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ABSTRACT

Neonate rats were intubated daily from 0-29 days of age
with l-phenylalanine plus dl-parachlorovhenylalanine in order
to produce an animal model of phenylketonuria (PXU). On the
29th day of intubation, the PXU group had elevated plasma
phenylalanine and tyrosine levels and reduced body and brain
welghts as compared to an agar control group. At 85 days of
age the PXU animals made significantly fewer bar presses than
the agar controls, with the largest difference occurring when
the subjects were shifted from a CRF to a DRL-5" schedule of
reinforcement. The rats were decapitated at 330 days of age
and the PXU animals had significantly less DNA and wet braln
weight than the agar controls in the cerebellum only. Early
drug treatment of the PXU animals produced benhavioral, blo-
chemical, and neurologlcal characteristics théﬁ resemble

those of human PXU,
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CEAPTER I

EISTORY OF TH= PROBLEM

Phenylketonuria (PXU) is an inborn error in amin; acid
metabolism that was first described by F81lling, who detected
excessive amounts of pherylpyruvic acid in the urine of
institutionalized, severely retarded siblings (1934). The
most important blochemical characteristic of PEU 18 an ele-
vated level of phenylalanine in the blood and urine, which is
caused by the virtual absence of the lliver enzyme phenylalanine
hydroxylase (Jervis, 1953; Lyman, 1963; K;ox, 1966; Kaufman,
1971). In an effort to prevent the severe ﬁental retardation
that accompanies classical PXU, Woolf (1951) propose& a therapy
of restricting the amlné acld pherylalanine in the diet of
infants dlagnosed as phenylketonuric or hyperphenylalanemic.,
This low phenylalanine diet was first instituted by Zickel
(1953) and has since then resulted in higher I4's ard better
physical growth than that occurring with untreated TKU
“{Sutherland, 1966; Fuller, 1967; Berry, 1969)., Although 2
low phenylalanlne diet 1s the only avallable treatment for
PKU, there are tke dlsadvantages of a stressful long-terz
diet, the danger of ovér-restricting the essential amzino acid
phenylalanine, which can result in reduced growth, mental
retardation, or death (Rouse, 1966) and the probability that
treated PXUs are 8till wvulnerable to the biochemical leslons

of PXU (Cohen, 1969; Sanders, 1969; Perry, 1970). Thus, there



is s8t1l11 the need for a more effective therapy for PKU as
well as a better understanding of the nature of this human

dlsease,

Review of Literature

Although PKU 1s the best understood of all the amino-
acld disorders, the exact cause of the blochemical damage
of this disease i1s unknown. Eastham and Jancar (1968) have
proposed that the lesions of all aminoacidopathies 1hcluding
PKU are caused by (1) the fallure of the amino acid to enter
the cell, or the fallure of the cell to taxe up the amino
acid, (2) an intracellular enzyme (or co-enzyme)} deficiency
that prevents normal amino acld metabolizm and (3) an abnormai
'leakage' of ﬁhe amino acid or metabolite from the cell,

The specific hypotheses that attempt to explaln the
mental retardation of PKU can also be organized into three
similar groupings., First, the retardation associated with
PKU could be the result of a secondary inhibiticn of enzyme
reactions by hizh levels of phenylalanine and the acccmpanying
metabolie defects, Thus an inhibitlon of tryptophan hydroxy-
lase by phenylalanlne results in a drop 1n the level of tryp-
tophan metabolites 5-hydroxytryptopvhan, S5-hydroxytryptamine,
5-hydroxyindole acetic acid, and Kynureine (Eastham and Jancar,
1968; McKean, Boggs, and Peterson, 1968; Lutz, 1971). Researchers
have also observed defects in glycolysls, reduced myelination,
protein and proteo-lipid synthesis, and brain welght, and an
overall depression of plasma amrino acids beslides phenylalanine
(Eastham and Jancar, 1968; Linneweh and Ehrlich, 1962; Efron,
Kang, Visakorpl, and Fellers, 1969; Martin and Schlote, 1969).



Secondly, PXUs may suffer from a deficiency of substances that
are formed from phenylalanine, a few of which are melanin,
tyrosine and 1ts metabolites homogentisié acid, tyramine,
-phenol , and especlally the neurotransmitters 3, 4-dihydroxy-
-phenylalanine (DCPA), norepinephrine, and epinephrine (Nadler
and Hsia, 1961; Perry, Hansen, Tischle;, Buntingz, and Diamond,
1970; Lutz, 1971). Thirdly, clinical research has suggested
that high levels of phenylalanine or its metabolites are
~directly toxlc to the PKU cklld (Hsia, 1966; Knox, 1966;
Perry, et al., 1970). Some of the urinary metabolites are
phenylacetlic acld, ortho-hydroxyphenylacetic acid, phenylacetyl-
- - —glutamine, N-acetylphenylalanine, phenylethylamine, indole,
-indoleacetlc écid, indolelactic acid, and indican as well as
phenylalinine itself (La Du and Zannoni, 1971).

