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Abstract

Human preterm neonates are subjected to repetitive pain during neonatal intensive care. We
hypothesized that exposure to repetitive neonatal pain may cause permanent or long-term changes
because of the developmental plasticity of the immature brain. Neonatal rat pups were stimulated
one, two, or four times each day from PO to P7 with either needle prick (noxious groups Ny, N,
Ny4) or cotton tip rub (tactile groups Tq, To, T4). In groups No, N4, To, T4 stimuli were applied to
separate paws at hourly intervals; each paw was stimulated only once a day. Identical rearing
occurred from P7 to P22 days. Pain thresholds were measured on P16, P22, and P65 (hot-plate
test), and testing for defensive withdrawal, alcohol preference, air-puff startle, and social
discrimination tests occurred during adulthood. Adult rats were exposed to a hot plate at 62°C for
20 s, then sacrificed and perfused at 0 and 30 min after exposure. Fos expression in the
somatosensory cortex was measured by immunocytochemistry. Weight gain in the N, group was
greater than the T, group on P16 (p < 0.05) and P22 (p < 0.005); no differences occurred in the
other groups. Decreased pain latencies were noted in the N4 group [5.0 £1.0svs. 6.2 £ 1.4 son
P16 (p<0.05); 3.9+ 0.55Vvs. 5.5 +1.6 son P22 (p < 0.005)], indicating effects of repetitive
neonatal pain on subsequent development of the pain system. As adults, N4 group rats showed an
increased preference for alcohol (55 £ 18% vs. 32 £+ 21%; p< 0.004); increased latency in
exploratory and defensive withdrawal behavior (o < 0.05); and a prolonged chemosensory
memory in the social discrimination test (p < 0.05). No significant differences occurred in
corticosterone and ACTH levels following air-puff startle or in pain thresholds at P65 between Ny
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and T4 groups. Fos expression at 30 min after hot-plate exposure was significantly greater in all
areas of the somatosensory cortex in the T4 group compared with the N4 group (p < 0.05), whereas
no differences occurred just after exposure. These data suggest that repetitive pain in neonatal rat
pups may lead to an altered development of the pain system associated with decreased pain
thresholds during development. Increased plasticity of the neonatal brain may allow these and
other changes in brain development to increase their vulnerability to stress disorders and anxiety-
mediated adult behavior. Similar behavioral changes have been observed during the later
childhood of expreterm neonates who were exposed to prolonged periods of neonatal intensive

care.
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Premature infants are often exposed to repetitive invasive procedures causing acute pain
during the course of neonatal intensive care (4). These experiences occur during a critical
window of increased plasticity in the developing brain (32,48). Effects of repetitive pain are
coupled with maternal separation, nonsocial physical handling, and stimulation from intense
light and sound in the Neonatal Intensive Care Unit (NICU). These adverse
psychophysiologic conditions, taken together, may exert permanent untoward effects on the
developing brain. Furthermore, preterm neonates frequently do not receive adequate
analgesia or sedation during their exposure to invasive, technology-driven intensive care
(28).

Human infants and neonatal rat pups display a variety of behavioral and physiologic
responses in response to acute pain. These responses have highly conserved developmental
or age-specific patterns (19,26). At birth, the neurological maturity of neonatal rat pups is
similar to that of human preterm neonates at 24 weeks of gestation, and follows remarkably
similar milestones in the development of the pain system (9). For example, exaggerated
cutaneous reflexes, large receptive fields of dorsal horn cells, and prolonged excitation in the
dorsal horn occur in both species following noxious cutaneous stimulation (10,19,25).

The plasticity of the developing brain during the first post-natal week in newborn rat pups
also corresponds with that of the human premature infant from 24 to 36 weeks gestation
(31,58). We hypothesized that this developmental plasticity predisposes newborns to long-
term or permanent alterations following exposure to repetitive painful stimuli during this
critical period. A model of repetitive acute pain in neonatal rat pups, designed to simulate
the experience of preterm infants in the NICU, was used to test this hypothesis.

