VLF radiation which is confined to the
earth-ionosphere cavity and which has
the effect of magnifying the effective
power, provided absorption losses are
not high. If the cavity effect and local
conditions together act to concentrate
the effective power in the vicinity of
some observers, it should not be impos-
sible to reconcile this power level with
the amount of power available in the fire-
ball wake. Also, if the generation of sur-
face acoustic waves in the upper audible
range by the varying electric field acting
on objects close to the observer is as ef-
fective as laboratory trials suggest, it
should be possible to reduce the power
levels by a further factor of at least 102.

To confirm the existence of VLF emis-
sion from meteor fireballs, it will be de-
sirable to compile and disseminate annu-

al lists of fireballs (45). Each occurrence

should be timed as accurately as possible
to ensure positive identification of fire-
ball events on the chart records of VLF
receiving stations engaged on other
work, such as whistler detection. VLF
energy from a meteor fireball should
propagate globally in the earth-iono-
sphere duct and have a distinctive time/
frequency spectrum compared to light-
ning discharges or nuclear bomb detona-
tions in the atmosphere. It seems more
than likely that VLF receiving networks
established for nuclear test monitoring
must have already recorded many mete-
or fireballs, but they may not have been
identified for want of fireball sighting
data.

In 1 year only about 50 fireballs as
large as the New South Wales fireball en-

ter the earth’s atmospehre, and of these
fewer than three are observed and re-
ported, the remainder being over the sea
or unpopulated areas or behind clouds.
From any given inhabited region such a
fireball event will be seen on average at
intervals of 30 to 100 years, depending
on the cloud cover statistics of the re-
gion.

To sum up, it now appears to be cer-
tain that meteor fireballs are perceived
aurally by a significant number of ob-
servers. The energy transfer appears to
occur at very low frequencies in the up-
per audio range emitted by the fireball as
electromagnetic radiation. Further work
is now indicated to determine more pre-
cisely the mechanisms of electrostatic-
to-acoustic transduction involved and
the conversion of energy into VLF radia-
tion from the energy of turbulence in the
fireball wake.
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normal infants in the efficiency of suck-
ling, and a number of investigators stud-
ied suckling in nonhuman primates (2)
and other mammals (3) in search of gen-
eral principles.

This effort revealed the multiple facets
and functions of the suckling act. While
the most obvious function of suckling is
for the infant to obtain nutrients and
fluids from the mother’s milk, it has oth-
er vital functions as well. As a source of
maternal contact, suckling seems to
comfort the infant. For certain non-
human mammals, it contributes to es-
cape from predators. Some marsupial
and rodent mothers (wood rats, for ex-
ample) exploit their pups’ tenacious grip
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chiatry at Johns Hopkins University, Baltimore,
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student at Yale University School of Medicine, New
Haven, Connecticut 06510.
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on the nipple to transport the litter from
nest to nest at danger’s onset (4). Similar
predator-avoidance strategies are prac-
ticed by some smaller primates (5).
Suckling also protects the infant from
certain diseases since maternal milk, es-
pecially the colostrum formed during the

The Suckling Sequence

The components and sequence of each
suckling act (Fig. 1) may be described as
follows: (i) establishing maternal con-
tact, (ii) locating and attaching to the
nipple, (iii) suckling, (iv) milk with-

Summary. Suckling is the only behavior that is common among mammals. In new-
born albino rats it is originally elicited by amniotic fluid deposited by the mother during
parturition. Subsequent suckling is stimulated by saliva deposited on the nipples by
the infant rats. Internal controls over the volume of milk suckled do not appear until
infant rats are about 2 weeks of age at which time gastric distension, milk, systemic
dehydration, and the intestinal hormone cholecystokinin suppress milk intake derived
through suckling. The development of controls over suckling appetite appears to par-
allel that of consummatory control. Until about 2 weeks of age infant rats choose to
suckle a nonlactating nipple with the same frequency as a lactating nipple. Thereafter,
the lactating nipple is unanimously chosen. These studies suggest differences and
commonalities in the suckling behavior of laboratory rats and other mammails.

earliest stages of lactation, contains anti-
bodies that help defend the vulnerable
newborn against infection (6).

In order to understand the determi-
nants of suckling behavior and use the
term with precision, we describe the
components of the suckling sequence
that are common to infant mammals,
changes in suckling behavior during de-
velopment, and differences among spe-
cies in suckling behavior. We also dis-
cuss experiments analyzing the controls
of suckling in a representative mammal,
the albino rat, and indicate common-
alities apparent in other species, includ-
ing the human infant, in order to provide
a framework through which the stimuli
controlling this fundamental behavior
can be identified and understood.

drawal and swallowing, and (v) cessation
of suckling. This sequence and changes
in the controls are discussed below.
Establishing maternal contact. Inves-
tigators (7, 8) have described three
stages of contact development. At first
the mother is the exclusive initiator of
contact. Newborn cats and dogs, for ex-
ample, are placed in the nest where the
mother stays for long periods. In the
case of laboratory rats, the mother may
spend 80 to 90 percent of her time hov-
ering over her nested young during the
days immediately after parturition (9).
Vocalizations of a cold or isolated kitten
or pup may bring the mother back at
this stage (/0). By 15 days of age,
when rat pups are well insulated with
fur and fat and their eyes have opened,

they are rarely retrieved by the dam.

