
ically cannot be excluded, although the 
small dose administered, the low outflow 
perfusion pressure, and the high binding 
coefficient of cholera toxin would make 
such a result unlikely (10). 

There was no change in the concentra- 
tions of sodium, potassium, or chloride 
in CSF after cholera toxin administration 
in unperfused and perfused animals. This 
absence of change in fluid composition 
has been noted in intestinal fluid and en- 
dolymph when their secretion was stimu- 
lated by cholera toxin (3, 5). 

Rudman (11) has suggested that cyclic 
AMP plays a role in the pathogenesis of 
increased intracranial pressure associat- 
ed with brain trauma. Except for ques- 
tionable stimulation of CSF production 
with ouabain and spironolactone (12), 
cholera toxin appears to be the most po- 
tent activator known to increase the 
brain's fluid production. Although there 
is considerable flexibility in the amount 
of fluid that can be passively handled by 
the arachnoid villi, the restrictions im- 
posed by the Monro-Kellie doctrine (a 
rigid skull with a constant total CSF, 
brain, and blood volume) call for a bio- 
chemical mechanism for fluid production 
control. Our data implicate cyclic AMP 
as a mediator of brain ventricular fluid 
production control. 
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Visual Search in the Pigeon: Hunt and Peck Method 

Abstract. Pigeons pecked at smallforms displayed on an oscilloscope screen un- 
der computer control. The birds were required to find a small o amid varying num- 
bers of x forms. A photocell glued to the bird's beak provided a signal to the comput- 
er when the beak approached a form, and the computer recorded the time and target 
of the response. As in some similar studies with human subjects, errors and reaction 
times increased with number of x forms displayed. The method appears promising 
forfurther studies of search and of other processes related to perception and infor- 
mation-processing in birds. 
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Rapid, accurate search of the visual 
environment is necessary to the survival 
of many species; search also appears to 
be one of the more informative varieties 
of the pattern recognition problem. The 
pigeon seems an appropriate subject 
with which to extend and generalize 
search findings from experiments with 
humans (1). Some aspects of form identi- 
fication have been studied in pigeons, and 
something is known of their basic visual 
functions (2, 3); also important, for the 
present method, is their strong tendency 
to peck at visual targets that signal pre- 
sentation of food (4). 

This report summarizes a method for 
studying search in pigeons and presents 
data on the effect of visual noise on the 
speed of search. The pigeon subject 
searched for a small o displayed under 
computer control on an oscilloscope 
screen set in the wall of an experimental 
chamber (Fig. 1). The o was often ac- 
companied by a number of x's of the 
same size as the o (4-mm diameter). Al- 
though all the forms seemed to be contin- 
uously present during search, they ac- 
tually appeared in rapid sequence about 
150 times per second (5). A small photo- 
cell, glued to the bird's beak, sent signals 
via a connecting wire and amplifier to the 
computer whenever the beak ap- 
proached one of the forms. When the in- 
put signal exceeded a set threshold, the 
computer recorded the type and location 
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Fig. 1. One of the search displays and a pi- 
geon with a photocell (visible as a lump on the 
beak). During experimentation, the only illu- 
mination came from the display. 

Fig. 1. One of the search displays and a pi- 
geon with a photocell (visible as a lump on the 
beak). During experimentation, the only illu- 
mination came from the display. 

of the form being displayed at that in- 
stant; this information specified the time 
and target of the peck response. 

