
diminishes in amplitude and usually re- 
verses its polarity; the ERS, by con- 
trast, increases in amplitude with pene- 
tration into the cortex to approximate- 
ly the inversion point of the ER, then 
diminishes to disappear at a depth 
where the electrode presumably pene- 
trates white matter. Third, either warm- 
ing or cooling the oil bath (? 5?C) 
away from 37?C has little effect upon 
the amplitude of the ER, but strikingly 
reduces the ERS amplitude, as Fig. 2 
illustrates. Such dissociations between 
the two phenomena can also be demon- 
strated with manipulations of anesthetic 
depth and type, trauma, and asphyxia; 
for example, in recordings made on 
animals near death the ERS may dis- 
appear while the ER is still clearly 
present. When an animal finally stops 
breathing, the baseline resistance of its 
brain rises over a period of 20 to 30 
minutes to reach final values around 
6000 (versus 2000 at 1 khz), 5000 
(versus 1500 at 10 khz), and 4000 
(versus 1300 at 100 khz) ohms. 

Mechanisms postulated for the evoked 
resistance shift must account for its 
two phases, an abrupt decrease followed 
by a more prolonged rise. The normal 
coincidence of ERS and ER (Fig. 1) 
suggests that events associated with 
depolarization of cortical neurons fol- 
lowing the sensory input from the thala- 
mus are critical. The simplest explana- 
tion of the ERS might therefore hold 
that reductions in membrane resistivity 
associated with depolarization of corti- 
cal neurons lie at the basis of the phe- 
nomenon. This argument is supported 
by the fact that the ERS reaches its 
maximum in the region of the pyrami- 
dal cell bodies where extensive neuronal 
membrane depolarizations might be 
expected. Such an explanation might 
serve the resistance decrease but no re- 
ported measurements show a resistance 
rise connected with neuronal membrane 
depolarization or recovery; an addi- 
tional hypothesis would therefore be 
required to explain the later phase of 
increasing resistance in the ERS. 

The dissociation between ER and 
ERS caused by temperature, trauma, 
and anesthesia, however, argues against 
a simple neuron depolarization theory, 
since the ERS may disappear when evi- 
dence of unchanged depolarization (a 
stable ER) exists. Hence other possibili- 
ties should be considered. Alterations 
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crease if the extracellular space were to 
increase in volume or in ionic concen- 
tration. Evidence exists that such altera- 
tions in volume and composition do 
take place, though their time course 
as thus far measured is long compared 
to the events in the ERS. The diminu- 
tion of ERS magnitude with increasing 
bridge frequency is not inconsistent with 
this possibility, since membrane capaci- 
tance would tend to shunt the extra- 
cellular path at higher frequencies, and 
only lower frequencies would detect 
changes in the extracellular fluid. Less 
likely possibilities involve changes of 
membrane resistance in cells other than 
those engaged in producing the ER. 
These would include neurons not dis- 
charging and glial cells. Synaptically de- 
polarized or hyperpolarized neurons 
show conductivity increases (3); the 
ERS might depend upon such events 
in dendritic membrane (which may be 
more sensitive to anoxia and tempera- 
ture change than the soma). Glial cells 
also alter their conductivity when stim- 
ulated, showing an initial increase fol- 
lowed by a decrease (4), but with a time 
course many times longer than required 
to explain the ERS described here for 
cats. 

The remaining current paths that 
might alter cortical conductivity flow 
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the cerebral content of serotonin. 

Considerable evidence has accumulat- 
ed to demonstrate the impairment of 
maze performance subsequent to the 
administration of excessive dietary 
phenylalanine (1-6). We have found 
weanling rats on phenylketogenic diets 
to be less proficient than controls in 
mastering a multiple-T water maze (2). 
The water-escape reinforcement pre- 
cluded the need for water- or food- 
deprivation which would have intro- 
duced additional uncontrolled variables. 
We also reported preliminarily on the 
effectiveness of tryptophan in improv- 
ing performance (2). The behavioral 
deficit induced by phenylketogenic diets 
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through intracellular fluids, and the 
blood vessels with their contents. It is 
unlikely that the ERS would depend 
upon changes in these factors. 

The mechanism or mechanisms re- 
sponsible for the ERS cannot be deter- 
mined from the experimental evidence 
at hand. Neither the early resistance 
drop nor the later resistance increase 
can convincingly be assigned to neu- 
ronal events responsible for the elabo- 
ration of the sensory evoked response. 

