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SUMMARY

There is considerable evidence that dorsolateral prefrontal cortex subserves critical cognitive abilities even
during early infancy and that improvement in these abilities is evident over roughly the next 10 years.
We also know that (a) in adult monkeys these cognitive abilities depend critically on the dopaminergic
projection to prefrontal cortex and (b) the distribution of dopamine axons within dorsolateral prefrontal
cortex changes, and the level of dopamine increases, during the period that infant monkeys are improving
on tasks that require the cognitive abilities dependent on prefrontal cortex. To begin to look at whether
these cognitive abilities depend critically on the prefrontal dopamine projection in humans even during
infancy and early childhood we have been studying children who we hypothesized might have a selective
reduction in the dopaminergic innervation of prefrontal cortex and a selective impairment in the cognitive
functions subserved by dorsolateral prefrontal cortex. These are children treated early and continuously
for the genetic disorder, phenylketonuria (PKU). In PKU the ability to convert the amino acid,
phenylalanine (Phe), into another amino acid, tyrosine (Tyr), is impaired. This causes Phe to accumulate
in the bloodstream to dangerously high levels and the plasma level of Tyr to fall. Widespread brain
damage and severe mental retardation result. When PKU is moderately well controlled by a diet low in
Phe (thus keeping the imbalance between Phe and Tyr in plasma within moderate limits) severe mental
retardation is averted, but deficits remain in higher cognitive functions. In a four-year longitudinal study
we have found these deficits to be in the working memory and inhibitory control functions dependent
upon dorsolateral prefrontal cortex in PKU children with plasma Phe levels 3-5 times normal. The fact
that even infants showed these impairments suggests that dopaminergic innervation to prefrontal cortex
is critical for the proper expression of these abilities even during the first year of life. To test the hypothesis
about the underlying biological mechanism we have created the first animal model of early and
continuously treated PKU. As predicted, the experimental animals had reduced levels of dopamine and
the dopamine metabolite, homovanillic acid (HVA), in prefrontal cortex and showed impaired
performance on delayed alternation, a task dependent on prefrontal cortex function. Noradrenaline levels
were unaffected; however some reduction in serotonin levels and in dopamine levels outside the prefrontal
cortex was found.

If prefrontal cortex functions are vulnerable in children with a moderate plasma Phe:Tyr imbalance
because of the special properties of the dopamine neurons that project to prefrontal cortex, then other
dopamine neurons that share those same properties should also be vulnerable in these children. The
dopamine neurons in the retina share these properties (i.e. unusually high firing and dopamine turnover
rates), and we have found that PKU children with plasma Phe levels 3-5 times normal are impaired in
their contrast sensitivity, a behavioural measure sensitive to retinal dopamine levels.

1. INTRODUCTION

One of the first demonstrated, and still one of the
strongest, links between cognitive development and
brain function is the improvement in infants’ per-
formance on the A-not-B, delayed response, and object
retrieval tasks between 73 and 12 months of age and the
dependence of successful performance on these tasks on
the proper functioning of dorsolateral prefrontal cortex
(see table 1). Human infants of 7;-9 months, infant
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macaques of 1323 months, and adult macaques with
bilateral removals of dorsolateral prefrontal cortex fail
all three tasks under the same conditions and in the
same ways. For reviews of this work see Diamond
(1990a, b, 19914, b). If maturation of the prefrontal
neural system helps make possible cognitive advances
reflected in improved performance on these tasks, in
what aspects of the prefrontal system might one expect
these maturational changes to be occurring? One
candidate is in the levels of dopamine in prefrontal
cortex. We know that (a) in adult monkeys these
cognitive abilities depend critically on the dopam-
inergic projection to prefrontal cortex (e.g., Brozoski et
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Table 1.

AB

delayed response

Object retrieval

Human infants show a
clear developmental
progression from 73-12
months.

Infant monkeys show a
clear developmental
progression from 13-4
months.

Adult monkeys with
lesions of prefrontal
cortex fail.

5-month-old infant
monkeys, who received
lesions of prefrontal
cortex at 4 months, fail.

Diamond 1985

Diamond &
Goldman-Rakic
1986

Diamond &
Goldman-Rakic
1989

Diamond &
Goldman-Rakic
1986

Adult monkeys with Diamond &
lesions of parietal cortex Goldman-Rakic
succeed. 1989

Diamond & Doar
1988

Diamond &
Goldman-Rakic
1986

Diamond &
Goldman-Rakic
1989

Diamond &
Goldman-Rakic
1986

Diamond &
Goldman-Rakic
1989

Diamond 1988

Diamond &
Goldman-Rakic
1986

Diamond &
Goldman-Rakic
1985

Diamond &
Goldman-Rakic
1985

Adult monkeys with Diamond et al. 1989
lesions of the
hippocampal formation

succeed.

Squire & Diamond ¢t al. 1989

Zola-Morgan 1983

al., 1979; Taylor et al., 1990; Sawaguchi & Goldman-
Rakic, 1991) and (b) the distribution of dopamine
axons within dorsolateral prefrontal cortex changes,
and the level of dopamine increases, during the period
that infant monkeys are improving on tasks that
require the cognitive abilities dependent on prefrontal
cortex (Brown & Goldman, 1977; Lewis & Harris,
1991). After briefly considering the abilities required
for success on the A-not-B, delayed response, and
object retrieval tasks, this paper will focus on recent
work with children treated early and continuously for
phenylketonuria (PKU), and with a corresponding
animal model. That work sheds light on the importance
of dopamine for prefrontal cortex function during early
human life.