Three food-deprived White Carneaux 
pigeons were trained by standard meth- 
ods to eat from a grain feeder located be- 
low the display screen, and to peck at the 
target o when it appeared on the screen. 
For several hundred presentations, one 
or more x forms appeared along with the 
o, and presentation of food followed only 
pecks at the o; the birds quickly learned 
to peck only at the o. The final search 
procedure was then introduced. On each 
trial, the o first appeared alone in the 
center of the screen; this served to posi- 
tion the bird for the subsequent display. 
When pecked, the o vanished and 0.2 
second later the search display ap- 
peared. This display comprised one o 
(the target) and either 0, 1, 3, 7, or 15 x 
(noise) forms. Each form was located at 
one of the 16 positions defined by 4 x 4 
matrix 7 cm square, subtending a visual 
angle of approximately 50 deg. The 
search display continued until the bird 
pecked at one of the forms. Then a rec- 
tangular blanking stimulus appeared 
briefly in each position and, unless rein- 
forcement occurred, the next trial was 
initiated 0.5 second later. If the bird 
pecked the o in the search display, food 
was presented with a probability of .083, 
and the next trial started 0.5 second after 
the end of food presentation. If the bird 
pecked an x, no food appeared, and the 
same display was repeated on the next 
trial. Except for such correction trials, 
the o was located randomly within the 
matrix, with the restriction that within 
80-trial blocks it appeared in each loca- 
tion just five times, once under each of 
the five noise conditions. The x elements 
had random positions with respect to the 
15 remaining matrix locations. Each bird 
received at least 25,000 trials with this 
procedure, in daily sessions of 800 or 880 
trials (6). 

The data from six 880-trial sessions 
were pooled for each bird, with the omis- 
sion of responses on error and correction 
trials and on the first 80 trials of each ses- 
sion. Reaction time, defined as time from 
search display onset until the peck re- 
sponse, was determined for all birds and 
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Fig. 2 (left). Median reaction times of pecks at o, \\,a---&-' , -, , ,-.'. 
the o when accompanied by varying numbers .2 .3 .4 .5 .6 .7 .8 .9 
of x forms. Data are from 4800 trials in six Reaction time (sec) 
sessions. Fig. 3 (right). Three of the reaction 
time distributions for each bird. The clearest effects of increasing the number of x stimuli appear 
to be a decrease in the number of responses in the first mode and a shift of the second mode to 
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of x forms. Data are from 4800 trials in six Reaction time (sec) 
sessions. Fig. 3 (right). Three of the reaction 
time distributions for each bird. The clearest effects of increasing the number of x stimuli appear 
to be a decrease in the number of responses in the first mode and a shift of the second mode to 
longer times. longer times. 

conditions. Median reaction time was 
lowest when the o appeared alone, and 
increased with increasing number of 
noise elements (Fig. 2). Error rates (not 
shown) also were perfectly correlated 
with number of noise elements, rising 
from less than 1 percent for one x to 
maxima (for 15 x's) of 8.8 percent for 
bird 1, 5 percent for bird 2, and 2.6 per- 
cent for bird 3. The reaction time shift is 
seen in the distributions in Fig. 3; for 
clarity, only the 0, 1, and 15 x conditions 

appear. The distributions are all bimod- 
al, with responses of bird 1 concentrated 
in the first mode and those of the other 
birds in the second mode. It is possible 
to interpret much, if not all, of the 

change in first-mode responses as a drop- 
ping out of the fastest responses with in- 

creasing numbers of noise stimuli, but 
the second mode clearly shifts in time, as 
best seen in the data for bird 2. 

The data have several significant as- 

pects. The pigeon search times were ele- 
vated by visual noise in much the same 
manner as those of humans required to 
search among relatively confusable or 
numerous items. This suggests that the 
birds did not process all parts of the dis- 
play independently and in parallel; con- 
stant reaction times across conditions 
would have suggested such parallel proc- 
essing. Nonetheless, the pigeons' search 
did proceed with relatively high speed 
and accuracy over a display with a very 
large visual angle and without notable 
head scanning movements (pigeon eye- 
movements are quite small). This finding 
may be related to the pigeon's complex 
retina, which might be specialized for 
acuity over a broad area. 

