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Abstract
The present series of experiments assessed how information from the whiskers controls and modulates infant rat behavior during early
learning and attachment. Passive vibrissal stimulation can elicit behavioral activity in pups throughout the first two postnatal weeks, although
orienting to the source of stimulation is evident only after ontogenetic emergence of whisking. In addition, while pups were capable of
demonstrating learning in a classical conditioning paradigm pairing vibrissa stimulation with electric shock, no corresponding changes were
detected in the anatomy of the barrel cortex as determined by cytochrome oxidase (CO) staining. Finally, the role of whiskers in a more
naturalistic setting was determined in postnatal day (PN)3–5 and PN11–12 pups. Our results showed that both nipple attachment and
huddling were disrupted in whisker-clipped PN3–5 pups but only marginally altered in PN11–12 pups. Together, these results suggest that
the neonatal whisker system is behaviorally functional and relevant for normal mother–infant interactions, though it lacks the sophistication
of a mature whisker system that evokes very specific and directed responses.
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Introduction

Neonatal rat pups rely primarily on tactile and

olfactory sensory cues to orient in their environment

to receive milk and warmth required for survival

(reviewed in Hofer and Sullivan, 2001). Although

the role of olfaction in early behavioral development

has been well described (Tobach, 1971; Singh and

Hofer, 1978; Brunjes and Alberts, 1979; Galef and

Kaner, 1980; Hill and Almli, 1981; Hofer et al.,

1981; Alberts and May, 1984; Campbell, 1984;

Sullivan et al., 1990; Terry and Johanson, 1996;

Polan and Hofer, 1998; Sullivan, 2001; Polan et al.,

2002), complementary information is not available

for the vibrissal system. Thus, the present study

examined the role of vibrissal stimulation in mod-

ulating neonatal behavior.

The neonatal ages assessed here (the first two

postnatal weeks) overlap with critical periods in

whisker somatosensory system anatomical develop-

ment. This sensory system begins to develop during

gestation but continues development postnatally in a

peripheral-to-central manner (Woolsey and Van der

Loos, 1970; Woolsey, 1990). Fine whiskers are

present in specialized cells that function as follicle

sensory mechanoreceptors by embryonic day 20

(Yamakato and Yohro, 1979; English et al., 1980).

The accompanying neural pathway matures

sequentially, with the trigeminal barrellette pattern

present at birth and thalamic barrelloids maturing at

postnatal day (PN)1, with the thalamocortical

afferents quickly invading the upper tier of cortical

layer IV (Taber, 1963; Killackey and Belford, 1979;

Forbes and Welt, 1981). Cortical barrels first

appear at PN3–5 (Rice et al., 1985; Rice, 1995),

and continue development for at least the next week

(Crair and Malenka, 1995; Stern et al., 2001).

Rat Pups can survive and develop without whiskers

(Van der Loos and Woolsey, 1973; Weller and

Johnson, 1975; Harris and Woolsey, 1979; Killackey

and Belford, 1979; Simons and Land, 1987;

Henderson et al., 1991; Schlaggar and O’Leary,

1994; Rhoades et al., 1996). However, at least two

pieces of evidence suggest a functional importance

for whiskers during development. First, neonatal rats

can learn an association to passive whisker stimula-

tion during the first postnatal week (Landers and

Sullivan, 1999a, b). Second, whisker clipping during

the first postnatal month (PN1–40) impairs adult

performance on difficult texture discriminations in

animals whose whiskers have been allowed to regrow

(Carvell and Simons, 1996).

These data suggest that the vibrissal system is

functional during the neonatal period and capable of

supporting associative learning, although the neural

correlates of this behavioral plasticity remain unclear.

Within the neonatal olfactory system, which is the

only other functioning sensory system in the neonate,
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one day of neonatal odor learning produces

enhanced neural activity and increased glomerular

size within the olfactory bulb (reviewed in Sullivan,

2001). Therefore, it is possible that whisker learning

during the first days of life may result in an

enhancement of cortical barrel size.