KENNETH A. KLIVINGTON 
ROBERT GALAMBOS 

Department of Engineering and Applied 
Science and Department of Psychology, 
Yale University, New Haven, 
Connecticut 06510 
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was confirmed by Polidora and his co- 
workers (3-5), and malnutrition was 
eliminated as a critical variable by pair- 
feeding techniques (4). 

Behavioral effects have been ascribed 
to other amino acids when present in 
high concentrations in blood. Leucine 
has been associated with a severe de- 
gree of mental retardation in humans 
(6), and reversible changes in behavior 
have been noted in normal subjects fol- 
lowing oral administration of high lev- 
els of L-tryptophan (7). Phenylalanine, 
leucine, and tryptophan have pro- 
nounced effects also on cerebral indole 
metabolism. Phenylalanine (1) and leu- 
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Aminoacidemias: Effects on Maze Performance 
and Cerebral Serotonin 

Abstract. The feeding of high dietary supplements of L-phenylalanine (7 per- 
cent) and L-leucine (7 percent) to weanling rats is associated with poor per- 
formance in a multiple-T, water-escape maze. Supplements high in L-tryptophan 
(5 percent), on the other hand, result in maze performance which is superior to 
that of controls. Adding 5 percent tryptophan to the high-phenylalanine diet 
reverses the behavioral deficit. The quality of maze performance correlated with 
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Table 1. Effect of amino acid feeding on maze performance. There were ten rats in each 
diet group, and each rat received six trials. S.E., standard error of the mean. 

Mean No. of errors on trial No.: Mean No. 
Diet _ of total S.E. 

1 2 3 4 5 6 errors 

B alone 2.9 4.8 3.0 2.5 2.0 1.6 16.8 2.0 
B + Phe 3.7 7.1 5.4 5.3 5.8 4.3 31.6' 3.7 
B - Leu 6.2 5.4 5.1 4.4 4.1 3.9 29.1' 4.5 
B + Try 1.7 4.2 2.2 1.3 1.1 1.3 11.8* 0.9 
B + Phe + Try 2.9 3.8 1.3 2.5 1.1 2.3 13.9t 1.7 

* Significantly different from control (Student's t-test), P < .05. t Significantly lower than B + Phe 
rats, P < .01 

cine (8) both reduce serotonin levels in 
brain, whereas tryptophan (9) increases 
the cerebral content of this amine. 

The effects of high amino acid con- 
centrations on maze performance and 
levels of cerebral serotonin were studied 
in male Sprague-Dawley rats (4 weeks 
of age and matched for initial weight) 
fed the following diets: 

B alone = vitamin B-complex test 
diet, complete (Nutritional Biochemical 
Corp.), without any supplementary 
amino acid; 

B + Phe = test diet plus 7 percent 
L-phenylalanine; 

B + Leu = test diet plus 7 percent 
L-leucine; 

B + Try = test diet plus 5 percent 
L-tryptophan; 

B + Phe + Try = test diet plus 7 
percent L-phenylalanine plus 5 percent 
L-tryptophan. 

The animals were maintained on these 
diets for 2 weeks, which produced at 
least a tenfold elevation of the supple- 
mentary amino acid in blood. The ani- 
mals were divided into the five experi- 
mental groups noted above, each of 
which consisted of ten rats. They were 
allowed to consume their specific diets 
between runs so that they were never 
in a fasted condition. Beyond the ini- 
tial conditioning in a straightaway wa- 
ter channel, two preliminary runs were 
conducted in the water maze with slid- 
ing doors preventing retrogression. 
Thereafter, the order of testing rats in 
the maze was randomized for each suc- 
cessive trial until six additional trials 
had been completed. After each trial, 
error scores were recorded along with 
the elapsed time. Errors were scored as 
the number of times each animal re- 
sponded incorrectly at the six choice 
points in the maze. At least 15 minutes 
separated each trial from the previous 
one and served to minimize the factor 
of physical fatigue. The water maze 
and general procedure followed were 
essentially those of Biel (10). Student's 
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t-test was used to estimate significance 
of the difference between the means of 
total errors. After the final trial each 
animal was killed and the level of cere- 
bral serotonin was determined by the 
method of Bogdanski (11). 