2. THE COGNITIVE ABILITIES REQUIRED
BY THE A-not-B, DELAYED RESPONSE, AND
OBJECT RETRIEVAL TASKS

A-not-B (Piaget 1954, original french edition 1937)
and delayed response (Jacobsen 1935) are two-choice
hiding tasks. The ability of the subject to keep his or
her mind on where the reward was hidden (whether
one calls this ‘working memory’ or ‘sustained atten-
tion’) during the delay until retrieval is permitted
appears to be essential. Evidence for this is, for example,
that human infants, infant macaques, and infant or
adult macaques with lesions of dorsolateral prefrontal
cortex generally perform well on the A-not-B and
delayed response tasks if there is no delay, if the delay
isshortened by 2-3 s, if they can look at the correct well
during the delay, or if allowed to reach or move toward
the correct well during the delay (in monkeys with
dorsolateral prefrontal cortex ablations see Harlow et
al. 1952; Bittig et al. 1960; Miles & Blomquist 1960;
Pinsker & French 1967; Goldman & Rosvold 1970;
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Fuster & Alexander 197]1; Diamond & Goldman-
Rakic 1989; in human infants 7;-9 months of age see
Gratch & Landers 1971; Evans 1973; Harris 1973;
Gratch et al. 1974; Cornell 1979; Fox et al. 1979;
Diamond 1985).

The role of working memory or sustained attention
is less prominent in the object retrieval task (Diamond
1988, 19905), where the subject must detour around a
small transparent box open on one side to retrieve the
reward inside. Yet even here the ability to hold
information in mind appears to be important in
attaining mastery of the task. Infants of 6-8 months
reach only at the side of the clear box through which
they are looking. Thus, to retrieve the reward they
must look through the opening and continue to do so
as they reach inside. However, by 8;-9 months when
the front of the box is open, and by 9310 months when
the left or right side of the box is open, infants can look
through the opening, then sit up and reach in while
looking through a closed side; that is, the memory of
having looked through the opening is enough. Looking
along the route the hand will reach appears to be
critical; at these ages infants still fail if they have not
looked through the opening on a given trial. However,
it is a major achievement to be freed from having to
continue to do so. Even so, being able to divide or
switch one’s attention between the box and the reward
appears to be more critical on the object retrieval task
than does sustained attention or working memory.

The most obvious requirement of the object retrieval
task is the ability to resist the strong pull to reach
straight to the visible reward. For example, human
infants, and macaques with dorsolateral prefrontal
cortex ablations, perform much better when the box is
opaque than when it is transparent (Diamond 19905).
Inhibitory control also seems to be required for success
on the A-not-B and delayed response tasks. Infants,
and macaques with dorsolateral prefrontal cortex
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ablations, perform fine at the first hiding place,
although the delay is just as long there as it is on
subsequent trials. It would appear that errors occur
when the reward is hidden in the other hiding place
because,-having been positively, reinforced for finding
the reward at ‘A’ the tendency of subjects to reach to
‘A’ has been strengthened and that must now be
inhibited or overridden if the subject is to reach to ‘B’.

Some errors can be elicited simply by taxing working
memory or sustained attention, for example by using a
long delay at the first hiding location (e.g. Sophian &
Wellman 1983). Similarly, some errors can be elicited
simply by taxing inhibitory control, for example some
infants err on the reversal trials to ‘B’ even when the
covers are transparent (e.g. Butterworth 1977; Willatts
1985). However, the vast majority of errors occur when
subjects must both hold information in mind and also
exercise inhibitory control over their behaviour; that is
onreversal trials to ‘B’ when the covers are transparent
and a delay is imposed.

An analogue of this type of error in normal adults
might be a scenario such as: ‘On going to the telephone
to call an old friend, I reminded myself of my friend’s
new phone number and was resolved not to make the
mistake of dialling the old number. However, as the
old and new phone numbers began with the same
initial digits, as I began dialling the number I got into
the routine of dialling the number I had dialled so
many times in the past and dialled the old number
though I knew full well my friend’s new phone
number’. In infants this type of error is often manifest
in the A-not-B task by the infant reaching to ‘A’ when
the infant had seen a toy being hidden in ‘B’ just before
the delay, but not looking in the A well to see if the toy
were there, and instead uncovering ‘B’ and looking in
there for the toy. Itis as if at some level the infant knew
the toy was not in ‘A’ since the infant did not look in
that well after uncovering it, but for some reason that
knowledge did not direct where the infant first reached.
A less common but more dramatic error is for the
infant to look straight at the correct well (‘B’),
indicating with the eyes that he or she ‘knows’ where
the toy is, while at the same time reaching to the
previously correct well (*A’) and uncovering it. The
error can also happen earlier in the behaviour sequence
as when you forget that your friend’s phone number
has changed and so go to the telephone with the
intention of dialling the old phone number, or when an
infant looks genuinely surprised not to find the toy in
well ‘A’

With effort we can all dial our friends’ changed
numbers correctly, but it certainly requires less effort
to remember and correctly dial other phone numbers
(even if they are less well-practised) that do not require
the inhibition of another number. Similarly, it requires
less effort to dial a friend’s new phone number if we are
looking at the number written down as we dial it. It is
when we must otk hold the number in mind and resist
or override a strong tendency to dial a different
number that errors are most likely to occur, and for
that, I would contend, dorsolateral prefrontal cortex is
most clearly required. To repeat, it is when we must act
in a different way than our first inclination and when at least
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some of the information needed for action must be held in mind
that dorsolateral prefrontal cortex is most clearly required.