The second stage, according to Rosen-
blatt and Lehrman (7), is characterized
by mutual contact initiation. Rats and
cats often leave the nest to approach the
mother. Attraction to rat mothers ap-
pears to be predominantly under olfac-
tory control. Leon (/1) has demonstrated
that rats 14 to 26 days of age are at-
tracted to a volatile substance, caeco-
trophe, which rat mothers secrete in
large quantities in the caecal portion of
the large intestine at about the third
week after birth and excrete with fecal
material (12). Albino rats use their eyes,
which open at about 14 days of age, to
locate the mother when she is outside of
the nest (/3). Cats apparently do not
need olfactory cues to locate the nest but
can rely on thermal gradients (/4).

In the third stage of the nursing-suck-
ling relation, contact is initiated almost
exclusively by the infant. In the labora-
tory, rat and cat mothers actively avoid
the persistent young. Under natural cir-
cumstances the mother can better con-
trol her availability to the infants. Carni-
vore mothers, for example, leave their
cubs or pups for long periods to hunt.
They begin to feed the young partially di-
gested prey by regurgitating their own
meal in the lair. Next they return several
times with fresh kill for the young who
are then finally taken to hunt (/5). Thus,
although the source of contact initiation
has shifted to the pup, the mother, in the
wild, controls her availability as well as
that of the nutrients offered to the devel-
oping animals.

Locating and attaching to a nipple.
Once contact with the mother is estab-

Fig. 1. The suckling sequence of a 10-day-old albino rat approaching and suckling its anesthetized mother. (A) The pup approaches its mother

slowly at first and moves its head from side to side (scanning) until it is 3 to 4 cm from her;
all four limbs, propels itself along the mother’s body,
push with its hind limbs, it also flexes its neck and
pup takes it deep into the oropharynx. (C) Suckli

it then approaches more quickly. (B) The infant, using
scanning the surface with its snout until a nipple is contacted. While the infant continues to
probes the nipple by tongue extention and vigorous licking. As the nipple becomes erect, the
ng in the absence of milk let-down. The pup is at rest and except for occasional muscular

twitches or repositioning, will suckle the nonlactating nipple continuously for up to 8 hours. (D) The **stretch’’ or milk withdrawal response. This

response occurs when the engorged teat releases milk into the back of the mouth and all

Suckling termination. The sated infant has left the nipple and moves away from the dam.
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ows the pup to drain the nipple of its contents. (E)
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Fig. 2. The percentage of 4- and 5-day-old
pups attaching to the nipple of their anesthe-
tized mother under four conditions: on the
fresh mother, that is, an anesthetized mother
whose nipple area had not been altered; on
the washed mother whose nipples were
washed as described in (19); after wash ex-
tract was applied to the nipples; and after pup
saliva, obtained from suckling-deprived pups
or from an extract of the submaxillary and
sublingual glands of siblings, was applied to
the washed nipples (N = 34; P < .001).
[Modified from Teicher and Blass (18)]

lished, infants must locate a nipple, at-
tach to it, and suckle. In the case of
young rats, contact elicits a character-
istic ‘‘rooting” response through which
the infant, using swimming-like motions,
moves quickly across the mother’s body,
scanning the surface by moving its head
from side to side until the pup contacts a
nipple. At this time the scanning stops,
and the pup probes the nipple area, ex-
tending its tongue and vigorously licking
the nipple until it becomes erect, where-
upon the pup suckles and becomes im-
mediately quiescent.

Nipple attachment is not necessarily a
simple feat for altricial mammals such as
rats, which are blind at birth. Moreover,
there are often more members of a litter
than available teats, and rat mothers, un-
like carnivore or primate mothers, do not
assist their young to the nipple. New-
born rats, which are not only blind but
also deaf at birth, must rely on chemical
and tactile stimuli to provide information
about nipple properties and location. We
(16) investigated the possibility that rats
identify the nipple through its contrast
with the mother’s fur. We eliminated the
contrast by shaving the ventral surface
of anesthetized rat dams and placed the
infants in contact with the mother. The
same number of rats attached to the nip-
ples of the shaved mother as to the nor-
mal one, although there was a slightly
longer latency (about 30 seconds) in the
case of the shaved dam. The results were
similar when we examined the role of
maternal temperature and thermal gradi-
ents (16). The nipple and skin temper-
ature of anesthetized dams was lowered
from 34°C to 31° or 28°C (and quickly re-
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stored at the end of a test). Attachment
to nipples was essentially unaffected. In
fact, attachment on shaved dams whose
temperature was cooled to 31°C was also
normal throughout the entire nursing-
suckling period of 30 days. Thus, attach-
ment withstood marked alterations of the
mother’s thermo-tactile qualities. We
then turned to the chemical senses.