--—--Classical PXU with severe mental retardatlion is a rare
disease that occurs in approximately 1:5000 - 1:18,000 (Bickel,
1971) of the births from the general population, but phenyl-
kétonurics comprise 1,0 percent of institutlionalized mental
patients. Early evidemiological data seemed to indicate that
fKU was primarily inherited by males despite contradictory
evidence that PKU 1s genetlcally transmitted vla the auto-
somél recessive mode (Esia and Dobson, 1970). However, later
studies by Koch, Dobson, Hsia, and %Woolf (1971) and others
(Haweroft and Eudson, 1973) have falled to find .this prepon-
derance of males in PXU but show lnstead that phenylalanine
levels may rise more slowly in females after birtk., Thus the

widely used 'Phenistix' urine test or the Gutherie blood test



may glve false-negatlive results if given only in the first
forty-eight hours of life before adequate feeding with protein,
particularly in females,

Of the several varlant forms of classical PKU, the most
common 18 hyperphenylalanemia., Mabry, Denniston, and.Nelson
(1969) believe that perhaps as much as .01 per cent of the
general population has an undetected condition of hyperphenyl-
alanemla which may or may not be reflected by sub-normal Igs.
Fetuses exposed to high phenylalanine levels 1ln utero through
maternal PXU or hyperphenylalanemia may be born retarded even
though they exhibit normal phenylalanine metabolism (Mabry,

" et al., 1963; Fisch and Anderson, 1971). Pregnant women wﬁo
are PKUs or who have high blood levels of phenylalanine have
been.put on low phenylalanine diets and have given birth to
small babies of normal intelligence (Arthur and Hume, 1970).
In a short review of the research comparing classical PXKU
with its variant forms, Thalhammer and Scheiber (1972)
conéluded that hyperphenylalanemia avppears to be genetically
different from PXU, possibly throuzh two different allels on
the same phenylalanine hydroxylase locus.

One important issue remalining to be resolved concerns
the optimal duraticn of dletary treatment. There 1s general
agreement that PKU chlldren who are treated early and whose
phenylalanine blood levels are carefully monitored thrive far
better than late or non-treated PKU children (Berry, 1969).
Some research has shown that dletary treatment may be dis-
continued between the ages of five and eight without a drop

in intelligence scores, presumably because the major portion



of cortical development has occurred by this time (Saunders,

1969). Other studlies disagree with this terminaticn date, and

have noted that when the low phenylalanine diet 13 discontinued,
PKUs exhibit undesirable behavioral consequences such_as
—-lethargy, irritability, or hyperactivity (Frankenburg and
“Goldsteiln, 1973). .

In addition Grlittner, Maisch, and Barteheimer (1971) have
noted several instances in which dietary theraoy has been ini-
_tiated for the first time with children five or six years of age.
In some cases these children have shown increases in IJ scores

ranging from 7 to 34 points. Grlittner et al. (1971) have

_. recommended that the theraputic diet be initlated even after the S

-81xth year of~life when the following symptoms are present:

1. behavior disturbances such as anathy, lack of activity,
hyperactivity and agressiveness, wken they are so severe
that they decrease the capacity of learning and sociability.
2. If severe selzures, uninfluenced by treatzent, are
present at the time of diagnosis, and ccnsiderably disturb
the general conditlion of the patient.
3. If there is only moderate retardation of intellectual
development or if the patlient 1s just a borderline case for
admission to a special school,
Griittner et al, (1971) stress that when there is a change in
behavior after the initlation of dietary tkherapy, "the change 1s
always in the direction of normalization; the hyoeractive children
. —-becore more quiet and the apathetlic children beccme rere active."
Perry, Hansen, Tischler, and Soxol (1973) have sugzested the
temporary use of the low-phenylalainine diet wilth psychotic PXU

adults. Perry et 2l, (1972) have observed cases in which:.



unrecoznized PKU adults of normal intellicence were admitted to

a mental institution for major psychotic 1llnesses and were given
electroconvulsive shock and antipsychotic drugs. These patlents
were later dlagnosed as PKUs by a routine urine screening test
when it was determined that thelr fasting blood phen&lalanine
levels ranged from 14 to 17 milligrams per 100 milliliters of
blood, the normal range beinz below 4 mllligrams. These researchers
concluded that lowering blood phenylalanine levels would have been
a more approoriate treatment for these PKU patlients during thelr
acute psychotic illness. McKean (1972) appears to support this
conclusion with data collected from other adult PKUs. McKean
demonstrated that in vivo adminlstration of phenylalanine to PKU
adults severely disrupted cerebral serotonin and catecholamine
metabolism, and that serotonin and dopamine levels could be
improved by restricting phenylalanine intake with a possible im-
provement in norepinephrine synthesls as well. In conclusion, an
early, permanent termination of the low phen&ialanine diet in
PKUs, and the possible utllity of this dilet during later 1life
deserves further 1lnvestigation.