While the studies summarized in table 1 provide
some evidence that important maturational changes
may be occurring within the dorsolateral prefrontal
cortex neural system during the first year of life,
dorsolateral prefrontal cortex is probably not fully
mature until at least 10 years of age. Not surprisingly,
then, if one uses slightly more difficult tasks, one can
elicit A-not-B-type errors beyond the infancy period.
For example, 3-year-old children can sort cards
correctly by the first criterion, whether that criterion is
colour or shape (just as infants correctly retrieve the
reward from wherever it is first hidden). However,
when instructed to switch and sort by the other
criterion, 3-year-olds persist in sorting by the first
criterion (Zelazo et al. 1995, 1996; just as infants persist
in reaching to the first hiding place when the reward is
later hidden at the other hiding location), even though
the experimenter reminds the child of the new sorting
criterion at the outset of every trial. Children 4-5 years
of age fail other tasks that require holding information
in mind plus inhibitory control, such as the day-night
Stroop-like task (Gerstadtet al. 1994). On that task, the
subject must hold two rules in mind (‘Say “Night”
when you see a white card with a picture of the sun,
and say “Day” when you see a black card with a
picture of the moon and stars’) and must resist or
override the tendency to say what the images on the
cards really represent. In Diamond & Taylor (1996),
we present additional evidence that the working
memory and inhibitory control abilities dependent on
dorsolateral prefrontal cortex may reach a critical level
of maturity by 6 years of age.

If it is true that maturational changes in prefrontal
cortex underlie some of the cognitive advances during
early childhood, as I have suggested, what exactly is
changing in the prefrontal system during the early
years of postnatal life? One candidate is increasing
levels of the neurotransmitter, dopamine. For example,
dopamine levels increase in the rhesus macaque brain
during the period when infant rhesus macaques are
improving on the A-not-B, delayed response, and
object retrieval tasks (Brown & Goldman 1977; Lewis
& Harris 1991). As an initial way of looking at the role
of dopamine in prefrontal cortex function in humans
early in development, we have been investigating
children who, there was reason to believe, might have
a’'selective reduction in dopamine in prefrontal cortex
without other abnormalities in the brain — children
treated early and continuously for phenylketonuria
(PKU). We have also been investigating animal models
of this condition.

3. WHY THE DOPAMINE SYSTEM IN
PREFRONTAL CORTEX MIGHT BE
SELECTIVELY AFFECTED IN EARLY AND
CONTINUOUSLY TREATED PKU (ECT-PKU)

The core problem in PKU is an inability to convert
the amino acid Phe, into another amino acid, Tyr.
This problem is caused by a mutation of the gene on
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chromosome 12 (12q22-12q24.1) which codes for the
enzyme, phenylalanine hydroxylase (Woo et al. 1983;
Lidsky et al. 1985). Levels of Phe in the bloodstream
rise to well over 10 times normal (=20 mgdl™
(1200 umol L)), levels of Tyr in the bloodstream
drop, and severe mental retardation results (Krause et
al. 1985). Treatment consists of a diet low in Phe. This
results in lower plasma Phe levels than if the child ate
normally, and it succeeds in averting severe mental
retardation. However, the reduced-Phe diet does not
result in completely normal plasma Phe levels (roughly
2 mgdl™). That is because the low-Phe diet reflects a
compromise between the need to minimize Phe intake
and the need for protein. The advice of the U.S.
National Collaborative Study of Treated PKU has
been that plasma Phe levels should not exceed five
times normal (10 mgdl™; Williamson et al. 1981 ; Koch
& Wenz 1987). Thus, dietary treatment for PKU
reduces the plasma Phe elevation, but does not erase it,
and does nothing to ameliorate the plasma Tyr
reduction. Because plasma levels of Phe and Tyr are
not fully normal in children treated for PKU, the door
is open for neurological and cognitive problems to still
be present, at least in some children.

There have been reports of cognitive impairments in
children treated early and continuously for PKU (i.e.
children on the low-Phe diet since shortly after birth).
For example, the IQs of these children are often
significantly lower than the IQs of their siblings.
Children with PKU, even when they have been on the
special diet since shortly after birth, typically have IQs
in the 80s or 90s; that is, IQs in the normal range, but
just barely (e.g. Dobson et al. 1976; Berry et al. 1979;
Williamson et al. 1981). More' recently, studies have
reported problems in attentional control, problem-
solving, or ‘executive functions’. For example, children
with early and continuously treated PKU tend to be
more distractible, to be more limited in the amount of
information they can hold in mind at one time and
manipulate, and to have more difficulty maintaining
set until a problem is solved or a goal attained (e.g.
Krause ¢t al. 1985; Pennington et al. 1985; Faust et al.
1986; Brunner et al. 1987; Smith & Beasley 1989).
These problems are reminiscent of the deficits seen
after damage to prefrontal cortex. Indeed, damage to
prefrontal cortex typically results in IQs lowered to the
80s or 90s (Stuss & Benson 1986, 1987), that is, the
same range as one sees in children treated for PKU.