The present study was designed to (1) identify

specific behaviors elicited by whisker stimulation,

(2) determine the effect of neonatal manipulations

on the development of barrel dimensions, and

(3) explore the adaptive value of whisker stimulation

in a ‘‘naturalistic’’ postnatal environment. In these

experiments, pups were stimulated and tested at ages

chosen to span the established milestones in whisker

behavioral and barrel development noted above.

Since the developing rodent whisker system is a

widely used model system for neurobehavioral plas-

ticity, this information may be valuable for under-

standing the role of behavioral ontogeny in central

nervous system (CNS) development (Erzurumlu and

Kind, 2001).

Materials and methods

Subjects

Subjects were Long Evans male and female rat pups born in
vivariums at the University of Oklahoma and Columbia University
College of Physicians and Surgeons. No more than one male
and one female from a litter were used in an experimental condi-
tion. Dams were housed in rectangular polypropylene cages (34 �

29 � 17 cm) lined with wood chips in a temperature and light
controlled room (20�C, 12h/12h light/dark cycle). Ad libitum food
and water were available at all times. Births were checked twice
daily, with the day of birth considered PN0. Litters were culled on
PN0–1 to five males and five females.

Whisker stimulation

Pups were removed from their home cage and placed in a
thermoneutral environment (27�C) in plastic Petri dishes (10 cm
diameter, 15mm height). After a 10-min acclimation period (to
allow recuperation from experimental handling) pups received
eight presentations of unilateral whisker stimulation. All whiskers
on one side of the snout were stimulated manually every 3min for
30 s (about 50 sweeps cycling back and forth across the entire
whisker field) using a wooden rod about 1mm in diameter.
Stimulation consisted of repeated flexion of all mystacial vibrissae,
without stimulating the intervibrissal hair or skin on the snout.

Behavioral assessment protocol for passive whisker
stimulation and learning

Activity was recorded 10 s prior to stimulation as a baseline control
and during the whisker stimulation, using a five-point scale
originally designed by Hall (1979) and widely used as a measure of
behavior in the motorically immature rat pup. This scale assigns a
score for the number of major body parts or regions that moved for
at least 2 s (Sullivan et al., 1986; Landers and Sullivan, 1999a, b).
Lack of movement receives a value of 0; movement of one limb or
the head receives a value of 1; movements of two limbs, such as
facewiping, receives a value of 2; movements of two limbs and the
head, such as pivoting, receives a value of 3; movements of all four
limbs, such as locomotion or lying on the side or supine and
treading, receives a value of 4; and movements involving five body
parts or regions, such as locomotion with head movements, rolling
over, or wall climbing, receives a value of 5. The highest valued
behavior occurring during the 30-s test determines that pup’s
score, with scores ranging from 0 to 5. Pups also exhibit specific
movements such as mouthing, head movements and crawling, and
these behaviors were counted during the observation period.

Furthermore, the specific behaviors of head turned toward and
away from the stimulation, head-up and mouthing were noted.
Pups were immediately returned to the litter following the
experiment.

Classical conditioning

To maximize conditioning efficacy, the conditioning paradigm was
performed daily for 8 days from PN1 through PN8 (Landers and
Sullivan, 1999a). These ages were chosen to overlap with cortical
barrel anatomical development. Pups were removed from the
mother, placed in Petri dishes (10 cm diameter), and allowed to
acclimate for 10min. Training lasted 21min with the following
groups: (1) PAIRED—every 3min, pups received a 30-s vibrissae
stimulation (as described above) paired with shock (0.5mA for
0.5 s to the hind trunk) overlapping with the last second of the
vibrissae stimulation; (2) VIBRISSAE stimulation only—every
3min, pups received a 30-s vibrissae stimulation; (3) SHOCK
only—every 3min, pups received a shock (0.5mA for 0.5 s to the
hind trunk); and (4) RANDOM presentation of the vibrissae
stimulation and shock—shock was delivered every 3min, but the
30-s vibrissae stimulation occurred randomly within the 3-min
intertrial interval and did not overlap with the shock or its observed
motor response. The RANDOM condition is a standard classical
conditioning control, in which pups receive the same amount of
whisker stimulation and shock as PAIRED pups, but it does not
support learning because of the lack of temporal pairing. Behavior
was monitored throughout conditioning using the same behavioral
observation regime (0–5) as described above, and acquisition
curves were used to assess learning. Consistent with adult learning
studies, pups’ acquisition curves during training reliably predicted
test performance (Landers and Sullivan, 1999b). Specifically,
behavior was recorded during a 10-s baseline immediately
preceding whisker stimulation and during 30 s of whisker
stimulation. Pups were immediately returned to the mother at
the end of each 21-min training session.