Animal Models of PKU

A valid animal model of PKU would be of great value in attempting
to assess the merits of various treatment methods or to examine the
basle bilochemical lesion or behavioral disorder. Karrer and Cahilly
(1965) have reviewed some of the early studies that clalmed to have
made animals phenylketonuric and even prevented PKU., ZKarrer and
Cahilly concluded that clalims of having produced animal PKU were
premature because no study had successfully met certain essential

blochemlcal and behavlioral criteria. The most frequent failures



in animal models of PKU occurred because blood serum

phenylalanlne levels were below 20 milligrams percent, or

behavioral deficlts that were reversible after the animals were

taken off the hizh phenylalanine dlet used to induce PKU., Perez
--{1965) supported Karrer ard Cakilly in a study demonstrating that
in rats when high levels of phenylalanine are administered by

intraperitoneal injJections from within hours after birth until 60

days of age and the animals tested 21 days after the last injectlon

no learning deficlt could be found.
Most previous attempts to produce animal PKU have increased
the subjects' blood levels of phenylalanine either through diet
---—-or injections., One criticism of this approach has been that
little phenylalanline hydroxylase inhibitlon occurs, and the
levels of tyrosine are greatly lncreased rather than remaining
-—sub-normal or normal as in human PKU (Perez, 1965; Perry et al.,
1965; Karrer and Cahilly, 1965). Wwith the exception of in utero
damage to the fetus by high phenylalanine levels (Kerr et al,,
1968; Chamove and Davenport, 1970; Chamove, Walsman, Farlow, 197C:
Chamove and Harlow, 1973) with rhesus monkeys, only Schalock (1969)
has produced with this éodel animal PXU that meets the behavioral
criteria of irreversibility, and this study reported no biochemical
data.

_ Koe and Walisman (1968) have attempted to produce another
animal analogue of PKU by usinzg dl-parachlorophenylalanine (PCPA)
which inhibits the enzymes tryotorhan hydroxylase and phenylalanine
hydroxylase, decreases tyrosine and serotonin, and increases plasma
and urinary phenylalanine. This model has been criticized for

inadequate elevatlions of phenylalanine and its failure to produce



a long-term behavioral decrement (Watt and Martin, 1969).

However, Hole (1972) claims to have produced an animal analogue

of PKU using PCPA injJections for the first seven weeks of life 1in
rats and his data meet most of the criterla vroposed by Karrer
and Cahilly. Hole (1972) reported reduced serotonin levels during
the injectlons, a permanent reductlion in brain welght, and a
reduced arousal level 1n the animals four weeks after the last
injection.

Andersen and Guroff (1972) have discussed five baslc errors
that may occur in attempting to produce an animal model of PKU.
The first of these errors 1ls the chemical method of producing
the model by the use of elther phenylalanine or PCPA alone,
Andersen and Guroff (1972) claim that by simultaneously adminis-
tering phenylélanine plus PCPA, a treatment first proposed by
Lipton, Gordon, Guroff, and Udenfriend (1967), that they were
abls to maintaln high plasma phenylalanine levels, low or rormal
tyrosine levels, inhibit hepatlc phenylalanine hydroxylase and
thus produce most of the blochemical characteristics of PKU.

The second error that they clalm occurs frequently is attempting

to induce hyperphenylalanemia past the period of rapid brain devel-
opment. Andersen and Guroff treated thelr animals from birth
untll 21 days of age, a technique also urzed by Kilbey and Harris
(1971). A third common mistake has been to test the animals during
the tlme of injectlons or dlet when the animals are suffering from
the nonspeciflc and reversible effects of the drug treatment.
Anderson and Guroff ran thelr behavicral tests six months from

the time of the last drug treatment when the animals were all

fully mature. The fourth error in animal, PXU studies has been to



make a slncle test of learnins lmpalrment which does not examine
the complex array of behavicrs which 1s chanzed in mental retar-
dation. Andersen and Furcff therefcre ran a serles of tests to
monitor motor activity, autcnoxric activity, active and passive
avoldance abllities, appetitive learning, and aggression. Finally,
there is usually no attempt made to correlate the changes in brain
structure induced by the chemical treatment with the behavioral
deficits, Andersea and Guroff examined the brains of thelr ani-
mals for possible neurcpatholozy after the conclusion of testing
by measuring braln weilghts and myelin content.

The animal model of PKU produced by Andersen and Guroff
. exhibited behavioral, morvholozical, and blochemical character-
1stics that strongly resemble the clinlical characteristics of PKU.
For instance, the clinical observation has been that human PKUs
are hyperactive, and thus PKU animals should also exhiblit hyper-
active behaviors, The observed results from this experiment
confirmed thils prediction, with the PXUs traving higher motor
activity in an open fileld, superior actlive avoldance scores, and
Inferior passlive aveoidance scores compared to szline tresated
controls., In additlon, untreated human PXUs are aggressive with
-8evere temper outbursts and frequent seizures. Andersen and
Guroff's data revealed that the PCPA plus phenylalanine treated
rats were more often mouse killers than the saline controls, and also
had lower selzure thresholds, Human PXKUs also have reduced brain
welghts, usually assoclated with a myelin defect in younz patients.
The PXU treatment group had lighter brain weilghts than the saline

controls althouch Andersen and Guroff were unable to observe an
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myelin defect in these animals., Finally, human PXKU patients not
on the low-phenylalanine diet have increased phenylalanine to
tyrosine ratlos and reduced hepatic phenylalanine hydroxylase
‘activity, condltions which were replicated with the animal PKUs
but not in the saline-animals. _

In a study designed to 1nvestigaté maternal PXU, Foote
and Tao (1968) admiristered PCPA plus phenylalarine to rats
that were fourteen daﬁs pregnant until elght days after the
birth of the pups. The young pups were then injected every

.third day with the same drug combinatlion from six to thirty-cne
days after birth. The experiment produced varlations in the
brain lipids cf develcoping rats, with the experimental group
showing a retarded accumulation of oleic acid. The Foote and
Tao study.agrees with some clinlcal literature that has found
abnormalities in the 1lipid content of human PXU braln, and
extends the valldity of PCPA plus phenylalanine treatment as

a model of PEU. Unfortunately, Foote and Tao reported no
behavioral data.

