
wood, which predicts the delivery of food. 
The form of contact with the predictive 
stimulus cannot be predicted from the 
stimulus substitution hypothesis (12), but 
appears to depend upon the nature of both 
the predictive stimulus and the reward. As 
an alternative to stimulus substitution, we 
offer the hypothesis that auto-shaped be- 
havior reflects the conditioning of a system 
of species-typical behaviors commonly re- 
lated to the reward. The form of behavior 
in the presence of the predictive stimulus 
will depend on which behaviors in the con- 
ditioned system are elicited and supported 
by the predictive stimulus (13). 

The present approach may have implica- 
tions for the interpretation of traditional 
classical conditioning phenomena as well 
(2). Lorenz (14) suggested a related hy- 
pothesis to explain Liddell's unpublished 
observations on salivary conditioning in 
dogs. While working in Pavlov's laborato- 
ry, Liddell unharnessed a dog from the 
conditioning apparatus and allowed it to 
approach the predictive stimulus. On the 
basis of Liddell's description, Lorenz iden- 
tified the dog's behavior toward the pre- 
dictive stimulus as food begging in the 
genus Canis. Lorenz used this illustration 
to suggest that an entire behavior system 
was conditioned by the procedures of clas- 
sical conditioning, not just an isolated re- 
flex. Our results support this viewpoint. 
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cause we felt the rat looked the same sniffing the 
platform, the wood, and the stimulus rat. In retro- 
spect, the orientation of "nose" to the head of the 
stimulus rat potentially made it a distinct category. 

12. We do not intend to argue that stimulus sub- 
stitution effects were absent in the present experi- 
ment. Some behaviors shown by the CS+ animals 
are readily interpretable as stimulus substitution. 
Two animals occasionally bit and pulled at the fur 
of the predictive animal while grooming it [al- 
though so did two CSS animals; see aggressive 
groom in Grant and Mackintosh (8)]; one CS+ ani- 
mal bit the platform 12 times, and another animal 
bit it once (out of 330 acquisition trials). Further, it 
might be argued that some movements in normal 
groom and paw resemble components of feeding 
behavior, thus, some of the increase in these behav- 
iors might be attributable to stimulus substitution. 
However, even a broadly conceived concept of 
stimulus substitution does not appear sufficient to 
explain all behavior in the present experiment. On 
the basis of stimulus substitution it is difficult to 
account for the failure of the CSW animals to bite 
the wood, the failure of the CS+ animals to bite the 
predictive rat, the low incidence of aggressive 
groom and platform biting in the CS+ animals and 
their marked differential increase in crawl-over, a 
behavior sharing almost no topographical features 
with feeding. We feel that effects interpretable as 
stimulus substitution and these apparent ex- 
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enced early in life may cause long-term 
deficits in learning and other behavioral 
capacities of humans and animals. The 
general behavioral sequels to extreme kwa- 
shiorkor or marasmus are well docu- 
mented; however, the specific alterations in 
brain function that underlie behavioral 
changes induced by malnutrition are 
poorly understood. Our report is one of the 
first to describe an animal model that re- 
lates these behavioral changes induced by 
malnutrition to the effects of the diet on a 
brain neurotransmitter. 

The concentration of the putative brain 
neurotransmitter, serotonin, appears to be 
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related directly to the brain and plasma 
concentrations of the amino acid precursor 
tryptophan (1). Mammals cannot synthe- 
size tryptophan; hence, all of the amino 
acid must be derived from dietary protein. 
The quality of dietary protein ingested is 
important for the maintenance of normal 
blood tryptophan levels, and ultimately for 
normal concentrations of brain tryptophan 
and brain serotonin. For example, plasma 
and brain tryptophan, and brain serotonin, 
are greatly diminished in animals fed a diet 
in which corn, a poor source of tryptophan, 
is the only protein (2, 3). 

Changes in brain serotonin after various 
surgical or pharmacological manipulations 
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Table 1. Effects of long-term corn consumption and tryptophan injection on brain tryptophan and 5- 
hydroxyindole levels. Rats were placed on corn (tryptophan deficient) or 18 percent casein control 
diets for 42 days beginning at weaning. Then, different groups of rats were fasted for 18 hours, in- 
jected intraperitoneally with the H2O vehicle or one dose of L-tryptophan, and killed 1 hour later. All 
values are means + the standard error (N = 4 to 7). 

