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Model System for Studying the Role of
opamine in Prefrontal Cortex During
Early Development in Humans

Adele Diamond

ateral prefrontal cortex (DL-PFC) undergoes an extremely protracted period of
sn.and is not fully mature until adulthood (Yakovlev and Lecours, 1967; Hutten-
9, 1984, 1990; Orzhekhovskaya, 1981; Huttenlocher ct al., 1982; Thatcher et al,,
enberg and Lews, 1994; Sowell et al., 1999). Growmg evidence ;nd:cates,
that some of the cognitive advances seen as carly as the first year of life (612
¢ made possible, in part, by early changes in DI~ PFC {(e.g., Fox and Bell, 1990;
991a, b; Bell and Fox, 1992, 1997). One marurational change in DL-PFC that
make possible these early cognitive advances is increasing levels of the neuro-
dopamine, in DL-PFC.
tal cortex is richer in dopamine than any other region of the cerebral cortex (e.z.,
d et al,, 1978; Brown et al., 197%; Levitt et al., 1984; Lewis ct ab., 1988; Gaspar et
Wlil:am‘; and Goldman—Rakic 1993, 1995; Lewis et al., 1998). No[ surprisingly,
ts high concentration in prefrontal cortex, dopamine plays an important role in DL~
nC!:IOH in adult human and non-human primates {e.g., Brozoski et al, 1979,
, 1988; Sawaguchi and Goldman-Rakic, 1991; Luciana er al., 1992;
et .11., 997 Akil et al., 1999).

ow that during the pulod that infant rhesus macaques arc fmproving on rasks
{ on DL-PFC (the A-not-B, delayed response, and object retrieval tasks) rhe level
ne is increasing in their brain (Brown et al., 1976; Brown and Goldman, 1977},
of do;}amme 1cceptorq in thcxr prefmntal C()rlcx is mcxcas;ng {L:dov; and R (‘skﬂ_

in tmg enzyme for the produczmn of dopamine (tvrosme h}dm“ hsc) is mark-
ging (Lewis and Harris, 1991; Rosenberg and Lewis, 1995), Moreover, in adult
acaques, the cognitive abilities that depend on DIL-PFC {as indexed by tasks such
response) rely critically on the dopaminergic projection to prefrontal correx (e.g.,

ski et al,, 1979; Sawaguchi et al., 1990; Taylor et al, 1994; Taylor et al., 1990;

chi-and Goldman-Rakic, 1991).

de such as that summarized here makes it plausible that one change in the
atal neural circuit helping to make possible some of the cognitive advances that
nfants between 6-12 months of age might be changes in the dopaminergic
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innervation of prefrontal cortex. Maturational changes in the prefrontal dopamir
are protracted, and therefore it is conceivable that later maturational changes in that syst
might help make posqib]e qubsequem improvements in the cognitive abilities depeh’d' |
prefrontal cortex as well. {To propose that changes in the dopamine innervation
prefrontal cortex play a rok in making possible some of the cognitive advance |
development s not to negate the role of experience nor the role of other matur:
changes in the prefrontal neural system, such as in the communication between p
cortex and other neural regions.)

To hegin to look at the role of the dopamine projection to DL-PFC in heip
subserve cognitive functions early in life in humans, we have been studying children
the evidence suggests, have reduced levels of dopamine in prefrontal cortex biit"oth
remarkably normal brains. These are children treated early and continuously for:
disorder called “phenylketonuria” (PKU), who have levels of an amino acid (pheny:' lani _
[Phe]) in their bloodstream that are 3-5 times normal {(6-1) mg/di). i : . ' Frartal lot

Cai

Precentral gyrus

Prefrontal
association
cortex

Where s DL-PF(C?

The cerebral cortex is distinguished from subcortex by generally having six diffe
of cells (subcortical regions have fewer layers) and by being the outer mantle:ofit
(closer to the surface), whereas subcortical structures are buried deep inside the b

the cortex. In general, cortical regions are phylogenetically newer regions of the bra
subcortical regions, mature later during development, and receive more highly pro
information that has already passed through subcortical structures. During prin
tion, the cercbral cortex changed from being smooth to having marked “hifls”
“evri”} and “‘valleys” (called “sulci™). This infolding made possible the extra
expansion in size of the cerebral cortex within a cranium that expanded much les
in size. This was a very adaptive solution to getting much more surface area int

Central sulcus

space.
The central sulcus divides the front of the brain from the back. All of the cereby:
in front of the central sulcus is frontal cortex (see figure 22.1}. The most posterior
frontal cortex, directly in [ront of the central sulcus, is primary motor cortex {Bri
area 4). The anterior boundary of motor cortex is the precentral sulcus. In front
premotor cortex and the supplementary motor area (SMA), two distinet subr
Broadmann’s area 6. All of the cortex in {ront of that is prefrontal cortex (areds §;
44, 45, 46, 47, and 9/46). Prefrontal cortex is not only the most anterior reg;on
cartex, but the only region of frontal cortex with a granule cell layer.
While the brain as a whole has increased in size during evolution, the proport
Lrain devoted to prefrontal cortex has increased much more dramatically, es
humans (Brodmann, 1912). For example, prefrontal cortex makes up 25 pé
cortex in the human brain, but only 15 percent in chimpanzees, 7 percent in
percent in cats. Prefronral cortex is an association area; its functions are prim

Prirmn:
corte

tive, neither exclusively sensory nor moter, In accord with its late maturationa
and massive expansion during primate evolution, prefrontal cortex is credited wi
lying the most sophisticated cognitive abilities, often called “executive procésse
reasoning, planning, prablem-solving, and coordinating the performance of
(e.g., Warren and Akert, 1964; Goldman-Rakic, 1987; Shallice, 1988; Pe
Ozonoff, 1996; Postle et al., 1999), :

Diagram of the human
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Within prefrontal cortex, the mid-dorsolateral subregion (areas 9, 46, and 9/46) has
increased disproportionately in size during evolution even compared to the other regionsiof |
prefrontal cortex. Mid-D1~PFC consists of the middle section of the superior and midd
frontal gyr, extending from behind the frontal pole (area 10) to area 8 {see figure:22.
Petrides and Pandya, 1999). DI-PFC has bistorically been defined by its reciproc
connections with the parvocellular subdivision of the mediodorsal nucleus of the thalamt
(Walker, 1940; Rose and Woolscy, 1948; McLardy, 1950; Akert, 1964; Kievit and Kliyp
1977, Tobias, 1975; Jacobson et al., 1978; Goldman-Rakic and Porrino, 1985; Siwek:
Pandya, 1991}, The size of the parvocellular portion of the mediodorsal nuclets:
increased phylogenetically in proportion to the increase in size of DL-PFC and dis
portionately compared even to other regions of the mediodorsal nucleus (Pines; 192
Clark, 1930; Khokhryakova, 1979).

No area of the brain acts in iselation. A neural rcgzon functions as part of a S\Ste |
functionally and anatomically interrelated structures. Through its reciprocal conné
with the superior temporal cortex (Petrides and Pandya, 1988; Seltzer and Pandya, 198
pasterior parietal corfex (area 7a; Goldman-Rakic and Schwartz, 1982; Schwartz
Goldman-Rakic, 1984; Petrides and Pandya, 1984; Sclemon and Goldman-Rakic;:l
Cavada and Goldman-Rakic, 1989; Johnson et al., 198%), anterior and posierior cinga
{Vogt et al., 1987), premotor cortex (Kiinzle, 1978; Barbas and Mesulam, 1985,
SMA (Wiesendanger, 1981; McGuire et al., 1991), retrosplenial cortex {Morris et a
Morris et al., 1999; see also Petrides and Pandya, 1999, concerning all of these inte
nections), and the neocerebellum (Sasaki et al.,, 1979; Leiner et al., 1989; Yamamo
1992; Middleton and Strick, 1994; Middleton and Strick, 1997; Schmahrmann and [
1995; Diamond, 2000), mid-DI-PFC can modulate the activity of those regions;as
receive information from, and be modulated by, these regions. In addition, mid-D
sends a strong projection to the caudate nucleus (Kemp and Powell, 1970; Goldm
Nauta, 1977; Selemon and Goldman-Rakic, 1985; Arikuni and Kubota, 1986). Tfie-.
tions from DE~PFC, posterior parietal cortex, and the superior temporal “éor
intricately interdigitated throughout the brain, including in rhe caudate nucleus, pr
multiple opportunitics for these neural regions to communicate with, and inflién
another {Goldman-Rakic and Schwartz, 1982; Schwartz and Goldman-Rakic, 19
mon and Goldman-Rakic, 1985, 1988, Johnson et al., 1989).
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Evidence that DL-PFC subserves Cognitive Abilities even
during Infancy

The “A-not-B” task has been used in scores of laboratories throughout the world
cognitive development in infants since it was first introduced by Piaget (1954
Under the name “delayed response,” an aimost-identical task has been the classic
for studying the functions of DL-PFC in macaques since it was first introdac
purpose hy Jacobsen (1935, 1936). Tn the A-not-B/delaved response task; ‘the
watches as a desired object is hidden in one of two hiding places that differ;
left-right location, and then a few seconds later is allowed to reach to find that
participant must hold in mind over those few seconds where the object was:h
trials, the participant must update his or her mental record to reflect where the
hidden fast. When the parricipant reaches correctly, he or she is rewarded by: '
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eve the desired object. In this manner, the behavior of reaching to that hiding
is reinforced and hence the tendency to emit that response is strengthened. When
ard is then hidden at the other location, the participant must inhibit the natural
v to repeat the rewarded response and instead respond according to the representa-
1d in mind of where the reward was just hidden. Thus, the A-not-B task requires
ng information in mind (where the reward was last hidden) and inhibitden of a
tent responsc tendency. By roughly 7%-8 months of age, infanis reach correctly
first hiding location with delays as long as 3sec. When the reward is then hidden
other hiding place, however, infants err by going back to the first location (called
-not-B error”). As infants get older, they are able to succeed at longer and longer
Thus, for example, one sees the A-not-B error (correct at the first location, but
rectly repeating that response on the reversal trials) at delays of 5sec in infants of 9
hs and at delays of 7-8sec in infants of 10 months (Diamond, 1985; Diamond and
- 1989).
the object retrieval task (Diamond, 1981, 1988, 1990a), nothing is hidden and there is
clay. A toy is placed within casy reach in a small, clear box, open on one side.
fhcultics arise when the infant sees the toy through one of the closed sides of the hox.
. the infant must integrate seeing the toy through one side of the hox with reaching
igh a different side. There is a strong pull to try to reach straight for the toy; that
q_tént response must be inhibited when a detour reach is required. The following
bles are manipulated: (a) which side of the box is open {top, front, left, or right),
istance of the toy from the box opening, (c) position of the box on the testing surface
ar the front edge of table or far), (d) box size, and (e} box transparency. The
ental variables jointly determine through which side of the box the oy is seen.
. infants reach only at the side through which they are looking. They must look
gh the opening, and continue to do so to reach in and retrieve the toy. As they get
er; the memory of having looked through the opening is enough; infants can look

o ough the opening, sit up, and reach in while looking through a closed side. Still older

aﬁ;s do not need to look along the line of reach at all. Infants progress through a well-
emarcated series of 5 stages of performance on this rask between 6 and 12 months of age
g, Diamond, 1981, 1988, 1990a).
[though the A-not-13/delayed response task and the ohject retrieval task appear to share
v surface similaritics, human infants improve on these tasks during the same age period
2 months; Diamond, 1988, 1991a, b) and so do infant rhesus macagque (1;—-4 months;
amond and Goldman-Rakic, 1986; Diamond, 1988, 1991a, b). Indeed, although there 1s
hsiderable individual variation in the rate at which different infants improve on any of
| ¢ tasks, the age at which a given infant reaches “Phase 1B” on the object retrieval task is
emarkably close to the age at which that same infant can first uncover a hidden ohject in
A-not-B/delayed response paradigm (Diamond, 1991a, b). Developmental improve-
ents on both in human infangs are related to the same changes in the EEG pattern over
frontal leads and in frontal-parietal EEG coherence (re: A-not-B: Fox and Bell, 1990; Bell
and Fox, 1992, 1997; re: object retricval: Fox, personal communication) Both the A-not-1/
delaved response task and the ohject retrieval task depend on DL-PFC and are sensitive to
& level of dopamine there.
‘There is no behavioral task more firmly linked to DL-PFC than the A-not-B/delayed
sponsc task. Lesions that destroy DL-PFC disrupt performance of A-not-B and delayed
sponse in adult macaques {c.g., Butters et al,, 1969; Goldman and Rosveld, 1970;
iamond and Goldman-Rakic, 1989) and infant macaques (Goldman et al., 1970; Diamond
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and Goldman-Rakic, 1986; Diamond, 1990b), while performance of other tasks such as
delayed nonmatching to sample (Bachevalier and Mishkin, 1986) and visual discrimination
(Goldman et al., 1970 is unimpaired. Lesions of other brain regions do not affect A-not-B
or delayed response performance at the same brief delays (e.g., medial temporal
lobe [Diamond et al., 1989]; posterior parietal cortex [Harlow et al., 1952; Diamond and
Goldman-Rakic, 1989; Bauer and Fuster, 1976]). Successful delayed response performance
has been linked to dorsolateral PFC by techniques as varied as reversible cooling (Whese
function is only temporarily disrupted, and an animal can serve as his own control; e.g
Fuster and Alexander, 1970; Bauer and Fuster, 1976), single unit recording (where th
functions of individual neurons are studied in the intact brain; e.g., Niki, 1974; Fuste
and Alexander, 1971; Fuster, 1973), and Z-deoxyglucose metabolic labeling (where th
functions of diverse neural regions are studied in the intact brain; Bugbee and Goldman-
Rakic, 1981). Blocking dopamine receptors in DL-PFC produces deficits on the delayé
response task as severe as when DL-PFC is removed altogether (Brozoski et al., 1979
Indeed, there is a precise dose-dependent relation between how large a dose of th
dopamine antagonist is injected and performance on the delayed response task {Sawaguc
and Goldman-Rakic, 1991). Disruption of the prefrontal dopamine system by m;ectmn
of MPTP {l-methyl-4-phenyl-1,2,3 6~tetrahydropy-ridine) also impairs performance on
the task {Schneider and Kovelowski, 1990). Destruction of the dopamine neurons in the
ventral tegmental area {VTA) that project to prefrontal cortex impairs performance on‘th
task as well {Simon et al., 1980). Pharmacological activation of D2 dopamine receptors
normal human adults has becen found to facilitate performance on the task (Luciana et'al
1992).