Longenecker, Reed, Lo, Chang, Nasby, White, and Ide (1970)
performed an experiment in which they intubated newborn rats
until one, three, or six days after birth with phenylalanine,
or comblnations of fCPA or amethopterin plus phenylalanine,
They observed that treatment with phenylalanine plus-an enzyme
inhibitor was no more effective in inhibitinz phenylalanine
hydroxylase activlity than treatment with phenylalanine alone,
Longenecker et al, attributed these results to the toxicity



of PCPA or amethopterin, which resulted in mortality levels
ranzginz from 50 to 100%, and thke fact trat phenylalanine
hydroxylase activity is low in the one to six day old rat.
Longenecier et 21.'s results do not contradict Andersen and
Guroff's observation (1972) that PCPA plus phenylalanine
produces a more effective model of PKU than phenylalanine
alone in older rats. Longenecker et al. do not report any
behavloral observations for this étudy.

Butcher, Vorhees, and Berry (1970) administered a diet
of 3% excess.phenylalanine and 0,129 PCPA to rats from 20
until 48 days of age. The animals were then tested seven days
later 1n an open fleld maze and Butcher ggfgli found no behav-
loral differences between the experimental and control groups.
When' the rats were tested in a water maze twenty days after
termination of the diet, the PXU group made siznificantly
more errors and spent more tims in the maze than d4id the pailr
fed control group. Butcher et al., (1970) concluded that the
experimental treatment had induced a condition analogous to
late or untreated human PXU, complete wlth irreversible
behavioral deficits., In a later study, Vorhees, Buicher, and
“Berry (1972) administered the same dlet as zbove from 21
untll 51 days of aze and tested the rats from 2 to 10 days
after dlet termination. They found that the PXU rats were
"hypoactlive in the open field test compared to palr-fed and
ad 1libltumr fed control groups. In addition, Vorhees et al.
(1972) demonstrated that thenylalanine levels returned to

normal 24 to 48 hours after diet terminztion, and that the

11
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activity difference between the PKU and control groups was
not due to welght differences at the time of testing. These
results support the hypothesis that hypoactivity is consis-
tently obtained in animals exposed to high phenylalanine
levels during early development. .

Schalock and Copenhaver (1973) also appear to support
this hypothesis with data from a study utilizinzg PCPA plus
phenylalanine treatments. Schalock and Copenhaver used a
prepartum treated group, a postpartum group, and a control
group of rats., The prepartum group received the drug in
utero by injections to the mother from the 15tk until 21st
day of gestation. When the prepartum group was tested at
80 days of age, the PKU group showed decrements in initial
DRL-12" learning, more fear, and less activity, exploratory
behavior, and soclability. The postpartum PKU group, which
was injected with the drug from 1 to 60 days of age was also
significantly less active and exploratory thaﬁ.the postpartum
contfol. The trend in the data for both of the experimental
PKU groups was in the direction of hypoactivity, and the
hypoactivity was not attributible to differences in body
weight at the time of testing,

There 1s an apparent conflict between the results
reported by Andersen and Guroff (1972) and the results
revorted by Butcher, Vorhees, and Berry (1570, 1972) and
Schalock and Covperhaver (1973). The former researchers
found that experimental PXU rats are hyveractive and the

latter group found that the animals are hypoactive,. One



13

major difference between the two studies is the time at which
the animals were tested after the ccnclusios of druz treatment.
Andersen and Guroff tested thelr animals six months after the
last PCPA vplus phenylalanine injection and the other group
tested thelir animals from four to twenty days aftef the last
drug treatment. Thus, the different behavioral characteristics
reported by the two groups may be a functlon of the different

recovery times,

Hypotheses

The followinz hypotheses were formulated on the basls of
previous studles of animal PKU that utilized early PCPA plus
phenylalanine administratlion:

1, The PKU rats should exhlbit such acute blocherical

characteristics as elevated serum phenylalanine levels

between 10 and 20 mgs %, an increased phenylalanine to
-.tyrosine ratio, and normal tyrosline levels.

2, The PKU rats should exhibit 1lrreversible behavioral

deflcits after a sufficient time for recovery from acute

drug effects.

3« The PKU rats should exhiblt permanent changes in

brain morphology after a sufficient time for recovery

from acute drug effects.
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CHAPTER II

METHOD

.Subjects and Deslign -

Fifteen litters of F344 albino rats born within one
twenty-four hour period were pooled and evenly divlided among
the dams, which were randomly assigned to one of five experi-
mental groups. These groups were intubated daily from birth
‘untll 29 days of age in the following manner:

1. High l-phenylalanine (HPEE) 200 mg/Kg body weight plus
high dl-parachlorophenylalanine (HPCPA) 100 mg/Kg body weight
-= four litters, 36 subjects.

2. HPHE plushlow dl-parachlorophenylalanine (LPCPA) 50 mg/
Kg -- thréee litters, 27 subjects. |

‘ 3. Low l-phenylalanine (LPHE) 100 mg/Kg plus HPCPA -- three
litters, 27 subjects.