Vehicle L-Tryptophan at: 
Diet 

Free access Fasted 62.5 mg/kg 125 mg/kg 250 mg/kg 

Brain tryptophan ( ug/g) 
Casein 3.8 i 0.2 5.1 ? 1.1 27.4 ? 2.6 47.8 ? 7.4 102.1 + 9.9 
Corn l.S 0.1 t 5.5 0.7 57.5 ? 0.9t 81.1 ? 12.2t 164.2 ? 8.5t 

Brain serotonin ( ,ug/g) 
Casein 0.32 ? .01 0.32 ? .01 0.44 ? .02 0.50 ? .03 0.50 ? .02 
Corn 0.25 ? .02* 0.31 ? .02 0.50 4? 02 0.53 .03 0.52 + .01 

Brain 5-hydroxyindoleacetic acid ( gg/g) 
Casein 0.27 ? .01 0.31 ? .01 0.55 ? .03 0.53 + .04 0.66 ? .02 
Corn 0.23 ? .02 0.43 ? .02* 0.79 ? .05t 0.81 .05t 0.88 ? .03t 

*P < .05. t P < .01 compared to the appropriate casein-fed group. 
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Effects of Long-Term Corn Consumption on Brain 

Serotonin and the Response to Electric Shock 

Abstract. Rats fed tryptophan-poor corn diets have reduced levels of brain serotonin 
and show increased responsiveness to electric shock. This diet-induced hyperalgesia can 
be reversed by feeding the animals diets with adequate amounts of tryptophan, or by sys- 
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are correlated with alterations in physi- 
ology and behavior. For instance, Harvey 
and his co-workers (4) have found hyper- 
algesic responses to painful stimuli follow- 
ing electrolytic lesions that reduce fore- 
brain concentrations of serotonin in rats. 
Pharmacological reductions in brain se- 
rotonin following the administration of the 
tryptophan hydroxylase inhibitor para- 
chlorophenylalanine are also associated 
with lower response thresholds to painful 
stimuli (5). The hyperalgesia and de- 
creased levels of brain serotonin can be re- 
versed in these pharmacological and surgi- 
cal preparations by treating animals with 
5-hydroxytryptophan, the immediate pre- 
cursor of serotonin (5, 6). 

Changes in electroshock sensitivity are 
correlated with alterations, induced by le- 
sions or drugs, in the levels of brain seroto- 
nin. Since the long-term consumption of a 
corn diet also reduces brain serotonin, we 
hypothesized that animals with such a diet 
might also show changes in electroshock 
sensitivity. We now report that diet-in- 
duced reductions in the concentrations of 
brain serotonin are correlated with lower 
response thresholds to electric shock; this 
increased sensitivity can be partially re- 
versed by nutritional rehabilitation, or by 
the acute administration of L-tryptophan. 

In all experiments, weanling, 21-day-old 
male rats, born and reared in the Massa- 
chusetts Institute of Technology vivarium 
(from a parent stock of Sprague-Dawley 
CD-derived rats, Charles River Labora- 
tories), were housed by litter and given 
free access to water and a corn-based 
diet poor in tryptophan, or to an 18 per- 
cent casein control diet (7). Animals were 
maintained on a 12: 12 light-dark cycle 
(Vita-Lite, DuroTest Corp.), throughout 
the experimental period. Flinch or jump 
responses to presentations of electric foot- 
shock were determined by a modification 
of the method of Evans (8). 

In other experiments, animals were 
placed on the control casein diet or on the 
corn diet poor in tryptophan for various 
periods of time. They were then killed to 
determine the extent to which the levels of 
brain tryptophan, serotonin, or the deami- 
nated metabolite, 5-hydroxyindoleacetic 
acid (5-HIAA), were changed as a result of 
the diet. Brains were removed and bisected 
midsagittally; half of each brain was ho- 
mogenized in water and assayed for 
tryptophan (9). The other half of each 
brain was homogenized in acidified buta- 
nol and centrifuged at 28,000g; the super- 
natants were then assayed for serotonin 
and 5-HIAA (10). 

The magnitude of shock necessary to 
elicit a flinch or a jump response in animals 
that were fed the normal 18 percent casein 
diet increased slightly over the 14-week 
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Table 2. Effects of various drugs on diet-induced 
changes in electroshock sensitivity. Rats were 
starved overnight (18 hours) and injected with 
the drug 1 hour prior to testing. All values are 
mean shock intensities (ma) + S.E.M. (N = 8). 