Why might the cognitive deficits be specific to the
functions of prefrontal cortex? The mild imbalance in
the plasma Phe:Tyr ratio results in mildly reduced
levels of Tyr reaching the brain. Phe and Tyr compete
for the same transporter proteins to cross the blood-
brain barrier (Chirigos et a/. 1960; Oldendorf, 1973;
Pardridge 1977). Indeed, those proteins have a higher
affinity for Phe than for Tyr (Pardridge & Oldendorf
1977; Miller et al. 1985). Hence, a modest imbalance
between Phe and Tyr in the bloodstream results in
mildly reduced CNS Tyr levels.

The dopamine system in prefrontal cortex is more
sensitive to a mild reduction in Tyr than are the
dopamine systems in most other brain regions. Tyr is
the precursor of dopamine. Most brain regions re-
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ceiving dopaminergic input are unaffected by modest
changes in CNS Tyr levels. However, prefrontal cortex
is acutely sensitive to even a small reduction in Tyr.
That is because the dopamine neurons that project to
prefrontal cortex fire so rapidly and turn over
dopamine so quickly (Thierry et al. 1977 ; Bannon et al.
1981, 1983; Wurtman et al. 1981; Tam et al. 1990).
Indeed, moderate reductions in CNS levels of Tyr, that
have little effect on dopamine synthesis in other neural
regions (such as the striatum), profoundly reduce
dopamine synthesis in prefrontal cortex (Bradberry et
al. 1989). Hence, we hypothesized that here was a
mechanism by which the moderate Phe: Tyrimbalance
in the bloodstream of children treated for PKU might
selectively affect prefrontal cortex.

It has also been known for some time that reducing
dopamine in prefrontal cortex produces deficits in the
cognitive abilities dependent on prefrontal cortex.
Selectively depleting dorsolateral prefrontal cortex of
dopamine can produce deficits as severe as those found
when dorsolateral prefrontal cortex is removed alto-
gether (Brozoski et al. 1979). Indeed, local injection of
dopamine antagonists into dorsolateral prefrontal
cortex impairs performance in a precise, dose-de-
pendent manner on tasks dependent on prefrontal
cortex (Sawaguchi & Goldman-Rakic 1991). Simi-
larly, destruction of the dopamine neurons in the
ventral tegmental area (VTA) that project to pre-
frontal cortex impairs performance on these tasks
(Simon et al., 1980). Injections of MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) result in reduced
levels of dopamine in the prefrontal-striatal neural
system. Cumulative doses of 15-75 mg of MPTP do not
produce Parkinsonian-type motor deficits in rhesus
macaques, although larger doses do. At the lower doses
of MPTP, the monkeys are impaired on delayed
response and object retrieval (Schneider & Kovelowski
1990; Taylor et al. 1990), although they perform
normally on other tasks such as visual discrimination.
Hence, we hypothesized, the moderate Phe:Tyr
imbalance in the bloodstream of children treated for
PKU might result in deficits in the cognitive abilities
dependent upon prefrontal cortex because of the effect
of the Phe:Tyr imbalance on prefrontal dopamine
levels.

4. EVIDENCE OF PREFRONTAL CORTEX
COGNITIVE DEFICITS IN ECT-PKU
CHILDREN

In a large, four-year longitudinal study (Diamond
1994; Diamond et al. 1996) we found that PKU
children, who had been on a low-Phe diet since the first
month of life, but who had moderately elevated plasma
Phe levels (levels roughly 3-5 times normal (6-10
mgdl™*; 360-600 pmol L)), were impaired on all six
tests that required both holding information in mind
and resisting or overriding a dominant response, that
is, tasks dependent’' on dorsolateral prefrontal cortex.
The tests were the A-not-B and the object retrieval
tasks for infants; A-not-B with invisible displacement
for toddlers; the day-night Stroop-like test, the tapping
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Figure 1. ECT-PKU Children with ‘higher’ plasma Phe
levels (Phe levels 3-5 times normal) performed significantly
worse on tasks that required both working memory and
inhibitory control than did other PKU and hyperphe
children with Phe levels closer to normal, their siblings,
matched controls, and children from the general population.
Examples of this can be seen in infants on (a) the object
retrieval task (Diamond 1990, 1991) and (b) in young
children on the day-night Stroop-like task (Gerstadt et al.
1994). The day-night Stroop-like task was not administered
at 4 years of age to any of the groups followed longitudinally,
because the control version of the task was administered
instead. All groups performed normally on the control
version, where they had to remember two rules, but did not
have to resist the tendency to say what the scenes really
represented (since the stimuli were abstract designs).

test, and the three pegs test for young children; (see
figure 1).

