-week-old) PKU mice are sensitive to audiogenic seizures, with seizure onset 

dependence on blood Phe concentration [66]. Involvement of auditory structures (cochlear 

nucleus and inferior colliculus) in some of the hyperphenylalanemic rats (Table 2) suggests 

that CMRglc assays in hyperphenylalanemic animals during auditory (or other physiological) 

stimulation may generate useful information to understand audiogenic sensitivity (or other 
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pathway disturbances). CMRglc studies in human PKU patients are sparse and difficult to 

compare with those in animals due to a heterogeneous patient population with differences in 

age, diet, and clinical intervention. Global energy metabolism is, however, intact in PKU 

patients, as in the rats, and there are selective changes in relatively few brain structures but 

affected regions differ among the studies [38, 67–69].

Many other laboratories have shown that αMePhe + Phe-treated rats exhibit characteristics 

common to other PKU models and relevant to the pathophysiology of PKU, including the 

presence of phenylalanine metabolites (phenylpyruvate, phenyllactate), lower brain weight 

and serotonin levels, decreased synaptic density, reduced levels of myelin, polysome 

disaggregation, persistent behavioral or cognitive abnormalities (e.g., [14, 64, 70–76]). 

These studies also showed that αMePhe has much less toxicity than pCPhe. There are, 

however, potential side effects of αMePhe that need to be taken into account when 

evaluating relevance of the animal model to PKU, including inhibition of tyrosine 

hydroxylase and catecholamine depletion in brain and other tissues that depend on dosage 

[16, 77, 78]. Estimates of brainαMePhe levels in the present study are within the range that 

may have effects on catecholamines, but dopamine and norepinephrine levels were normal 

in brain of αMePhe- and pCPhe-treated rats at 10 and 30 days [14], although homovanillic 

acid levels (a metabolite of dopamine) and 5-hydroxyindolacetic acid (metabolite of 

serotonin) were significantly reduced [76]. Notably, chronic treatment with αMePhe alone 

caused only a few changes in brain amino acid levels, and the rise in glycine level was 

amplified by Phe, suggesting Phe concentration-dependence and tyrosine independence 

(Table 1, Fig. 2A). Also, αMePhe treatment alone did not alter local rates of brain glucose 

utilization (Table 2) or behavioral activity in the string test (Fig. 4). Taken together, these 

findings indicate that the αMePhe + Phe model may be a useful, low-cost, readily-available 

alternative model to the phenylalanine hydroxylase-deficient mouse models and it would be 

a good model to investigate the basis for elevated glycine levels. The αMePhe + Phe model 

can complement the genetic mouse models as long as appropriate control studies are carried 

out for all models; rat strain and the background mouse strain used to generate the PKU 

mutation and the Phe content of the mouse diet may also influence outcome. Thus, the novel 

treatment paradigms that successfully prevented decreases in dendritic spine density in 

αMePhe + Phe-treated rats [79] should also be tested in Phe hydroxylase-deficient mice. 

Finally, some caution must be exercised with interpretation of results from mouse and rat 

PKU models because rodent diets differ from those of omnivorous humans, and 

compensatory metabolic changes in response to enzyme deletion or inhibition may differ 

among species and give rise to different pathophysiological consequences. Compensatory 

gene expression changes after gene knockdown or knockout are, in fact, extensive and 

involve both up- and down-regulation of many genes related to a wide range of cellular 

functions [80, 81].

PKU is a very complex disease and the basis for acquired mental retardation and other 

neurological deficiencies is not yet understood due to the broad biochemical and 

physiological impact of chronic hyperphenylalanemia during brain development and in the 

adult. Recent reviews of findings in PKU patients and animal models [82–84] tend to 

emphasize the genetic mouse model [85] that shares many of the pathophysiological 

phenotypes previously reported in earlier animal studies with or without inhibition of 
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phenylalanine hydroxylase, as well as the concepts derived from these data. Interpretation of 

relevance of the earlier findings is obviously complicated by use of inhibitors and elevated 

tyrosine levels but useful information has been obtained from them and characteristics 

common to all models are likely to be most relevant to PKU. In fact, elevated tyrosine levels 

and any of its downstream effects on brain catecholamine levels or turnover can be ruled out 

contributing to hyperglycinemia. New treatment paradigms for PKU patients, in addition to 

Phe-restricted diet, are designed to target enzyme and cofactor deficiencies with gene, 

enzyme, or cofactor therapies, and with dietary supplementation with large neutral amino 

acids to compete with phenylalanine for uptake into brain and reduce brain Phe level while 

increasing the brain levels of neutral amino acids [84, 86, 87]. These approaches use modern 

techniques and are derived, in large part, from knowledge generated by many studies in 

various PKU animal models.