Cortical barrel assessment

Four hours after the last conditioning session (PN8) pups were
killed, perfused, and the somatosensory cortex removed and
flattened for simultaneous viewing of barrels. The cortex was
tangentially sectioned on a microtome (40mm) and stained with
cytochrome oxidase (CO) (Wong-Riley, 1979). Area and peri-
meter measurement of each barrel and row was carried out by an
individual blind to the experimental condition, using the public
domain NIH Image program.

Nipple attachment—effects of whisker removal

Two types of nipple attachment test were performed: mother-on-
side (University of Oklahoma—Hofer et al., 1976) and mother-
above, in which the mother was placed above the pups on a
Plexiglas platform with the exposed ventrum facing downward
(Columbia University—Polan et al., 2001). Both are normal
nursing postures but required different pup behaviors. Mothers
were anesthetized and therefore did not provide pups with milk (ip
urethane, 1.5ml/kg body weight used at University of Oklahoma,
and a mixture of 7mg ketamine/100 g and 0.6mg xylazine HCl/
100 g body weight at Columbia University). Some tests were
videotaped.

Before testing at either university, pups were removed from the
nest and half the pups had their whiskers removed with surgical
microscissors under a light with a 3-diopter glass lens. Control
pups, whose whiskers remained intact, were handled by the
experimenter for a similar amount of time as the dewhiskered
pups, and the whisker area was stimulated with a small wooden
probe using motions similar to those used during whisker cutting.
Whisker cutting (and sham cutting) took approximately 1min per
pup. Only four pups were separated from the mother at a time and
housed in an incubator (30�C) to maintain pups at thermoneutral
between testing sessions. Pups were continuously observed and
their behavior recorded every 30 s. Tests at the University of
Oklahoma lasted 3min, while the nipple attachment test at
Columbia University lasted 10min.

Pups in the mother-on-side test version were initially placed
perpendicular to the mother’s ventrum with forepaws in contact
with the mother, whereas pups in the mother-above test were
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placed under the mother with their back in light contact with the
dam’s ventrum. The latter test required pups to roll over on to
their backs to grasp a nipple. Pups were given access to only two
adjacent nipples and a nipple was used only once. The dam was
the pups’ mother about half the time, and a different, similarly
aged postpartum dam from the same colony the other half,
although own-mother was represented similarly across experi-
mental conditions. In both behavior tests, latency of nipple
attachment was specifically measured but all pup behaviors were
continuously monitored.

Huddling test—effects of whisker removal

The huddling test assessed the ability of pups to locate and
maintain contact with another stationary pup referred to as the
‘‘target’’ pup (anesthetized, urethane 1.5ml/kg). The warm (34�C)
target pup was placed in a prone position in the center of an
enclosure (14 2 � 25 cm) on the wire mesh floor. The test pup was
then placed perpendicular to the target pup with its forepaws
touching the target pup. Time spent in contact with the target pup
was measured and all pup behaviors were monitored continuously
(Sullivan et al., 1986).

Statistics

All results were analyzed with ANOVA followed by post hoc
Fisher tests.