It is tempting to associate the two 
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modes of the reaction time distributions 
with a sequence of processes, such as a 
rapid "primary detection response" fol- 
lowed, if the primary process fails, by a 
longer-latency "secondary response" 
(7). Such an interpretation is made more 
complex by the finding that multimodal 
reaction time distributions appear to 
characterize pigeon peck responses in 

many situations, even, as Heinemann re- 

ported, those that involve no decision- 
making (8). The present data, however, 
are unusual in showing a clear shift in the 
timing of at least the second peak in the 
reaction time distribution; such shifts 
have rarely if ever been reported. Addi- 
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tional work with the method outlined 
here could provide the raw material for a 
model of search processes in the pigeon, 
as well as aiding in the identification of 
those aspects of search that are general 
across species. Such behavorial informa- 
tion may eventually also guide physi- 
ological studies of search and other in- 
formation-processing functions. 

DONALD S. BLOUGH 

Department of Psychology, 
Brown University, 
Providence, Rhode Island 02912 
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GM2 Ganglioside Lysosomal Storage Disease 

in Cats with /3-Hexosaminidase Deficiency 

Abstract. Two kittens with progressive neurologic disease had increased concen- 
trations of GM2 ganglioside in their cerebral cortex. Examination under the light mi- 

croscope revealed cytoplasmic vacuolation of neurons and hepatocytes. Transmis- 
sion and scanning electron microscopy demonstrated cytoplasmic inclusions encom- 
passed by membranes in various central nervous system cell types and in 

hepatocytes. Beta-D-N-acetyl-hexosaminidase activity was reduced to about 1.0 per- 
cent of normal in brain, liver, and cultured skin fibroblasts of the diseased kittens; 
both major electrophoretic forms, A and B, of the enzyme were deficient. In fibro- 
blasts from the parents of the diseased kittens, this enzyme activity was intermediate 
between that of affected and normal cats, suggesting an autosomal recessive mode 
of inheritance of the enzyme defect. Histopathological and ultrastructural lesions, 
glycolipid storage, enzyme defect, and pattern of inheritance are similar to those of 
human GM2 gangliosidosis type 2. 

Ganglioside storage diseases resulting ronal accumulation of GM2 ganglioside 
from inherited defects in lysosomal hy- resulting from deficient activity of one 
drolases cause devastating neurologic dis- or more isozymes of /3-D-N-acetyl-hex- 
orders and have been observed in man osaminidase (E.C. 3.2.1.52) is the 
(1), cats, dogs, cattle, and swine (2). Neu- most common ganglioside storage dis- 
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both major electrophoretic forms, A and B, of the enzyme were deficient. In fibro- 
blasts from the parents of the diseased kittens, this enzyme activity was intermediate 
between that of affected and normal cats, suggesting an autosomal recessive mode 
of inheritance of the enzyme defect. Histopathological and ultrastructural lesions, 
glycolipid storage, enzyme defect, and pattern of inheritance are similar to those of 
human GM2 gangliosidosis type 2. 

Ganglioside storage diseases resulting ronal accumulation of GM2 ganglioside 
from inherited defects in lysosomal hy- resulting from deficient activity of one 
drolases cause devastating neurologic dis- or more isozymes of /3-D-N-acetyl-hex- 
orders and have been observed in man osaminidase (E.C. 3.2.1.52) is the 
(1), cats, dogs, cattle, and swine (2). Neu- most common ganglioside storage dis- 

SCIENCE, VOL. 196 

-) 
({) 

() 

E 

0 

0.) 
o 

c 
CO 

'a 
0) 

-) 
({) 

() 

E 

0 

0.) 
o 

c 
CO 

'a 
0) 

.7 

.6 

.5 

.4 

.3 

.7 

.6 

.5 

.4 

.3 

2 2 

Bird 1 Bird 1 

0 
o 

Bird 2 _o U) 

0u 

Q 
cU 

C, 

0 

0~~~~~~~~~~~~~~~~~- 
I I - I I I -~~ 

0 
o 

Bird 2 _o U) 

0u 

Q 
cU 

C, 

0 

0~~~~~~~~~~~~~~~~~- 
I I - I I I -~~ 

0 I 3 7 15 1 

Number of x elements 

0 I 3 7 15 1 

Number of x elements 