This is consistent with the results of other studies, the
most relevant ones being those by Welsh et al. (1990)
and Smith ef al. (1996), as they too used cognitive tasks
tailored to the functions of dorsolateral prefrontal
cortex. The deficits we observed were evident in all age
groups (infants, toddlers, and young children), and
remained significant even after controlling for I1Q, sex,
health variables, and background characteristics. The
deficits were clear whether the children were compared
to (a) other ECT-PKU children with lower Phe levels,
(b) their own siblings, (c) matched controls, or (d)
children from the general population. Of the 24
comparisons between ECT-PKU children with Phe
levels 3-5 times normal and the other groups of
children on these six tasks (6 tasks x 4 comparisons per
task), ECT-PKU children with higher Phe levels
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performed significantly worse on 21 of the 24 compari-
sons. The group differences obtained are robust
because the children were tested repeatedly over time,
which yielded several data points per subject and
provided a more accurate and reliable indication of
each child’s ability and developmental trajectory than
would have been possible had we tested each child only
once. (Infants were tested every month from 6 to 12
months of age, toddlers every 3 months from 15 to 30
months, and young children every 6 months from 3} to
7 years of age.) In contrast to the marked differences
between PKU children and other subjects on these
tasks, of the 36 comparisons among the control groups
(groups a—d above) on these six tasks (6 tasksx6
comparisons per task), only six comparisons revealed a
significant difference. That is, of the 60 pairwise group
comparisons, 51 vyielded results in the predicted
direction. The cognitive deficits documented in several
of the other studies of PKU children could be explained
away by saying that (a) the plasma Phe levels of many
of the children were outside the ‘safe’ range (i.e. > 5
times normal), (b) even if concurrent Phe levels were
not excessively elevated earlier Phe levels had been
(during the years the children had been off diet),
and/or (c) the low-Phe diet had been started too late
to avert early brain damage. None of those disclaimers
are applicable here.

The higher a child’s Phe level, the worse that child’s
performance tended to be on tasks that required acting
counter to his or her initial tendency on the basis of
information held in mind. Performance on these tasks
was most strongly and consistently related to con-
current plasma Phe levels, rather than to mean Phe
levels over a wide age range, during the first year of life,
or during the first month. As current Phe levels varied
so too, inversely, did behavioural performance.

Three tasks were administered that require memory
of the choices one has already made or temporal order
memory. The tasks were the three boxes test (boxes
scrambled after each reach; Petrides 1988, 1989, 1991),
the six boxes test (boxes scrambled after each reach),
and the Corsi-Milner test of temporal order memory
(Milner et al. 1991)). These tests tax working memory
and require the functions of prefrontal cortex, but they
do not tax inhibitory control and they do not require
precisely the same region of prefrontal cortex as do
tasks that tax both working memory +inhibitory
control. Of the 12 comparisons between ECT-PKU
children with Phe levels 3-5 times normal and the
other groups of children on these three tasks (3 tasks x
4 comparisons per task), the children with higher Phe
levels performed significantly . worse than the com-
parison groups on only 0-2 of these 12 comparisons.
Similarly, when plasma Phe level was treated as a
continuous variable, no significant relationship be-
tween plasma Phe levels and any measure of per-
formance on these three tasks was found. Perhaps the
boxes and Corsi-Milner tasks failed to show an effect
because of ceiling and floor effects, perhaps taxing both
working memory and inhibitory control is critical,
perhaps taxing inhibitory control is critical in and of
itself, perhaps it has to do with regional differences
within prefrontal cortex in the dopamine innervation,
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or perhaps the boxes and Corsi-Milner tasks did not
lend themselves to the use of a strategy and so did not
really require prefrontal cortex.

Dorsolateral prefrontal cortex consists primarily of
Areas 9 and 46. In the rhesus macaque, Area 9 is much
more densely innervated by dopamine than is Area 46
(Lewis et al. 1986; Lewis & Morrison 1989). The tasks
on which we found no effect are more strongly linked
to Area 9 than Area 46 (Petrides 1995). Perhaps the
subregion of dorsolateral prefrontal cortex that enables
us to hold information in mind and inhibit interfering
actions or thoughts is more acutely sensitive to any
small fluctuations in dopamine because it has so
relatively little dopamine to start with, and hence
might need all of its allottment all of the time.

Robbins and colleagues (Robbins this volume) and
Mangels (1996) have found that prefrontal cortex is
not required for memory of the choices one has already
made or for temporal order memory when that
information is processed incidentally, rather than
intentionally, or when the task does not lend itself to
use of a strategy. It is possible that the versions of
self-ordered and temporal memory tasks we have used
here might not require prefrontal cortex involvement.
Certainly, on the Corsi-Milner test of memory for
temporal order there was no meaningful order to the
stimuli; the stimuli told no story, reflected no under-
lying organizing principles, and in general did not
relate one to another. Perhaps if there had been some
reason to remember the order in which the stimuli were
being presented, other than because one would be
tested on it, a group difference might have emerged.

Milner and her colleagues (Milner et al. 1991) found
that patients with prefrontal cortex excisions were
impaired on the temporal order test on which we found
no impairment, but the excisions in their patients
extended across subregions within prefrontal cortex
and were not restricted to Areas 46 and 9. Robbins et
al. found that prefrontal cortex was critically involved
in remembering which stimuli one had already chosen
when normal subjects were able to apply a strategy to
the task. However, in a condition very much like our
multiple boxes tasks, where the boxes were scrambled
after each reach, Robbins ¢t al. found that subjects were
not able to develop a strategy to solve the task, and
prefrontal cortex did not appear to be required.
However, Petrides (1995) found that monkeys were
impaired on the three boxes tasks (boxes scrambled
after each reach) after lesions of dorsolateral prefrontal
cortex. The literature is contradictory on this point.
Perhaps if we had included a test where temporal order
memory, or memory of the reponses one has already
made, was more amenable to the use of a strategy, we
might have found an impairment among subjects
whose Phe levels were moderately elevated.

The same children who were impaired on all six
working memory +inhibitory control tasks, performed
normally on most of the ten control tasks, most of
which required the functions of parietal cortex or the
medial temporal lobe. The cognitive deficits, thus,
appeared to be selective. The functions of parietal
cortex and of the medial temporal lobe appeared to be
spared. ECT-PKU children with higher Phe levels

Phil. Trans. R. Soc. Lond. B {1996)

performed worse on only six out of the 40 comparisons
on these tasks. The consistency of the deficits of the
ECT-PKU children with Phe levels 3-5 times normal
on the working memory +inhibitory control tasks and
the paucity of deficits on all other tasks is unlikely to be
a chance occurrence.

