is some biochemical evidence for such
opiate receptor heterogeneity (/6), al-
though the presence of x receptors in
rat brain has recently been questioned
(I7). The w receptor is thought to be re-
sponsible for the analgesic actions of the
opiates and requires the lowest doses of
naloxone for reversal. Hence the dose-
response curve of naloxone against leu-
cine enkephalin-induced seizures would
indicate that some receptor other than
the u receptor is responsible for the epi-
leptogenic action of this substance. The
enkephalin-induced electrical seizures
and behavioral abnormalities that are
overcome by anticonvulsants specific for
petit mal indicate possible involvement
of enkephalinergic systems in petit mal

epilepsy.
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Department of Pediatrics, Biomedical
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Perception of Numbers by Human Infants

Abstract. Infants are capable of discriminating, representing, and remembering
particular small numbers of items. A perceptual enumeration process called sub-
itizing, presentin 2-year-olds, probably underlies this capacity. This finding indicates
that some number capacity is present before the onset of verbal counting, and it
suggests that verbal counting may have precursors present during infancy.

One view of cognitive developmental
psychology is that the earliest phases of
development must be characterized in
terms of capacities as well as incapaci-
ties in order to understand the courses
(both normal and abnormal) of later de-
velopment (/). Much of the theoretical
and empirical research on numerical de-
velopment has, in the last decade, fo-
cused on very young children; we now
know that 2- to 4-year-olds understand
some basic number concepts (2). The
presence of numerical abilities in very
young children led to the question of the
precursors of these abilities, which in
turn led us to investigate whether infants
have any basic numerical abilities. Our
research was motivated by the belief that
the ability to represent the numerical val-
ue of a set of items may be necessary for
the development of an understanding of
number. Two-year-olds use a rapid per-
ceptual process (called subitizing) to dis-
tinguish among arrays containing fewer
than four items (3). In this report, we
present evidence that 22-week-old in-
fants can also discriminate exact num-
bers of items. This raises the possibility
that the young child’s verbal counting
abilities grow in part from the infant’s
numerical ability.

The focus of our study was to demon-
strate skills for perceiving and represent-
ing specific small numbers of items. This
focus differs from that of experiments
demonstrating the ability of infants to
discriminate stimulus arrays that greatly
differ in number (such as 2 versus 8 ver-
sus 32 versus 128 items) (¢). These dis-
criminations treat numbers of items that
massively exceed the range of those
adults and children can subitize, since
the adult subitizing range is one to four
or five items (5). The bases of discrimina-
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tions among large values are not known
and may vary with different types of ar-
rays (for example, dot size, the spatial
distance separating adjacent dots, or sur-
face area of the total array). The ability
underlying these discriminations might
be the same as that which allows adults
to estimate the more numerous of two ar-
rays differing substantially in number;
however, such skills are clearly different
from subitizing, and they cannot provide
the same kind of information for later
number development as the perception
and representation of exact small numer-
ical values.

Our experimental method used dura-
tion of first fixation in a standard habit-
uation- dishabituation-of-looking proce-
dure (6). The subjects were 72 normal,
full-term infants with a mean age of 22
weeks (range, 16 to 30 weeks). The in-
fants were first habituated to arrays con-
taining a particular number of dots and
were then presented a posthabituation
(PH) array containing a different number
of dots (Fig. 1). The small-number condi-
tions (2 — 3 and 3 — 2) were chosen be-
cause 2-year-olds can perceive and store
the number of items of 2- and 3-dot ar-
rays (3); both 2—3 and 3 — 2 were
used because infants might prefer com-
plexity. The large-number conditions
(4 — 6 and 6 — 4) were chosen as con-
trols because 2-year-olds can not per-
ceive (that is, subitize) arrays containing
four or more dots (3). Since 4:6 main-
tains the same ratio as 2:3, large-number
conditions to some extent control for dis-
crimination based on physical cues such
as differences in total contour.

We analyzed the data several ways,
and each analysis revealed the same pat-
tern of results: dishabituation occurred
when the number of items was small but
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Table 1. Means and standard deviations of looking times (in seconds) during habituation (H) and posthabituation (PH) trials.

