
and forearm acuity of the index finger 
of darkness (in each test, p < .001). 
Again, the aftereffects seemed to per- 
sist for a number of days. However, 
for the finger, only the differences ob- 
served on days 1 and 2 are significant 
(in each test, p < .01); for the fore- 
arm, the day-7 difference is still signif- 
icant (p < .05). In the case of the 
forearm, however, the unusually long 
aftereffect may partly be due to a 
change in standard of judgment. Fi- 
nally, Fig. 3 shows that not only did 
tactual acuity increase but also sensi- 
tivity to heat and pain (in each test, 
p < .01). Furthermore, this supersen- 
sitivity still persisted on day 2 for 
pain (p < .05) and on day 1 for heat 
(p < .05). 

An examination of the individual 
performance of the 16 experimental 
subjects revealed that the effect of vis- 
ual deprivation was uniform. The 
supersensitivity was shown by all sub- 
jects, on all skin areas, and on all cu- 
taneous measures. On the other hand, 
the control subjects exhibited a chance 
distribution of increases and decreases 
in sensitivity. It is of interest that the 
subjects' spontaneous remarks seem to 
support some of the experimental re- 
sults. Several individuals reported that 
during darkness the soles of their feet 
or their arms were very sensitive. One 
subject also stated that he was ticklish 
for the first time in his life. There were 
also indications of auditory hyper- 
acuity. Several subjects reported, on 
their return home, that the radio was 
unusually loud. It is possible, therefore, 
that a general enhancement of sensory 
functioning may occur as a result of 
visual deprivation. This possibility is 
currently under investigation. 

These results suggest that a severe 
reduction in sensory input from several 
modalities may not be essential for 
the appearance of cutaneous super- 
sensitivity and of certain other depri- 
vation phenomena. Some of these may 
be specific to a particular sense modal- 
ity or, alternately, may be produced 
by interference with any one modality. 
In this regard, it is interesting to note 
that diminished proprioceptive stimula- 
tion alone can produce many of the 
classical deprivation effects (7). These 
results on cutaneous supersensitivity 
also suggest that one of the effects 
of the functional deafferentation pro- 
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fered by Grey Walter (8) who reported 
that in some congenitally blind chil- 
dren the nonspecific cortical responses 
evoked by tactile and auditory stimuli 
are unusually large in relation to those 
of sighted children of the same age. 
Krech et al. (9) have also demon- 
strated that rats, subjected to periph- 
eral blinding at the time of weaning, 
subsequently show an increase in the 
weight and cholinesterase activity of 
the somesthetic cortex. Furthermore, 
Krech (10) recently observed similar 
somatosensory changes in sighted rats 
reared in darkness. Thus, it would ap- 
pear that visual deprivation alone can 
produce cortical changes of a type 
which could result in cutaneous super- 
sensitivity. Whether the cortical changes 
in man, however, are similar to those 
reported by Krech is open to specula- 
tion, particularly in the light of our 
short deprivation period. 

Although some of the studies on 
blind organisms appear to support our 
findings, others do not. For example, if 
pronounced increases in cutaneous 
sensitivity can occur after only a week 
of darkness, similar or even greater 
increases might be expected in blind 
human subjects. This, however, does 
not appear to be the case. What lit- 
erature is available is contradictory in 
nature, both increases and decreases 
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In previous papers (1-3) we have 
presented evidence to suggest that the 
mental defect of the inherited idiocy 
of phenylketonuria is the result of a 
serotonin deficiency imposed in infancy. 
In this paper we want to offer direct 
proof of this idea by showing that the 
mental defect can be prevented (at 
least in part) through correction of the 
serotonin deficiency by means of con- 
tinuous administration of those sero- 
tonin congeners which can penetrate 
into the brain and act there. All of these 
experiments have been done in labora- 
tory animals (mice) because the nature 
of the disease in human beings is such 
that it is impossible to make the trials 
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in sensitivity being reported (11). Al- 
though the reasons for this discrepancy 
are not clear, our results, together 
with those of Krech, suggest that per- 
haps a "new look" at the centuries-old 
controversy over sensory compensa- 
tion in the blind may be justified. 
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with them. Because an effective pre- 
ventative treatment is available for hu- 
man beings (the phenylalanine-low 
diet) it would be morally unjustifiable 
not to use it in preference to some 
other treatment. 

