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SIMSON, P. C. AND D. A. BOOTH. Dietary aversion established by a deficient load: specificity to the amino acid omitted 
from a balanced mixture. PHARMAC. BIOCHEM. BEHAV. 2(4) 481-485 ,  1974. - Rats become averse to the 
odor of a protein-free diet presented after gastric administration of loads devoid of histidine and isoleucine but 
otherwise balanced in amino acid composition. The specific sensory aversion may in these cases explain the intake 
decrement seen shortly after loading. The suppression of intake shortly after a threonine-devoid load was, in contrast, 
not allied with an acquired aversion under the experimental conditions used. There were signs of aversion or anorexia 
following loads devoid of methionine, valine, phenylalanine or lysine. A complete balanced load, and to a lesser extent 
tryptophan- and perhaps glycine-devoid loads, induced a preference for the associated odor over an odor paired with 
saline intubation. Omission of leucine or arginine from the balanced mixture produced neither preference nor aversion. 
The results support a suggestion that reduced synthesis of a brain protein is aversion-inducing. 
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A V E R S I O N  to  the  o d o r  or  tas te  of  a p ro te in- f ree  diet  can  
be i n d u c e d  by  p resen t ing  the  f lavored diet  to  a food-  
depr ived  ra t  imme d i a t e l y  a f te r  i t  has been  gastr ically loaded  
wi th  an  a m i n o  acid m i x t u r e  which  is ba lanced  in compos i -  
t i on  excep t  for  the  omiss ion  of  h i s t id ine  [1, 3, 11, 12, 13] .  
In t ake  o f  the  odor ized  diet  begins  to  be depressed a f te r  the  
odo r  has  been  p resen ted  for  a b o u t  2 h r  fo l lowing the  
h is t id ine-devoid  load.  The  ev idence  is t ha t  this  is no t  a 
general  anorex ia  bu t  an early express ion  of  the  acqu i red  
s t imulus-specif ic  avers ion [ 13 ]. 

The  presen t  e x p e r i m e n t s  addressed  the  ques t ion  w h e t h e r  
the  omiss ion  of  any  o t h e r  amino  acid f rom the  ba l anced  
mix tu r e  would  also induce  an  acqui red  odor-specif ic  aver- 
sion. A sensi t ive and  u n a m b i g u o u s  measure  of  acqui red  
s t imulus  con t ro l  was p rov ided  by  p resen t ing  the  ra t  wi th  a 
cho ice  b e t w e e n  diet  hav ing  the  odo r  pai red  wi th  the  amino  
acid load  and  diet  having  an  o d o r  pai red  wi th  a con t ro l  
load.  The  genera l i ty  of  a 2-hr l a t ency  for  the  suppress ion  of  

in t ake  u n d e r  s ingle-s t imulus cond i t i ons  was also explored ,  
by  measur ing  in takes  for  several hou r s  on  loading days. The  
effects  of  o m i t t i n g  each of  eleven amino  acids, inc lud ing  all 
those  essential  for  the  rat ,  and  also of  a ba lanced  load 
(which  has a ne t  p re fe rence - induc ing  ef fec t  relat ive to a 
con t ro l  load [ 1, 11, 12] ) were examined .  

METHOD 

Animals, Diets and Loads 

Male a lb ino  rats  were suppl ied  at  8 0 - 1 0 0  g body-we igh t  
by  Oxford  Labora to r i e s  Animal  Colonies.  On arrival, t hey  
were p laced in groups  o f  4 - 6  in large mesh  cages in a r o o m  
m a i n t a i n e d  at 2 0 - 2 2  ° wi th  a n o r m a l  12-hr /12-hr  l ight ing 
cycle. The  rats  had  free access to  tap wate r  and  pel le ts  o f  
au toc laved  Small Animals  Diet  (Spillers, London) .  

Proe t in- f ree  diets  were based  on  a par t ia l ly  h y d r o l y s e d  
s ta rch  p r e p a r a t i o n  which  was pa la tab le  and  low in glucose 
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and  m a l t o s e  content  (maltodextrin MD05, Manbr~, 
London). The diets contained 5% of salt mixture [10];  
0.025% vitamin mixture [10] without sucrose diluent but 
with 4-aminobenzoic acid added, to 0.002% of diet; 5% 
maize oil; and MD05 to 100% by weight. The mixture was 
odorized shortly before use by adding benzyl acetate or 
geraniol ( 10 ul/100 g). 