Con- Final First Statistical comparisons* Final First Statistical comparisons*

di- three H three PH H PH

tion trials trials df. ¢ P df ¢ P trial trial df. ¢ P df ¢ P
253 209+05 2.5 <115 17 208 <.06 193 067 2.54= 136 17 246 <.03
352 203+067 28 *165 17 277 <02 > 346 <005 190 064 244x145 17 271 <02 B 371 <001
46 2.69+095 2.58=087 17 048 >.50 233+094 240 %109 17 029 >.50
654 248+079 242+077 17 046 >s50 > 066 >.50 5085062 246+076 17 186 >.08 > 140 >15

*The same significance patterns were obtained for log-transformed looking times.

not when it was large (Table 1). We also
compared looking time on the final pre-
sentation of particular habituation arrays
(H1 and H2) with mean looking time on
the first three PH trials. Significant dis-
habituation was revealed in both small-
number conditions but not in the large-
number conditions. The infants also dis-
criminated among small arrays that were
identical in length but not number (H1
versus PH in the 2 — 3 condition and H2
versus PH in 3 — 2) and in density but
not number (H2 versus PH in 2 — 3 and
H1 versus PH in 3 — 2). These discrimi-
nations did not occur in the large-number
conditions.

A number of potential explanations for
these findings can be ruled out. The dis-
crimination of small arrays can not be
based on the length, density, or dot posi-
tions of the PH arrays, because (i) the
same value of these cues appeared in at
least 50 percent of the H trials and (ii) the
infants discriminated between small ar-
rays that were identical in length but not
number and in density but not number.
Complexity preference also cannot be
responsible for the results since dishabit-
uation occurred in both small-number
conditions.

It is unlikely that the infants’ discrimi-
nation was based on brightness or con-
tour-density differences between the H
and PH arrays, because discrimination
should also have occurred for the large-
number conditions in which these differ-
ences were larger. Also, adults cannot
discriminate those brightness differ-
ences, and infants are apparently no
more sensitive than adults (7). Thus, we
conclude that the change in number per
se was the basis for dishabituation when
the arrays had few items; dishabituation
did not occur in the large-number condi-
tions because infants can not perceive
the particular absolute number of an
array of more than two or three items
@®).

We think it likely that subitizing un-
derlies the infants’ performance in the
small-number conditions. The basis for
our position is the presence of subitizing
in children (3, 9), the rapidity and numer-
ical range of the enumeration process
used by the infants, and the unlikelihood
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that infants can count verbally or that
two independent processes for estab-
lishing exact small numbers would have
evolved (10). However, even if we were
to conclude that a subitizing phenome-
non had been observed in infants, we
would still know little about its com-
ponent processes (for example, whether
iteration or template-matching takes place
or whether the same iteration process is
used in verbal counting and in sub-
itizing—as a primitive form of counting).
Also, the component processes may

Condition

2—+3 3—2

H1|e® oo ° °
H2 | ® ° e o o
PH| e ° el e °
4—+6 6—4

Hi|e [ ° oo o o o o o
H2|e o o @ o0 o000
PHie © © ©¢ ©¢ o(0 o o o

8.75 8.75

L 10.30 L_10.30

| 16.50 |1 16.50 |

Length (cm)

Fig. 1. Representation of stimuli. Abbrevi-
ations: HI1 and H2, habituation arrays; PH,
posthabituation arrays. Dots were 1 cm in di-
ameter; luminance of the dots was 280 mL
and of the 20-cm by 30-cm screen, 2.4 mL.
Infants were approximately 60 cm from the
screen. In each condition, the two habituation
arrays contained the same number of dots but
differed in length and density; the post-
habituation array contained a different num-
ber of dots but the same length as one habit-
uation array and the same density as the oth-
er. Habituation arrays were presented in ran-
dom orders. In each condition (except 4 — 6),
the location of each dot in the posthabituation
array was identical to the location of adotin a
habituation array. The distance between any
pair of adjacent dots was equal to the distance
between any other pair of adjacent dots in the
same array. Thus, the stimuli were con-
structed to avoid discrimination by dot spac-
ing or configurational cues such as tri-
angularity (I1).