Our experimental model was designed to mimic the experience of preterm neonates who
receive repetitive heel sticks for blood sampling. Heel sticks are the commonest invasive
procedures performed in the NICU (4,28) (the heel is warmed, a small incision is made
through the skin and subcutaneous tissue along the edges of the plantar aspect of the heel,
the heel is squeezed and the incision site is touched repeatedly with a capillary tube to obtain
blood for clinical monitoring). We decided to mimic this procedure by inserting a 25-gauge
needle through the paw of a neonatal rat and repeated this stimulus at hourly intervals, using
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a separate paw for each subsequent stimulus. The control group was stimulated in a similar
manner and at similar intervals using tactile stimuli.

MATERIALS AND METHODS

Animals and Experimental Design

Following transport to our facility on Day 13 of gestation (E13), timed-pregnant Sprague—
Dawley rats (Harlan Labs, Birmingham, AL) were housed individually in polycarbonate
cages (46 x 25 x 20 cm) containing 3.5 cm high wood chip bedding. Animals were
maintained on a 12:12-h light:dark cycle, with food and water freely available. Litters were
standardized to eight pups per dam, and rat pups were randomly distributed between the
dams just after birth.

Six groups of neonatal rat pups received daily stimulation from PO (day of birth) to P7 (7
days of age). The paws of rat pups were stimulated once, twice, or four times a day at hourly
intervals with tactile (groups, T1, T, and T4) or noxious (groups, N1, No, and Ng4) stimuli.
Tactile stimuli consisted of four strokes on the paw with a cotton-tipped swab, and noxious
stimuli consisted of a 25-gauge needle inserted rapidly through the paw. Rat pups were
returned to the dams between consecutive stimuli after control of bleeding in the noxious
stimulation groups. Stimulation occurred between 1400 and 1800 h (Table 1). All rats were
reared identically from P7 to P22, weaned on P23, and housed in sex-matched cages until
further testing.

Observers who were blinded to the group assignment for neonatal rats actually performed
the behavioral testing and other measurements. Weight gain was measured with an
electronic scale (sensitivity 0.1 g) on P8, P15, and P21. Pain thresholds were measured using
a modified hot-plate test on P16 and P22, and a standard hot-plate test on P65. Adult rat
behavior was also evaluated using the alcohol preference test, defensive withdrawal test,
social discrimination, and air-puff startle tests. Adult rats from groups N4 and T4 were
sacrificed at 0 or 30 min after a 20-s exposure to the hot plate at 62°C.

Behavioral Tests

Hot-plate (HP) test for pain threshold—A hot-plate (HP) test for pain threshold was
performed with an Omnitech Analgesiometer (Omnitech Electronics, Columbus, OH). The
apparatus consists of 25 x 25-cm metal hot-plate surface set at 52°C, a Plexiglas cage that
fits over the hot plate, and a foot-switch operated timer. Pain thresholds were measured by
the latency to nociceptive responses (limb shaking or paw lick) with a maximum cutoff time
at 30 s (latency was averaged from three trials with 15-min intervals between each trial).

Modified HP testing—Infant rats placed on the hot plate did not exhibit the pain
behaviors typical of adult rats. Therefore, infant rats were placed in the center of the hot-
plate set at 25 or 52°C and contiguous with an extended area (cardboard) at room
temperature. The latency to withdrawal from the hot plate was taken as a measure of pain
threshold in infant rats. The test was performed at P16 and P22, when the eyes are not fused
and the pup was capable of free locomotion. Two training and three testing sessions
occurred with intervals of 15 min between each exposure.
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Alcohol preference testing—Alcohol preference testing was performed by the
simultaneous presentation of two fluid sources: 2% sucrose—water solution, and 5% alcohol
in 2% sucrose solution. Alcohol intake was calculated as a proportion of the total intake for
each 24-h period, with one training exposure and three testing periods. After each 24-h
period, both bottles were weighed and refilled for the next day. Bottle positions were
randomized for each test.

Defensive withdrawal testing—This was performed to measure anxiety behavior (57)
in an open field (75 £ 75 £ 75 cm) under 300 Ix diffuse illumination. Rats were exposed to
the air-puff startle as an emotional stressor before the test and then transferred to a dark PVC
tube (10 cm diameter x 30 cm long) closed at one end. The tube was placed in one corner of
the open field, and behavioral patterns were observed for 10 min via a video camera (Model
SS3-M370; Sony Corp., Tokyo, Japan). Each open-field entry was defined as all four paws
in the open field, and (a) latency for the first open-field entry, (b) total time spent by the rats
in the PVC tube, and (c) number of entries into the open field were measured.