DIL-PFC lesions in the macaque also disrupt performance on the object retrieval
{Iiamond and Goldman-Rakic, 1983; Diamond, 1990b), while lesions of the m
temporal lobe {Diamond et al,, 1989) or of posterior parictal cortex (Diamond
Goldman-Rakic, 1989} do not. MPTP injections, which reduce the level of dopamine
prefrontal cortex, also produce deficits on the rask (e.g., Saint-Cyr et al., 1988; Taylor ¢t
1990a, b; Schneider and Rocltgen, 1993). (MPTP also affects the level of dopamine in
striatumy, but lesions of the striatum do not impair performance on the object retrieval tds
[Crofts et al., 1999].) Cumulative doses of 15-75 mg of MPTP do not produce Parki
nian-type motor deficits in rhesus macaques, although larger doses do. At the lower dose
of MPTP [15-75 mg], monkeys are impaired on the object retrieval and A-not-B/délay
response tasks {e.g., Schneider and Kovelowski, 1990; Taylor et al., 1990], although th
perform normally on other tasks such as visual discrimination.) ;

Importantly, human infants, infant rhests macagues, and infant and aduh
macaques with lesions of DL-PFC fail the A-not-B/dclayed response task under
same conditions and in rthe same ways. The same is true for the object retrieva
Thus, for example, on A-not-B: macaques with lesions of DL-PFC and human infan
7n—9 months succeed when there is no delay (macagues: Harlow et al., 1952; Bittig et

960 Goldman et al., 1970, sfams: Harris, 1973; Gratch et al., 1974), succeed:
allowed to circumvent the memory requircments by continuing to stare at or strain 't
the correct well during the delay (macagues: Bitrig et al., 1960; Miles and Blomquist;
Pinsker and Freach, 1967; ifans: Cornell, 1979; Fox et al., 1979), succeed if a lan
refiably indicates where the reward is located (macagues: Pohl, 1973; infants: Butterw

, 1982}, fail even at brief defays of only 2~3 sec (macagues: Goldman and Rosvold:
Diamond and Goldman-Rakic, 1989; infants: Gratch and Landers, 1971; Fox et 4l
Diamond, 1985; Diamond and Doar, 1989) and fail if the hiding places differ eith
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up—down location (macaques: Goldman et al., 1970; Fuster, 1980; infants: Gratch
Landers, 1971; Butterworth, 1976). See figure 22.2.

ilar close parallels in the parameters determining success or failure, and in the
eristics of performance, hold for the object retrieval task (infanis: Diamond, 1981;
9915 macagues with lesions of DL-PFC: Diamond and Goldman-Rakic, 1985;
nd, 1990b; 199%a; MPTP-treated macagues: Saint-Cyr et al., 1988; Taylor et al.,
i b; Schneider and Roeltgen, 1993). Human infants of7§A9 menths, thesus macaques
lesions of DL-PFC, and macaques treated with MPTP all succeed on the object
teval task when they are looking through the open side of the box. They fail when they
lopking through a closed side, and they fail by trying to reach straight through the
parent barrier instead of detouring around it. Human infants of 7%—9 months, rhesus
L-PFC produces deficits ' ques with lesions of DL-PFC, and macaques treated with MPTP perform better when
m‘UVEd altogether {]3r020;3k?n the d_q} 0x is opaque than when the box is transparent. They lean over to fook in the box
HIon between how Jar{ & ot al, 19 ning when the left or right side of the box is open and recruit the contralateral hand to
on the delayeq !'L‘Spons%r i @ dose of :in the opening (see figure 22.3), and show that “awkward reach” on both the left and

¢ task .
refrontal ; sides of the box.
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“he Cognitive Abilities Subserved by DL-PFC and Required for Success
on the A-not-B and Object Retrieval Tasks

e that many of the manipulations discussed above for the A-not-B task indicate that the
ence of the delay is critical, since even very young infants and prefrontally-lesioned
caques perform well when there is no delay or when the requirements of the delay
be circumvented. This suggests that the ability to hold in mind the information on
where the reward was last hidden (this might be termed “sustained attention” or the
formation-maintenance component of “working memory” [Baddeley, 1992]) is critical
:success on this task. The information that must be held in mind is relational {Was the

ard hidden on the right or the left most recently? “Left” is only left in refation to right
d, similarly, “recent” implies a before and after relation.) There is also a characterisric
ttern to the errors made by infants and by prefrontally-lesioned niacaques on the A-not-B
¢ Their errors tend to be confined to the reversal trials and to the trials immediately
following a reversal error when the reward continues to be hidden at the new location
Diamond, 1985, 19904, 1991a, b). If the only source of error on the task were failure to
eep the critical information in mind, then one would expect errors to be random, but they
not (Diamond et al., 1994a). The non-randem pattern of errors, and the fact that
rticipants occasionally look at the correct location (as if they remember that the reward
s.there) while at the same time reaching back to the previously correct location (Diamond,
9904, 1991a; see also Hofstadter and Reznick, 1996) suggests that success on the task also
equires resisting, or inhibiting, the tendency to repeat the previous response. (I have
ggested that there is a predisposition to repeat the previous response because it had
cen rewarded. Smith et al. (1999) suggest that there is a predisposition to repeat the
revious response simply because the response was made before [not because of reinforce-
‘ment], just as it is easier for neurons in visual cortex to process a visual stimulus if they have
reviously processed that visual stimulus. Either account of the source of the predisposition
works equally well for my theoretical position. The important point is that there is a
‘tendency to repeat the previous response; the source of that predisposition is unimportant
or My argument.)
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f ew errors can be elicited simply by taxing how long information must be heid in mind
‘hen no inhibition is required, such as by using a long delay at the first hiding
on {e.g., Sophian and Wellman, 1983). Similarly, a few errors can be elicited simply
xing inhibitory control even when the participant does not have to remember where
eward was hidden; for example, a few infants err on the reversal trial even when the
ers are transparent {e.g., Butterworth, 1977; Willaus, 1985). However, the overwhelm-
ma;ontv of errors occur when participants must both hold information in mind and also
is¢ inhibitory control (i.e., on reversat trials when the covers are opaque and a delay is
ed).
fragile memory of where the reward was hidden would be sufficient on the initial trials
because there is no competition. However, when the side of hiding is reversed, the
¢ memory of where the reward was hidden now has to compete with the conditioned
dency to repeat the rewarded response of reaching to A, and so sometimes that {ragile
'Gr\, is not sufficient to win the battle. At the core of my hypothesis about the cause of
-not-B error has atways been the notion of a competition or battle between the
srmation held in mind (i.e., where the toy was last hidden) and the prepotent tendency
of procedural or implicit memory) formed by the experience of previous trials. The
element is conflict: What is required is not simply holding in mind the newest
mation, but that stored information has to win against a competitor {a conditioned
dency), which is probably subcortical in origin, since even extremely simple organisms
how conditioned tendencies.
-h pattern of performance discussed above for the object retrieval rask highlights the
1 pormme for success at that task, of heing able to inhibit the streng tendency to reach
ht in the side of the bex through which one is looking. Behaviors such as the
kward reach” also highlight the importance of holding the location of the hox opening
ind when looking at the reward and holding the location of the reward in mind when
king at the box opening, and of integrating the two picces of information. Focusing
lusively on the reward or the box will not work for this task; both must be taken into
count. Rmt.hmg through the opening when fooking through a closed side requires
grating in one’s mind looking at the reward along one route with reaching for the
eward along a completely different route. Infants of 8§-9 months and prefrontaliy-
sioned macaques arc only able to succeed when the left or right side of the transparent
‘is open by simplifying the task. They lean over to look in the opening, hence lining up
pening and the reward so that they can see both at once and so that their line of sight is
samie as the line along which they will reach.
have emphasized that DL-PFC is recruited when one must both hold information in
nd and inhibit a prepotent response. Other investigators have characterized the functions
DL-PFC more broadly, proposing that when one must hoth hold information in mind
nd manipulate or process that information, then DL-PFC becomes critical (Petrides,
994: 1995h; Owen et al., 1996; Smith et al., 1998; D’Esposito et al,, 1999; Owen et al,,
9: Postle et al., 1999; Smith and Jonides, 1999). Under such conceptualizations, holding
dformation in mind plus inhibiting a dominant response becomes part of a subset of
olding information in mind + another cognitive operation.” Iam in full accord with such
rmulations. In general, tasks that require DL-PFC are more difficult than rasks that do
‘T'asks that require simply holding one picce of information in mind (such as delayed
onmatching to sample) are too easy to require DL-PFC (e.g., Bachevalier and Mishkin,
486). However, if one increases how much information must be held in mind so that the
sk is as difficult as one that requires both holding information in mind plus inhihition

Figure 223 .. ltustration of a 2-month-old infant 'rhesu. :
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(Diamond et al., 1998} or as difficult as one that requires alphabetizing the information held
in mind (Postle et al., 1999) then that task, too, will activate DL-PFC.

In sum, human m%amc; of 7]—9 months, infant macaques of l 2' months, adul
macaques with bilateral remoxa!s of DL-PFC, infant macaques of months in whom
DL-PFC was removed at 4 months, and adult macaques who have received MPTP
injections to disrupt the prefrontal dopamine system fail the A-not-B/dela yed response
and object retrieval tasks under the same conditions and in the same ways (see rable 22.1);
"This does not prove that maturational changes in DL-PFC during infancy contribute to the
emergence of success on these tasks during infancy, but this body of work makes th
hypothesis plausible,

Evidence of Improvement in the Cognitive Abilities that depend on

DL-PFC during Early Childhood

DL-PIC continues to mature until early adulthood. Marked improvements on tasks th
require working memory + inhibition (rasks thought to require the functions of DL-P
are seen in children between 3 and 6 years of age. At 3 years of age; one can see e
reminiscent of the A-not-B error seen in infants and in prefrontally-lesioned macagues
with a slightly more difficult task. On this task, children who are 3 vears old can sort card
correctly by the first criterion they are given (either color or shape: Zelazo et al., 1996, Z_éfa’z
et al., 1995; Kirkham et al,, submitted), just as infants of7-;-u-9 months and prefrontally
lesioned macaques are correct at the first hiding place, and just as adults with prefront
cortex damage are correct at sorting cards according to the first criterion { Wisconsin G
Sore test: Milner, 1963, 1964; Drewe, 1974). Threc-year-old children err when eorr
performance demands switching to a new criterion, i.e., when cards previously sorfe
color (or shape) must now be sorted according to the oter criterion (shape or color), just
infants of 71—9 months and prefrontalty-lesioned macaques err when required to sV
and search for the reward at the other location, and just as aduits with prefrontal ¢
damage err when required to switch to a new serting criterion.

Although 3-year-old children fail to sort by the new sorting criterion (sticking steadf:
to the previously correct criterion), they can correctly state the new sorting cme
(Zelazo et al., 1996; Kirkhamn ot al, submitted). Similarly, infants of 7~—9 months
sometimes teli vou with their eycs rhm they know the reward is in the new hiding
even as they persist in reaching back to the previously correct location (Diamond; 199
19914, b; Hofstadter and Reznick, 1996), and paticnts with prefrontal cortex damige
sometimes tell you correctly the new sorting criterion even as they persist in sorting by
previously correct criterion (Milner, 1963, 1964; Luria and Homskaya, 1964). Whén
are only two sorting criteria (color and shape) and only two values for each criterion
red/blue, truck/star) children arc able to succeed at the card sorting rask by M%
age. 1f rthe task is made more complicated, by, for mepfe adding a third
dimension, then children cannot succeed until they are 5“37 vears old. The probls
the children appears to be in relating two or more dimensions to a single stimuls. {t
of a stimulus as either red or blue and also thinking about that same stimulus
truck or a star) and in inhibiting the tendency to repeat their previously correct
categorizing the stimulus,

Similarly, children 3 years old have great difficulty with “appearance-reality”: tasks
Flavell, 1986, 1993) where, for example, they are presented with a sponge that'loo

Table 22.]  Performance of human infants, infant rhesus monkeys, and adult rhesus monkeys with selective ablations on the same three tasks

Object Retricval

Delayed Response

A-nor-B

Diamond, 1988

Diamend & Doar, 1989

Diamond, 1985

Human infants show a clear devefopmental

progression from 7% to 12 months,

A Ao e e
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Table 22.1 Performance of human infants, infant rhesus monkeys, and adult thesus monkeys with selective ablations on the same three tasks

A-not-B Delayed Respanse Object Retrieval

Human infants show a clear developmental Diamond, 1985 Diamond & Doar, 1989 Diamond, 1988

progression from 7§ to 12 months.