4, Agar vehicle, 0.2% solution (AG) -- three litters, 23
suﬁjects. |

5. Handled éontrol (HD) -- two litters, 23 subjects.

All heonate subjects were housed with the dams until 30
days after birth, at which time they were separated into
1nd1§1dual cages., The subjects and dams were malntalned in

a 12 hour 1light/dark animal colony environment.

Apparatus

The blood plasma assays for free amino acids were done

on a Hewlett-Packard gas chromatograph with a flame ionization
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column, and the brain assays for DNA were done on a Beckman
DB-G grating spectrophctometer. The subjects were tralned 1n
five sound-insulated operant conditloning chambers (Scientific
Prototyve, Model SPC-300) with plexigless test cégeq and

8011d state circuitry. Reinforcers were 45 mg Noyes animal
pellets and data collection was in cumulative response totals

and cumulative records (Ralph Gerbrand Co.).

Procedure

Each dup in the five experimental zroups was welghed
daily and returned to 1ts apnrovriate lipter. Four of these
groups were orally intubated in the volume of 10 ml/Kg body
weight with a 0.2% agar solution., Three of the agar intu-
bated groups were the KPEE plus HPCPA, EPEX plus LPCPA, and
LPHE plus HPCPA drug-tfeated groups.

After thirty days of treatment, six female subjects from
each group were chosen at random and sacrificed via decapl-
tation four. hours after the last intubatlon or handling.

The blood plasma was collected in heparinized contalners and
assayed for free amino acids by gas chromatography (Pellizari,
~-Brown, Talbot, Farmer, Fabre, 1971; Nordyke, 1972). The
brains were.then removed from the subjects and weighed on a
Mettler H20-T balance; The remaining subjects in each zroup
were separated into individual cazes and welghed weexly untill
they were 77 days old, at which time the drug-treated and agar-

treated animals weighed approximately the same.
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When the subjects were 77 days o0ld or when almost seven
weeks had elapsed since the last drug or vehicle treatment,
the young rats were put on a 23 hour food deprivation schedule
until they were at 85% of their ad 1lib. food and water body
welght, At 85 days of age, all subjects were given three
days of 30 minute sessions in the operant conditioning cham-
bers on a two-bar continuous reinforcement (CRF) schedule,
The animals were then shifted to a one-bar Differential Rein-
forcement of Low Rate of Respondinz five second schedule
(DRL-5") for two days with half of the subjects pressing the
right bar and half pressing the left bar. All conditioning
sessions were 30 minutes long and the subjects were.evenly
divided between left and right bars., The rats were trained
on a one-bar DRL-10" schedule for four days alternating the
reinforcing lever every two days.

Discrimination tralning was begun on the tenth day of
conditioning and was identical to that used in a previous
study (Kilbey, Harris and Algner, 1972). The discrimination
training schedule was a two-bar multiple DRL-15" - DRL-15"
and the discriminative cue was the presence or absence of a
rough plexiglass floor surface which was changed every two
days along with the positlion of the reinforcement bar. The
subJecis were glven eizght days of discrimination training on
the DRL-15" - DRL-1%" schedule and tested with an extinction
prial on the ninth d2y. This procedure was repeated for six

extinction trials or fcr a total of £4 days of discrimination



training plus extinction trials,

After the conclusion of behavioral testing the subjects
were put back on ad libitum food and water and maintained in
thelr individual cages for approximgtely six months. When
the rats were 330 days of age they were welghed, decepitated,
and the brains removed and sectlioned over ice into medulls,
cerebellum, mid-brain, and cortex using a method suggested by
Glowinski and Iverson (1966). The brain sections were then
assayed with a Beckman DB-G Spectrophotometer for DNA using
a modification of a method by Burton (1956) and Margolis
(1969).

RESULTS

Neonate Intubation

| During the 29 day lntubatlon period the two groups
receiving high levels of dl-parachlorophenylalanine (100 mg/
Kg body welght), the HPHT plus HPCPA group and the LPHE plus
HPCPA group experienced 95% and 929 mortality rates respect-
ively and were dropped from the experiment. The remalning
drug treated group, FPEE plus LPCPA experienced a 50% mortal-
ity rate but was retalned for the experiment along with the
AG and HD groups; which had 2% and 0% mortality rates. A
sample of six female subjects from these three groups were
decapitated and the remalining animals were arranged in the
following fashion:
l, EPHE plus LPCPA group - composed of six males and flve
females,
2. AG control - composed of six males and five females.

3. FD control - composed of six males and six females.

17
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The Duncan's Multiple Range Test (McGulgan, 1963) was
used for all data analysis in this study. In the tabular
data to follow, any two means that are underscored by the
game line are not significantly different; any two means
that are not underscored by the same line are significantly
different. The level of significance 1s listed to the left
of the group means,

Yhen the animals were weighed and intubated or handled
at 29 days of age, the AG group had a significantly higher
(p<.01) mean body welght than the HPHE plus LPCPA group
(see Table 1), Decapitation of the rats and removal of their
brains revealed that the AG group also had a significantly
higher (p< .05) mean wet brain weight than the HPHE'plus
LPCPA group (see Table 1).

Insert Table 1 about here

The blood that was collected from the whole body of the
decapitated subJecﬁs was analyzed for plasma amino acids by
gas chromatography. Table 2 gives the group mean amino aclids
and the significant between group differences. The signifi-
cantly elevated levels of phenylalanine and tyrosine in the
HPHE plus LPCPA group over the AG and HD groups are of partlc-

ular relevance to this study.