The role of olfaction. We thought that
olfaction might contribute to the process
of nipple location and attachment be-
cause of reports (I17) that suckling rats
deprived of their olfactory sense, either
by surgical removal of the olfactory
bulbs or through destruction of the olfac-
tory mucosa by intranasal injections of
zinc sulfate, no longer suckled. We con-
ducted the converse experiment. Instead
of presenting a normal mother to pups
that could not smell, we presented an al-
tered mother to pups with normal olfac-
tion (18).

If olfaction is important in locating and
attaching to the mother’s teat, then re-
moving a scent coating the nipples
should disrupt suckling. Returning the
scent should reinstate suckling. To test
this hypothesis, we studied how infant
rats attached to the nipples of their
anesthetized mother under three condi-
tions: (i) immediately after anesthetiza-
tion, when she bears the full complement
of cues that elicit suckling in the nest; (ii)
after her nipples were washed; and (iii)
after an extract of the washing solution
or some other substance was applied to
the nipples. Complete washing of all 12
nipples took about 2 hours (19).

We found that 5-day-old rats, placed in
contact with their anesthetized mother,
located and attached to her nipples (Fig.
2). Washing the nipples, however, essen-
tially eliminated attachment, indicating
that some substance must coat the rat’s
nipples in order for attachment to occur.
To ascertain that failure to suckle was
not due to an aversive taste in the chem-
icals used to wash the nipples, a few
drops of the washing solution were
placed on each teat. Subsequent drying
by evaporation resulted in normal at-
tachment (20). Failure to attach reflects
more than the inability of the infant rat to
locate the nipple since attachment still
did not occur when the rats were held in
contact with the washed nipple. When an
extract of the wash was applied to the
nipples, however, suckling was rein-
stated. In fact, it was generally difficult
to distinguish between the rat’s behavior
on the mother before she was washed
and after an extract of the washing solu-
tion was applied in that activity, explora-
tion, and the latency with which attach-
ment took place were unaltered.
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Fig. 3. Percentage of newborn rat pups attach-
ing for their first suckling experience under
different conditions: fresh mother, washed
mother, and wash extract conditions as in Fig.
2; after mother’s saliva was applied to washed
nipples; and after amniotic fluid, obtained
from a pup taken from the mother before she
could strip the amniotic sac, was applied to
the nipples. Each subject was tested once
only (N = 14; P < .001). [Modified from
Teicher and Blass (23)]

Thus, we had isolated a factor needed
to elicit suckling. Some substance had ei-
ther to be deposited on the nipple by the
mother during the course of grooming,
secreted by her, or placed on the nipple
by the pups themselves. We found that
painting an extract of rat pup saliva on
the washed nipples fully restored suck-
ling, but coating the washed nipples with
a variety of wet, salty, or oily sub-
stances, including commercial milk, did
not, an indication that the effects of the
reinstatement are specific (8). It is un-
likely that the saliva is effective because
it contains mother’s milk. According to
Singh and Hofer (21), rat milk is not an
effective stimulus for nipple attachment.
In addition, we found that an extract
from the salivary glands, uncontam-
inated with milk, was effective in re-
storing suckling. We repeated these ex-
periments in rats 2 to 30 days of age and
found that washing the nipples continued
to disrupt suckling even in rats whose
eyes had opened (/6). Thus, pup saliva is
a stimulus needed throughout the suck-
ling period to elicit nipple attachment
22).

These findings raise questions about
the rat’s original suckling experience af-
ter parturition. Since pup saliva has not
yet been deposited on the nipple, a num-
ber of possibilities could account for the
first attachment. (i) No specific olfactory
cue is necessary to elicit the first nipple
attachment; (ii) a substance that contains
the cue may be secreted by the nipples
during parturition; (iii) the cue may be
carried in the parturient mother’s saliva;
or (iv) the birth fluids may contain the
cue (8). Another possibility is that any
odor is sufficient to elicit suckling. To
test these possibilities, we observed
parturition and gently removed the pups
from their mothers before any suckling
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took place (23). Then the dams were
anesthetized and the newborn pups were
hand held to the nipples (Fig. 3). Attach-
ment on the freshly parturient dam was
impressive; even holding the newborns
to an anesthetized mother did not disrupt
suckling. Washing the nipples, however,
essentially eliminated the newborn’s first
attachment. It seems reasonable to con-
clude, therefore, that a substance on the
nipples of the parturient mother is
needed to initiate the first suckling epi-
sode. Thus, we may reject the first possi-
bility.