Social discrimination testing—This enabled the assessment of juvenile recognition and
discrimination abilities of adult rats (7). It was performed in quiet room during the dark
phase of the cycle (2000-2359 h). A juvenile rat (20-30 days old) was introduced into the
home cage of an adult male rat (N4 or T4 group) for 4 min. Adult investigation behaviors
such as licking, sniffing, and chewing the fur of the juvenile rat were observed and timed
with a dedicated computer program. The juvenile was then removed and kept individually in
its cage. After a 30-min interexposure time (IET), the original juvenile was presented again
simultaneously with a novel juvenile (same age/sex) to the adult rat for a second 4-min
period. Investigation behaviors of the adult rat for both juveniles were observed and timed.
On a separate night, the same procedure was repeated with a 120 min IET between the first
exposure (single juvenile) and the second exposure (two juveniles). Juvenile rats were kept
in individual cages with food and water freely available during the test and handled with
separate rubber gloves. To allow the observer to distinguish between the two juveniles, the
novel juvenile was marked at 2 h before testing, and a mirror was placed behind the test
cage.

Cannulation

Between P60-P66, each rat was anesthetized by injecting an acepromazine—ketamine—
xylazine mixture (150 pL/100 g b.wt.). This contained 1.0 mL Acepromazine Maleate (10
mg/ mL solution; Fermenta Animal Health Co., Kansas City, MO); 2.5 mL Ketamine
(Ketalar® 100 mg/mL solution; Aveco Co. Inc., Fort Dodge, I1A); 2.5 mL Xylazine
(Rompun® 20 mg/mL solution; Miles Laboratories Inc., Shawnee, KS) in 4 mL water.
Under aseptic conditions, a sterile polyethylene catheter with a 3-cm silastic tip was inserted
into the right jugular vein until blood return occurred easily, then ligated to the vessel with
3-0 silk and tunneled subcutaneously to emerge between the scapulae. The wound was
closed with metal clips and the cannula was filled with sterile heparinized (25 1U/mL) 0.9%
saline containing Gentamicin (2.5 ug/100 gm b.wt.). The cannula was flushed with this
solution at daily intervals to insure patency. Following surgery, animals were placed in an
incubator until fully ambulatory, and then they were placed in a quiet room in polyethylene
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buckets (28 cm diameter x 37 cm high) with food and water available. The rats were
allowed a recovery period for 1 week before further testing.

Air-Puff Startle and Blood Sampling

Air-puff startle was used to evaluate HPA axis responsiveness in adult rats from the N4 and
T4 groups, presented as an episode of three blocks of air puffs at 1-min intervals directed
toward the side of the head. Each block consisted of three 3 s-long air blasts from a
pressurized can (Dust-Off; Fisher Scientific, Atlanta, GA) separated by a 1-s interval.
Correct application of the air puff was indicated by the typical startle response (8).

On the morning of testing, extension lines were attached to the jugular catheters at 0800 h
and rats were permitted a 90-min stabilization period. During this time, rats tended to go
back to sleep. Baseline blood samples (0.3 mL) were obtained for RIA. Blood samples (0.3
mL) were obtained at 5 min before, and 3, 6, 9, 12, and 18 min after presentation of the air-
puff startle for measurement of ACTH and corticosterone responses. All blood samples were
replaced with an equal volume of sterile 0.9% saline to avoid hypovolemia or hemorrhagic
stress. Samples were placed in polyethylene tubes containing cold EDTA solution (60
mg/mL EDTA), and kept on ice until centrifugation (15,000 rpm, 10 min, 4°C), plasma
separation, and storage at —20°C.