Both the phenylalanine- and leucine- 
treated animals negotiated the maze with 
significantly more errors (P < .05) than 
the control animals (Table 1). These 
animals also had significantly slower 
transit times. Polidora (4), who noted 
a similar behavioral deficit in rats ad- 
ministered 5 to 7 percent dietary L- 
phenylalanine, concluded that the slow- 
er speed of the experimentals is "a 
direct result of the time-consuming and 

fatigue-inducing characteristic of errors" 
and not attributable to general debilita- 
tion, poor swimming ability, or un- 
usual susceptibility to fatigue. 

Unexpectedly, rats on the B + Try 
diet were superior in performance to all 
other animals (P < .01), including the 
controls (Table 1). Furthermore, on the 
B + Phe + Try diet the rats also per- 
formed at least as well as the controls. 
It will be noted that without pair-feed- 
ing a weight discrepancy developed be- 
tween the experimental and control rats 
(Table 2). All of the animals which 
were on diets high in amino acids had 
weights at the time of behavioral test- 
ing which were significantly below those 
of the control animals. The fact that 
pair-fed rats showed similar results 
(4), and the fact that low-weight ani- 
mals with tryptophan excess performed 

Table 2. Effect 
on weight. 

of high amino acid feedings 

Diet Final weight Control 

B alone 159.5 100 
B + Phe 126.1* 79 
B + Leu 108.5* 68 
B + Try 103.7* 65 
B + Phe + Try 98.9* 62 

* P < .05. 

well, while low-weight rats with leucine 
or phenylalanine excesses performed 
poorly, indicate that the amino acid 
imbalance is the primary factor mediat- 
ing differences in maze performance. 

Cerebral serotonin was significantly 
below control levels in rats fed the 
B + Phe and B + Leu diets but was 
significantly higher than the control in 
those fed large quantities of tryptophan 
with or without phenylalanine (B + Try 
or B + Phe + Try) (Table 3). 

The results clearly demonstrate that 
high concentrations of the various ami- 
no acids had differing behavioral and 
pharmacological effects upon the rat. 
This was particularly evident with tryp- 
tophan, which was capable of reversing 
the deficit in maze performance pro- 
duced by phenylalanine. Nonspecific 
stimulation of spontaneous activity, as 
measured by means of a vertically re- 
volving activity drum (12), was not 
appreciable in the high-tryptophan ani- 
mals. 

The defect in 5-hydroxyindole me- 
tabolism in phenylketonuria (13) and in 
experimental phenylalaninemia (1, 2) 
and leucinemia (8) has been well docu- 
mented. Whether this defect is of pri- 
mary etiologic significance to the be- 
havioral deficit or an incidental response 
to the general disruption in cerebral 
amino acid transport is not clear. The 
addition of 5 percent tryptophan to the 
B + Phe diet, which more than cor- 
rects the serotonin deficiency, failed to 
alter significantly the disrupted pattern 
of cerebral amino acids found in 
column chromatographic analyses of 
"phenylketonuric" brains (14). 

Similarly, the threefold increase in 
cerebral dopamine (with no appreciable 
rise in norepinephrine) which Green et 
al. (9) found after dietary administra- 
tion of 18 percent DL-phenylalanine, 
could not be normalized by the addi- 
tion of 2 percent DL-tryptophan, al- 
though this supplement succeeded in 
correcting the 32 percent decrease in 
brain serotonin. 

In general, our data support the pre- 
vious findings of Yuwiler and Louttit, 
which show a decreased level of cere- 
bral serotonin associated with poor maze 
performance in experimental "phenylke- 
tonuria" (1). These authors, based on 
their finding that rats with elevated 
brain serotonin induced by a mono- 
amine oxidase inhibitor also displayed 
impaired maze performance, concluded 
that the decrease in serotonin follow- 
ing excessive phenylalanine may be an 
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Table 3. Effect of high amino acid feedings 
on brain serotonin concentration, after the 
five groups of rats had been on their partic- 
ular diets for 14 days. 

Brain serotonin Control Dlet 
(mgg/g) (%) 

B alone 485 100 
B + Phe 430 (P<.05) 89 
B + Leu 420 (P<.05) 87 
B + Try 685 (P <.05) 141 
B + Phe + Try 550 (P < .05) 133 
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"auxiliary phenomenon." However, as 

they pointed out, monoamine oxidase in- 
hibitors also increase the brain levels 
of other centrally active amines, such 
as dopamine and norepinephrine. L- 

Tryptophan, on the other hand, in- 
creases the brain content of serotonin 
without simultaneously increasing the 
levels of catecholamines. 