Shock intensity (ma) 
Treat- Dose after diet of 
ment mg/kg 

Corn Casein 

Trypto- 0 0.43 : .02 0.85 z .05 
phan 62.5 0.54 .06 0.95 ? .04 

125 0.69 ? .02* 0.78 + .06 
250 0.63 ? .04* 0.88 ? .04 

L-Dopa 0 0.43 ? .03 0.87 .05 
100 0.42 ? .03 0.75 ? .05 
250 0.43 .02 0.75 .08 

*P < .01 compared to appropriate vehicle-injected 
control group. 

testing period-from a mean of 0.11 ? 
0.01 ma for the flinch response and 0.57 =- 
0.02 ma for the jump response on the first 
day of testing (at age 3 weeks), to 0.17 ? 
0.02 ma and 0.69 = 0.05 ma, respectively, 
on the final day of testing with the experi- 
mental diets (at 17 weeks of age). These 
slight increases in the baseline shock inten- 
sities were probably due in part to the sub- 
stantial weight gain in the control group 
that occurred over the testing interval (11). 
In contrast, animals fed the diet poor in 
tryptophan showed decreased flinch and 
jump thresholds to the electric shock be- 
ginning as early as the fifth postnatal 
week-that is, after 2 weeks on the corn 
diet (Fig. 1). The corn-fed animals re- 
mained substantially more sensitive to the 
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Fig. 1. Animals were placed on tryptophan- 
deficient corn diets (closed circles, solid lines) or 
on amino acid balanced casein control diets 
(shaded areas) beginning at week 3 after birth. 
After 10 weeks on the corn diet, rats were 
rehabilitated by feeding them the 18 percent 
casein diet (beginning at week 13 after birth). 
All values are the percentages (means ? S.E.) 
of the shock intensities in the controls for 
eliciting the flinch or the jump response. 

shock for the remaining 8 weeks that they 
consumed the diet. The brains of animals 
given the corn diet were deficient in trypto- 
phan and serotonin; brain tryptophan was 
reduced to 45 percent of the control con- 
centration, whereas brain serotonin was re- 
duced to approximately 75 percent of con- 
trol (Table 1). This finding replicates the 
earlier work of Fernstrom and Wurtman 
(2, 3). Brain 5-HIAA did not differ signifi- 
cantly between the two groups. The results 
of this initial experiment show that ani- 
mals maintained on diets deficient in 
tryptophan have lower response thresholds 
to electric shock than do normally fed ani- 
mals. This hyperalgesia is correlated with 
reductions in brain tryptophan and seroto- 
nin concentrations. 

In subsequent experiments, we deter- 
mined the extent to which the diet-induced 
changes in electroshock thresholds could 
be reversed in corn-fed animals by nutri- 
tional rehabilitation, or by a single in- 
jection of tryptophan. After 10 weeks of 
free access to the corn diet, the animals 
deficient in tryptophan were rehabilitated 
by offering them the 18 percent casein diet 
(this diet contains 0.16 ,tg of tryptophan 
per gram of food, compared with 0.02 ,g 
per gram in the corn diet). The flinch and 
jump response thresholds of the corn-fed 
animals returned to normal within 2 weeks 
after exposure to the diet adequate in 
tryptophan (Fig. 1). This behavioral reha- 
bilitation is temporally correlated with the 
return to normal of brain tryptophan and 
serotonin levels in these animals (12). 

Other animals given the corn or casein 
diets for 6 weeks were fasted overnight and 
then injected with a single dose of L-tryp- 
tophan (62.5, 125, or 250 mg/kg, intra- 
peritoneally, in a volume of 3 ml/kg); con- 
trol animals received the HO2 vehicle 
brought to pH 10 with NaOH, or various 
doses (125 or 250 mg/kg) of L-dopa, the 
amino acid precursor for the cate- 
cholaminergic neurotransmitters. L-Dopa 
was administered to determine whether 
other amino acids might also change the 
response thresholds to the shock. All re- 
sponse thresholds were determined 1 to 
1.5 hours after injection. We again ob- 
served that the jump response could be 
elicited in animals consuming the corn diet 
by approximately half the shock intensity 
needed to elicit it in casein-fed rats (Table 
2). Injections of L-tryptophan or L-dopa 
had no effect on the shock thresholds of 
animals consuming the casein diet; how- 
ever, the tryptophan injections did signifi- 
cantly increase the shock threshold for the 
jump response among animals consuming 
the corn diet. That the tryptophan-induced 
increase in the electroshock threshold was 
related specifically to its effects on brain 
serotonin is suggested by the finding that 
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large doses of L-dopa had no effect on 
shock thresholds (Table 2) (13). Trypto- 
phan injections produced dose-related in- 
creases in the concentrations of brain tryp- 
tophan, serotonin, and 5-HIAA among 
animals consuming either the corn or the 
casein diets; however, brain tryptophan 
and 5-HIAA were increased to a greater 
extent in corn-fed animals. These differ- 
ences have been observed previously (14) 
and may reflect increased transport of 
tryptophan into the brain, perhaps result- 
ing from differences in the concentrations 
of plasma tryptophan relative to the other 
neutral amino acids that normally compete 
with it for transport from the plasma into 
the brain (1). 