Adult monkeys with lesions of prefrontal cortex Diamond & Goldman- Diamond & Goldrman~ Diamond & Goldman-

fail. . Rakic, 1989 Rakic, 1989 Rakic, 1985

Adult monkeys with lesions of parietal cortex Diamond & Goldman- Diamond & Goldman- Diamond & Goldman-

succeed. Rakic, 1989 Rakic, 1989 Rakic, 1985

Adult monkeys with lesions of the hippocampai Diamond, Zola-Morgan, & Squire & Zola-Morgan, Diamond, Zola Morgan, &

formation succeed. Squire, 1989 1983 Squire, 1989

Infant monkeys show a clear developmental Diamond & Goldman- Diamond & Goldman- Diamond & Goldman-

progression from 1 to 4 months. Rakic, 1986 Rakic, 1986 Rakic, 1986

5-month-old infant monkeys, who received lesions Diamond & Goldman- Diamond & Goldman-

of prefrontal cortex at 4 months, fail. Rakic, 1986 Rakic, 1986 _

Disruptian of the prefrontal dopamine system Taylor et al., 1990a, b; Schneider & Kovelowski,
Schneider & Roeltgen, 1993 1990: Sawaguchi &

impairs performance in monkeys.
Goldman-Rakic, 1991
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rock. Three-year-olds typically report, for example, thar it looks like 2 rock and really s
a rock, whereas a child of 4-5 years correctly answers thar it looks like a rock but really isa
sponge. The problem for the younger children is in refating two conflicting identities to the
same object {e.g., Rice et al., 1997} and in inhibiting the responsc that matches the
perception {thus manipulations that reduce the perceprual salicnee, by removing the object
during questioning, find significantly better performance by children of 3-4 vears [eg
Heberle ct al., 19991). “Theory of mind” and “false belief™ tasks are other tasks +
require holding two things in mind abour the same situation {the true state of affairs and the
false belief of another person) and inhibiting a prepotent impulse (in this case, to give'f
veridical answer). For example, the child must keep in mind where the hidden objec
now and where another person saw it placed before, and the child must inhibit't
inclination to say where the object really is and instead say where the other person wo
think it 15, even though rhe child knows thar answer to be “wrong” because the object i$i
there now. Here, as well, manipulations that reduce the perceptual salience of the true s
of affairs aid children of 3-4 years (Fritz, 1991; Zaitchik, 1991). Carlson et al. (19
reasoned that pointing veridically to true locations and identities is likely to be a
practiced and reinforced response in young children, and thar children of 3—4 years 1y
trouble inhibiting that tendency when they should point to the false location, as is req
on false belief tasks. Carlson et al. (1998) found that when they gave children a 4
response by which to indicate the false location, children of 3—4 years performed
better on the false belief rask.

Many of the advances of Piager’s *“preoperational” child of 5-7 vears over a child:o
years, who is in the stage of “concrete operations,” similarly reflects the development
ability 1o hold more than one thing in mind and to inbibit the strongest response tend
of the moment. Evidence that children 3 or 4 vears old have difficulty kecping two things
mind at the same time, or that they tend to focus on only onc aspect of a problem, ¢a
seen in (a) their failure on tests of liquid conservation (they fail to attend to both heig
width, attending only to height), (b) their difficulty on tests of perspective~taking
they must mentally manipulate a scene to say what it would look like from: no
perspective and must inhibit the strong tendency to give the most salient respons
their current perspective), (c) their difficulty in comparing an old idea with a new on
hence seeing the contradiction, and (d) their difficulty in working through a ¢
problem without losing track of what they arc doing. By 5 or 6 years of age, children
capable of doing all of these things. Certainly, part of the difficulty poscd by Piaget?
conscrvation task (Piaget and Inhelder, 1941) is the salience of the visual perception that
tall, thin container appears to have more liquid in it. Thus, if an opague screen-is
between the child and the containers before the child answers, younger children 3
more likely to answer correctly (Bruner, 1964).

Many investigators have similarly found evidence of improved ability to exercise
tory control over one’s behavior between 3 and 6 years of age, especially when
must hold two things in mind and relate them to one another. For example, in the
gratification paradigm, when faced with the choice of a smaller, immediate rej
later, larger reward, children of 3-4 years are unable to inhibit going for th
reward although they would prefer the farger one. By 5-6 years of age, childr .
better at waiting for the bigger reward (Mischel and Mischel, 1983). Similarly, o
windows task, where children arc rewarded for pointing to a box that is visibly em
are not rewarded for pointing to a box in which they can see candy, 3-year-olds
inhibit the tendency to point to the baited box (Russell et al,, 1991). Children
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50 tend to fail go/no-go rasks because they cannot inhibit responding. They appear to
stand and remembher the task instructions (e.g., they can verbalize the instructions},
ot get themselves to act accordingly. By 5-6 years, they succeed on these tasks

‘O_rm;mcc by children of 34 vea fficutty in holding two things in mind can also be scen in persons with frontal cortex
iiaisc belief” taghg are Other) sl For example, they can have difficulty when asked o do 1wo things (such as clean
Sttuation {the trye state sk dshicld and change the oil). They are inclined to focus on only one aspect of a story,
pou_:m mmpuise (in th; ead:of on the story as a whole. Indeed, Goldstein (1936, 1944) considered the funda-
P nund where the tal- disorder caused hy damage to the froneal lobe to be an “inability to grasp the
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documented difficulty inhibiting a strong response tendency. For example, they are
aired on the Stroop task, which requires inhibiting the normal tendency to say the
one is reading; one is instructed instead to say the color of the ink in which the word is
ted (Perrer, 1974; Richer et al.,, 1993). They fail a perspective-taking task much like
e’s, and make the same error as do the younger children (they give as their answer
r current perspective, when the current answer is the scene as viewed from a different
pective; Price et af., 1990).

We have followed the developmental improvement in these ahilities hetween 3% -7 vears
ge using three tasks, the “day-night Stroop-like” task {Gerstadt et al, 1994), the
ing task (Diamond and Taylor, 1996), and the three pegs task (Diamond et al., 1997).
hese three tasks were also used in our research on the role of dopamine in prefrontal
riex function carly in life in treated PKU children and so will be described hriefly here.
or the day—night task, children must hold two rules in mind (“Say ‘night’ when you see
hite card with a picture of the sun, and say ‘day’ when you see a black card with a
cture of the moon and stars™) and must inhibit the tendency to say what the shmuli really
present; instead they must say the apposite, Children of 3; - 4% years find the task terribly
fficult; by 67 years of age the task is trivially casy. Children younger than 6 years of age
often, whereas children of 67 vears are correct on roughly 90 percent of the frials (see
fisure 22.4). Children of 30} and 4 years show long response latencies on the task
pproximately 2 sec); older children take roughly half as long (1 sec). The age-related
ncrease in the percentage of correct responses is relatively continuous from 3’12 to 7 vears of
e, but the decrease in speed of responding occurs primarily hetween 3% and -% Years.
Passler, Isaac, and Hynd (1985) tested children on a similar, though slightly casier variant
of this task, which required children to recognize the correct answer, whereas our gask
requires that they recall the correct answer. They found that children of 6 years were
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performing at ceiling on their task, which is consistent with the excellent performance that
we found at 6-7 vears of age.

To test whether the requirement to remember two rules alone is sufficient to cause the
ounger children difficulty, we tested a version of our day-—night test where each card
ntained one of two abstract designs (Gerstadt et al,, 1994). Children were instructed to
ay “day” to one design and “night” to the other. Here the children were still required to
hold two rules in mind, but they did net also have to inhibit the tendeney to say what the
< stimuli really represented because the stimuli were ahstract designs. Even the youngest
hildren performed superbly here. Thus, the requirement to learn and remember two rules
is ot in itself sufficient to account for the poor performance of the younger children on the
{day-night task.

: " Moreaver, children’s difficulty with the task depends critically on the correct responscs
: being semantically related to the responses that must he inhibited. When we used the same
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Figure 224 Performance of children, 3 3 through 7 years of age, on the day-night, tapping, and
three pegs task. Nate the close p'ual!efs n performance on all three tasks throughout thisa
range.

white/sun and black/moon cards, but instructed the children to say “dog” 1o on
“pig” to the other, even the youngest children again performed well (Diamond et
submitted). The task of holding two rules in mind and inhibiting one’s natural inclination,
sufficiently hard for the younger children that they need a long time to formu
their answers in order to respond eorrectly. Although we gave children unlimi
time, they tended to speed up their responscs over rhe 16 test trials, and the accuracy
the youngest children correspondingly fell. When we made the children wait to respol
by singing a brief ditty to them on each trial after the stimulus was presented
younger children were able to perform well, even though the period before their respo
was filled with potentially interfering verbal stimulation (Diamend et al. , submitted). It
not simply that slowing down the testing helped, because when the ciuid;en were mad
wait before the start of each trial, they performed poorly. The day—night task is sufﬁmcnii
difficult for young children that ir takes them several seconds o compute the answ
often they do not take the needed time; when forced to take extra time they can petfo
well,
Luria’s tapping test (Luria, 1966) also requires {a) remembering two rules an
inhibiting the response you were inclined to make, making the opposite response mste
Here, one needs to remember the rules, * Fap once when the experimenter taps twice,’
wap twice when the experimenter taps once,” and one necds to inhibit the tendenc
mimic what the experimenter does. Children improve on this task over the same age’
as they do on the day-night task (see figure 22.4). Over the period 0f3 7 years, ch
improve in both speed and accuracy on the tapping task, with most of the improv
occurring by the age of 6 (Diamond and Taylor, 1996; Passler et al., 1985; Becker et
1687),

early, improvement in the P
1s between 3 and 6 years of age
rational changes in DL-PFC
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t with large frontal lobe lesions fail this same tapping task (Luria, 1966). They have
roblems when instructed to raise their finger in responsc to the experimenter
“fist and to make a fist in response to the experimenter raising a finger (Luria,
The most common error by young children is to always tap once, or always tap
égardfcss of what the experimenter does. It may be that the young children are able
in mind only one of the two rules. Or, it may be that they lack the ability to flexibiy
Iy hetween the two rules, although they remember both. (it cannot be because they do
understand what they should do because no child is tested who does not demonstrate
rstanding during training of what he or she should do when the experimenter taps
e or twice.) This error is reminiscent of a characteristic error Luria {1966) observed in
tients. For example, when asked to alternately draw a circle and a cross, patients with
e frontal lobe damage start out performing correctly (as do even the youngest
gldten), but the patients soon deteriorate into following only one of the rules (ie.,
wing only circles or only crosses).

her errors by the children seem more clearly to reflect inadequate inhibitory control.
Jne common error among the younger children is to be unable to resist tapping many
mes; instead of just once or twice. Again, this error is reminiscent of behavior Luria noted
atients with excessive damage to the frontal lobe: “[When asked] to tap three times or to
eeze the doctor’s hand three times . . . although the patient retains the verbal instruction
epeats it correctly, he taps many times or squeezes the dector’s hand five, six, or
ire times instead of three” {Luria, 1966: 252). Another error made by the younger
ildren is to match what the experimenter does, instead of doing the reverse. Luria
966; Luria and Homskaya, 1964) has extensively described such “cchopractic” errors
frontal lobe patients. Indeed, on the tapping task itself, Luria found that aithough the
tients could correctly comply with the instructions for a short while {like the younger
ildren), they very soon began fo imitate the experimenter’s movements. Luria also found

~ %~ Day.Night Stroop-Like Tagk

—— Tapping Task

3 Pegs Task

¢ children 1 say “dog»
I performed e
inhfhiting one’s natyy.
Y need a long iy
.iuglt we gave chitdren unlimii
¢ 16 test trials, and the accur: .

b ¢ chi |
1ade the childre, wait to respond

Presented

€ their respop
et al,, submitted)ﬁ I
_chi]dren were made.
—rught task jg sufficient]
conds g compute the ang:
take extra time they

al inclination at the frontal patients could verbalize the rules even as they failed to act in accord with
¢ to formuylas :
ince Luria first introduced the tapping test over 30 years ago, it has been widely used in
yrological assessments of frontal lobe damage in patients. However, much of the work
th this test comes from old studies with patients with massive damage. It is not clear from
qch studies which regions within frontal cortex are critical for the task, or even whether
 the cortex, rather than the basal ganglia, is the critical site.

“For the three pegs task (Balamore and Wozniak, 1984) a child is shown a pegboard
containing three pegs arranged in the order: red, yellow, green. The child is asked to tap
he pegs in the order: red, green, yellow. This task requires remembering a 3-item
eqguence and inhibiting the tendency to tap the pegs in their spatial order. The tapping
ind day-—night tasks are more similar to one another than is the three pegs task. Although
&, too, requires acting counter to one’s inigial fendency on the basis of information
Epld in mind. Children show developmental improvements on the three pegs task
during the same age period that they are improving on the tapping and day-night tasks
see figure 22.4; Diamond et al, 1997), and performance on the three tasks is cor-
elated (tapping & three pegs tasks: rf144] = .53, p = .0001; wpping & day-night:
[144] = .35, p = .0001; day-night & three pegs: 11151} = .20, p = .01; Diamond et al.,
997).