Perry (15) has also expressed doubt 
as to the importance of serotonin in 
cerebral development after observing 
that 7 days of subcutaneous phenylala- 
nine administration, begun shortly after 
birth, lowered cerebral serotonin dur- 

ing this 7-day period of rapid develop- 
ment but left no residual deficits in 
"visual discrimination" when the rats 
were tested 5 to 7 weeks later. The 
absence of a behavioral alteration may 
be related to the duration of treatment 
or to the test instrument used, since 
Schalock and Klopfer (16), using dif- 
ferent testing procedures, report perma- 
nent performance deficits when L-phen- 
ylalanine (3 g/kg) was administered 

daily by gavage (from birth to 60 days 
of age). Those investigators (16) and 
Hess et al. (17) suggest that certain 
behavioral assays may be more sensi- 
tive to impairments of the central nerv- 
ous system in experimental phenylke- 
tonuria than other assays. 

The work of Woolley and van der 
Hoeven (18, 19), which proposes a ma. 
jor role for serotonin in cerebral de- 
velopment, has received considerable at- 
tention. The major shortcoming in their 
studies relates to the absence of specific 
information on blood or tissue levels 
of phenylalanine or phenylketones, 
which prevents comparison of their bio- 
chemical conditions with those of other 
"phenylketonuric" preparations. These 
authors describe an irreversible "men- 
tal defect" in infant mice associated 
with poor T-maze performance and 
poor shock avoidance, which could be 
prevented by the administration of sero- 
tonin congeners (18). They could find 
no such "defect" in weanling mice fed 
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diets containing 3 percent DL-phenyl- 
alanine and 31/2 percent L-tyrosine. No 
blood phenylalanine values are given in 
either study and there is small likelihood 
that the concentrations of dietary pheny- 
lalanine used could have produced more 
than a transient rise in circulating L- 

phenylalanine levels. 
In summary, diets high in phenylala- 

nine or leucine are associated with poor 
water-maze performance and lowered 
brain serotonin, whereas diets high 
in tryptophan produce superior maze 
performance and supranormal levels of 
cerebral serotonin. Furthermore, the 
serotonin depletion and maze perform- 
ance deficit associated with phenylke- 
tonuric rats can be more than compen- 
sated by adding 5 percent tryptophan to 
the phenylketogenic diet. This is com- 
patible with a role for disturbed indole 
metabolism in the behavioral defect ob- 
served in phenylketonuric rats. 
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A noxious stimulus, such as an in- 
tense electric shock, influences the be- 
havior of animals differently, depending 
upon how the noxious stimulus is sched- 
uled and the nature of the behavior 

preceding it. Responding can be en- 
gendered and maintained under condi- 
tions in which responses terminate or 
postpone electric shocks ("escape" or 
avoidance); ongoing responding can be 

suppressed under conditions in which 
responses are followed by electric shocks 
(punishment). We here describe the 
maintenance of responding, initially 
elicited by electric shock in a situation 
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in which the only programmed conse- 
quence of responding was the sched- 
uled delivery of electric shocks. 

Typically, presenting a reinforcer 
after infrequently occurring responses 
will increase the rate of responding (1). 
When a known reinforcer follows spec- 
ified responses that occur frequently, 
responding may be modulated more 
than changed in absolute level (2). Fre- 

quently occurring responses can also be 
modulated and maintained by the re- 
curring presentation of reinforcers, such 
as food or electric shocks, without ref- 
erence to behavior (adventitious rein- 
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Modulation of Elicited Behavior by a Fixed-Interval 

Schedule of Electric Shock Presentation 

Abstract. Responding elicited in the squirrel monkey by electric shocks pre- 
sented every 60 seconds was gradually altered in temporal patterning, especially 
when the shock was also produced by responses under a 30-second fixed-interval 
schedule. The initially elicited pattern of maximal responding just after each 
shock was altered by the recurrent shock and by the added fixed-interval 
schedule to a pattern of maximal responding just before each shock. Most shocks 
were produced by responses and the response pattern was maintained for several 
months, but little responding occurred when shocks were omitted. 
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