Visual paired comparison, delayed nonmatching to
sample, and the Corsi-Milner test of recognition
memory were the measures used of the recognition
memory ability dependent on the medial temporal
lobe. Of the 12 comparisons between children with Phe
levels 3-5 times normal and the other groups of
children on these three tasks (3 tasks X 4 comparisons
per task), children with higher Phe levels performed
significantly worse on only three of these 12 com-
parisons. However, at the longest delays on the visual
paired comparison task (10 min), ECT-PKU infants,
regardless of their plasma Phe level, performed
significantly worse than infants from the general
population and tended to perform worse than matched
controls. Plasma Phe levels covaried inversely with
performance on the task as well. Hence, on this
condition of this one control task an impairment was
found.

ECT-PKU children whose plasma Phe levels were
closer to normal (< 3xnormal) performed com-.
parably to all control groups on our cognitive tests.
This is consistent with another recent report that, when
plasma Phe levels were kept below three times normal
from birth to the present, ECT-PKU children showed
no cognitive impairments (Stemerdink ef al. 1995).
This indicates that the cognitive deficits may well be
preventable.

Are the cognitive deficits observed here indicative of
a developmental delay or of absolute, lasting deficits?
On the one hand, all children, even ECT-PKU
children with higher Phe levels, improved over time on
our tasks. On the other hand, the impression that
ECT-PKU children may ‘catch up’ to other children
is probably misleading. In almost all cases this ‘catch
up’ was due to ceiling effects because the same tasks
were administered over a wide age range, and these
tasks tended to be too easy for children at the upper
end of an age range. Many tests, such as IQQ measures,
increase the difficulty of the test as children get older,
although the test may be called by the same name
throughout. We found that when all groups of children
appeared to be performing comparably, because all
were near the ceiling, when we went to the next battery
of tasks for the next age range, the differences between
the groups reappeared. The impairment of the ECT-
PKU children with higher Phe levels in working
memory and inhibitory control was as evident in our
oldest age range (337 year olds) as it was in our
youngest age range (6—12 month olds). There was little
evidence of any narrowing of the gap between ECT-
PKU children with Phe levels 3-5 times normal and
their same-aged peers, at least from 6 months to 6 years
of age. We stopped studying children at 7 years of age.
One cannot tell from this study whether sometime after
7 years of age ECT-PKU children whose Phe levels
remain only moderately elevated might no longer show
the kinds of cognitive deficits we have documented.
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However, early cognitive deficits or developmental
delays, especially when they extend over a long period
(6 months—6 years) are likely to have profound and
enduring effects, even if the cognitive deficits them-
selves are subsequently reselved. For example, children
who have repeatedly seen themselves struggle with
cognitive tasks which their peers find easy, come to
believe themselves to be less able, and may continue to
see themselves in this way long after the ability gap has
been narrowed. Similarly, others around the child
(parents, teachers, and peers) typically expect a child
to perform as he or she always has, and people often
perform as others expect them to perform. Because
ECT-PKU children whose Phe concentrations are
moderately elevated appear to have difficulty in getting
their actions to reflect their intentions, because they
sometimes get stuck in behavioural ruts from which
they cannot easily extricate themselves, these children
may be wrongly labelled as ‘bad’, ‘intentionally
difficult’, or ‘wilful’ — and such labels can affect a child
for life.

5. IS DORSOLATERAL PREFRONTAL
CORTEX ONLY REQUIRED WHEN THE
INFORMATION TO BE HELD IN MIND
CONCERNS SPATIAL LOCATION?

The tasks on which the infants and toddlers with
plasma Phe levels 3-5 times normal failed (A-not-B,
object retrieval, and A-not-B with invisible displace-
ments), required holding information in mind about
spatial location. One of the most influential and
intriguing hypotheses about the functions of dorso-
lateral prefrontal cortex is that this region is required
for holding spatial information in mind (Goldman-
Rakic 1987). According to that hypothesis, information
about object features is processed in ventrolateral
prefrontal cortex, whereas dorsolateral prefrontal cor-
tex is specialized to help us hold in mind information
about spatial location. Also according to this hy-
pothesis, a subject acts according to a prepotent
response when the correct answer has been forgotten;
the prepotent response is sort of a default when one
does not know what to do. That is, subjects with
dorsolateral prefrontal cortex damage do not err, even
in part, because of a failure to exercise inhibitory
control; they err because of a failure of working
memory, specifically spatial working memory.

There were no spatial tasks on which ECT-PKU
infants and toddlers with plasma Phe levels 3-5 times
normal performed as well as controls, but there were
also no spatial tasks that did not require both holding
information in mind and inhibition of a strong response
tendency. The prefrontal tasks on which we found no
deficits (the multiple boxes and temporal order
memory tasks) do not require memory of spatial
information. That would be consistent with the spatial
memory hypothesis. These tasks also required little or
no inhibition; however, the main findings that are
inconsistent with the spatial memory hypothesis are
that at least two of the tasks on which young children
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with moderate plasma Phe elevations failed (the day-
night Stroop-like task and the tapping task) do not
seem to require holding any spatial information in
mind. (On the tapping task, as on the day-night task,
the subject must hold two rules in mind and must resist
making the response that would ordinarily be made
(Diamond & Taylor 1996).)