Clearly, improvement in the performance of tasks requiring memory pius inhibitton
.occurs between 3 and 6 years of age. Perbaps that improvement is made possible, in part, by
maturational changes in DL-PFC, although that remains to be demonstrated. Perhaps one
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of those maturational changes in DL-PEC is in its dopamine system, although little
known about what is happening in the dopamine system in prefrontal cortex during thi
period. To begin to look at the role of the dopamine innervation of DL-PF( in helping to
subserve cognitive funcrions during infancy and early childhood, we have been studyin
children who, we had good reason to believe, have reduced levels of dopamine in prefronfit
cortex but otherwise remarkably normal brains — children treated early and continuous!
for phenylketonuria (PKU), whose phenvlalanine (Phe} levels are 3-5 rimes normil
(6=10 mg/dl [360-600 mmeol/L]).
At the time we began this work, there were almost no data on the role of dopamine
prefrontal function i humans, and no data on the role of dopamine in aiding prefron
function earty in development in any species. As an initial way of beginning to look at the ¢
of dopamine in prefrontal cortex function in humans early in development, we conduct
a large, fongitudinal study of children treared early and continuously for PKU (Diamio
et al, 1997). We complemented that with work with an animal model of carly- ‘and
continueusly-treated PKU, where we could mvestigate the underlying biological mecl
ism (Diamond et al., 1994b), Additionally, we sought to obtain converging evidence from
study of visual contrast sensitivity in children treated early and continuously for PK

Diamond and Herzber T, 1996 where we [)OSTIU}'AIC{{ that the same underivin r mechinis
g » ymg
was at work.

Mutation In the
Phanylalanine {Phe

Lavels of Phe In the blood:

o 4——*—f
KU 3 NOT TREATED BY A DIET Lowy N PHE

4

faﬂn'_of Phe to tyrosine In the Moodstream is h
tand birzin damage resuits

ro mentai retardation rosuits

The Reasoning and Evidence Leading to the Hypothesis of a Selectiv
Deficit in Dopamine in Prefrontal Cortex in Children Treated Early an

Continuously for PKU 225 Diagram illustrating ¢h
n_d"continuous]y for PKU, whe
of dopamine in prefrontal
ent'on prefrontal correx.

Phenylketonuria (PKU) defined

The core problem in PKU is a mutation of the genc on chromosome 12 (12q22 —12
that codes for the enzyme phenylalanine hydroxylase. Phenylalanine hydroxylase is es
tiat for hydroxylating (i.e., converting) the aminag acid phenylalanine (Phe) into the uf
acid tyrosine (Woo et al., 1983; Lidsky et al,, 1985; Dil.clla et al., 1986; see figure’)
the roughly 1 in every 10,000 people born with PKU, phenylalanine hydroxylase a¢
cither absent or markedly reduced. Hence, PKCU is 2 member of the class of disor&_'
“inborn [i.e., genetic] errors of metabolism.” In the case of PKU, the error is
metabolism of Phe. _
Since little, if any, Phe is metabolized, Phe levels in the bloodstream reach da
high levels. Indeed, when PKU is untreated, levels of Phe in the bloodstream fis
over 10 times normal (>20 mg/dI [>>1200 mmol/L]). Since little or no tyrosine 18pr
from Phe, the level of tyrosine in the bloodstream is low (e.g., Nord et al., 1988):{
levels would be still lower were it not for the avatlability of tyrosine dircctly thr ol
foods we cat.) This imbalance in blood levels of Phe and tyrosine, if not corrécted
causes widespread brain damage and severe mental retardation (Hsia, 1967; Cow;
Tourian and Sidbury, 1978; Koch et al., 1982; Krause et al., 1985). Indeed, P]
most common biochemical cause of mental retardation. The primary cause o
spread bram damage is thought to be the toxic effects of grossly elevated levels 6f:P]
brain.

The treatment for
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he low-Phe diet severcly 1
m, butter, and cheese}, an¢
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¢.g.,; Bickel et al., 1971 1
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Ple diet rarely results in fi

inimize Phe intake mu,
om “the diet would require
man any naturally occurri




T
. : Dapamine in Prefromial Cortex w0
| 118 dopamine system, although et
system in prefrontal cortex dur
e mnervation of DI-PF
carly childhood, we hg
reduced levels of dog

M fon In the phenytzlanine hydroxytase gene on chromosome 12

X lng h]g
C in helping
ve been studying
Jamine in prefrer_l'tﬂf

S

Phanylatznine {Phe} is not converted to tyrosine {the precursor to dopamine}

Lavels of Phe in the bloodstream skyrocket, whilo isvels of tyrosine in the bloodstream ara low

childr . S ———

dren treated early and contingos
e (Phc) fevels are 3-5 times n'Or_ S NOT TREATED BY A DIET LOW iN PHE IF PKU 8 TREATED BY A DIET LOW N PHE
08T o d'ﬂ ta on the 1'01(: Of dﬁpamin :i!i'n' of Phe to tyrasine in the bioodstream: is huge The ratlo of Phe to tyrosine in the bloodstream is ciosar o nonmal
> role of dopamine in 2o "
lit' I .pam]nc in af‘h“g pffffronf brain damage results Widespread braln damage and mental retardation are averted

5 11 : . :

1t way of beginning to Jook at the
In

s early in development, we cond; et etardaton rosuts HOWEVER

' ar.ld continuously for PKU (Diam.

with an animal model of early :
rate the undertying biological mech
It 10 obtain converging evidence f.i'o .
ted early and continuously for Pj
1 that the same underfying hlech&ﬁrs

Bleod Phe levels are not nommal. They are modestly etevaled, and
Blood tyrosie Jevels are not normat, Thiey are modeslly reduced. Hence:
Tha ratio of Phe o tyrosine in the bloodstream is modestiy elevated

Amount of tyrosine reaching the brain is modestly reduced
{because Phea and tyrosine compate (o cross the blood-brain barrier}

+

Dopamine levals In prefrontal contex (owt not elsewhere in tho
frain) are reduced if the Pha:tyrosine ratic in the bioodstraam Is
greater than roughly 8:1 and tess than roughly 15:1

{Mos! dopamine syslems in the brai are insensitive to small changes i
levat of tyrosine, However, the dopamine nigurens that project to prefranial
corlex are different in that they are acutely sensitiva to even smail changes.
in tyrosine levels because thesa newrons have a higher baseling rate of
firing and a higher rate of dopamine lumover, Hence, if the level of
tyrosing reaching the brain ts modestly reduced, dopamine levels in the
prefrontal cortex, bui nof elsewhere in the brain, are reduced }

the Hypothesis of 4 Selective
n Children Treated Early an
KU

Cognitive functions dependant an prefrontal cortex (but not thase
dependent on other neural systams) suffer

Iy an

e 22,5 Diagram illustrating the reasoning leading to the hypothesis that children treated
‘and continuously for PKU, whose blood Phe levels are 6-10 mg/dl, would have a selective
ease of dopamine in prefrontal cortex and a selective deficit in the cognitive abilities
pendent on prefrontal cortex.
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1986, see figure 22:5
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The treatment for PKU: A diet low in phenylalanine

e treastment for PKU consists of a diet low in Phe. Since Phe is a constituent of
mn, the low-Phe diet severely restricts the intake of milk and milk products {such as
cream, butter, and cheese}, and all meat and fish. Whben PKU is treated early and
inuously by a diet low in Phe, gross brain damage and severe mental retardation are
werted (e.g., Bickel et al., 1971; Holtzman et ab,, 1986). Note that here is an example of
‘behavioral change (changing what you cat} can profoundly affect your biochemistry
nd your brain.
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Limitations of the diet: Why problems might still exist when PKU is treated

¢ low-Phe diet rarely results in fully normal levels of Phe or tyrosine. This is because
need to minimize Phe intake must be balanced with the need for protein. Eliminating
*he from the diet would require eliminating all protein. Phe is not present outside
_protein in any naturally occurring food. Not only does the human body need to
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ingest protein, but the body needs a small quantity of Phe to produce its own protein
Hence, because persons with PKU need protein, blood Phe levels remain somewhi
clevated in a person with PKU, even with conscientious adherence to the recommende
diet, as an inevitable consequence of consuming even a small amount of protein. The advic
of the U.S. National Collaborative Study of Treated PKU has been that as long
as Phe levels in the bloodstream do not exceed 5 times normal (10 mg/dl [600 mmoi/L] hildren treated early and conti
persons with PKU are considered to be under adequate control (Williamson et of -one amino acid (phenylalanine
1981; Koch and Wenz, 1987). The diet has historically done little to correg Veosine is the precursor of 4
the reduction in tyrosine, although recently the companies that manufacture tl
“formula” that persons with PKU drink instead of milk have added addicional tyrosin
to their formulas. Still, tyrosine levels are below normal in most children treated

PKU.

Proposed mechanisme: How a
bloodstream might produce d

oderate it would selectively affc
Why should a modest imbalar
oduce deficits in the cognitive a
- confined to that neural system

Modest reduction ir
¢ modest elevarion in Phe rel
duction in the level of tyresin
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Miller et al., 1985}. Thus, «
sine at a competitive disadvan
Phe to tyrosine in the bloed
tment for PKU, the decrease
ingly medest, In this way, th
modcs[i\ reduced tyrosine leve

Erven with a low-Phe diet, there is a moderate elevation in the ratio of Phe to
tyrosine levels in the bloodstream and deficits in certain cognitive abilities

Thus, the consequence for PKU children of following a dietary regimen of reduced P
intake and mild tyrosine supplementation is that they have moderately elevated ievefs
Phe and moderately reduced levels of tyrosine in their bloodstreams. (Were they n
following this dietary regimen, the elevation in their Phe:tyrosine ratio would be hiy
rather than moderate, and they would likely incur brain damage and become severt
cognitively impaired.)

Given that the low-Phe diet does not return Phe and ryrosine levels fully to norma
can see how the passibility for problems could still exist. Indeed, a number of studi
found significant cognitive deficits in PKU children on the low-Phe diet {e.g., Dobs

al, 1976; Williamson et al., 1981; Pennington et al., 1985; Faust et al., 1986; Smith.
BLaslu 1989}. For (,xampic the I(s of these Chlldren arc often mgmt—cantl} lower than
ICs of their siblings, Children with PKU, even when they have been on the specia
since shortly after birth, typically have IQs in the 805 or 90s — lower than the mean scor
100 of their same-age peers, though still within the normal range {c.g., Dobson ct al
Berry et al., 1979; Williamson ct ai., 1981).

In the 1980s, studies reported problems in holding information in mind, probi
solving, and “executive functions” in children with PKU on the low-Phe die
Krause et al., 1985; Pennington et al., 1985; Faust et al., 1986; Brunnoer et al.
Smith and Beasley, 1989). These problems are reminiscent of the deficits seen
damage to prefrontal cortex, and that similarity did not escape the notice of’
(see, especially, Welsh et al., 1990). Indeed, damage to prefrontal cortex typically
in IQs lowered to the 80s or 90s (Stuss and Benson, 1986, 1987), ie., the same
as ome sces in children treated for PKU. The impact of these findings was'm
however, hecause people were not sure how to make sense of them. No ane had sugg
a mechanism whereby the cognitive functions dependent on prefrontal cartey:
be impaired in treated PKU children, while other cognitive functions app
normal. Actually, the facts needed for understanding the underlying mechanisn
already available. However, the neuroscientists working on the prefrontal do
system in the rat and the cognitive neuropsychologists and pediatricians:
with PKU children did nov know of one another’s work, so no one had put _
together.
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Antrey of Phe tg pr

otein, blood Phe feyels . _ _ _ _
posed mechanism: How a modest imbalance in the levels of Phe and Tyr in the

to i . .. . .. S
¢ the Fecomme loodstream might produce deficits specific to the cognitive abilities dependent on
protein. ‘The prefrontal cortex

L dren treated carly and continuously for PKU have a moderate increase in the ratio
done(“]/;i::mson et . nmir?o acid {phenylalanine [Phc]). to another (tyrosine [Tyr}) in their b.Ecmdstream?;.
the companieg osine is the precursor of dopamine.) We predicred that when the imbalance is
d of milk have added addicion. ate it would seicctiv‘cl)' affect t.hc dopamine projection o pre_fron_tai Cortex.
OW normal in mggp childfelnont‘ll tyta ‘hy shoul-d a.modcst El’{li?atancle.l‘n the levels of Ph_e and‘tyfosme in the blm)dstrea.m
reate uice deficits in the cognitive abilities dependent on DL-PFC? And, why should deficits
' onfined to that neural system and not extend to other functions of the brain?

ler adequate contro}
has  historicaily

Modest reduction in the level of Tyrosine reaching the brain

‘modest elevation in Phe relative to tyrosine in the bloodstream results in a modest
dction in the level of tyrosine reaching the brain. This is because Phe and tyrosine
mpete for the same limited supply of proteins to transport them across the blood-brain
-_riér (Chirigos et al., 1960; Oldendorf, 1973; Pardridge, 1977). Indeed, those transport
eins have a higher binding affinity for Phe than for tyrosine (Pardridge and Oldendorf,
; Miller et al.,, 1985). Thus, elevations in blood levels of Phe refative to tyrosine place
osine at a competitive disadvantage in finding transport into the brain. Because the ratio
Phe to tyrosine in the bloodstream is only modestly increased in those on dietary
atment for PKU, the decrease in the amount of tyrosine reaching the brain is corres-
ondingly modest. In this way, the moderate plasma imbalance in Phe:tyrosine ratio results
modestly reduced tyrosine levels in the brain,

ate elevation iy the
HUS 17 certain cogn

ratto of Phe 1y
wive abilisies
Wing a dictary re
they have mo‘der
in their bloodstr
heir Phe:ty
ar by,

gimen of reduced P
ately elevated Jevel
streams. (Were thc.v' n
! FOSine ratio would pe img
am damape and become sever,

and tyrosine levelg fu}
*XISt. Indeed, a numb
1 on the Jow-Phe dier (e.g., Dobsg
- "y ” 3
" 3983;. Faust et al, 1986; Smir
nare often signiflcantly low
¢n they have hee '
or 90s — lower than the mea
Jrmal range (e.g.,