The balanced amino acid mixture was, in proportions by 
weight of L isomers: leucine 11.9, isoleucine 5.5, valine 5.2, 
methionine 4.3, threonine 6.5, tryptophan 3.5, phenylala- 
nine 6.8, lysine hydrochloride 12.8, arginine hydrochloride 
7.8, histidine hydrochloride 2.9, glycine 5.5 and mono- 
sodium glutamate 27.5. In the deficient mixtures, the 
amino acid specified was completely omitted. The mixtures 
were intubated in 9 times their weight of water. The 
control gastric load was 2.7% sodium chloride solution, 
approximately iso-osmotic to the amino acid loads. 

lnitial Treatment 

Within 7 days of arrival, rats were rehoused individually 
using the same cages. Before odor presentation, the rats 
were deprived of food overnight and then given unodorized 
protein-free diet ad lib for 54 hr. After the rats had had 
24 hr on this diet, a gastric load of casein hydrolyzate in 
25% solution was given at a dose of 15 g/kg. Finally, the 
rats were deprived of food for 18 hr over the night preced- 
ing the first odor access. Water was freely available at all 
times. 

Load and Odor Pairing 

Each rat was given a gastric load (50 ml/kg) of amino 
acids or saline at about 11.00 hr and was immediately 
presented with an odorized diet. Half the rats in a group 
were given amino acids on this first day; half had them on 
the following day. Generally, half of each of these sub- 
groups had one odor on the first day and the other on the 
second. Thus sets of four rats were internally counter- 
balanced for differential effects of specific pairing between 
load and odor or of specific sequence of loads or odors. 
Rats were run in squads of about twelve, with a pair of rats 

• from each of a variety of amino acid groups being included 
in each squad. 

In Experiment 1, odorized diet was presented for 4 hr. 
In Experiment 2, it remained for 6 hr after the gastric load. 
In both cases, intake was measured every 2 hr. 

The rats then remained food-deprived overnight and the 
same general procedure was applied the following day to 
provide the second pairing. 

Preference Testing 

After overnight food deprivation following the second 
odor presentation, the rats were given access to Small 
Animals Diet for 6 hr and then deprived of food overnight 
once again. At 11.00 hr the following day, they were 
presented for 3 hr with two samples of protein-free diet, 
each containing one of the odors. Intakes of both odorized 
diets were measured hourly. 

Analysis of  lntake Effects 

To reduce variability arising from individual differences 
in basal intake response, intake differences were assessed by 
a ratio score. Differences both between singie-stimulus 

intakes on the loading days and between intakes in the 
preference test were expressed as the intake of odorized 
diet paired with amino acid load minus the intake of 
control odorized diet, this difference being divided by the 
sum of the two intake values. 

On the null hypothesis, the group mean ratio should not 
differ from zero. The statistical significance of a load- 
induced intake depression or an acquired odor preference 
was determined by two-tailed correlated t-test. 

RESULTS 

Ratios of intake difference to intake sum following 
gastric loads are given in Table 1. A negative value indicates 
lower intake on the day of amino acid administration. As in 
previously reported experiments, food intake was depressed 
at 2 - 4  hr after administration of a histidine-devoid load, 
but not in the first 2 hr period. No other amino acid load 
produced as large an effect consistently between the two 
experiments. Intake was however reduced in the first 2 hr 
after administration of a threonine-devoid load, in the 
single experiment in which that load was tested. Consis- 
tently negative intake ratios followed loading with the 
isoleucine-devoid mixture, once approaching statistical 
significance; the effects of this load could be worth further 
investigation, as might also the large but variable depression 
at 4 - 6  hr after the methionine-devoid load. The pattern of 
statistically reliable effects was not altered by combining 
data from Experiments 1 and 2 for the 0 - 4  hr period. 

The food-intake ratios in the preference test showed 
similar patterns when calculated over the first hour of 
choice, over 0 - 2  hr or over the whole 3 hr of the test; the 
3 hr ratios are given in Table 2. The results of previous 
work were again replicated in the groups given balanced or 
histidine-devoid mixtures. The odorized diet paired with 
the balanced mixture was preferred to the odorized diet 
paired with the control load, although not always with 
statistical significance. An aversion developed to odors 
paired with histidine deficiency. 

This aversion-inducing effect proved not to be unique to 
the histidine-devoid load. In parallel to the actual or 
possible depressions of intake on the day of intubation, 
aversions were also acquired to odorized diets paired with 
isoleucine-devoid and methionine-devoid loads (Table 2). 
Omission of valine, phenylalanine or lysine also produced 
negative mean ratios, differing significantly from the 
balance-induced positive ratios, although not differing 
significantly from zero. 