Radioimmunoassays

Plasma ACTH was determined using a commercially available radioimmunoassay Kit,
Allegro® HS-ACTH (Nichols Institute, San Juan Capistrano, CA). ACTH was assayed in
100-pL plasma samples using 50 pL of iodinated tracer and one avidin-coated bead per tube
as previously described (46). Sensitivity was 3 pg/tube, with an ECsq of 17 pg and a
working range of 3-1500 pg/mL. Plasma corticosterone was measured by the commercial
ImmuChem Double Antibody kit (ICN Biomedicals, Costa Mesa, CA). The volume of tracer
and antibody added to each assay tube was reduced by 50% in the CORT assay, with a
working range of 5-1000 ng/mL. The intra- and interassay coefficients of variation were
less than 8% for both assays.

Immunocytochemistry (ICC)

Adult Sprague—Dawley rats were anesthetized with sodium pentobarbital (400-500 L,
intraperitoneal) and transcardially perfused with cold 0.9% saline followed with cold 4%
paraformaldehyde fixative. Brains were removed and cryoprotected in 20% sucrose at 4°C.
Free-floating 25-um coronal sections were cut on a freezing-sliding microtome, collected in
cold cryoprotectant solution, and stored at —20°C until staining. Sections from the
experimental and control groups were run together in each ICC assay. While floating on a
rotary shaker (40-50 rpm/min), the sections were: rinsed three times for 15 min in 50 mM
potassium phosphate-buffered saline pH 7.2 (KPBS); preblocked in KPBS containing 4%
normal goat serum (NGS), 0.4% Triton X-100 (TX) and 1% bovine serum albumin (BSA)
for 20 min; and then incubated for 72 h at 4°C in a 1:2000 dilution of Fos Ab (Oncogene c-
fos Ab-2) in KPBS containing 1% NGS, 0.4% TX, and 1% BSA. After 10 KPBS rinses at
room temperature, sections were incubated for 60 min in 1:750 biotinylated goat antirabbit
IgG (Vector Labs). Fos immunoreactivity was visualized by the avidin—biotin complex
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method (ABC, Vector Labs); the sections were rinsed with KPBS, and developed in 0.03%
diaminobenzidine in acetate imidazole buffer (175 mM acetate and 10 mM imidazole, pH
7.2) and 0.003% H,0-, following Nickel peroxidase intensification. Finally, the sections
were rinsed several times in KPBS, mounted on subbed slides, air dried, dehydrated in
alcohols, defatted in xylene, and coverslipped.

Cell Counting

The Paxinos atlas helped to define the sections from areas of interest in the somatosensory
cortex and Fos-like immunoreactivity was compared between the treatment groups (N4 vs.
T,). Observers blinded to the treatment group allocation of these rats performed all steps of
the image capture and cell counting. Six coronal sections were matched for corresponding
neuroanatomical levels in the treatment and control groups. Three frames were captured
from the superior, intermediate, and inferior parts of each hemisphere of the somatosensory
cortex under 10x magnification with a CCD camera (MTI CCD 72; Dage) mounted on a
Nikon Microphot 2A microscope. To keep the capture conditions constant (i.e., microscope
and camera settings) for all sections from each ICC assay, image capture was completed in
one session and all images were saved on magnetoptical disks until analysis with the NIH
Image analysis program (version 1.60).

Background noise was first subtracted from the original capture files to provide a sharp
black/gain signal level and a clear background, thereby reducing the signal-to-noise ratio for
the densitometry steps. The staining of Fos in the cell nucleus produced a dense black
appearance, and the “density slice” function was used to label positive cells according to the
nuclear blackness density. Specific criteria for negative cells (x6 pixels, no overlay,
nonnuclear morphology) were used to determine the density threshold so that only positive
cells were labeled. Round-shaped particles in labeled cells were counted by the “analyze
particles” function to obtain the total number of particles from each image in this computer
counting routine. To verify the results, original image capture files and computer-labeled
files were superimposed. Manual corrections to the computer cell counts were made in case
of disagreement between the original capture and computer-labeled image files (e.g., two
positive nuclei located close together may be labeled as one, or differential staining within
one nucleus may be counted as two nuclei). Manually corrected cell counts were used for
statistical analysis.