Results

Pups’ responsiveness to passive whisker stimulation

At all ages tested, pups responded to passive whisker

stimulation with an increase in activity (Fig. 1;

F(1, 66) ¼ 171.761, p < 0.001). Activity signifi-

cantly changed with age (F(4, 66) ¼ 9.927, p <

0.001), with the youngest and oldest pups exhibiting

significantly higher activity levels ( post hoc Fisher

tests p < 0.05). Moreover, prior to the emergence of

whisking, whisker stimulation elicited horizontal

head movements (not specifically directed towards

or away from the stimulation source) (F(4, 66) ¼

2.879, p < 0.05), head-up (F(4,66) ¼ 3.872, p <

0.01), and mouthing (F(4, 66) ¼ 3.587, p < 0.01).

However, in older whisking pups (PN13–15),

whisker stimulation did not produce mouthing,

continued to elicit head-up responses, and pups

showed head turns towards source of stimulation

( post hoc Fisher tests p < 0.05).

Barrel cortex

Pups used for assessment of the barrel cortex had

undergone 8 days of somatosensory conditioning.

While the PAIRED pups showed robust acquisition

curves (Figs 2A, B), no accompanying change in

barrel size was detected in the barrel cortex (Figs 2C,

D: both barrel area and perimeter; data analyses for

individual barrels, rows and entire barrel field were

nonsignificant, ANOVA).

Nipple attachment and huddling

Removing pups’ whiskers disrupted nipple attach-

ment in the mother-on-side test (Fig. 3A; F(1, 28) ¼

13.181, p < 0.01), nipple attachment in the mother-

above test (F(1, 7) ¼ 10.334, p < 0.01) and huddling

(Fig. 3C; F(1, 24) ¼ 5.91, p < 0.05). Post hoc analysis

indicates that most of the effect was due to disruption

of behavior in PN4–6 pups ( post hoc Fisher tests p <

0.05). Moreover, videotape analysis suggests that the

delay in nipple attachment reflects the fact that

dewhiskered pups exhibited more crawling/rolling

(F(1, 8) ¼ 10.638, p < 0.02) and passing over the

nipple when it was encountered (ANOVA; F(1, 7) ¼

9.228, p < 0.05). On the other hand, the reduction in

huddling behavior seems to reflect attenuated

response to the test situation, with dewhiskered

pups showing less activity (ANOVA; F(1, 8) ¼ 6.32,

p < 0.05), specifically, reduced crawling/pivoting

(ANOVA; F(1, 8) ¼ 10.0, p < 0.02).

Discussion

The present results suggest that, prior to the

emergence of active whisking (Welker, 1969), passive

stimulation of rat pups’ whiskers has at least two

important behavioral consequences: (1) modulation

of general behavioral activity levels in a context-

dependent manner, and (2) focusing of behaviors

towards encountered targets. In addition to these

behavioral regulatory functions, neonatal whisker

stimulation can serve as a conditioned stimulus in

an associative conditioning paradigm. Both whisker-

dependent behavioral regulation and whisker-asso-

ciated classical conditioning emerge prior to cortical

barrel field maturation, and thus appear to be sub-

cortically mediated.

Prior to the emergence of whisking, passive

stimulation of rat pups’ whiskers results in general-

ized behavioral activation that includes increased

mouthing and head movements. This evoked activity

is similar to behaviors pups use during nipple search

and attachment, as well as interactions with other

pups. Moreover, the disruptive effect of whisker

removal on nipple attachment and huddling suggests

that pups’ information from the whiskers enhances

FIGURE 1. Whisker stimulation produced an increase in behavioral
activity in pups as indicated by cumulative response of eight 30-s
whisker stimulations (N ¼ 10–16 pups/group). Asterisk represents
significant age differences ( p < 0.05).
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behaviors critical for survival by increasing the

probability of pups encountering and detecting

an important target object (i.e., a nipple or a sibling).