Omission of tryptophan left a mixture still capable of 
inducing a preference, although one considerably weaker 
than that induced by the complete balanced amino acid 
mixture. The one experiment on a glycine-devoid load 
produced a mean intake ratio in the direction of preference, 
although not with statistical significance (Table 2). 

DISCUSSION 

The rats in these experiments spent most of several days 
without any protein or amino acid intake, and indeed were 
deprived of all nutrient for 18-hr periods. On the other 
hand, a large amino acid load was administered at one stage 
of initial treatment. It is therefore likely that, before odor- 
paired loading, some amino acids were in short supply and 
yet substantial levels of degradative hepatic enzymes were 
still present. Under Such conditions, administration of an 
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T A B L E  1 

INTAKES ON DAYS OF GASTRIC LOADING 

Amino 
acid 
load Experiment 

Food intake ratio* 

Number 0 - 2  hr 2 - 4  hr 
of 

rats Mean SE Mean SE 

4 - 6  hr 

Mean SE 

Balanced 

Histidine- 

devoid 

Isoleucine- 

devoid 

Valine- 

devoid 

Methionine- 

devoid 

Phenylalanine- 

devoid 

Lysine- 

devoid 

Threonine- 

devoid 

Leucine- 

devoid 

Tryptophan- 

devoid 

Arginine- 

devoid 

Glycine- 

devoid 

*The ratio is: 

tp<0.05 

1 8 -0 .01  2.17 -0 .16  0.15 - 

2 8 -0 .14  0.23 -0 .11  0.12 0.31 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

1 

2 

1 

2 

2 

2 

8 0.06 0.11 -0 .25~ 0.06 - 

8 0.19 0.09 - 0 . 3 8 t  0.14 -0 .21 

4 -0 .44  0.07 -0 .02  0.15 - 

4 -0 .12  0.12 -0 .15  0.23 0.13 

4 0.06 0.15 -0 .09  0.02 

4 -0 .18  0.22 -0 .21 0.09 0 . 2 1  

4 0.02 0.13 0.08 0.19 - 

4 -0 .05  0.06 0.03 0.08 -0 .52  

4 -0 .01  0.18 0.09 0.11 - 

4 -0 .22  0.09 0.28 0.19 -0 .27  

4 -0 .09  0.15 0.17 0.15 - 

4 0.00 0.24 -0 .16  0.15 -0 .03  

6 - 0 . 1 9 t  0.07 0.04 0.09 

0.17 

0.19 

0.31 

0.19 

0.28 

0.34 

0.21 

Sum of intakes 

Intake on amino acid day - Intake on saline day 

7 0.02 0.16 0.08 0.16 0.21 0.15 

4 -0 .03  0.13 -0 .03  0.43 - 

6 -0 .07  0.09 0.02 0.22 0.08 0.12 

4 -0 .02  0.21 0.16 0.22 - 

4 0.03 0.02 -0 .38  0.21 0.04 0.04 

8 -0 .13  0.15 0.11 0.06 0.04 0.16 
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TABLE 2 

PREFERENCE TEST INTAKE RATIOS 

Experiment 1 Experiment 2 

Amino acid Number Number 
load on of Food intake ratio* of Food intake ratio 

conditioning day rats Mean SE rats Mean SE 

Balanced 8 0.36t 0.12 8 0.35 0.15 

Histidine-devoid 8 -0.53 t 0.16 8 -0.185 0.09 

lsoleucine-devoid 4 -0 .54 t ,  $ 0.08 4 -0.245 0.21 

Valine-devoid 4 0.05 0.22 4 -0.295 0.21 

Methionine-devoid 4 -0.01 0.31 4 -0.515 0.18 

Phenylalanine-devoid 4 -0.04 5 0.14 4 0.25 0.34 

Lysine-devoid 4 -0 .225 0.29 4 0.15 0.14 

Threonine-devoid 6 0.11 0.20 

Leucine-devoid 4 0. 25 0.24 6 - 0.04 0.23 

Tryptophan-devoid 4 0.20t 0.07 4 -0 .02 0.10 

Arginine-devoid - 8 0.08 0.15 

Glycine-devoid - 7 0.32 0.15 

tp<0.05, for null hypothesis of zero mean 
5p<0.05, for difference from mean of balance-loaded group, by two-tailed uncorrelated t-test 
*The ratio is: Amino acid-paired odor - Saline-paired odor 

Sum 

amino acid mix ture  lacking a single amino acid could 
induce or accentuate  a critical imbalance or  deficiency in 
the free amino acid pat tern  of  plasma or  of  receptor  tissue 
which appears to be located in the brain [5] .  