Suckling could be elicited by applying
an extract of the solution from the nipple
washings. Furthermore, we found that
maternal saliva and amniotic fluid were
as effective in bringing about suckling as
was the extract from the washings. That
both maternal saliva and amniotic fluid
were -effective is to be expected. The

parturient rat mother, between the birth
of the pups, cleans and licks each new-
born and her own anogenital area,
both of which are coated with birth
fluids. She also licks the nipple region
and thereby deposits her saliva, now rich
with amniotic fluids (24).

Because the three substances applied
brought about the newborn’s first nipple
attachment, we investigated the possi-
bility that the birth fluids hold the cue for
specificity (Fig. 4). That neither urine
from the parturient female nor saliva
from a virgin rat was effective suggests
that the stimulus that elicits the rat’s first
nipple attachment is quite specific. We
have yet to evaluate the possibility that
the mother is secreting a substance that
is eliciting this first attachment. This is a
reasonable possiblity, in that Singh and
Hofer (21) found that older rats attach to
the washed nipples of anesthetized dams
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Fig. 4. Percentage of newborn pups tested for their first suckling experience on their anesthe-
tized mother under various conditions: fresh mother, washed mother, and amniotic fluid data
taken from Fig. 3; remaining data reflect attachment to the washed nipple after treatment with
the indicated substance (N = 14 per column). Comparisons of thedifferences between fresh
mother or amniotic fluid conditions and any of the treatments represented by the solid histo-
grams were statistically significant, P < .001 or greater (23).

Fig. 5. Mean nipple-
attachment latencies
of rats of various ages
to their anesthetized
dams. Nondeprived
rats were tested im-
mediately after mater-
nal  anesthetization
and had not been sep-
arated from the
mother until the time
of testing. Deprived
rats were separated
from the dam and
from food and water
for 22 hours before
testing (N = 18 per
data point; P’s for
age, deprivation, and
their interactions <
.01). [From (34), copy-
right 1977 by the
American Psycholog-
ical Association; re-
printed by permission]
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that have been given large oxytocin in-
jections.

Our studies have started to show how
newborn rats locate and attach to their
mothers’ teats. We believe olfaction is
used throughout the suckling period
even after the rat’s eyes are open (25).
The mechanism through which scent
elicits suckling is under study. Saliva has
at least two functions. It leads the rat to
the nipple and then permits the tactile
qualities of the nipple to gain control
over the rat’s behavior (26) presumably
via the trigeminal sensory field 27). In
the absence of the volatile substance that
coats it, the nipple does not elicit the
mouth-opening, tongue-extension re-
sponse that culminates in attachment. In
its presence, the nipple does.

The use of olfaction by other mam-
mals. A comparison of commonalities
and differences in the suckling behavior
of other mammals is instructive. A num-
ber of mammals, farm animals in particu-
lar, which are born with their eyes open
and are capable of independent locomo-
tion, are not as dependent on olfactory
cues as rats. Rather, they appear to use
kinesthetic and tactile cues even when
suckling synthetic protuberances (28).
Newborn cats and dogs, however, ap-
pear dependent at birth on olfactory cues
to guide them to the nipples. Mothers in
both species, after delivering the entire
litter, lie on their sides and encircle it.
They coax the newborns to the nipple
line by coating their muzzles with saliva
and, thereby, arousing them. Then the
mother licks her own nipples and the
newborns, with head-scanning move-
ments, follow her scent until they con-
tact a nipple (29).

Saliva is apparently important in hu-
man nursing as well. Human infants, un-
der the most natural conditions of home
delivery, spend 3 to 5 minutes licking the
mother’s breast before beginning to
suckle (30). Even though newborn hu-
mans will accept substitutes for the
mother’s breast, the first apparently
spontaneous behavior is to lick. Olfac-
tion may also contribute to human
mother-infant interaction. MacFarlane
(31), for example, demonstrated that 6-
day-old infants show a preference for a
soiled breast pad over a clean one, and 8-
day-old infants prefer their own mother’s
pad to that of a woman of identical lacta-
tional status. The early reports of Peto
(32) indicated that infants rejected
breasts contaminated with substances
such as eau de cologne or asafetida. Gus-
tatory cues might prompt this rejection,
but we find this unlikely. For, according
to Jensen (33), suckling from a rubber
nipple was not disturbed by the addition
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of adulterants such as quinine to the milk.

It is clear that olfactory information
contributes in various ways to the suck-
ling-nursing bond in humans as well as
some nonhuman mammals. In the case
of rats, the presence of pup saliva on the
nipple appears necessary for attachment
after the first suckling experience. In
contrast, olfaction does not appear to
contribute to suckling behavior in farm
animals born with their eyes open and
capable of standing. Humans are inter-
mediate in that they will accept a surro-
gate nipple but discriminate on the basis
of olfaction, and changing the familiar
scent can be disruptive.