In general, evidence is mixed concerning the possible
specialized role of dorsolateral prefrontal cortex in
handling spatial information in particular. Evidence in
support of this role includes findings such as the
following: rhesus monkeys with lesions of dorsolateral
prefrontal cortex fail spatial alternation tasks but not
object alternation tasks (Mishkin & Manning 1978;
but see Bauer & Fuster 1976), and in rhesus monkeys
neurons in dorsolateral prefrontal cortex have been
found which are active during the delay period of the
spatial delayed response task whereas neurons in the
inferior convexity are active during the delay period of
a conditional pattern discrimination task (Wilson et al.
1993). However, evidence contrary to the dorsolateral
spatial memory hypothesis includes the following: In
positron emission tomography (PET) studies with
human subjects, Petrides and his colleagues report
activation in ventrolateral prefrontal cortex, but not in
dorsolateral prefrontal cortex, on a spatial memory
span task (Petrides this volume), and activation in
dorsolateral prefrontal cortex, but not in ventrolateral
prefrontal cortex, on a non-spatial self-ordered memory
task (Petrides et al. 1993 and this volume).

The tasks that most reliably and robustly elicit
activation of dorsolateral prefrontal cortex in neuro-
imaging studies, such as the two-back task (e.g. Cohen
et al. 1993 and this volume), require both holding
information in mind (whether spatial or non-spatial)
and inhibiting a response tendency. For example, on
the two-back test, the subject must remember the rule,
‘Respond when, and only when, you see an“x” that
follows two items after an “a”,” and subjects must
resist or override the propensity to respond when they
see an “x”” under all other circumstances. Some of the
evidence on the centrality of inhibitory control prob-
lems in patients with damage to dorsolateral prefrontal
cortex seems hard to reconcile with a model that
proposes that this neural region is important only for
working memory. For example, even when the current
rule is displayed on all trials so one does not need to
hold it in mind, patients with damage to dorsolateral
prefrontal cortex have more difficulty switching from
one rule to another (e.g. to switch between sorting by
size to sorting by shape; Rubinstein et a/. 1996) than do
patients with more posterior damage. It has long been
known that patients with damage to dorsolateral
prefrontal cortex can sometimes tell you the correct
criterion even as they continue to sort cards on the
Wisconsin card sorting test incorrectly by the old
criterion (e.g. Milner 1963; Luria & Homskaya 1964).
In these instances, there is a failure of knowledge to
result in the prepotent response being overridden. It is
as if subjects get stuck in a behavioural rut from which
they cannot readily extricate themselves despite their
best intentions and despite knowing what correct
performance entails.
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6. AN ANIMAL MODEL OF MILD, CHRONIC
PLASMA PHE ELEVATIONS

With children it was only possible to measure
cognitive performance and plasma amino acid levels.
To more directly investigate our hypothesis that the
cognitive deficits associated with moderately elevated
plasma Phe levels are produced by a selective reduction
in dopamine metabolism in prefrontal cortex, we
turned to an animal model. Building on work
modelling the untreated PKU condition (Greengard et
al. 1976; Brass & Greengard 1982), we developed and
characterized the first animal model of ECT-PKU
(Diamond et al. 1994). By administering a phenyl-
alanine hydroxylase inhibitor (a-methylphenyl-
alanine) plus a small supplement of Phe we were able
to mildly and chronically elevate the plasma Phe levels
of rat pups.

The affected rats were impaired on a behavioural
task dependent on prefrontal cortex (delayed alter-
nation). On this task, the animal must remember
which goal arm was last entered over the delay
between trials and the animal is rewarded only if it
alternates goal arms (i.e. if it selects the goal arm not
selected on the previous trial). The hallmark of what
one finds after ablation of prefrontal cortex is that
subjects fail when a delay is imposed between trials,
although they are unimpaired at learning the task or
when no delay is used (in rats see for example Wikmark
et al. 1973; Larsen & Divac 1978; Bubser & Schmidt
1990; in monkeys see for example Jacobsen & Nissen
1937; Bittig et al. 1960; Kubota & Niki 1971). Thus,
they are impaired when they must hold in mind which
arm of the maze they have just entered and when they
have to inhibit repeating that response in order to
alternate. We found that the rats with moderately
elevated plasma Phe levels learned the delayed
alternation task normally and performed well when
there was no delay between trials, but failed when a
delay was imposed between trials. Thatis, they showed
the pattern of error associated with prefrontal cortex
dysfunction.

As predicted, lower levels of dopamine and the
dopamine metabolite, HVA, were found in prefrontal
cortex in the PKU-model animals than in controls.
{Medial prefrontal cortex in the rodent is considered
the homologue of dorsolateral prefrontal cortex in the
primate (Leonard 1969; Domesick, 1972 Kolb, 1984;
Groenewegen 1988), although Preuss (1995) has
recently called this homology into question. Medial
prefrontal cortex is located immediately in front of the
genu.) There was almost no overlap between HVA and
dopamine levels in prefrontal cortex of controls and of
either experimental group. In contrast, there was no
effect of elevated plasma Phe levels on noradrenaline in
any of the neural regions investigated (prefrontal
cortex, anterior cingulate, caudate-putamen, and
nucleus accumbens).