Consequences of elevated brain glycine levels

High glycine levels are linked to brain dysfunction, damage, and mental retardation in 

nonketotic hyperglycinemia, and glycine may be involved in brain dysfunction and 

abnormal glutamatergic neurotransmission in experimental PKU. Discussion of PKU and 

animal models [85, 87] tended to discount findings in the early rat models and chronic 

hyperphenylalanemia-evoked hyperglycinemia [19] that is now shown to also occur in the 

Phe hydroxylase-deficient mouse [48, 49]. Several recent studies have implicated high brain 

glycine levels in oxidative stress and disruption of brain energy metabolism, and showed 

that these effects were reduced or prevented by the N-methyl-D-aspartate (NMDA) receptor 

antagonist MK-801 [88–91], linking high glycine levels to excitatory glutamatergic activity. 

A second interesting aspect of the above work was that glycine, at levels observed in 

hyperphenylalanemic rat brain, had a number of inhibitory effects on mitochondrial energy 

metabolism, and it impaired 14CO2 production from 14C-labeled acetate but not from 

glucose or citrate in homogenates of cerebral cortex. Use of homogenates eliminates the 

astrocyte-specific oxidation of acetate that arises from monocarboxylic acid transporter 

substrate specificity [92], but may implicate astrocytes in aspects of metabolic dysfunction 

in PKU rodents. The levels of glutamate, aspartate, and glutamine tended to be reduced in 

the young rats in some but not all studies and ages (Table 2, Fig. 2, [48, 49]) raising the 

question of whether CO2 fixation is impaired. Pyruvate carboxylase is localized to astrocytes 

[93, 94], and CO2 fixation is inhibited by phenylpyruvate in vitro [44]. However, brain 

phenylpyruvate levels in the mouse PKU model do not appear to be high enough to cause 

significant inhibition [95] unless there is local compartmentation of Phe transamination and 

locally-high levels of this Phe metabolite. Glutamatergic synaptic transmission in cultured 

hippocampal and cerebrocortical neurons (12–27 days in vitro after harvest from newborn 

rats or mice) is impaired by acute application of Phe, with apparent competition of Phe for 

the glycine binding site of NMDA receptors, since higher concentrations of glycine 

prevented the depressive effects of Phe [96–98]. The expression of NMDA and AMPA 

glutamate receptor subunits is also altered in brain of Phe-hydroxylase deficient mouse [85, 

96, 97, 99]. These findings are quite interesting but the acute in vitro effects of Phe may not 

be relevant to phenylketonuria, and they need to be extended to evaluate temporal and 

mechanistic relationships between brain glycine content and glutamatergic 

neurotransmission in brain tissue of chronically-hyperphenylalanemic rats and mice. Future 
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studies are required to evaluate brain glycine levels in PKU patients, elucidate the 

mechanism(s) underlying increased brain glycine level and its consequences in developing 

brain in animal models, and to develop new therapeutic approaches designed to normalize 

brain glycine level.
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Abbreviations

CMRglc cerebral rate of glucose utilization

DG 2-deoxy-D-glucose

GABA γ-aminobutyric acid

pCPhe p-chlorophenylalanine

αMePhe α-methylphenylalanine

PKU phenylketonuria
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Fig. 1. Chronic hyperphenylalanemia produced by three procedures
Brain phenylalanine (A) and tyrosine (B) levels were determined at intervals after the last 

Phe injection and are reported as % control (see Table 1 for absolute values). Rats were 

injected once daily from age 3 to 5, 7, 10 or 16 days with α-methylphenylalanine (αMePhe, 

2.4 μmol/g body weight) + phenylalanine (Phe, 5.2 μmol/g from age 3–10 days and 10.4 

μmol/g from age 11–16 days), p-chlorophenylalanine (pCPhe, 0.9 μmol/g on alternate days) 

+ Phe (5.2 μmol/g daily), or two daily doses of Phe (6.1 μmol/g) given 2h apart. Each 

sample is derived from a pool comprised of 4–6 brains. Lines illustrate the temporal trends.
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Fig. 2. Temporal and age-dependent changes in brain amino acid concentrations evoked by 
chronic hyperphenylalanemia produced by three procedures
Treatments are described in the legend to Fig. 1. Brains were sampled at the indicated times 

after the last Phe injection, and each value represents a single pool comprised of 4–6 brains 

or the mean of two independent pooled samples for that time point. For the αMePhe +Phe-

treated rats there were two pooled samples at 6, 12, and 20h in 10-day-old rats, 2 pooled 

samples at 6 and 12h at 16 days, single pooled samples at 2.5, 9, and 15h at 10 days, and at 

12h at 5 and 7 days. The pCPhe + Phe-treated rats had 2 pooled samples each at 6, 12, and 