Suckling, milk withdrawal, and suck-
ing termination. We have discussed the
characteristics of the mother that permit
suckling to occur but not the circum-
stances under which it occurs and
whether there is, in fact, more than one
form of suckling. The questions we must
answer include: What antecedent condi-
tions are necessary and sufficient to elicit
and sustain suckling? What conditions
are necessary and sufficient to terminate
suckling? Do these conditions change
with age? Before we can answer these
questioné, however, we must identify
the internal mechanisms that control
suckling behavior. We must also deter-
mine whether they are the same as the
controls of feeding or drinking behaviors
and whether they change with develop-
ment.

The role of internal mechanisms in
controlling suckling behavior was re-
vealed by Hall, who, together with Cra-
mer and Blass (34), investigated changes
in nipple-attachment behavior during de-
velopment and its relation to depriva-
tion. Nipple attachment was studied in
rats from the day of birth until the time of
weaning at 35 days of age. The rat pups
were deprived of the opportunity to
suckle for 0, 4, 8, or 24 hours before the
suckling test on anesthetized, non-
lactating dams (Fig. 5). Suckling priva-
tion not only prevents rats from engaging
in a highly preferred activity but also de-
prives them of the nutrients, minerals,
and water in the mother’s milk. During
the first 12 days, the mean attachment la-
tency for nondeprived rats was virtually
identical to that of their deprived sib-
lings. Latencies decreased with age re-
gardless of privational status, indicating
that nipple attachment is independent of
the rat’s immediate suckling history and
hydrational and nutritional status. (More
direct proof is presented below.) Then,
at about 12 to 14 days, deprived rats con-
tinued to attach rapidly, but nondeprived
rats did not. Between 15 and 25 days of
age the nondeprived rats still suckled,
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Fig. 6. (A) Mean nipple-attachment latencies of deprived rats 5, 10, 15, and 20 days of age after
intraperitoneal injections of 10, 20, or 40 units of cholecystokinin (CCK) per kilogram of body
weight. There appears to be no dose-response relation. If anything, CCK reduced the latency
with which attachment occurred. (B) The attenuating effect of various doses of CCK on milk
intake in the older rats (N = 10 per column; for intake, P for 40 units at days 15 and 20 was
< .01, and for 20 units at day 20, < .01). [From (42), courtesy American Journal of Physiology)

but attachment to the nipple, in addition
to occurring with longer latencies, ap-
peared to differ qualitatively. It seemed
almost casual in that the rats sniffed
about the nipple, might lick it, and then
walk away. Their behavior lacked the
excitement characteristic of younger
pups or deprived siblings. After the pups
were 25 days of age, liberation from ma-
ternal sensory cues seemed complete
34).

Deprived pups showed another age-re-
lated difference in suckling behavior.
Pups, 12 days of age and younger, did
not leave a nonlactating nipple even after
8 hours of nonnutritive suckling. Starting
at about day 15, they shifted from nipple
to nipple in the absence of milk let-down.
The incidence of shifting increased with
deprivation and age, reaching its maxi-
mum in 21- to 24-day-old rats, in which
shifting occurred about 50 times during
the course of a 2-hour test (35).

Hall et al. (34) suggested that during
the infant’s first 2 weeks, attachment to
the nipple may be an end in itself since
the behavior of rats that have been suck-
ling almost continuously is virtually in-
distinguishable from that of rats de-
prived for up to 24 hours. Moreover,
continued attachment to the nipple is ap-
parently not dependent on milk let-down
or the amount in the stomach. For ex-
ample, nondeprived rats that were in-
tubated with milk to the point of ob-
servable stomach distension continued
to attach rapidly to the mother’s nip-
ples (36).

These findings led Hall and Rosenblatt
(37) to investigate whether the act that
causes withdrawal of milk from the
nipple was under the control of internal
stimuli that determine adult food and wa-
ter intake. They implanted a thin, poly-
ethylene tube in the back of the rat pup’s
mouth through which they could inject a
bolus of milk after the pup attached to a
nipple. The injection of milk through this

tongue cannula triggered the ‘‘stretch’
response (Fig. 1D), which occurs natu-
rally when the mother’s milk is ejected
from the nipple into the back of the pup’s
mouth (38). Hall and Rosenblatt (37, 39)
recorded the amount of milk that rat
pups at various ages accepted while at-
tached to the nipple and the point at
which the stretch response waned during
repeated milk injections. They discov-
ered that various internal stimuli (for ex-
ample, stomach distension) that inhibit
feeding in adult mammals do not affect
milk withdrawal until rats are about 15
days old, the age that also marks the
transitional point in nipple-attachment
latency. In the case of stomach dis-
tension, Hall and Rosenblatt (37) found
that the stretch response was often elimi-
nated in 5- and 10-day-old rat pups only
when their stomachs became so dis-
tended by repeated injections of milk
that it refluxed up the esophagus. Many
literally turned blue with asphyxia and
struggled off the nipple. Moreover, they
found that nutrient in the stomach,
which differentially suppresses intake in
adults, does not exert such an effect in
younger rats (39, 40).