For example, the mouthing elicited by whisker

stimulation may increase the probability of grasping

a nipple when it is encountered. Moreover, dewhis-

kered pups were more likely to bypass the ‘‘target’’

nipple or littermate after contact, suggesting that

information from the whiskers must also have a role

in focusing the pup’s behaviors on encountered

targets. This suggests that whiskers may provide

very specific information about the target. While

whiskers may be used to detect a stimulus, whisker

input may also modulate responses following contact.

FIGURE 2. (A, B) Neonatal rat pups given a whisker learning paradigm (whisker stimulation paired with 0.5mA shock) for the first 8 days of
life exhibited conditioned behavioral activity as measured by acquisition curves during training (N ¼ 6–8 pups/training group). Acquisition
curves represent the first 29 s of whisker stimulation, and nonwhisker stimulated conditions such as SHOCK only are not shown. No
corresponding plastic changes were found in the anatomy of the barrel cortex for (C) perimeter and (D) area of the barrels (N ¼ 3–4 pups/
group). Additional analysis by cortical barrel row yielded consistent nonsignificant results. Asterisk represents a significant difference
between the experimental PAIRED group and each of the control groups ( p < 0.05).

FIGURE 3. Removing pups’ whiskers disrupted (A) nipple attachment when the mother was on her side (mother-on-side, N ¼ 8 pups/
group), (B) nipple attachment when the mother was suspended above the pup (mother-above, N ¼ 4–5 pups/group) and (C) huddling
responses to a target pup (N ¼ 7 pups/group). Asterisk represents a significant difference between groups ( p < 0.05).
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Specifically, dewhiskered pups were overactive in the

nipple attachment task but underactive in the hud-

dling test, suggesting that the direction of behav-

ioral control by whisker input may depend on the

particular conspecific cues or context. Our findings

are consistent with previous research on the peri-

oral area in neonatal rats, cats, and pigs (Hofer

et al., 1981; Larson and Stein, 1984; Morrow-Tesch

and McGlone, 1990), but given the effects of dewhis-

kering, specifically implicate the vibrissal system.

Whisker stimulation following the emergence of

whisking (PN13–15) also elicited behavioral activity

but failed to elicit mouthing. Moreover, by contrast

with the ‘‘undirected’’ movements of younger ani-

mals, head movements elicited by stimulation were

directed towards the source of stimulation. Such

directed movements are characteristic of the effects

of whisker stimulation in adults (Symons and Tees,

1990).

In adults, passive whisker stimulation can serve as

a conditioned stimulus in a classical conditioning

paradigm associated with changes in barrels (2-DG;

Siucinska and Kossut, 1996). In the olfactory system

of neonatal rat pups, associative odor learning in

pups (< PN10) is correlated with both enhanced

odor-evoked 2-deoxyglucose uptake in odor-specific

glomeruli of the olfactory bulb (Sullivan and Leon,

1986) and an increase in glomerular size (Woo et al.,

1987) and number of juxta-glomerular neurons

(Woo and Leon, 1991). It therefore seemed possible

that similar changes might occur in the neonatal

somatosensory system, since the barrel cortex

appears responsive in 1-week-old pups (2-DG and

surface potentials; Seo-Hiraiwa et al., 1995; Wu and

Gonzalez, 1997; Landers and Sullivan, 1999a).

However, as in our earlier study (2-DG; Landers

and Sullivan, 1999a), this early learning is not

associated with detectable changes in the neonatal

cortical barrel field. Therefore, we propose that

whisker associated conditioning and whisker mod-

ulation of behavioral activity is sub-cortically

mediated, perhaps through thalamic sites of sensor-

imotor contact (Stepniewska et al., 2003). Although

learning is usually associated with cortical function,

sub-cortical sites for neural correlates of learning are

not unusual (Edeline, 1999; McAlonan and Brown,

2002).

In summary, the neonatal whisker system is

functional in the nest and exhibits a rapid behavioral

plasticity that does not appear to involve the

somatosensory cortex. Furthermore, these data

suggest that information from the neonatal whiskers

aids in the behavioral synchrony and reciprocity

necessary to sustain mother–infant interactions.
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