Insert Table 2 about here
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Bar Press Conditioninz

of
1.

2.

Se

,‘4.

Each animal's dally record of bar pfessing was ccmposed
four cumulative numbers,

Reinforcemaents (Rs) - the total number of foéd pellets
earned by the subject, or during extinctlon trialé, a
hypothetical number of pellets that the subject could

have earned.

Correct Bar Presses (CBPs) - the total number of responses
on the bar controlling relnforcement, whether or noct each
response was reinforced.

Incorrect Bar Presses (IBPs) - the total number of responses
on the bar not controlling reinforcement.

Total Bar Presses (TBPs) - the sum of CBPs and IBPs.,

Figures 1-4 are the mean number of bar presses for each

group during the first ten days of conditloning organized as

Rs, CBPs, IBPs, and TBPs respectively. Figures 5 and 6 are

the mean number of bar presses during silx extinction trizals,

each trial being preceded by elght days of training on a two

‘bar multiple DRL-15"-DRL-15" schedule.

---—The A3 group made significantly (p<.05) more CEPs, IEPs,

and TBPs than did the HPHE plus LPCPAs during the first ten

days of training (See Table 3). The total number of Rs

earned during this ten day period did not differ among groups,

but on days two and three of condltioning, the AGs earned

8ignificantly more RS than 414 the FPHE plus LPCPAs,

Insert Tsable 3 about here
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The largest differences among groups in bar pressing
behavior occurred on day four, which was the first day of
DRL-5" training. The AG group made far more CBPs and TBPs
on this day than did either the HD or HPHE plus LPCPA groups
(See Figures 2 and 4).

Since the groups were not eqpal on day three of tralning,
the data for each subject was transformed into a difference
score by subtracting the bar presses on day three from those
on day four, The difference scores represent a rate of
change from one day to the next and demonstrate that the large
group differences recorded during initial .DRL-5" acquisition
cannot be entirely the result of differences in CRF performance
the previous day. Table 4 shows that the differencé scores
for‘the AG group are much larger than those of the HPEEN plus
LPCPA or HD group (p<.0l) for Rs, CBPs, and TBPs.

Insert Table 4 about here

The difference scores between day five (DRL-5") and day
six (DRL-10") were in the opéosite direction from those
observed between day three and day four, The KPHE plus LPCPA
group had a significantly larger (p<.05) mean difference
score for TBPs than the AG group (See Table 4). Difference
scores for CBPs and Rs were hlgher for the HPEE plus LPCPA
group but were not statlstically significant,

There were no significant differences among the groups
in bar pressing behavior during extinction sessions, summed

over all six trials (See Table 5), Visual inspection of
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Graphs 5 and 6 and Table 5 reveal that the AG group tended
to bar press mere frequently than the FPEE plus LPCPA or HD
groups which i1s in the direction predlicted from initlal
conditlioning data. '

Insert Table § about here

Adult Morohology

There were no differences among the groups in body weight
when the subjects were sacrificed at 330 days of age (See Table
6). Two of'the YPHE plus LPC?A animals developed unllateral
cataracts, although no other gross physical cheracteristics

- -——distinguished thls group from the AG or ED groups.
. The HPH= plus LPCPA group had a significantly iishter
cerebellum than did the AG group (p<.0l) although other group
---gomparisons of wet brain welght of the medulla, mid-brain,
cortex, and total were non-significant (See Table 6).

Similarly, the FPHE plus LPCPA group showed a significant
reduction {p<.0l) of total D¥A in the cerebellum compared
to the AG group, all other comparisons being non-significant

(See Table 6).

—Insert Table 6 a2bout here
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CHAPTER 1V
DISCUSSION

Hypothesls one

The PKU rats falled to exhibit serum phenylalanine levels
elevated to between 10 and 20 mgs %, normal tyrosine levels,
or an 1lncreased phenylalanine to tyrosine ratio, Therefore,
the results of this study falled to support the first hypothesis,
Since the serum phenylalanine and tyrosine levels were both
significantly elevated, the results of this study suggest that
the drug dosages of PCPA and phenylalanine were both too low.
Extrapolation from the data of this study and other studles
(Nordyke and Roach, 1973; Andersen and Guroff, 1972) suggests
that PCPA dosage levels should be no lower than 100 mg/Kgs of
body welght and.phenylalanine dosage levels shculd be between
200 and 1000 mg/Kgs of body weight given daily in order to
more closely reproduce the biochemical syndrome of PKU.