These findings are also related to the
way in which the intestinal hormone
cholecystokinin (CCK), which pro-
foundly inhibits feeding in adults /), af-
fects attachment to the nipple and milk
withdrawal ¢2) (Fig. 6, A and B). The
largest dose of CCK (40 units per Kilo-
gram of body weight) did not increase
the latency with which attachment to the
nipple occurred in deprived rats at any of
the ages tested. This supports the finding
that attachment to the nipple and suck-
ling occur in rats for reasons in addition
to milk deprivation (43). The stretch re-
sponse and, by inference, milk intake
were not affected by CCK until rats were
about 2 weeks old, when a 40-unit dose
was effective in reducing milk intake. At
this time the nascent controls discussed
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above, which inhibit feeding, start to
emerge. By 20 days of age, a 20-unit
dose of CCK was as effective in re-
ducing milk intake in these young rats
as it is in free-feeding adults. In addition,
both suckling and the stretch response
terminated ‘‘voluntarily”’ in the older
pups. They behaved in a manner similar
to adult rats at the end of a meal. They
groomed, explored the cage, and even-
tually rested and slept.

The relation of suckling to feeding and
drinking. The stomach distension data
do not clarify this relation because dis-
tension reduces both food and water in-
take in adult rats @4). The CCK data
suggest that by day 15, milk withdrawal
is partially under the control of mecha-
nisms that determine food intake. To as-
sess this issue directly, Bruno (45) stud-
ied the effects of sudden dehydration on
attachment to the nipple and the volume
of milk taken through the implanted
tongue cannula. On the basis of what is
known about adult ingestion (46), several
predictions could be made. If suckling is
like feeding, then latency to attach to a
nipple should increase and milk intake at
the nipple should decrease in dehydrated
rats. If it is like drinking, the opposite
should hold. If suckling is related to nei-
ther, then dehydration treatments should
not affect suckling. Bruno found that un-
til rats were about 2 weeks of age, at-
tachment latency was not affected by
loss of either intracellular or intra-
vascular fluid. By 20 days both sources
of fluid loss increased attachment la-
tency and decreased milk intake. Thus,
suckling does not appear to be under the
control of hydrational status until rats
are about 2 weeks old. We have no evi-
dence that suckling is ever an ingestive
response to dehydration, and at least two
lines of evidence (46) suggest that suck-
ling at about 2 weeks is under the control
of mechanisms that determine food in-
take in adult rats.

The Controls of Suckling Behavior

The components of the suckling act,
namely, nipple attachment, nonnutritive
suckling, and nutritive suckling (47), are
differentially affected during ontogeny.
Evidence derived from studies of attach-
ment to the nipple and especially the
willingness of young rats to remain at-
tached to the nipple in the face of repeat-
ed milk injections (40) support the fol-
lowing conclusions regarding suckling in
rats from birth until day 30.

From birth to day 10. The necessary
and sufficient condition for nipple attach-
ment during this period is that the nipple
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Fig. 7. Percentage of subjects preferring nutri-
tive over nonnutritive suckling at 10, 12, 17,
and 21 days of age (N = 10 per column; P,
days 17 and 21, < .001). [From (49), copy-
right 1979 by the American Psychological As-
sociation; reprinted by permission]

be coated with saliva. Deprivation does
not facilitate attachment. Moreover,
loading the stomach to the point of pre-
cipitating distress responses does not re-
tard attachment to the nipple. The vol-
ume of milk taken through the indwelling
tongue cannula is not responsive to the
internal conditions that moderate either
adult ingestive behavior or milk intake at
the nipple in slightly older rats.

Day 11 to day 20. This is an important
period of transition. (i) Attachment to
the nipple becomes responsive to depri-
vation (34). Findings by Williams, Ro-
senblatt, and Hall (48) suggest that depri-
vation affects attachment by virtue of
separation from the mother and not be-
cause the rat is in need of either food or
water. According to Williams et al. 48),
nipple-attachment latencies in 15- to 20-
day-old rats, separated from their dams
and allowed free access to food and wa-
ter, were indistinguishable from siblings
that did not have food and water avail-
able during the separation period. As is
the case with younger rats, the nipple
must be coated with saliva in order for
attachment to occur (even when the rats
are deprived). (i) Factors that modulate
adult food intake (for example, dehy-
dration, administration of CCK, or filling
the stomach with food) start to reduce
the amount of milk taken through the
tongue cannula. (iii) Either cellular or ex-
tracellular dehydration reduces the per-
centage of pups that attach to nipples
and increases the latency with which at-
tachment occurs. The controls are not
fully mature in that the magnitude of the
reduction is not equal to that in adults re-
ceiving comparable treatment.

Day 21 to day 30. At 21 to 30 days
suckling is similar to feeding. Although
deprivation induces attachment to nip-
ples, 25-day-old rats deprived of suckling
no longer attach to nipples if they have
eaten during the deprivation period ¢8).