In the present  exper iments ,  the omission of  isoleucine 
and perhaps of  methionine ,  like the omission of  histidine, 
established an acquired aversion to a sensory cue experi- 
enced close in t ime to the absorpt ion o f  the otherwise 
balanced amino  acid mixture.  The results were consistent  
with aversion having been acquired sufficiently rapidly and 
strongly to suppress in take of  the sole available diet within 
a few hours,  yet  with no initial intake suppression as should 
be evinced by a direct satiating or  anorexigenic effect.  
Mixtures devoid of  certain o ther  essential amino acids also 
showed signs of  inducing an aversion, but  this did not  
appear to be strong enough to suppress intake reliably on 
the day of  administrat ion.  

A threonine-devoid load had a different  pat tern of  
effects  under  these condit ions,  at least so far as the present 
data go. A p rompt  depression of  in take was not  paralleled 
by a acquired aversion. The depressed intake of  threonine-  
deficient  and threonine- imbalanced diets might  therefore  
arise f rom direct anorexigenic or over-satiating effects,  as 
has been proposed to be the case for all poor ly  accepted 
deficient  or  imbalanced diets [6 ,7] .  Absorpt ion towards 
the end of  a meal may be sufficiently rapid to activate such 
direct suppression of  appet i te  parenterally.  

Nevertheless, the effects  of  the also f requent ly  used 
isoleucine or  histidine deficiency or  imbalance remain 
susceptible to the alternative explanat ion in terms of  an 
acquired sensory aversion. This mechanism had been postu- 

lated by some workers on amino acid imbalance [8,15] and 
was demonst ra ted  to exist in the present  experiments  and 
earlier results obta ined using similar methods  [ I ,  11, 13].  
In most  exper iments  on suppression of  the intake of  
imbalanced or  deficient  diets, the  texture  or taste of  the 
diet contrasts sufficiently strongly with the protein-free 
control  diets to serve as a sensory basis for acquired aver- 
sion. Thus the suppression of  intake by the specific aversion 
mechanism need no t  be affected by ablation of  the olfac- 
tory bulbs [4] .  Indeed,  under  condi t ions  which almost  
certainly el iminate such taste and texture  cues - choice 
be tween imbalanced and correc ted  diets - the strong aver- 
sion takes considerably longer to develop [8] .  Under  such 
condit ions,  o l fac tory  markers might  have to be provided by 
the animal itself, or  some very slight cue unin tent ional ly  
provided by the exper imente r  may be detectable.  The 
advantage o f  separat ion o f  amino acid adminis t ra t ion f rom 
dietary ingestion, as in the present exper iments ,  is that  it 
permits  direct cont ro l  of  the sensory associations available 
to the rat and the relative t iming of  postingestive and 
sensory events. Without  such exper imenta l  control  we are 
unlikely to elucidate the relative impor tance  of  direct 
anorexia  or  sat iety on one hand and acquired aversion on 
the other,  let  alone their  physiological  mechanisms. 

Amino  acid recycling in the liver is suff icient ly rapid to 
make hepat ic  prote in  synthesis relatively insensitive to 
deficiencies in the supply of  individual amino acids in vivo. 
T ryp tophan  is the only amino acid for which it is 
established that  supply is critical [9] .  The t ryptophan-  
devoid load in the present exper iments  not  only failed to 
induce an aversion; it induced a weaker  form of  the prefer- 
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ence  i n d u c e d  by  the  ba l anced  a m i n o  acid load.  This  weighs 
against  a m a j o r  role  for  the  liver in  t he  acqu i s i t ion  of  the  
aversion.  It  is also against  a nonspec i f i c  ef fec t  on  b ra in  
b i o c h e m i s t r y ,  in so far as th is  migh t  be el ici ted by  ef fec ts  of  
c i rcula t ing  t r y p t o p h a n  on  cerebral  s e r o t o n i n  [ 14] .  

The  ef fec ts  of  a m i x t u r e  devoid  of  the  d ispensable  amino  
acid glycine d i f fe red  l i t t le  if  at  all f r o m  the  effects  of  the  

comple t e  a m i n o  acid mix ture .  The  relat ive ef fec t iveness  of  
t he  omiss ion  of  any  of  a n u m b e r  o f  ind i spensab le  a m i n o  
acids wh ich  are l ikely to  be in shor t  supply  in the  depr ived  
ra t  is add i t iona l  suppo r t  for  a p roposa l  t h a t  acquis i t ion  of  
the  avers ion is m e d i a t e d  by  d i s rup t ion  of  the  synthes i s  of  a 
p ro t e in  wi th  rapid tu rnover ,  p r e s u m a b l y  in the  b ra in  [2 ] .  
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