Iy to normal;
er ol studieg

The dopamine neurens that project to prefrontal cortex are unusually

_ sensitive to modest reductions

'he special properties of the dopamine projection to prefrontal cortex make prefrontal
rtex more sensitive to small changes in the level of tyrosine than other brain regions. The
rain needs tyrosine to make dopamine (see figure 22.6). Indeed, the hydroxylation of
yrosine is the rate-limiting step in the synthesis of dopamine. Most dopamine systems in
he brain are unaffected by small decreases in the amount of available tyrosine. Not so
yrefrontal cortex. The dopamine neurons that project to prefrontal cortex are unusuai in
hat they have a higher firing rate and higher rate of dopamine turnover than other

n scor
Dobson et al.,

ili]ng infoermation jn mind probfe
| .PKU on the low-Phe djer (e
. ?t.al., 1986; Brunn ;

ninisce .

d not t;z;ethjwdf:;tf scen. after dopamine neurons (e.g., Thierry et al., 19.77;- Bannon et al., 1981; Ftoth, 1984). These

0 prefrontal cortex ¢ ’);‘? I?f th_ gnusual properties of the prefrontally-projecting doparfu.ne neurons in the ventral teg—

, 1986, 1987) ic tife Laky mental area (VTA) make prefrontal cortex acutcly sensitive to even a modest change in
, Le, Same: rang, 'the supply of tyrosine (e.g., Wurtman et al., 1974; Tam et al., 1990). Reductions in the

ES was e vailability of tyrosine too small to have much effect on other dopamine systems in other
eural regions (such as the striarum) have been shown to profoundly reduce dopamine

e cognitive functions wppon _' ig\'els in prefrontal cortex (Bradberry et al., 1989).
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Reducing the level of dopamine in prefrontal cortex produces deficits in the
cognitive abilities dependent on prefrontal cortex

" As mentioned above, selectively depleting DI.-PFC of dopamine can produce cognitive

deficits as severe as those found when DL-PFC is removed altogether (Brozoski et al,,

1979). Local injection of dopamine antagonists into DL-PFC impairs performance in a

neal dopamine
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Frgure 22,6 Diagram illustrating the mechanism by which the neurotransmitter, depamine,
produced in the body. Persons with PKU either lack the enzyme phenylalanine hydroxylase, o
have it i an inactive form. Note that the body acquires tyrosine via two routes, the hydroxyla
tion of Phe and directly through diet. The hydroxylation of tyrosine is the rate-limiting step
the production of dopamine. :

precise, dose-dependent manner (Sawaguchi and Goldman-Rakic, 1991). Destruction
of the dopamine neurons in the VTA that project to prefrontal cortex also impairs per
formance on tasks dependent on DL-PFC (Simon et al., 1980). Similarly, injection:
of MPTP that disrupt the dopamine projection to prefrontal cortex, but are of sufficient]
low dose that motor deficits are avoided, impair performance on the A-not-B/delay or citeal variables that on
response and object retrieval tasks (e.g., Schneider and Kovelowski, 1990; Taylor et sion of siblings and matched
19%0a, b).
lopmental progression on eac}
| | | ‘ A ' All children studied had norm:
Summary of the reasoning leading to the prefrontal dopamine hypothesis .
in treated PKU cenit of the children tested cros
/) PKU is found primarily a
asian (95 percent of the child
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ccause of the farge age range
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For these reasons it seemed plausible that the moderate imbalance in the Phe:tyrosin
in the bloodstreams of children treated early and continuously for PKU might well res
deficits in the cognitive abilities dependent on prefrontal cortex {because of the un
vulnerability of the dopamine projection to prefrontal cortex to a moderate reduction’
amount of available tyrosine) without significantly affecting other brain regions or:
cognitive abilities. Hence, we hypothesized that here was a mechanism by whic
modest clevation in the Phe:Tyr ratio in the bloodsiream of some children treagéd
PKU, which results in moderate reductions in the level of tyrosine reaching th
might selectively affect prefrontal cortex (by modestly decreasing the level of ty
reaching the brain). '




Dopamine in Prefronial Cortex

anine
A 4-Year Longitudinal Study of Children Treated Early and

Continuously for PKU

phenylatanine hydroxylase

estigate our prediction that children treated carly and continuously for PKU
ctive deficits in the cognitive functions dependent on prefrontal cortex we tested
ldren longitudinally and 364 children cross-sectionally (Diamond et al., 1997},
Juded were children treated carly and continuously for PKU, siblings of the PKU
en, matched controls, and children from the general population. Children from
neral population were tested cross-sectionally; all other groups were tested longitu-
¥

PKU child stares dietary treatment too late or discontinues it, the very high plasma
evels during those off-trearment periods can cause permanent, widespread brain
ge. Therefore, we were careful to include in this study only those PKU children
'_ta ted dietary treatment soon after birth (80 percent began the low-Phe diet within
vs of age; all had been placed on a low-Phe diet within 1 month of birth) and who
¢en continuously maintained on the diet thereafter (i.e., children with early- and
ously-treated PKU).

cause no controt group is perfect, we included three different control groups. Siblings
de a partial control for family background and genetic make-up. However, they are an
fect control group because, except for twins, they are not matched on age or birth
erand are often not matched in gender or health status. Therefore, we also studied
dren unrelated to our PKU participants, but who matched them on a host of back-
mnd and health variables such as gender, gestational age at birth, birthweight, ethnic
cground, religion, age at beginning of testing, community of residence, childcare
rangements, number of siblings, birth order, and the age, level of education, and
cupational status of each parent. Selecting control subjects by matching on a list of
1ables is imperfect as well, however, because the children thus selected may not match
other critical variables that one had not considered. Therefore, we complemented the
clusion of siblings and matched controls with a normative sample of children from the
neral population. With this last group we attempted fo get an estimate of the “normal”
svelopmental progression on each of our tasks.

Al children studied had normal birthweights, IQs within the normal range, and no
nown learning disabilities or serious medical problems. Almost all were full-term (160
nt of the children tested cross-sectionally; 96 percent of the children tested longitu-
dinally). PKU is found primarily among Caucasians, so almost all of our participants were
casian (95 percent of the children tested cross-sectionally; 93 percent of the children
tested fongitudinally).

cause of the large age range studied (6 months—7 years), three different batteries
gnitive neuropsychological measures were used — one for infants {6—12 months
ge), one for toddlers (15-30 months of age), and one for young children (3%»7
ears old). A total of 19 cognitive neuropsychological measures were administered
ce table 22.2). Infants were tested every month, toddlers every 3 months, and young
th hildren every 6 months. At each age, each child was tested on multiple rasks linked
to prefrontal cortex and on multiple control tasks that were not linked to prefrontal
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Visual Paired Comparison: a
- delay imposed, & then subjec
to the medial remporal lobe (;
1992,

Findings

Deficits in the working memory and inhibitory control abilities dependent
on DL-PFC in children treated early and continuously for PKU

We found that PKU children who had been on a low~Phe diet since the first month of life;
but who had moderately elevated blood Phe levels (levels roughly 3-5 times normal 6
10 mg/dl; 360-600 mmol/L]), were impaired on all 6 tests that require both holding
information in mind and overriding or resisting a dominant response, i.c., tasks dependent,
on DL-PFC. These six tasks werc the A-not-B and the object retrieval tas,ks for infants; A-
not-B with invisible displacement for toddlers; the day—night Stroop-like test, the tapping.
test, and the three pegs test for young children (see figure 22.7). The fact that even infanty.
showed these impairments suggests that the dopaminergic innervation to prefrontal cortex:
is critical for the proper expression of these abilities even during the first year of life.

These deficits in the working memory and inhibitory control abilities dependent on DI
PEC were evident in all age groups (infants, toddlers, and young children), and remaine
significant even controlling for IQQ, gender, health variables, and background character
tics. The deficits were clear whether the PKU children with blood Phe levels 3-5 time
normal were compared to {a) other PKU children with lower Phe levels, {b) their owi
siblings, (c} matched controls, or (d) children from the general population. :

One way to summarize the many comparisons across the 3 age groups and 19 tasks is to
look at the results on one dependent measure for every task, For each task (the control tas
as well as these that required working memory plus inhibitory control) we selected the
dependent measure thar yielded the strongest between-group differences on that particula
task. This gave each task the best possible opportunity to yield a difference between gro
whether we had predicted a group difference or not, Of the 24 comparisons between PK
children with blood Phe levels 3-5 times above normal and the 4 other groups of childr
(PKU children with Phe levels closer to normal [< 3x normal}, siblings of PKU childre
matched controls, and children from the general population) on the 6 tasks that requi
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Table 22.2 List of Tasks

TASKS USED WITH INFANTS (AGES 6-12 MONTHS)

Tests of WORKING MEMORY -+ INHIBITORY CONTROL, dependent on
DORSOLATERAL PREFRONTAL CORTEX:

A-not-B: a hiding rask requiring working memory & inhibirion of a previously rewarded
response, Subject sees reward hidden to left or right (2 identical hiding wells); after a de
subject is aliowed to search one well. Linked to dorselateral prefrontal cortex by work
rhesus monkeys {e.g., Diamond & Goldman-Rakic, 1989).

Object Retrieval: a transparent barrier detour task. Subject can see the reward through
sides of a transparent box, but can reach through only the one open side (Diamond, 198
£990). Linked to dorsolateral prefrontal cortex by work with rhesus monkeys (e.g., D i1l
& Goldman-Rakic, 1985},

Tests that do NOT require WORKING MEMORY + INHIBITORY CONTRO!

Spatial Discriminaton: an associative rule-learning & memory task. Hiding done un
subject must learn & remember that reward is always hidden to left or right (2 identical
places); after delay berween trials, subject is allowed to reach. Not impajred by lesions:
prefrontal cortex (e.g., Goldman & Resvold, 19703,

Milner Test of Temporal
ime, & is periodically shown
p!cturc:q did you sec lase?” L
15 (Milner, Corsi, & Leonar
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Ty : . - .. .
>3 af Paired Comparison: a recognition memory task where a sample is presented, a
mposed, & then subject is given a choice of that stimulus or something new. Linked

ibitory control abjlitiey depende he medial temporal lobe (Bacbevalier, Brickson, & Hagger, 1993, McKee & Squire,
- 0

[y an ;
iw_;ihz(;?;:';:m.llsly for PKU TASKS USED WITH TODDLERS (AGLS 15-30 MONTHS)
5 times nog f WORKING MEMORY + INHIBITF)RY CONTROL, dependent on

; mal [ JRSOLATERAL PREFRONTAL CORTEX:
visible Displacement: a hiding task requiring memory of where the container-with-
yard was last moved & inhibition of a previously rewarded response. Similar to A for
ts, bug not independently, directly linked w prefrontal cortex.
s that do NOT require WORKING MEMORY + INHIBITORY CONTROIL.:

e Boxes (boxes scrambled after each reach): a memory task where subjects are to
ry.to open all boxes without repeating a choice; a delay is imposed between reaches. S must
entber color/shape of the boxes; spatial location is irrelevane. Linked to dorselateral
refrontal cortex by work with rhesus monkeys (Petrides, 1995).

ree Boxes (stationary): Here, uncovering the boxes in spatial order will suffice.

imilar to a condition nor impaired by damage to dorsolateral prefrontal correx (Petrides &
Iner, 1982).

Iayed Nonmatching to Sample: a recognition memory task where one is rewarded for
eaching to the stimulus not matching the sample that was presented shortly before. Linked to
he medial temporal fobe by work with rhesus monkeys & ammnesic patients (e.g., Murray,
Jachevalier, & Mishkin, 1989; Zoja-Morgan, Squire, & Amaral, 1989; Squire, Zola-Morgan,
: Chen, 1988).

Hobal-Local (preferential looking procedure): a visual-spatial attention task.

Assesses attention to the global and the local features of composite stimuli (e.g., an H made up of
’s). Similar to a task linked to parietal cortex by work with brain-damaged patients {e.g., Lamb,
Robertson, & Knight, 1989; Robertson, Lamb, & Knight, 1988) and to a task linked to parietal
cortex through functional magnetic imaging (FMRI) of neural activity ia normal adults,

TASKS USED WITH YOUNG CHILDREN (AGES 3-7 YEARS)

Fests of WORKING MEMORY + INHIBITORY CONTROL, dependent on
- DORSOLATERAL PREFRONTAL CORTEX:

ay—Night Stroop-like Test: requires holding 2 rules in mind & exercising inhibitory control.
S must say “night” when shown a white-sun card, and say “day” when shown a black-moon
. card. Hypothesized to require the functions of dorsolateral prefrontal cortex, but it has yet to
be studied in relation to brain function.

'é_lppiﬂg: a conflict test reguiring memory of 2 rules & inhibitory control. When I taps once,
S must tap 2%; when E taps 2%, 5 must tap once. Linked to prefronzal cortex by work with
brain-damaged patients (Luria, 1973).

hree Pegs: S is shown a board containing 3 colored pegs arranged in the order: red, veliow,
green. S is instructed to tap the pegs in the order: red, GREEN, vellow. This requires
remembering the instructed sequence & inhibiting the tendency to tap the pegs in their spaial
order. It has vet to be studied in relation to brain function.