The events that inhibit feeding in adults
very effectively control suckling in rats
at the age of weaning.

Development of Suckling Appetite

The conclusions concerning internal
controls over milk consumption lead to
certain predictions about pups approach-
ing the mother from a distance. Specifi-
cally, if appetite develops in parallel with
consummatory controls, then the follow-
ing should hold true. (i) The nonlactating
nipple should provide a powerful incen-
tive until at least day 20 for rats to solve
a problem that allows them to suckle,
and (ii) the same time course seen in the
development of consummatory controls
on milk intake should appear for the ap-
petitive component of suckling. In other
words, until about 2 weeks of age, rat
pups should not discriminate between a
nipple that does not yield milk and one
that does. Thereafter they should choose
the lactating nipple. Kenny ef al. (49) in-
vestigated the possibilities by using a Y
maze (50). In one experiment, rats 7 to
23 days of age were placed in the start
box, the stem of the Y, and allowed to go
to either goal box in the arms of the Y.
The “‘correct’” response was rewarded
with a 30-second opportunity to suckle a
nonlactating nipple. When rats chose the
“wrong’’ arm, they found the anesthe-
tized mother covered with gauze to pre-
vent suckling. The rats did root into the
gauze. Yet rats at all ages studied learned
and remembered the path that offered
them the reward of suckling the nonnu-
tritive nipple (50). Thus, the opportunity
to suckle a nonlactating nipple is suf-
ficient to support appetitive behavior.

This finding led us to investigate
whether the delivery of milk would influ-
ence the animal’s behavior. The tongue-
cannula technique was used to deliver a
bolus of milk to the back of the rat’s
mouth when the correct arm of the maze
was chosen and the rat attached to the
nipple. When the other arm was chosen,
the rats were allowed to suckle, but no
injections of milk were made. The find-
ings (Fig. 7) revealed that rats at days 10
and 12 did not discriminate in their
choice of nipple. Their preference for the
lactating nipple did not exceed chance
performance. Starting at 15 days of age,
and especially by day 21, the lactating
nipple was preferred. Thus, as rat pups
near the age of weaning, the mother be-
comes defined differently. At first,
whether or not she provides milk, she is
approached from a distance and suckled.
After 2 weeks, appetitive behavior is al-
so determined by the pups’ nutritional
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status and by an apparent appreciation of
the benefits of milk let-down so that the
lactating nipple is preferred. In this con-
nection, the studies of Martin and Al-
berts (5/) should be considered. They
found that rats younger than 20 days of
age could not form an association be-
tween suckling and being made sick by
injections of lithium. Yet, when these
rats were made ill by lithium in associa-
tion with other acts, such as swallowing
milk injected into the mouth, they did
not eat the substance that produced ill-
ness. Taken together, these findings sug-
gest that during the first 2 weeks of life
the infant rat’s suckling behavior is ex-
clusively under external control and that
rats cannot associate suckling with po-
tentially negative consequences.

Recent advances in our understanding
of the mechanisms of learning and con-
straints on learning (52, 53) force us to
alter our view of suckling. No longer can
it be considered a reflexive act unmodi-
fied by experience and insensitive to cer-
tain affective consequences of its prac-
tice. As has been demonstrated above
and by others (54), rats as young as 7
days of age actively and selectively ap-
proach the dam to suckle. Before 3
weeks of age, internal stimuli gain con-
trol over approach to the mother in that
rats suckle milk-yielding nipples in pref-
erence to nonlactating ones. But, as is
the case with other appetitive behaviors,
there are bounds. (i) A rigid boundary is
erected by the narrow range of stimuli
that elicit the suckling act. Thus, al-
though the motor components of suck-
ling change with age, the sensory cues
that elicit suckling do not. Even rats
whose eyes have opened suckle only
when the nipple is coated with saliva. (ii)
Another bound relates to the failure to
associate suckling with negative conse-
quences of either severe gastrointestinal
distension or lithium injections to tox-
icosis.

Parallels with Human Suckling

The many differences between human
and rodent suckling (for example, ac-
ceptance of surrogate nipples by human
infants) usually preclude comparisons
between the species. We wish, never-
theless, to call attention to some similar-
ities with the hope that understanding
the behavior of one species will at least
provide a framework for understanding
the factors that might control the behav-
ior of the other. Parallels will be restrict-
ed to two unanticipated findings from the
rodent research (34, 37, 50, 51): (i) the
apparent inability of young rats to appre-
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ciate negative consequences of suckling
at a time that suckling’s positive aspects
can gain control over their behavior; and
(ii) the seeming independence of suckling
from internal control in younger animals,
that is, the idea that suckling is the end in
itself.