Our results indicate that animals con- 
suming tryptophan-poor diets that de- 
crease brain serotonin will become hyper- 
algesic to electric shock. A similar correla- 
tion between brain serotonin and pain sen- 
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nipulations directly to a change in a puta- 
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by feeding animals diets adequate in 
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Bilateral lesions in the region of the lat- 
eral hypothalamus result in profound be- 
havioral impairments. Rats with such le- 
sions become aphagic and adipsic, show se- 
vere sensory and motor impairments, and 
often starve to death within 6 to 10 days. If 

kept alive by intragastric intubation of liq- 
uid nutrients, some animals are eventually 
able to maintain themselves on lab chow 
and water. Nevertheless, persistent deficits 
in their feeding and drinking responses to 
acute nutritional needs indicate that recov- 

ery of function is not complete. The initial 
disabilities, progressive recovery, and en- 

during residual deficits together form what 
has become known as the "lateral hypo- 
thalamic syndrome" (1). 

Although the critical effect of these le- 
sions has traditionally been attributed to 
destruction of cell groups within the hy- 
pothalamus, increasing attention has re- 

cently been paid to the possible role of 

damage to fiber bundles which traverse this 

region. Zeigler and Karten (2) have now 

reported that in the rat, lesions of the tri- 

geminal lemniscus, which courses through 
the diencephalon, produce functional defi- 
cits which they find reminiscent of the lat- 
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suming this diet were retarded. Whereas the body 
and wet brain weights of the corn-fed animals were 
66 =L 2 g and 1.53 i 0.017 g after 6 weeks of eating 
the diet, the body and brain weights of the animals 
consuming the 18 percent casein diet were 
231 ?i 6 g and 1.84 + 0.15 g, respectively. 

12. M. F. Nelson and J. D. Fernstrom, unpublished 
observations. 

13. Several lines of evidence indicate that the diet-in- 
duced changes in electroshock sensitivity were not 
due to the growth retardation seen in animals con- 
suming the low-protein corn diet. (i) The injection 
of tryptophan or other drugs thought to specifical- 
ly alter brain neurons containing serotonin pro- 
duce predictable changes in the electroshock 
thresholds of corn-fed animals (R. B. Messing, L. 
Fisher, L. Phebus, L. D. Lytle, in preparation). (ii) 
Although the body weights of the corn-fed animals 
differed significantly from the body weights of the 
control group within I week of the experiment, the 
body weights of the corn-fed animals remained ap- 
proximately constant throughout the course of the 
experiment, even though their electroshock thresh- 
olds were decreased greatly from their own base- 
line levels. (iii) The electroshock thresholds of the 
corn-fed animals were restored to normal within 2 
weeks after consumption of the casein control diet, 
even though body weights of these animals were 
only 42 percent of those of the casein-fed animals. 

14. J. D. Fernstrom and M. J. Hirsch, Life Sci. 17, 
455 (1975). 

15. Our data on other behavioral tests of rats fed the 
tryptophan-poor corn diet over a long period indi- 
cate that these animals are hyperactive in running 
wheels, hyperreactive to environmental stimuli, 
and display bizarre social behavior. Some of these 
behavioral changes appear to be similar to those 
described in animals with pharmacological or sur- 
gical reductions in brain serotonin; however, some 
of these behavioral changes may also result from 
the nonspecific effects of malnutrition (R. B. 
Messing, L. Fisher, L. Phebus, L. D. Lytle, in 
preparation). 
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eral hypothalamic syndrome. While this is 
an interesting extension of Zeigler's im- 

portant work on trigeminal deafferenta- 
tion in the pigeon (3), we believe that they 
overstate their case when they suggest that 

"many of the deficits previously subsumed 
under the rubric of the 'lateral hypotha- 
lamic' syndrome are actually the result of 
incidental damage to the trigeminal lem- 
niscus" (2). Although their lesioned rats 
did become aphagic and adipsic in the 
immediate postoperative period, (i) it is 
difficult to attribute these impairments to 
the bilaterally damaged tissue alone, since 
the lesions were markedly asymmetrical 
and included considerable nonspecific 
damage; (ii) the animals did not show any 
of the other early symptoms of lateral 

hypothalamic damage, such as akinesia, 
catalepsy, and general sensory neglect (4); 
(iii) the median duration of adipsia was 

only 2 days, whereas it commonly lasts 
several weeks after lateral hypothalamic 
lesions (1); (iv) aphagia seemed to continue 

beyond recovery from adipsia, whereas 
this never is observed after lateral hypo- 
thalamic lesions (1); and (v) no evidence 
was presented regarding any of the residu- 
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