Tests that do NOT require WORKING MEMORY + INHIBITORY CONTROL:
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‘Corsi-Milner Test of Temporal Order Memory: Subject is shown a series of stimuli one
© ar a time, & is periodically shown 2 previcusly presented stimubi & asked, “Which of these
two pictures did you see last?” Linked to prefrontal cortex by work with brain-damaged
patients (Milner, Corsi, & Leonard, 1991},

identica) hidi_;lg
by lesions tg. |
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Six Boxes (boxes scrambled after each reach}: a memory task where § muse try to open ;
all hoxes without repeating a choiee; a delay is imposed between reaches. Similar to tasks
linked to prefrontsl cortex in rhesus monkeys (Petrides, 1995) & in brain~damaged human :
adulrs {Petrides & Milner, 1982, :

Stroop control condition: requires learning & rememhering 2 rules {as does Stroop above),.
but requires no inhibition (unlike Stroop above) ~ 2 arbitrary patterns used; to one, S must.
say “day,” 1o other, § must say “nighe”.

Corsi-Milner Test of Recognition Memory: § is shown a series of pictures and periodically
asked, “Among the pictures 've shown you, which of these two have you already seen?”
Linked to medical temporal lobe by work with brain-damaged patients (Milner, 1982; Milner
et al., 19913, ’

Six Boxes {stationary): Here, uncovering the boxes in spatial order will suffice. Similar to'a’
condition 7ot impaired by damage to dorsolateral prefrontal cortex (Petrides & Milner 1987}

Global-Local (forced choice procedure}: a visual-spatial attention task. Assesses attentio
to the global and the local fearures of composite stimuli {¢.g., an H made up of §’s). Linked t
parietal cortex by work with brain-damaged patients {e.g., Lamb ct al,, 1989; Robertson et ali;
1988) and hy functional magnetic imaging {fMRI) of neural activity in normal adults. -

Line Bisection: a spatal perception task. Subject is asked to indicate the middle of each line
Linked to parietal cortex hy work with brain~damaged patients (c.g., Benton, 1969).

The AB Task

10 11 12
Age in Months

Obiject Retrieval Task
Side-Cpen Trials, Large Box,
Toy Deep in Box, Box in Center of Tablk

A

working memory -+ inhibitory control (6 tasks = 4 comparisons per task), PKU childre
with higher Phe levels performed significantly worse than the COmparison groups on’;
percent of these comparisons using the stringent criterion of p < .005 for each test:
correct for multiple comparisons (sce table 22.3). This pattern of 19 out of 24 COMpariso

Norms

in the predicted direction would be very unlikely to occur by chance (p < .004 [binoi — 8-~

distrihution]). Tn short, the impairment of the PKU children whose blood Phe levels v Mmihfi-fcf"ms

3-5 times ahove normal, on the tasks that require the working memory and inhibi Sivlings.

control functions dependent on DIL-PFC, was clear and consistent. : Low Phe
This finding of deficits in the working memory and inhibitory control abjkities depeént H}gh‘FhQ

ent on DL-PFC in PKU children whose blood Phe levels are mildly elevated (35 —&—

normal) is consistent with the results of a number of other studies, The most relevi
are those by Welsh et al. (1990 and Smith et al. (1996}, as these investigarors used cogni
tasks tailored to the functions of DL-PFC.

The cognitive deficits documented in many studies of children treated for PKU coul
explained away by saying that (a) the blood Phe levels of many of the children were outs alf on tasks requiring both wo
the “safe” range (i.c., > 5 times normal}, (b} even if current Phe fevels were not excess cantly impaired compared to c;
elevated, carlier Phe levels had been (during the years the children had been Oﬂ’diet),-_a__ ot T n(;rmal, siblings of the PKT
or {c) the low-Phe dict had been started too late to avert early brain damage. Thy atge number of variables, and cl
disclaimers are not applicable to the Diamond et al. (1997} study. gnificantly impaired in the youngesl

0t-13/delayed response and object
children on the day-night, tag

'fg: re 22.7  Performance of PKU ¢

A linear refationship between Phe level and performance
The higher a PKU child’s current Phe level (the higher a child’s Phe:tyrosine ratio)
waorse that child’s performance on the tasks thar required the working memor
mhibitory control functions dependent on DL-PFC. PKU children whose blood Phe’
had been maintined berween 2-6 mg/dl performed comparably to all control Sroup:
our tasks. Thus, at least in this subgroup of PKU children, deficits in the ability
simultancously exercise working memory and inhibitory control did nor appear .to
necessary, unavoidable consequence of being born with PKU. The effect of elevate

Is-dppeared to be acute, rathes
gly and consistently related to
wide age range, during the
nt Phe levels varied so too, in
equired acting counter to one
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Percent Correct

Day-MNight Stroop-Like Task

Percent Correct

4 4.5 5 B5 B 6.5 7
Age in Years

Tapping Task

i1 L - . ; :

Suecesds with....

Varbal
instructions
Only

Demonstration
plus
instruclions

Instructions,
Dema.,,
+ Vocalization

5 5.5
Age in Years

Perigrmence on the Three Pegs Task

snificantly impaired compared to each comparison group: other PKU children with Phe levels
 to normal, siblings of the PKU children, control children matched to the PKU children

ot=B/delayed response and object refrieval tasks) and in the oldest age range investigated (as
children on the day-night, tapping, and three pegs tasks).

Is appeared to be acute, rather than chronic: Performance on these tasks was most
gly and consistently related to current blood Phe fevels, rather than to mean Phe fevels
wide age range, during the first year of life, or during the first month of life. As
Phe levels varied so too, inversely, did behavioral performance on 5 of the 6 tasks
uired acting counter to one’s initial tendency on the basis of information held in
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Table 22.3  Pairwise Comparisons between Subject Groups Significant at p < 005 ‘memory and inhibitory control f

:the same child over time. Becau

The 6 rasks thas required The 10 contro} tasks -
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arly cognitive deficits or devi
period {such as the 6-year pe
nduring effects, even if the
hey affect children’s perceptions
expectations of others for

The other groups of 2 out of 36 comparisons 3 out of 60 comparisens
children performed (5%} (5%0)

significantly differently

from one another on. ..

The 005 significance level was chosen to correct for multiple comparisons. This 13 similay to what a
Bonferroni correction would do.

mind (the exception being A-not-B with invisible displicement). Indeed, over tim
changes in blood Phe levels within the same child were accompanied by concomitant, inverse
changes in performance on these cognitive tasks.

The findings that performance is most closely tied to current blood Phe levels (rather
than to Phe levels earlier in life) and that performance covaries with a child’s current blood
Phe levels is consistent with the hiological mechanism outlined above concerning the cais
of the cognitive deficits. That is, these findings are consistent with an effect of reduced
dopamine on prefrontal cortex function, which would vary dircctly with changes in tl
Phe:Tyr ratio in the bloodstream, as opposed to structural, neurcanatomical changes,
which might be more fixed.

Like us, Welsh et al. (1990) and Smith et al. (1996) found that performance on measur
of DL-PFC function was significantly and negatively correlated with concurrent Phe level
and less so with lifetime Phe levels. Brunner et al. (1983) found that cognitive neu
psychological performance was significantly correlated with concurrent Phe levels but
with Phe levels during infancy. Using 1() and school achievement as the outcome meas
Dobson ¢t al. (1976) also found a significant, negative correlation with concurrent blood
Phe levels, and a much weaker association with Phe fevels carlier in life. Like us, Stéme
dink et al. (1995) found that when blood Phe levels were kept helow 3 times normal from
birth to the present, PKLJ children showed no cognitive deficits. The only contrary finding
is the report of Soaneville et al. {1990} that Phe levels during the 2 years preceding
cognitive lesting were a better predictor of speed of responding on a continuous perfo
ance test than were concurrent Phe levels.

The refationship found between blood Phe level and performance in Diamond €
(1997), Welsh er al. (1990), and Smith and Beasley (1989} 15 particularly impres
considering the truncated range of Phe levels; all PKU children in those studies wers
a dietary regimen and their Phe levels were gencrally within the “acceprable” ;
Because participants in Diamond et al. (1997) were followed longitudinally, we ar
to present evidence for the first time that performance on tasks requiring the worki

o Selective, rat
= same children, who were imp:
r_f__f_r:ned well on the 10 control

her neural systems such as pa
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Groups Significant at p < .005

ry and inhibitory control functions of DL-PFC covaried inversely with Phe levels in
e child over time. Because of the evidence of cognitive deficits in PKU children

quired The 10 control tasks.

Y & that did are ot dependen 'i)_iood Phe levels are 6—-10 mg/di, the national guidelines for the treatment of PKU
bilities on prefrontal cortex cen changed in the United Kingdom, the Netherlands, and Denmark to say that Phe
fareral s higher than 6 mg/dl are no longer considered acceptable, and several clinics in the
ted’ States have simifarly revised their guidelines.
isons
?1332)0[ %0 comparisons A developmental delay or absolute, lasting deficits?
e cognitive deficits in treated PKUJ children indicative of a developmental delay or of
ng. deficits? On the one hand, all children, even PKU children with Phe levels 3-3
above normal, improved over time on our tasks. On the other hand, the impression
£ PKU children may “catch up” to other children is probably misleading. In almost all
ons s.this *catch up” was due to ceiling effects because the same tasks were administered

3 out of 60 comparison

(5%) wide age range, and these tasks were olten too easy for children at the upper end of
2%

range. We have repeatedly found that the between-group differences reappearcd on
nexi bartery of tasks for the next age group. The impairment of the PKU children with
er Phe levels in simultancousty holding information in mind and inhibiting a prepotent
ponse was as evident in our oldest age range {3£0-7 year olds) as it was in our youngest
range (6-12 month olds). The deficit showed no evidence of subsiding within the age
jge we studied {6 months - 7 years).
he oldest children tested by Diamond et al. (1997) were 7 years old. One cannot tell
) our study whether sometime after 7 years PKU children whose Phe Ievels remain only
derately elevated might no longer show the kinds of cognitive deficits we bave docu-
red. Many studies of elementary school-age PKU children on the low-Phe diet have
d cognitive deficits {c.g., Smith and Beasley, 1988; Welsh et al., 1990; Weglage et al.,
05). Recent studies by Ris et al. (1994) and Smirh et al. (1996) report deficits in the

comparisons. This is similar o what'a

> displacement). Indeed, over
accompanied by concomitant, iny

1 to current blood Phe levels (rath
- covaries with a child’s current bfo
outhned above concerning the ¢

consistent with an effect of uduu:d

d vary directly with changes iy

tructural, neuroanatomical chan

Omg/dl. What would happen if bloed Phe levels were maintained at 3--5 times normal;
uld the cognitive deficits eventually disappear? The data do not presently exist to answer
t.question. Amino acid uptake across the blood-brain barrier changes during develop-
ment, offering more protection against biood Pbe elevations as children get older (Green-
d.and Brass, 1984; Lajtha et al., 1987). Thus, it is quite possible that the blocd Phe levels
found to be detrimental during infancy and early childhood might be more benign in
er.childhood or adolescence.

Farly cognitive deficits or developmental delays — especially when they extend over a
ng period (such as the 6-year period we have documented) — are fikely to have profound
nd enduring effects, even if the cognitive deficits themselves are subsequently resolved.
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1 performance in Didmond:e” rdt-natdy difficult to change and can have major effects in shaping development and

{1989} s particubarly 1mprcs
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towed longitudinally, we are
€ on tasks requiring the

: Selective, rather than plobal, cognitive deficits

"he same children, who were impaired on all 6 working memory + inhibitory control rasks,
erformed well on the 10 control tasks, which required other cognitive abilities dependent
1 other neural systems such as parietal cortex or the medial temporal lobe. Performance on
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the control tasks, moreover, was not related to current hlood Phe levels. For each of the 10
contral tasks, we compared the performance of PKU children with higher blood Phe levels
(610 mg/dl; 3-5x normal) to that of the 4 comparison groups: other PKU children with
tower blood Phe levels, siblings of the PKU children, matched controls, and children from
the general population. This yielded a total of 40 pairwise comparisons (10 tasks % 4
comparisons per task). PKU children with higher Phe levels performed worse on only 10
percent of these comparisons (sce table 22.3 above)., This pattern of 36 out of 40 compari-
gons in the predicted direction would be extremely unlikely te occur by chance (p < .001 jz
distribution]). The consistency of the deficits of the PKU children with Phe levels 3-5
times normal on the working-memory-plus-inhibitory-control tasks and the paucity o
deficits on the contrel tasks is quite striking (55 out of 64 comparisons in the predicted
direction [86 percent], p < 0001, z distribution).
Thus, the cognitive deficits in chlidz en treated early and cantinuously for PKU, w hose
blood Phe levels are 3-5 times normal, appear to bé selective. The functions of parieta
cortex and of the medial temporal lobe appear to be spared, even if the children’s Phe Jevels
go up to 6-10mg/ dl. This is consistent with reports by Weish et al. (1990) and Smith et
(1996) who found (a) greater impairments on tasks dependent on prefrontal cortex than on
tasks dependent on parictal cortex or the medial temporal lobe in those treated early and
continuously for PKU, and (b) an inverse relationship between Phe levels and performan
on tasks dependent on prefrontal cortex function but no such relationship for tasks
dependent on parietal cortex or the medial temporal lobe. This is an example of a ve
specific, selective effect resulting from a global insult {a moderate elevation in Phe and
moderate reduction in tyrosine in the bloodstream that feeds the entire hody, and moder-
ately 100 little tyrosine in the entire brain). The reason for the specificity is the differentia
unigue sensitivity of prefrontally-projecting dopamine neurons to a mild reduction i i the
dopamine precursor, tyrosine. _
This finding of a deficit in the working memory and inhibitory control functions ofD_'
PFC, but not in the cognitive functions dependent on other neural systems, is consiste
with the mechanism 1 have hypothesized as the cause of the cognitive deficits: A moder:
imbalance in the Phe:tyrosine ratio in blood (as when Phe levels are 3-5 times nornu
PKU children) adversely affects the dopamine concentration in prefrontal cortex but ot
other dopamine systems in the brain because of the special propertics of the prefrontall
projecting dopamine neurons, which makes them unusually vulnerable to modest rec viond and Goldman-Rakic
tions in the level of tyrosine reaching the brain. The specificity of the deficits obser 'd_nta! cortex impaired pez'fc’)rrr
suggests that the cause of those deficits is probably too little tyrosine reaching the’ s Petrides and Milner, 1982; P
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. Dopamine in Prefrontal Cortex
current blood Phe joye P o/