The PKU group in this study also exhibited significantly
elevated levels of serum glutamine plus glutamic acld over the
HD control group. The depression of these amino aclds in PCPA
plus phenylalanine treated rats has been reported by Nordyke
and Roach (1974) who also report that amino acid compartmentation
developed more slowly in the drug treated rats. Nordyke and
Roach proposed that this retardation of amlro acid compart-
mentatlion was related to the inhibition of neuronal growth and
was reflected by the vermanently reduced braln weights cof their

. PCPA plus phenylalanine treated rats.
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In the ED control group, serum alanline was slgnificantly
elevated over both the AG and PKU groups. One possible explan-
ation for alanine elevation in the HD group of rats 1s that
the neonates in these litters were overcrowded and were there-
fore mildly undernourished. Because of the unexpectedly high
mortality rate of the PXU groups and an oversight in the
experimental deslgn, the HD groups had 12 neonates per 1litter
as compared to 9 neonates per litter for the AG group and
between 4 and 6 per litter for the PKU group. Therefore, the
8light reduction in body welghts that was recorded at 30 days
of age in the HD group as well as the increased levels of
.alanine could have been due to the overcrowded litters. The
evidence supporting this hypothesis comes from a study by .
RY1hY and Schwartz (1973) 1n which newborn rats were divided
into small and large litters. The small litter suczlings
grew twice as fast as the large litter sucklings and presumably
received larger amounts of protein. The rats in the smaller
litters also had higher activity rates of the amino acid
catabolizing enzymes alanine transaminase (L-alanine-2-oxoglutarate
'aminotransferase) and seriﬁe dehydratase. In this study, the
activity of alanine transaminase was possibly lower in the HD
group and possibly resulted in the higher serum levels of
_ unmetabolized alanine. Additlonal evidence that the HD group
was mildly undernourlshed 1s recorded in Table 1; the HD group
had a significantly lower average body weight than the AG
~control groups at 80 days of aze. The weight difference
between the AG and HD control groups was no longer significant

.



at 330 days of age (See Table 6), but the HD group was still

lighter than the other two treatment groups.,

Hypothesis two

The PKU rats exhibited deficits in bar press conditioning
55 days after the last drug treatment gnd thus provided support
for the second hypothesis of behavioral irreversibility. The
direction of these behavioral deficits appears to be towards
hypoactivity as previously reported by Butcher et al, (1970),
Vorhees et al. (1972), Schalock and Copenhaver (1973) énd not -- - -
towards hyperactivity as reported by Andersen and Guroff (1972).
The observatlion of hypoactivity in PCPA plus phenylalanine
treated rats agrees with Hole's (1972a, 1972b) observations
of hypoactivit& in rats treated only with PCPA or phenylalanine .
during early development. Hole stated that the behavioral
deficits observed in more complex tasks with PKU rats may be
due to a basic defect in arousal or habituation. The nature
of the lrreverslible behavior deficit seems to imply a long term
chénge in brain amine levels and especlally of serotonin in the
PKU group of animals. The data from this study predicts that
PCPA plus phenylalanine treatment durling early development
will, under certainvconditions, result in a chronic elevation
of serotonin after the termination of drug treatment. This
chronic elevatlon of serotonin will in turn cause an arousal °
deficit towards hypoactivity in the PKU énimals.

Schaefer, Buchanan, and Ray (1973) offer a resolution to
the conflict between studies showing PXU rats to be hypoactive
and studies showlng them to be hyperactive. Schaefer et al.

demonstrated that in newborn PCPA treated rats, the whole brain
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levels of serotonin were related to whether the weaned pups
were housed in an enriched versus an impoverished postweaning
environment from 28 to 80 days of age. The PCPA treated rats
raised in an enriched environment had chronically lower 5-HT
levels and made more active avoidance responses than %hose

PCPA animals raised in 1solation who had higher S-HT levels,

The sallne treated controls raised in an enriched environment
had higher 5-HT levels and made fewer actlve avoldance responses
than the isolation raised saline group who had lower 5-HT levels
and made more actlive avoldance responses,

The Schaefer et al. study demonstrated three lmportant
points about animal models of PKU. First; they were able to
find a long-term change in S5-HT levels almost 65 days after
the last administration of PCPA, suzgesting that serotonin 1s
involved in the arousal deficits of animal PKU, Secondly,
Schaefer et al. found an environment versus drug treatment
interaction in the postweanlng rat that could be responsible
for the lack of agreement concerning the nature of long-term
behavioral deficits. Andersen and Guroff (1972) kept their

"~ rats in their litter groups until six weeks of age and this

_enriched environment should have led to lower S5-HT levels 1in
the PCPA plus phenylalanine group. Since conditions that
reduce 5-HT levels also increase active avoldance (Schaefer

" et al,, 1973), the PCPA plus phenylalanine group should have
exhibited superior active avoldance and inferlicr passive avold-
ance which did occur (Andersen and Guroff, 1972). Of the PKU

 studies mentioned previously that report hypoactive PKU rats,
only Hole (1972a) describes the preweaning environmental that

was used. If these studles used the standard single animal
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isolated cage environment for thelr postweaning rats, 1t would
be predicted that these rats should be hypoactive PKUs. The
third point that Schaefer et al. demonstrate 1s that to maximlze
the behavioral differences between PKU and control groups, the
animals should be housed in an enrlched environment.