Phenylketonuria was produced in 
newborn mice by the method previ- 
ously described (1). It consisted of 
continuous oral administration of DL- 

phenylalanine and L-tyrosine from birth 
to maturity. Whenever a serotonin de. 
rivative was to be tested, it was also 
administered continuously from birth to 
maturity. Care was taken that all ani- 
mals (controls as well as test) were 
handled to the same extent so as not 
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Prevention of a Mental Defect of Phenylketonuria with 
Serotonin Congeners such as Melatonin or Hydroxytryptophan 

Abstract. Mice made phenylketonuric from birth until maturity by continuous 
administration of phenylalanine plus tyrosine had a subnormal maze-learning 
ability which was largely prevented when serotonin congeners such as melatonin 
or 5-hydroxytryptophan were administered continuously from birth to maturity. 
These results were interpreted to mean that the mental failure of experimental 
phenylketonuria is attributable to the serotonin deficiency imposed by it in infancy. 
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to prejudice the performance in the 
learning test. It was demonstrated in 
the previous paper (1) that when mice 
were made phenylketonuric in this way 
from the time of birth, they exhibited 
a readily demonstrable and reproduci- 
ble defect in maze-learning ability. By 
contrast, when the phenylketonuria was 
not established in them until time of 
weaning, they did not exhibit such a 
learning deficit. 

In the work to be described in the 
present paper, the testing of learning 
ability of the adult animals (rendered 
phenylketonuric from time of birth) 
was done in two different ways in 
order to insure that the whole con- 
clusion about any mental defect did not 
rest on a single way of assay. The 
first method of testing was that which 
measured the rate at which the mice 
learned to run a maze correctly in 
response to a reward of being able to 
hide (4). When conducted in the man- 
ner previously described with individ- 
ual units of ten mice each, this method 
gave answers for which the standard 
deviation was ?0.2. A score of 10 
meant that the mice had learned per- 
fectly, and a score of 5 meant that 
they had learned nothing. Normal mice 
uniformly gave an average score of 
7.5 in this test. 

The other method of testing was 
similar to that described by Flexner 
et al. (5) in which the rate of learn- 

ing to avoid a shock was measured. 
This test was first introduced for mea- 
surement of memory (that is, the re- 
tention of the learning to avoid a 
shock), but in our experiment a similar 
apparatus was used to determine how 
many errors resulting in punishment 
were required before the animal 
learned to avoid making the error. The 
scores represent the number of shocks 
received before the lesson was learned 
perfectly. The higher the score, the 
less the learning ability. Normal con- 
trol animals made an average score of 
3.7, that is, on the average they re- 
ceived 3.7 shocks before they learned 
to avoid being shocked. 

The results of the tests for maze- 
learning ability of phenylketonuric 
mice, and of such mice treated con- 
tinuously with serotonin derivatives, 
are summarized in the table. It can 
be seen that, although the phenylke- 
tonuric animals made low scores (in- 
dicative of subnormal learning ability) 
the ones given continuously either 
melatonin or 5-hydroxytryptophan 
gave scores not greatly different from 
those of normal mice. 
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Table 1. Prevention of the learning deficit 
in maze test of phenylketonuric mice with 
serotonin derivatives. All compounds were 
administered continuously from birth. Daily 
dose of serotonin derivatives (per gram of 
body weight) was melatonin, 10 '; ODL-5~ 
hydroxytryptophan, 10 to 100 7. 

No. No. Maze 
Treatment of e score mice 

Controls (none) 105 7.5 
DL-Phenylalanine 

+ L-tyrosine (P + T) 91 6.3 
P + T + melatonin 103 7.2 
P + T + HTP 17 7.2 

When 5-hydroxytryptophan was 
given most of the animals suffered from 
the severe diarrhea which resulted from 
the action of the excess serotonin on 
the intestines as previously described 
(6). Although a specific antiserotonin, 
such as 1-benzyl-2-methyl-5-methoxy- 
tryptamine (6) prevented the diarrhea, 
preliminary trials with it in infant mice 
led to rather high mortality at the 
dose tested. On the other hand, mela- 
tonin caused no detectable undesirable 
peripheral effects, and hence it was 
studied more intensively. 