Human infants, younger than 3 weeks
of age, also seem to have difficulty re-
sponding to negative effects of suckling.
For example, they are unresponsive to
salty or bitter adulterations of their for-
mulas (33). Indeed, this inability to asso-
ciate suckling with postingestive con-
sequences resulted in the death of a num-
ber of infants in whose nursery formulas
salt was accidently substituted for sugar.
Six infants lapsed into a coma and died.
While they presented a syndrome of en-
cephalopathy, including convulsions and
respiratory stress, the deaths were
caused by continuing ingestion of the ex-
tremely concentrated salt diet (55). In
the suckling context, the infants were
not sensitive either to the taste of the diet
or to the fact that it sickened them. Yet
human infants can make positive associ-
ations and discriminations through suck-
ling. Eight-day-old infants, for instance,
recognized their mother’s breast pad.
Moreover, the rate of newborn suckling
is very sensitive to gradations of glucose
and sucrose concentrations (56).

In regard to suckling serving as an end
in itself (57), suckling in younger animals
appears to terminate with sleep and be
reinstated on awakening, a pattern that is
often seen in humans younger than 12
weeks of age. Rousing such children in-
variably leads to suckling (32). In chil-
dren older than 12 weeks, suckling is not
terminated by sleep. When rats enter the
weaning period their behavior becomes
more responsive to internal demands. By
20 days of age, rats that have not been
deprived or are only mildly deprived do
not suckle but pull at or lick the nipple
and explore the mother and their sur-
roundings. This is true of humans 12 to
24 weeks old. The infant may play with
the nipples or bottle and hold them in dif-
ferent positions, but they no longer
dominate the child’s attention or elicit
the motor patterns that culminate in
nipple attachment. Moreover, nonnutri-
tive suckling is considerably reduced in
these children, and suckling starts to re-
semble adult ingestion in that it is more
flexible. Suckling can still occur in the
deprived subject, but as the stomach fills
attention is directed elsewhere, and
there are pauses for play with the parents
or siblings.

In conclusion, our findings about suck-
ling behavior in rats must be confirmed
and our understanding extended to other

species. Major issues concerning the
neural mediation of suckling, the recep-
tors that detect changes in hormonal lev-
els or in the status of the gastrointestinal
tract in relation to suckling, and the pro-
cess of weaning have yet to be investi-
gated experimentally. The important
similarities and differences among mam-
malian newborns must be taken into ac-
count as we plan experiments to further
our knowledge of this fundamental mam-
malian behavior.
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Computed Medical Imaging

In preparing this paper I realized that I
would be speaking to a general audience
and have therefore included a descrip-
tion of computed tomography (CT) and
some of my early experiments that led up
to the development of the new tech-
nique. I have concluded with an overall
picture of the CT scene and of projected
developments in both CT and other
types of systems, such as nuclear mag-
netic resonance (NMR).

Although it is barely 8 years since the
first brain scanner was constructed, com-
puted tomography is now relatively
widely used and has been extensively
demonstrated. At the present time this
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new system is operating in some 1000
hospitals throughout the world. The
technique has successfully overcome
many of the limitations which are inher-
ent in conventional x-ray technology.

When we consider the capabilities of
conventional x-ray methods, three main
limitations become obvious. First, it is
impossible to display within the frame-
work of a two-dimensional x-ray picture
all the information contained in the
three-dimensional scene under view. Ob-
jects situated in depth—that is, in the
third dimension—superimpose, causing
confusion to the viewer.

Second, conventional x-rays cannot
distinguish between soft tissues. In gen-
eral, a radiogram differentiates only be-
tween bone and air, as in the lungs. Vari-
ations in soft tissues such as the liver and
pancreas are not discernible at all, and
certain other organs may be rendered
visible only through the use of radi-
opaque dyes.

Third, when conventional x-ray meth-
ods are used, it is not possible to mea-
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sure in a quantitative way the separate
densities of the individual substances
through which the x-ray has passed. The
radiogram records the mean absorption
by all the various tissues which the x-ray
has penetrated. This is of little use for
quantitative measurement.

Computed tomography, on the other
hand, measures the attenuation of x-ray
beams passing through sections of the
body from hundreds of different angles,
and then, from the evidence of these
measurements, a computer is able to re-
construct pictures of the body’s interior.
Pictures are based on the separate exam-
ination of a series of contiguous cross
sections, as though we looked at the
body separated into a series of thin
“‘slices.”’ By doing so, we obtain virtual-
ly total three-dimensional information
about the body.

However, the technique’s most impor-
tant feature is its enormously greater
sensitivity. It allows soft tissue such as
the liver and kidneys to be clearly dif-
ferentiated, which radiographs cannot
do. An example is shown in Fig. 1. It can
also very accurately measure the values
of x-ray absorption of tissues, thus en-
abling the nature of tissue to be studied.

These capabilities are of great benefit
in the diagnosis of disease, but CT plays
an additional role in the field of therapy
by accurately locating a tumor, so in-
dicating the area of the body to be irra-
diated, and by monitoring the progress of
the treatment afterwards.

It may be of interest if I describe some
of the early experiments that led up to
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