PKU children with hj
Nparison Eroups: of
ldren, matched cop

ormal performed normally on 3 tasks dependent on DL-PFC: the three- and
s tasks ([boxes scrambled after cach reach], which are adaptations of the Petrides
ner self-ordered pointing task) and the Corsi-Milner test of temporal order

: trols, and ch

maich Hdr . ! - -

£ o piche comparins il ;_; These tasks require working memory (remembering what choices one has already
0 i ‘ ) _ . . . . o

o P pertormeg (1 Ons_(_) remembering the order in which stimuli have been presented) but not inhibitory

Thus, the treated PKU children with moderately elevated Phe levels were only
ed:on the subclass of prefrontal cortex tasks that required bosh working memory and
g a prepotent action tendency.

ese findings were puzzling since there had been nothing in my hypothesis to lead one
edict that certain cognitive functions dependent on dorsolateral PFC should be
ted: but not others. Although I have emphasized the conjunction of working memory
hibitory control as the hallmark of tasks dependent on DL-PFC, T had no explan-
¢ the time for why performance on only certain cognitive tasks that require the
ions of prefrontal cortex should be affected in PKU children. The evidence linking
wdered pointing and temporal order memory to DL-PFC is strong, with converging
ce from lesion studies in rhesus macagues, haman adult patients with damage to
PFC, and neuroimaging studies in normal human adults (e.g., Petrides and Milner,
ilner et al., 1991; Petrides et ak., 1993; Petrides, 1995a) — it was extremely unlikely
the failure to find a deficit on these tasks was due to their not requiring DL-PFC.
‘excellent recent study by Collins et al. (1998) begins to make sense of what we found.
ey compared the effect of lesioning prefrontal cortex to the effect of depleting prefrontal
of dopamine. Their anatomical lesions were cxcitotoxic, which s a technique that
oys the cell bodies in the target region, but not the fibers of passage, so that one can
more confidence than with traditional lesioning methods that the observed effect is
to damage to the target region specifically. They depleted prefrontal cortex of
amine by injecting it with 6-hydroxydopamine (6-OHDA). The concentrations of
epinephrine and serotonin in prefrontal cortex were not similarly reduced because the
estigators pre-injected prefrontal cortex with a norepinephrine antagonist (talsupram)
nd-a serotonin antagonist {citalopram). Although their work is in the marmoset, they
"I:icated the findings of others in the rhesus macaque, plus they added one important new
ling.

Replicating the work of others (e.g., Butters et al., 1969; Goldman and Rosvold, 1970;
mond and Goldman-Rakic, 1989), Collins et al. (1998) found that their lesions of
refrontal cortex impaired performance on the defayed response task. Similarly, fike others
:g., Petrides and Milner, 1982; Petrides, 1995a) they found that their lesions of prefronral
ortex impaired performance on the self-ordered pointing task, and to the same degree as
he same lestons impaired performance on delayed response. Finally, as others had reported
.., Sawaguchi and Goldman-Rakic, 1991), they found that depleting prefrontal cortex of
oparnine impaired performance on delayed response. No one before had ever looked at the
effect of dopamine depletion on seif-ordered pointing. However, Collins et al. (1998) found
that, when they depleted the same region of prefrontal cortex of dopamine, performance on
the self~ordered pointing task was not impaired. (See table 22.4 for a summary of this set of
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Thus, even though prefrontal cortex s necessary for successful performance on self-
prdered pointing (as can be seen from the lesion results), the dopamine innervation of
prefrontal cortex is not necessary for successful performance of the task, Luciana and
Collins {1997) found a dissociation that is perhaps similar in that performance on one of
their working memory tasks appeared to rely critically on dopamine while performance of
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Table 22.4  Summary of the results of the 1998 study by Collins, Roberts, Dias, Everitt, and
Robbins

Bekavioral Task
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aitkeys: e.g., Jacobsen and Nisse
hat the animals with mods
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the other working memory task did not. They found that a dopamine agonist {(bromoi
tine) improved performance on delayed response and a dopamine antagonist (haloperide]
impaired performance on delaved response, but neither affected performance on a
spatial working memory task., Unfortunately, though, there is no evidence that Luciania g
Collins’ non-spatial working memory task requires DL-PI'C, '

The effects we documented in children treated with PKU whose blood Phe levels
610 mg/dl, is {(we contend) due to reduced dopamine in prefrontal cortex. Consisterit
the results that Collins et al. (1998) obtained after our study was completed, we foux
these treated PKU children were impaired on our delayed response task (A-not-B) b
on our self~ordered pointing tasks (three- and six-boxes [boxes scrambled after
reach]). The results that had scemed puzzling at the time end up providing additi
support for our hypothesis. It appears that the depamine content of prefrontal cork
critical for certain cognitive functions dependent on prefrontal cortex (working memo
inhibition) bur not for others {when working memory is taxed alone). We still :d
understand, however, why that is the case. Luciana and Collins (1997) suggcste
dopamine might be critical when the information that must be held in mind is spatial.
an explanation cannot account for eur results, however, because not only were!
frongal tasks on which we found sparing non-spatial, but we found impairments on‘t
night and tapping tasks (neither of which require attending to, or holding in mind_
information). :

An Animal Model of Mild, Chronic Plasma Phe Elevations -.

With children it was possible only to measure blood levels of Phe and tyrosine and
performance. To more directly investigate the biological mechanism underlying thejco ;
tive deficits of children treated for PKU, we developed and characterized the fi
model of treated PKU (Diamond et al., 1994b) and subsequently worked with the .

mouse model of PKU (Zagreda et al,, 1999). The animal model enabied us to st
effect of moderate, chronic plasma Phe clevations on neuratransmitter and metaboly
in specific brain regions. Thus, we could directly mvestigate our hypothesis
cognitive deficits associated with moderately elevated plasma Phe levels are pro
a selective reduction in dopamine synthesis in prefrontal cortex. -

eover, we found that the Jo
rimal performed on the dela
y and consistently related
in-prefrontal cortex. This is ¢
delayed alternation performar
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ly by Colling, Roberts, Dias, Everitt

Behavioral Tusk

king

requires working (b) pups whose blood Phe levels were elevated pre- and postnatally. Control animals

thibition memory :from the same FHtters as the first group and reccived daily contral injections of
e,
Performance All were tested on delaved alteration, a task sensitive 1o prefrontal cortex dysfunction
IMPAIRED . Bittig et al., 1960; Kuhota and Niki, 1971; Wikmark et al., 1973; Larsen and Divac,
78; Bubser and Schmidt, 1990). Testers were blind to the group assignment of their
Performance mals. Fach of the testers was assigned 4 animals in cach group and the order of testing
SPARED

s randomized across experimental condition. Blood samples were collected at multiple
ime points to determine the animals’ Phe levels. High performance liquid chromato-
aaphic (HPL.C) analyses of the brain tissue assessed the distributions and concentrations
dopamine, serotonin, norepinephrine, and their metabolites in various hrain regions
i)_refrontai cortex, caudate-putamen, and nucleus accumbens).’

[he most dramatic neurnchemical effects of the moderate elevation in blood Phe fevels
the reduction in dopamine and in the dopamine metabolite, HVA, i prefrontal cortex
nt éach of the PKU-model animals. There was almost no overlap between HVA Ievels in
he prefrontal cortex of controls and that of either PKU-model group: All control animals
ut one had higher HVA levels in prefrontal cortex than any animal in either experimental
.group. In contrast, as predicted, the levels of dopamine and dopamine metabolites were not
sduced elsewhere in the brain, and norepinephrine levels were not reduced clsewhere in
the brain or in prefrontal cortex. We had predicted that norepinephrine levels would be
maffected (even though norepinephrine is made from dopamine} because previous work
1ad shown that norepinephrine levels are relatively insensitive to alterations in precursor
Irie and Wurtman, 1987).

» The PKU-model animals were impaired on delayed alternation in the same ways and
inder the same conditions as are animals with prefrontal cortex lesions. On the delayed
lternation task, the animal is rewarded only for alternating goal arms {i.c., for selecting
he goal arm not selected on the previous trial). Thus, the animal must remember which
_goal arm was last entered over the delay between trials and must inhibit repeating
that response. The haflmark of performance after prefrontal cortex is removed is that
‘subjects fail when a delay is imposed between trials, although they are unimpaired
at learning the alternation rule or in performing the task when no delay is imposed
(in rats: c.g., Wikmark et ab, 1973; Larsen and Divac, 1978; Bubser and Schmide, 1990;
in monkeys: e.g., Jacobsen and Nissen, 1937; Bittig et al., 1960; Kubota and Niki, 1971). We
found that the animals with moderately clevated plasma Phe levels learned the defayed
alrernation task normally and performed well when there was no deiay, hut failed when
a delay was imposed betwcen trials (see figure 22.8), just as do prefrontally-lesioned
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Moreover, we found that the lower an animal's prefrontal dopamine levels, the worse
that animal performed on the delayed alternation task. The neurochemical variable most
strongly and consistently related to performance on delayed alternation was the level of
HVA in prefrontal cortex. This is consistent with previous work, which has demonstrated
that delaved atternation performance is highly dependent on the level of dopamine in

coreex.
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Figure 22.8  Rats with chronic, mild elevations in their blood Phe levels, to create an ani
maodel of early- and continugusly-treated PKU, show the same pattern of performance on t
delaycd alternation task, as do monkeys in whom dorsolateral prefrontal cortex has been lesion
and as do rats in whom the homotogue o dorsclateral prefrontal cortex has been lesioned. That
is, they can learn the defayed alternation rule and perform well when there is no delay, b
impaired when a delay is introduced. !

prefrontal cortex, and is uncorrelated with serotonin or norepinephrine levels (Brozosk
al., 1979; Sahakian et al., 1985; Simon et al., 1980) or with dopamine elsewhere in the bra
(Sahakian et al., 1985; Simon et al., 1980). i

Thus, Diamond et al. (1994b} found the neurochemical changes (reduced levels’
mine and the dopamine metabolite, HVA, in prefrontal cortex) and the cognitivefd
(impaired performance on a behavioral task dependent on prefrontal cortex fdela
alternation]) predicted by our model in both groups of PKU-model animals with 1
ately elevated blood Phe levels. The only result that deviated from those predicted
effect on the serotoninergic system in PKU-model animals. The lack of compiete:__slf_:e
city may have been because blood Phe levels were a bit more elevated than intended |
normal, rather than < 5% normal) or because the neurochemical effects of mode
elevated blood Phe levels are not quite as localized as T have hypothesized. We aré i
gating this further with the genetic mouse model of PKU created by McDonald
colleagues (McDonald et al., 1990; Shedlovsky et al., 1993).

What We Thought was Independent, Confirming Evidence from Vis
Psychophysics for the Proposed Causal Mechanism

If it is the special properties of the dopamine neurons that project to prefrontal o
make the functions of prefrontal cortex particularly vulnerable to moderate increases
ratio of Phe to tyrosine in the bloodstream, then any other dopamine neurons that shar
special properties should also be affected by moderately elevated blood Phe:tyrosine tati
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fildly Elevated
ostnatally

liidly Elevateq Levels of Phe Fo.
onirol Group (

Levels of Phe pre. )
e 00, have unusually rapid firing and dopamine turnover rates (Iuvone ct al,, 1978;
om ct al., 1986; Iuvone ct al., 1989). Moreover, the competition between Phe and
at the bloed-retinal barrier is fully comparable to their competitive uptake at the
~brain barrier (Rapoport, 1976; Hjelle etal., 1978; Fernstrom etal., 1986; Tornquistand
1986). Indeed, it has heen shown that a small recluction in the level of tyrosine reaching
etina dramatically reduces retinal dopamine synthesis {Fernstrom et al., 1986; Fernstrom
‘ernstrom, 1988), mirroring the effect on dopamine synthesis in prefrontal cortex.
z_’éfore, to be consistent, I had to predict that retinal function should also be affected in
-children who have been on a low-Phe diet since the first month of ife, but who have
erately elevated blood Phe levels (levels roughly 3-5 times normal [6-10 mg/dl; 360-
mmol/L}) ~ even though no visual deficit had been reported in these children before.
he aspect of retinal function most firmly linked to the level of dopamine in the retina is
rast sensitivity. Contrast sensitivity refers to one’s ability to detect differences in
ance (brighiness) of adjacent regions in a pattern. Your contrast sensitivity threshold
the limit of how faint items printed in gray can become belore you fail to perceive them at
People with better contrast sensitivity can perceive fainter lines than can people who
uire more of a lumninance difference between foreground and background. Patients with
arkinson’s disease, who have greatly reduced levels of dopamine, have impaired contrast
engitivity (Kupersmith et al., 1982; Regan and Neima, 1984; Skrandies and Gottlob, 1986;
dis-Wollner et al., 1987; Bodis-Wollner, 1990). It is thought that this occurs because
no delay, byt : opamine is important for the center-surround organization of retinal receptive fields
' odis-Wollner and Piceolino, 1988; Bodis-Wollner, 1990).