Our predictions were not perfectly confirmed,
however. We found some effect on the serotoninergic
system, and some effects on dopamine metabolism
outside of prefrontal cortex. This could be because
plasma Phe levels were raised a bit more than intended
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(6.5 times normal, rather than < 5 times normal) or
because the neurochemical effects of moderately
elevated plasma Phe levels are not as localized as we
have hypothesized. Our lab is presently investigating
this further with the genetic mouse model of PKU
created by McDonald & Shedlovsky (McDonald et al.
1990; Shedlovsky et al. 1993). These mice have a
mutation of the gene that causes PKU in humans;
these mice have a mutation of the gene homologous to
the one that causes PKU in humans; these mice, too,
are severely impaired in converting Phe to Tyr.

7. CONFIRMING EVIDENCE FROM
RESEARCH ON VISION

If we are correct that the special properties of the
dopamine neurons that project to prefrontal cortex
make the functions of that area particularly vulnerable
to moderate increases in the ratio of Phe: Tyr in the
bloodstream, then any other dopamine neurons that
also have those properties should also be affected. It
turns out that the dopamine neurons in the retina share
those properties. They too have rapid firing and
dopamine turnover rates (Iuvone et al. 1978, 1989;
Fernstrom et al. 1986). Moreover, the competition at
the blood-retinal barrier is comparable to that at the
blood-brain barrier (Rapoport 1976 ; Hjelle et al. 1978;
Fernstrom et al. 1986; Tornquist & Alm 1986).
Therefore, we predicted that retinal functions de-
pendent on dopamine should also be affected in PKU
children with plasma Phe levels 3-5 times normal; that
prediction has recently been confirmed.

If the retina is depleted of dopamine, one finds
impaired sensitivity to contrast (Kupersmith et al.
1982; Regan & Neima 1984; Skrandies & Gottlob
1986; Bodis-Wollner et al. 1987; Bodis-Wollner 1990).
{Contrast sensitivity refers to the threshold of how
much contrast between black lines (sinusoid gratings)
and a white background is required for a person to be
able to detect the black lines.) Diamond and Herzberg
(1996) found that children treated early and con-
tinuously for PKU were impaired in their sensitivity to
contrast across all five spatial frequencies tested
(1.5-18.0 cycles per degree). Indeed, at the next to
highest spatial frequency (12 cycles per degree), the
‘group’ variable accounted for 709, of the variance,
controlling for acuity, sex, age, and test site. At no
spatial frequency was the contrast sensitivity per-
formance of any child with PKU superior to the
performance of his or her sibling. The poorer contrast
sensitivity performance of subjects with PKU was
found even when the analyses were repeated omitting
the two subjects with mean plasma Phe levels above
five times normal and omitting the two subjects with
IQ scores less than 90. In short, we have found two
superficially unrelated behavioural effects, a selective
deficit in cognitive functions dependent on dorsolateral
prefrontal cortex and a selective visual defect in
contrast sensitivity, both of which had been predicted
based on the same underlying hypothesis (that a
moderate imbalance in the plasma Phe:Tyr ratio
selectively affects those dopamine neurons that have
the most rapid firing and dopamine turnover rates).
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We knew, from work with rats, that the dopamine
neurons that project to prefrontal cortex have unusual
properties that set them apart from most other
dopamine-containing neurons in the CNS. However,
there was no evidence concerning this in humans. The
results we have obtained with children treated early
and continuously for PKU provide what is probably
the first evidence suggesting that the prefrontally-
projecting dopamine neurons may also have these
special properties in humans. We knew, from work
with rhesus macaques, that during the period that
infant monkeys are improving on the A-not-B, delayed
response, and object retrieval tasks, striking changes in
the distribution of tyrosine hydroxylase-immuno-
reactive fibres in prefrontal cortex (Area 9) are
occuring (Lewis & Harris 1991), and the level of
dopamine is increasing in the monkey brain (Brown &
Goldman 1977). It is possible that one of the reasons
that human infants are able to succeed on these tasks
by 12 months of age, although they fail these tasks even
under the simplest conditions below 8-9 months of age,
has to do with developmental changes in the dopami-
nergic innervation of prefrontal cortex.

Support from NIH (ROl #MH41842, ROl #HD34346,
BRSG S07 #RR07083-26 & MRRC P30 #HD26979) and
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Discussion

A. BADDELEY (Department of Psychology, University of Bristol,
8 Woodland Road, Bristol BS8 ITN, U.K.). Inter-correlations
between tests of frontal lobe or executive function have
typically not been very high. What is your experience with
the battery of cognitive tests you have used to study PKU in
children?

A. Diamonp. The intercorrelation between performance on
the frontal tasks for infants, AB and object retrieval, was 0.35
(P < 0.001); both of these tasks require holding information
in mind+inhibitory control. There were no significant

Phil. Trans. R. Soc. Lond. B (1996)

intercorrelations among any of the tasks administered to
toddlers, but only one of those tasks required holding
information in mind + inhibitory control. The inter-
correlation between performance on the tapping and three
pegs tasks was 0.53 (P < 0.0001), on tapping and the day-
night Stroop-like tasks it was 0.35 (P < 0.0001), and on the
day-night Stroop-like task and the tapping task it was 0.20
(P=0.01); all three of these tasks require holding in-
formation in mind +inhibitory control. Performance on the
other frontal tests (the six boxes task and the Corsi-Milner
test of temporal order memory), which did not require
holding information in mind 4 inhibitory control, did not
correlate significantly with performance on any other test.