In the learning test involving shock 
avoidance, the differences between the 
various kinds of mice were less marked 
than in the maze test, but the observed 
differences were in the same direction. 
Thus, 41 normal controls gave an av- 
erage score of 3.7. Fifty-eight phenyl- 
ketonuric mice gave an average score 
of 4.3, and 64 phenylketonuric mice 
which had been treated with melatonin 
gave an average score of 3.6. The 
animals used in this test were some 
of those that had been used in the 
maze-learning test. All animals were 
not tested in the shock-avoidance be- 
cause this technique had been intro- 
duced only in the last of the series of 
experiments. 

Because the measurement of in- 
telligence in laboratory animals is sub- 

ject to much uncertainty both in meth- 
od and interpretation, much care was 
taken to make sure that results were 
reproducible. The experiments cited in 
this paper were repeated three times 
(twice for the 5-hydroxytryptophan ex- 
periment) and the results were found 
to be reproducible. Also, the numbers 
of animals employed were large enough 
to reduce the possibility that the differ- 
ences observed were due to chance 
alone. 

It is important to note that the ef- 
fective serotonin congeners were ad- 
ministered prophylactically from the 
time of birth continuously to adult- 
hood. No attempt was, made to cure 

the mental defect once it had been 
established. There is reason to believe 
(1, 3) that the serotonin deficiency 
must be prevented very early in life 
if the serious mental defect is to be 
avoided, and that it cannot be cured. 

The results of these experiments in- 
dicated that the mental defect of 
phenylketonuria (insofar as it can be 
measured by the tests used) was largely 
the result of the deficiency of sero- 
tonin or its derivatives. This deficiency 
has been demonstrated to occur in the 
disease of both man and laboratory 
animals (1, 3). When it was corrected 
(as in the present experiments) the 
mental defect was prevented even 
though excesses of phenylalanine and 
of its derivatives such as phenylpyru- 
vic acid still remained in the tissues 
(1). The results furthermore sug- 
gested that the deficiencies of catechol 
amines which also occur in the disease 
were not the cause of the mental fail- 
ure. Which symptoms, if any, of 
phenylketonuria are to be attributed to 
the deficiency of catechol amines 
remains to be seen. 

The results raise the question wheth- 
er the effective agent in prevention of 
the mental change was serotonin itself 
or a derivative such as melatonin. 5- 
Hydroxytryptophan probably owed its 
effect to its conversion to serotonin 
(7) (even despite the partial inhibition 
of the decarboxylase), but whether the 
serotonin was then converted by the 
brain to melatonin before it was ef- 
fective cannot be said. This latter pos- 
sibility remains because, although pre- 
formed melatonin was quite effective, 
its conversion back to serotonin cannot 
be excluded. The results however, rep- 
resent the first demonstration of an 
effect of melatonin on mental ability 
whether it be direct or indirect (8). 

D. W. WOOLLEY 
T. VAN DER HOEVEN 

Rockefeller Institute, 
New York 10021 

References and Notes 

1. D. W. Woolley and T. van der Hoeven, 
Science 144, 883 (1964). 

2. , Federation Proc. 23, 146 (1964); D. 
W. Woolley, Proc. 2nd Intern. Pharmacol. 
Meeting, Prague (1963). 

3. D. W. Woolley, Biochemical Bases of Psy- 
choses (Wiley, New York, 1962). 

4. and T. van der Hoeven, Science 139, 
610 (1963). 

5. J. B. Flexner, L. B. Flexner, E. Stellar, G, 
de la Haba, R, B. Roberts, J. Neurochem. 
9, 595 (1962). 

6. D. W. Woolley, Proc. Soc. Exptl. Biol. Med, 
98, 367 (1958). 

7. S. Udenfriend, E. Titus, H. Weissbach, R. E 
Peterson, J. Biol. Chem. 219, 335 (1956). 

8. Support by USPHS grant A3386 is grate- 
fully acknowledged. 

0. Februiary 1i964 

SCIENCE, VOL. 1.44 