In conclusion, there appears to be ample evidence of an
irreversible behavioral deficit induced by early PCPA plus
phenylalanine treatment. The lack of agreement between studles
on the nature of this behavioral deficlt may be at least partilally

due to different postweaning environments,

Hypothesals three

There was a permanent reduction 1n the cerebellar tissue
welght and DNA content in the adult PEU rats as compared to
the AG control group. This irreversible treatment effect in
brain morphology is in-the directlon predicted and thus sup-
prorts the third hypothesis. Other studlies that have induced
a PEKU-llke syndrome with PCPA plus phenylalenine also report
reduced brain weights and/or DNA in rehabllitated adult rats
(Andersen and Guroff, 1972; Nordyke and Roach, 19T74a, 1974b).
Adelmann, Mann, Calley, and Bass (1973) administered phenyl-
alanine to neonatal rats, produced a reduction in the wet
brain weight, and observed newropathologlical lesions through
the light mlicroscope that were limlted to the cerebellum.
The cytoplasm of the Purkinje cells was vacuolated and hetero-
chromatin severely decreased ln granular cell nuclel in the cere-
bellum of phenylalanine treéted neonatal rats. Adelmann et

al, stress that high levels of phenylalanine had the greatest

L]
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effect on the rapidly developing cerebellar neurons and affected
DNA, RNA, protein, myelln lipids, and total braln welght.
Although the mildly undernourished HD group had normal
brain welght and DNA at maturity, several studlies mentlon that
the 1nduction of a PKU model in animals is confounded by under-
nutrition in the experimental group., That 1s, unless a pair-
fed control group 1s used, the dependent measures of blochemistry,
behavior, and brain morphology could be a function of starvation
rather than of a specific drug induced lesion. Even pair-fed
controls gain weight more rapidly than experimental PKU animals,
and thus pair feeding will not completely rule out the effects
of undernutritlion. However, Vorhees et al., (1972) were able
to resolve thls problem by a selective assignment of the heavi-
est.rat pups to the PCPA plus phenylalanihe group in addition
to using palr-fed and ad 1libitum control groups. At the end
of drug treatment there was no difference in the body welghts
between the PEU and pair-fed groups, but the PKU groups were
conslstently hypoactlve in an open field test. Vorhees et al.
wae therefore able to demonstrate that behavioral deficits
" induced by PCPA plus phenylalanine are independent of the

- —effects of malnutrition.



Table 1 - Neonate Intubatlon at 29 Days

Average body weights (gms.)
PKU HD AG

Average wet brain weights (gms.)

PKU HD AG

Neonates at 80 Days
Average body weights (gms.)
HD PKU AG

(p«<.05) .
156,14 165,66 177.71
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Table 2 - Plasma Amino Acids at 29 Days (mgs. %)

.phenylalanine
(p<.01)

tyrosine
(p<.05)

glutamine plus
lutamic acid

p < .05)

alanine
(p <.05)

AG HD PKU
3.18 3.38 5.20
2.38 2.57 3.80
HD AG PKU
8.27 8.95 10.78
PKU AG HD
5. 60 5.87 8.78

All other comparisons non-significant-

valine

1so0leucine

_leucine, glycine,
threonlne

proline, serine

-. methlonine

PKU AG HD
2.55 2,45 3.00
1.28 1.10 1.25
10.38 10.10  10.62
8.57 9.57 10, 40

-2.03 2.77 1.72



Table 2 - continued

asparagine plus
aspartic acid

lysine

total

parachlorophenyl-
alanine

PKU AG HD

2.22 2.43 2.22
775 7.47 8.92
60.16 56.27 61,13
7,10  —mmm- S
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Table 3 - Cumulative Bar Presses

Average for first ten days

PKU HD . AG
CBPs 142,0 160.5 169.4
(p £.05)
~IBPs A ) 57.1 6109 77.1
(p <.05)
TBPs % 182.9 203.0 223.0
(p <.05)
Re (n.s.) ' 60.5 63.1 65.0

Average for slngle days

Rs - Day 2 553 78.2 82.2
(p<.05)

~Rs - Day 3 102.6 112.8 131.7
(p < .05)

#TBPs 7 CBPs plus 1BPs when averaged for the first ten days
since there were no IBPs for the first three days of two-
---bar CRF training.



Table 4 - Bar Press Difference Scores

Day 4 minus Day 3

CBPs
(p<.01)

Rs

TBPs
(p<.01)

Day 6 minus Day'5

CBPs
(n.s.)

Rs
(n.s.)

TBPs
(p<.05)

PKU HD AG
25.6 56,4 95.8
2.6 1.9 -37.6
51.0 71.5 135.5
85.5 76.0 563
733 56.8 52,2
170.6 116.6 111.9
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Table 5 - Average Bar Pressing for Six Extinction Trials

CBPs
(n.s.)

IBPs
(n- 30)

TBPs
-(n.s.)

Rs
(n- S.)

PEKU AG

HD

67.8 70.4 75.1

59.8 55.24 60.64
122,9 127.1 135.7
30,2 30.4 31.3



Table 6 - Adult Morphology at Time of Sacrifice

Average body weights (gms.)

(p <.01)

HD AG PKU
(n.s.) 259.9 273.1 278.4
Average wet brain weights (gms.)
PXU HD AG
medulla 0.2685 0.2771 0.2707
(noso)
cerebellum 0.2944 0.3076 0.3208
(p«<.01)
mid-brain 0.3325 043344 0.3415 .
(n.s.)
cortex 1,1198 1.1419 1.1517
(n.s.)
total 2.015 2,0611 2,0848
(n090)
Average DNA per brain section (mgs.)
PRU HD AG
- medulla 0.2880 0.3025 0.3020
(n.s.)
cerebellum 2.,1470  2.,2992 2.6000
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Table 6 continued

mid-brain
(n.s.)

cortex
(n.s.)

total
(n. S.)

PRU HD AG

0.3900 0.4117 0.4460
1.5620 1.4567 1,3850
4,3870 4,4700 4.7330
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