20h at 10 days, and 2 each at 6 and 12h at 16 days. The 10 day-old Phe-treated rats had 2 

pooled samples at 6 and 12h, and 1 at 20h. Lines connect the points in the 10-day-old rats to 

illustrate the temporal trends for brain amino acid levels in the three models at this age.
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Fig. 3. Selective changes in glucose utilization in rats given two daily injections of phenylalanine
Rats were given daily injections from age 3 to 27 days of 0.9% NaCl or α-

methylphenylalanine (αMePhe, 2.4 μmol/g) + phenylalanine (Phe, 5.2 μmol/g) plus a second 

daily injection 10–12h later of only Phe (2.6 μmol/g) for the hyperphenylalanemic rats (n=8) 

or of NaCl for the controls (n=8). Statistically significant (*, P<0.05, t-test) differences were 

observed in four structures, with no changes in CMRglc in the other brain regions of interest 

that are presented in Table 2 in which the rats did not receive second daily Phe injections. 

CMRglc was measured in the same rats used for the behavioral testing in Fig. 4A.
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Fig. 4. Behavioral testing of hyperphenylalanemic rats
(A) Rats were given daily injections of 0.9% NaCl or α-methylphenylalanine (αMePhe, 2.4 

μmol/g) + phenylalanine (Phe, 5.2 μmol/g) plus a second injection 10–12h later of only Phe 

(2.6 μmol/g) or NaCl from age 3 to 27 days. Rats were weaned at age 21 days. Twice-daily 

string tests were initiated at age 23 days; the odd-numbered trials were carried out at 6h after 

the NaCl or α-MePhe+Phe injection when brain Phe concentrations would be highest (see 

Fig. 1), and subsequent even numbered trials at ages 24–26 days were carried out at 12h 

after the NaCl or α-MePhe+Phe injection (just prior to the second Phe injection) when brain 

Phe level would be lower. Scoring system A (see below) was used for trials 1–5 and scoring 

system B was used for trials 6–8 (n = 13 controls and n = 6–13 hyperphenylalanemic rats). 

These rats were then used to determine CMRglc (Fig. 3). (B) Rats were given daily 

injections as described above from age 3–22 days, then the injections were terminated. 

Once-daily string tests using scoring system B were carried out from age 19–54 days (n=5 

controls and 4–5 hyperphenylalanemic rats). (C) Rats were given single daily injections 

from age 3 to 35 days of 0.9% NaCl (n = 5) or αMePhe (2.4 μmol/g; n = 7) and string tests 

scored with system B were carried out at intervals beginning on day 25. (D) Rats were given 

Dienel and Cruz Page 24

Neurochem Res. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a single injection of 0.9% NaCl (n=6) or phenylalanine (Phe, 5.2 μmol/g; n = 6) at age 31 

days and string tests scored with system B were carried out at timed intervals. At 12 and 24h 

after the last string test, the rats were given αMePhe (2.4 μmol/g) + Phe (5.2 μmol/g), 

followed by Phe (5.2 μmol/g) at 36, and αMePhe (2.4 μmol/g) + Phe (5.2 μmol/g) at 48h; 

string tests carried out at 3h and 7h after the last injection. The major difference between the 

scoring systems A and B is that system B gives more points for rapid movement along the 

string to the platform and penalizes hanging in place; these changes increase behavioral 

discrimination between the control and experimental rats. Scoring systems A and B, 

respectively, allocated points as follows, where dashes indicate a characteristic that was not 

included in the scoring system: each paw kept on string for ≥5s (1 point, 1 point); tail kept 

on string for 5s (2, 2); continuous travel along string for each ≥5s of travel (3,3); reaching 

one of vertical poles (2, -) within 0–5s (-, 16), 5–15s (-, 7), 16–30s (-, 4), or 31–60s (-, 2); 

falling off string within 0–15s (−3, −3), 16–30s (−2, −2), or 31–60s (−1, −1); penalties for 

each occurrence of hanging motionless for 5s (−3, −3) or hanging in place without moving 

paws from their position on the string (-, −2). Values are means ± SEM. Rats in all 

experimental groups were weaned at age 21 days. The string test scores for the 

hyperphenylalanemic rats were significantly lower than controls in panels A and B 

(P<0.001, 2-way ANOVA), whereas there were no significant differences among the groups 

in panels C and D. Body weights at 23, 25, and 27 days, respectively, were 48.7 ± 1.1, 57.8 

± 1.3, and 69.4 ± 1.4 g for controls and 40.6 ± 1.8, 46.9 ± 2.0, and 51.6 ± 0.5 g for 

hyperphenylalanemic rats; weights of the Phe-treated rats were significantly less than 

controls at all ages (P<0.001, 2-way ANOVA and Bonferroni multiple comparisons test).
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