change with age (infants may represent a
two-object array as ‘‘a thing and a
thing,”” whereas young children repre-
sent it as ‘‘two things’’). Further work is
needed on problems such as the nature
of infant number abilities, the nature and
early development of subitizing, its link
(if any) to verbal counting, and whether
subitizing serves as a psychological
foundation of the number system.
PRENTICE STARKEY

Department of Psychology,
University of Pennsylvania,
Philadelphia 19104

ROBERT G. COOPER, JR.
Southwest Educational Development
Laboratory, Austin, Texas 78708
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Associative Learning in Premature Hydranencephalic and

Normal Twins

Abstract. A hydranencephalic infant lacking cerebral hemispheres and a normal
twin were tested for associative learning. After repeated trials in which two stimuli
were temporally paired, test trials were given in which the second stimulus was omit-
ted. Cardiac orienting responses to stimulus omission indicated that learning had

taken place in both infants.

Continued research into the neural
mechanisms of behavior has greatly ex-
panded our appreciation of the capacity
of lower brain structures to subserve
many complex behavioral processes—
processes which historically have been
considered to be the domain of the cere-
bral hemispheres. Decerebrated animals
retain a vast array of behavioral func-
tions, including the capacities for habit-
uation and learning (/). The breadth of
the capability of brainstem mechanisms
has recently been punctuated by Nor-
man et al. (2), who demonstrated a clas-
sically conditioned eyelid response in
cats with upper brainstem transections
and further documented discriminative
conditioning between auditory stimuli in
the same animals. In addition, Huston
and Borbely (3) have provided evidence
of operant conditioning in the decere-
brated rat, using brain stimulation as the
reinforcer.

As impressive as these data may be,
their implications concerning the func-
tional organization of the human brain-
stem are clouded by the fact that the be-
havioral capacity of animals with upper
brainstem transections diminishes dra-
matically with the increasing phylogenet-
ic level of the organism (I). The tragic
conditions of anencephaly and hydran-
encephaly in the human infant, which are
characterized by the absence of the cere-
bral hemispheres, provide human clini-
cal parallels to the animal brainstem
preparation. Although generally short-
lived, anencephalic and hydranencephal-
ic infants retain many vegetative and re-
flexive capacities of the normal neonate
@, 5). Consonant with the experimental
findings in animals, accumulating reports
on hydranencephalic and anencephalic
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infants tend to confirm the retention of
habituation processes (4, 6). The capac-
ity of these infants to develop learned as-
sociations, however, has not, to our
knowledge, been documented. In order
to further examine the learning capabili-
ties of subcortical networks in the hu-
man, we tested for associative learning
in a premature twin pair, one member of
which was hydranencephalic, the other
apparently normal. We here report evi-

dence of stimulus-stimulus association in
both infants.

The subjects were dizygotic twins, one
male and one female, born 2 months
prematurely at an estimated gestational
age of 32 weeks. The male showed no
clinical abnormality, but examination of
the female revealed widespread transillu-
mination of the skull and hyperactive
Moro and deep tendon reflexes. Air en-
cephalography confirmed the tentative
diagnosis of hydranencephaly, a condi-
tion of variable etiology in which the ce-
rebral hemispheres are replaced by a thin
meningeal and ependymal membrane (7).
The air study (Fig. 1) revealed the virtual
absence of the cerebral hemispheres.
These findings were further confirmed by
computerized axial tomography, which
also revealed grossly abnormal basal
ganglia and dorsal thalami.

The learning capability of the infants
was evaluated through tests for the de-
velopment of conditioned associations
between two simple stimuli. Ethical con-
siderations precluded the use of the
strong stimuli typical of conditioning
studies; therefore, we used an adaptation
of the perceptual disparity procedure (8)
to evaluate stimulus-stimulus association
through the establishment of stimulus
‘‘expectancy.”’ Two innocuous stimuli
were paired in close temporal contiguity
and repeatedly presented to the subject.

Fig. 1. Pneumonencephalograms demonstrating the condition of hydranencephaly in the female
infant. (A) Upright lateral view; note dorsal locus of air in the cranial cavity. (B) Brow down
lateral view. (C) Left side down view. (D) Brow up view.
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