To investigate contrast sensitivity, we (Diamond and Herzberg, 1996) tested children
etween the ages of 5.4 and 9.8 years on the Vistech test {Ginsberg, 1984; Rogers et al.,
987; Mantyjirvi et al.,, 1989; Tweten et al., 1990; Gilmore and Levy, 1991; Lederer and
Bosse, 1992). We found that children treated early and continuously for PKU, whese biood
Phe levels were 6—10 mg/dE (3-5x normal), were impaired in their sensitivity o contrast at
ach of the 3 spatial frequencies tested {i.5-18.0 cycles per degree; sce figure 22.9). Even
hough all children bad been tested under conditions of 20/20 acuity, the PKU children
re significantly less sensitive to visual contrast than their same-aged peers across the
ntire range of spatial frequencies. These group differences remamed robust even when
he two PKU children whose [Qs were below 90 were omitted from the analyses. Indeed, at
the next fo the highest spatial frequency (12 cycles per degree), the “group” variabie
ccounted for 70 percent of the variance, controlling for acuity, gender, age, and testsite. At
- no spatial frequency was the contrast sensitivity of any PKU child better than that of his or
“her own sibling. Acuity was normal in the treated PKU children, Standard eye examns had
‘never detected a problem in this population hecause acuity is normally tested under
“conditions of high contrast; an impairment in contrast sensitivity was not revealed before
- because no one had tested for it.

At the time, we interpreted these results as providing converging evidence in support of
the biological mechanism I had proposed. T had predicted the conirast sensitivity deficit for
the same reason 1 had predicted DDL-PFC cognitive deficit. Both predictions had been
based on the special sensitivity of dopamine neurons that fire rapidly and turn over
dopamine rapidly to moderate reductions in the level of available tyrosine. We had found
two superficially unrelated hehavioral effects, a selective deficit in cognitive functions
dependent on DL-PFC and a selective visual defect in contrast sensitivity, both of which
had been predicred based on the same underlying hypothesis.

stnatatly
Normat Phe Levels)

blood Phe levels, to creage an

Eorepmephrinc levels {Brozosk;
dopaniine elsewhere in the br

Iete spey
e elevated than EntI():ndtt*ds ?2 5
schemical effects of
e hypothesized. We
LU created by M
N 3

are inves,
cDonald. and

¢ Evidence from Visua
I Mechanism '

=;-(_)]ecr o prefrontal corgex tha
€ to moderate increases iy he
AMIne neurgpns that g

hare tho,
ed blood Phe:tyrosin E

€ ratios




476 A. Digmond

PKU, amniocentesis testing for

sually tested for PKU unless th
t_hé older sibling with PKU (in v
et-at about 1§~2 weeks of age
wenatally) usvally starts the low
flying in pairs of PKU siblings
Within cach of these families, th
7=16 years) was exposed to e3
14 days before initiation of di
tars, range = 6-14 yrs) was ex
ays (range = 15 days). All of ¢
life and have remained on it ¢
Our preliminary results indics
nsitivity (as measured by the [
983]) than their later-born sibli
figure 22.10). This is strikin
r.example, among siblings p:

250 o

10

7T

Norms

L PKU

10 b -

Contrast Sensitivity

1 . : T | 1
1 10 18

Spatial Frequency (Cycles per Degree)

Figure 22,9 PKU children whose blood Phe levels are 6-10mg/di were found te be sign
cantly impaired in contrast sensitivity compared to children of the same age at every
frequency investigated.

20/50 1 Earfier-born PKU &
{began diet at 11 d

Later-born PKU Sil

However, I was troubled by one lack of convergence. In the Diamond and Hcrzb began diet at 3 da

study (1996), we found that contrast sensitivity performance did not correlate;
children’s current blood Phe levels, but rather with their Phe levels during th
month of life. Whereas in the Diamond et al. (1997) study, we had found that;
cognitive tasks that required the working memory and inbibitory control functions de
ent on DL-PFC, performance had correlated with children’s current blood Phe lev
their Phe levels during the first month of life.

If contrast sensitivity were poor hecause the retina was low on “fuel” {i.e}
dopamine) then contrast sensitivity performance should have covaried with curren
Phe fevels. ‘The failure to find such a relationship might have been due simply io
truncated range of concurrent Phe levels in the contrast sensitivity study. Onl
children whose current Phe levels were 6~10mg/dl had been included in tha
whereas the cognitive study had included PKU children with lower Phe levels'é_s
those with Phe levels of 610 mg/dl. On the other hand, the range in Phe levels darin
first month of life was great and so included sufficient variabihity to find a relationg} :
contrast sensitivity performance. The possibility also existed, however, thatl
structural damage might occur to the visual system during the firse weeks of life;
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of PKU begin postnataliy.) : it elevated line on the graph. |

One way to test for the latter possibiliey is o study pairs of siblings, bothof: i performance of the earlier-be
PKU. Since over 150 different mutations of the phenylalanine hydroxylase gen he__e'chiidren have a deficit in
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imniocentesis testing for PKU is extremely expensive. Therefore, fetuses are not
tested for PKU unless there is already one child with PKU in the family. In the US,
bling with PKU (in whom it was detected postnatally) usually starts the low-Phe
about I%MZ weeks of age, while the vounger sibling (in whom PKU was detected
tally) usually starts the low-Phe diet by 2 or 3 days of age. For this study we have been
igiin: pairs of PKU siblings from all over the US and UK (Diamond et al., 1999a).
each of these families, the earlier-born child (mean age at testing == 13 vears, range
6 years) was exposed to extremely high levels of Phe for a mean of 11 days (range =
' éys before initiation of diet), while the later-born sibling (mean age at testing = 10
range = 614 yrs) was exposed to extremely high levels of Phe for a mean of only 3
(range = 15 days). All of the children began the low-Phe diet within the first month
- and have remained on it continuously ever since.

10

f 8
€8 per Degree)

figure 22.10). This is striking because contrast sensitivity usually improves with age. :
gamplc, among siblings pairs without PKU, older siblings performed significantly
: 6*10f'ﬂig/d] were foungd to b :
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20/50 4 Earlier-born PKU Siblings (13 years)

{began diet at 11 days} —E
o . Later-born PKU Siblings (10 years)
10e. . : s
o In the Diamond apng Herzh {began diet at 3 days} A b |
-T1ormance . R . .
their P did nor correlare W o0/40 4 Children from the general population A P
Phe levels during the {Mean age = 11 years) e

study, we had

fo S
.']hl'b!-t()ry und tha-t}_(}ﬂ

o control functipng dépen
F cirrent hlopd Py Is,

e levels.

. n 20/30 1

- was fow on “fyep (ie, 1
giavf: covaried with curre';}r: ble
SIt have been dye g Iy to
150 Sensitiyi ly

Mean Contrast Acuity Threshold :

20/20 4

ih;;.;-_an;g;e in Phe tevels during the
a Y 1o find 3 relarionship Wi,

.sled, -howevcr, that long-lagsine
the firsy weeks of Ife, when "hf

20/10 E - :
96 11 4

Percentage Contrast

Figure 22.10  Discriminarion performance for the PKU sibling pairs and a normal comparison
group are shown for the three acuity charts, each chart was presented at a different level of
“contrast (96%, 11% and 4%). Thresholds were calculated by using the least squares error
methed to apply a linear curve fit fo the obtained data and selecting the 75% correct discrimin-
" ation value as the threshold. Earlier-born PKU children, who started on dietary treatment at
- roughly 11 days of age, showed impaired acuitics compared to the other children, as can be seen
by their elevated line on the graph. Since the charts differed only in contrast, the sharper drop-
* off in performance of tbe earlier-born PKU children when tested at jower conrrast, indicates
" that these children have a deficit in contrast sensitivity.
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better than their younger siblings, the reverse of the pattern seen in the PKU sibling pairs:
The earlier-born PKU siblings {who started dier at 1172 weeks of age} also showed worse
conirast scnsitivity than their same-age peers (sce figure 22.10).

These results suggest that a short exposure, of only a couple of weeks, to high concen=
trations of Phe during the sensitive neonatal period can have long-lasting effects on the
visual system, evident 13 years fater, cven if Phe levels arc subsequently lowered and
maintained at lower levels. This is significant because it suggests that the current practice
of allowing up to 2 weeks to pass before beginning treatment for an infant born with PKU:
may be ill-advised. Since the blood sample to test for PKU is taken at birth, it would be
feasible to start the diet earlier. These results also suggest that although we obtained the
results 1 had predicted for contrast sensitivity in the Diamond and Herzberg (1996) study;
we obtained those results for reasons other than the onces I had predicted. The deficits in the
working memory and inhibitory control abilities dependent on DL-PFC do indeed appear
to occur for the reason I had hypothesized (because of rednced levels of dopamine in D
PFC due to elevared bleod ratios of Phe to tyrosine). Those deficits covary with concurré
levels of Phe in the bloodstream. However, the retinal deficit in contrast sensitivity appe
to be caused by the inordinately high levels of Phe in the first weeks of life, does not covar
with current levels of Phe, and appears to be structural.
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Conclusions

DI-PFC is recruited when one must concentrate, such as when one must both Hel
information in mind and inhibit a prepotent response. DL-PFC begins subserving th
cognitive functions even during the first year of life. Even as infants, we are thinkis
problem-solvers. Prefrontal cortex continues to mature over the next 15-20 years of 1
just as the child’s cognitive development, while remarkable by 1 year, continues to unfo
over the next 15-2() vears,

Dopamine is a particularly important neurotransmitter in prefrontal cortex. The level
dopamine increases in the brain of rhesus macaques during the period when infant rheg
macaques are improving on the A-not-B/delayed response and object retrieval tasks,
linked to DL-PFC. Ta begin te look at the role of dopamine in prefrontal cortex fune
carly in life in humans we studied children treated early and continuously for PKU betan
we predicted that they would have lower levels of dopamine in prefrontal corte
otherwise normal brains, a prediction we were able to confirm in an animal model.
predicted this because the children have moderately elevated levels of Phe (3-5 tim
normal [6-10mg/dl]} and moderately reduced levels of tyrosine in their bloodstrea
Since Phe and tyrosine compete to cross from blood to brain, and since the transpo
proteins have a higher affinity for Phe than for tyrosine, the upshot of a moderate in
in the Pheityrosine ratio in the bloodstream is a moderate reduction in the amou
tyrosine reaching the brain. Most dopamine systems in the brain are insensitive to'm
decreascs in the amount of precursor (i.e., tyrosine). However, the dopamine neuro
project to prefrontal cortex are different, They firc faster and turn over dopamine fa
and are acutely sensitive to even a modest change in the level of tyrosine. Because of.
special properties of this dopamine projection, we predicted and found a specific, loc:
effect {prefrontal cortex affected but not other regions of the brain) even though thein
is global (a mildly increased Phe:tyrosine ratio throughout the bloodstream and ni
reduced tyrosine levels throughout the brain).
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1gure 22.10),
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also showed gnitive deficits in children treated early and continuously for PKU whose blood Phe

‘are 3-5 times normal went officially unrecognized for years, despite the profesations
ents and teachers that something was wrong, in part because the children performed
n the normal range on IQ tests. Their IQ scores were in the 80s and the 90s, just as are
()'scores of patients in whom prefrontal cortex has been damaged or removed. IQ) tests,
ny general tests of inteilectual functioning, can easily miss specific deficies. The global
tive measures that had been in use in clinics were too imprecise to detect the
dren’s deficits. Global measures, such as overall IQ score, are poor indices of specific
five functions and poor indicators of what particular neural system might be affected
re is a problem. Developmental cognitive neuroscientists now have precise measures
pecific cognitive functions, sensitive to the functions of particular neural subsystems.
se measures can belp in the study and treatment of diverse developmental disorders.
hie other reason for the lack of official recognition of the cognitive deficits in children
eated early and continuousty for PKU was the lack of any hypothesized causal mechanism
hereby a global insult might produce a selective effect on the functions of only one neural
: system (prefrontal cortex). The information on such a causal mechanism already existed in
5 1ot cova enropharmacology through the work of Anne-Marie Thierry, Robert Roth, Michael Ban-
on, and colleagues, but the clinicians working on PKU and the neuroscientists working on the
ropertics of the dopamine projection to prefrontal cortex did not know of one another’s work.
Young children often fail to inhibit the prepotent response, despite their best intentions
ind despite knowing what they should do. Tt would be a shame to mistakenly tabel such a
ng child as “bad,” “stupid,” or “willful.”” It is not enough to know something or
Jj;imember it, one must get that knowledge into one’s behavior. Infants and young children,
vhom prefrontal cortex is not vet mature, sometimes do the wrong thing even though
1ey know what they shouid do and are wying to do it, Their attention is sometimes
5o captured by the desired goal object that they either cannot inhibit responding (as in delay
of gratification or Go-No Go paradigms) or cannot override the strong tendency to go
straight to that goal when an indirect route is required (as in the object retrieval and
indows tasks). To sustain focused concentration one needs to be able to resist distraction;
“to relate multiple ideas to one another one needs to resist focusing exclusively on only one
idea; when visual perception is misleading one needs to be able to resist acting in accord
with what one sees; and to act in new ways one needs to resist falling back into one’s usual
ay of acting or thinking. That is, one needs inhibitory control, dependent upon prefrontal
cortex. The ability to exercise inhibitory controi, which prefrontai cortex makes possible,
frees us to act according to what we choose to do rather than being simply creatures of habit
or immediate perception. The ability to hold information in mind, which also depends
upon prefrontal cortex, enables us to remember what we are supposed to do, to censider
alternatives, to remember the past and consider the furure, and to use what we know and
not just what we see to help guide our actions and choices. These abilitics make it possible
for us to solve new, undreamed-of challenges and make it possible for us to exercise free
will and self-determination. This is not to say that it makes it easy, of course, but prefrontal
cortex helps make it possible.
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