Statistical Analyses

Descriptive analyses on these data sets defined whether they were normally distributed or
not. Parametric tests (ANOVA, paired and unpaired #tests) were used for normally
distributed data and other data sets were analyzed by nonparametric tests (Mann-Whitney
U-test). Repeated-measures ANOVA was used to compare the Fos labeling between the two
treatment groups. An a-error of less than 5% was accepted as significant.
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RESULTS

Weight Gain and Pain Thresholds During Development

Rat pups were weighed on P8, P15, and P21 to assess the effect of repetitive stimulation on
infant growth (Table 2). Rat pups in the N, group had significantly lower body weights on
P8 (p < 0.05) and P15 (p < 0.005) compared to the T, group. Rat pups receiving noxious or
tactile stimulation once (T4, N4) or four times daily (T4, N4) had no differences in weight
gain.

Exposure to the hot plate at 25°C was associated with greater latency than exposure at 52°C
(p<0.001) in all groups of infant rats. Noxious and tactile groups receiving one, two, or
four stimuli per day were compared (Table 2). Hot-plate latencies at P16 (p < 0.05) and P22
(0 < 0.005) in the N4 rats were significantly decreased as compared to the T4 group.

Behavioral Tests During Adulthood

Adult rats receiving four painful or tactile stimuli per day as neonates were subjected to all
behavioral tests, whereas adult rats in the N1, No, T4, and T, groups were sacrificed without
further testing. Previous experiments noted the absence of behavioral differences between
adult rats subjected to neonatal stimulation (painful versus tactile) once or twice a day.

No significant differences occurred in the hot plate latencies of adult rats at P65. The N4
group displayed an increased preference for alcohol, with a significantly higher proportion
of alcohol intake [55(18)% intake/24 h] compared to the tactile stimulation group [32(21)%
intake/24 h, p=0.004, unpaired £test]. These differences were particularly striking between
female rats in the N4 group [61(19)% intake/24 h] and T4 group [31(11)% intake/24 h, p=
0.024] (Fig. 1). The N4 group had increased latency for exploration of an open field (p <
0.05), and spent more time in the PVVC tube compared to the T, group (p < 0.05) (Fig. 2).
The number of entries into the open field were similar in both groups (N4 group: 5.7 £ 2.7,
T, group: 8.8 £ 2.6, p=0.123). No significant differences occurred between the
corticosterone and ACTH responses of rats in the N4 and T,4 groups to the air-puff startle
(Table 3).

In the social discrimination test, both groups spent significantly more time investigating the
novel juvenile after an inter-exposure time (IET) of 30 min [N4 group: novel juvenile
72.2(16.4) s versus same juvenile 48.7(13.2) s, p < 0.013; T4 group: novel juvenile 69.8(9.1)
s versus same juvenile 40.6(17.5) s, p< 0.008], indicating an intact chemosensory memory
after initial exposure of the same juvenile (Fig. 3). Following an IET of 120 min, the T4
group rats spent similar times investigating the two juveniles [63.2(19.0) s and 68.4(19.5) s,
indicating a loss of chemosensory memory from the initial exposure. In the N4 group this
memory was retained even after an IET of 120 min, indicated by a significantly greater time
spent investigating the novel juvenile [78.5(11.3) s] compared with the same juvenile
[54.8(18.6) s, p< 0.021, ttest) (Figure 3).
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Expression of Fos in the Somatosensory Cortex

Similar expression of nuclear Fos-like immunoreactivity occurred in sections from the
somatosensory cortex of rats in the N4 and T4 groups sacrificed immediately after hot-plate
exposure (Fig. 8a). In rats sacrificed at 30 min after hot-plate exposure, the number of
somatosensory neurons with Fos expression were significantly increased in the T, compared
to the Ny rats receiving similar treatment (o < 0.0001, repeated-measures ANOVA) (Fig.
8b). Images captured from corresponding somatosensory cortical areas in the T4 and N4
groups are illustrated in Figs. 4—7 as examples of the specific nuclear immunostaining that
was noted. Quantitative data obtained from counting the number of Fos-stained cells in the
medial, intermediate, and lateral regions of the somatosensory cortex are summarized in Fig.
8.

DISCUSSION

We have found decreased pain thresholds during development in rats who were exposed to
repetitive neonatal pain. During adulthood, these rats showed an increased preference for
alcohol, increased anxiety and defensive withdrawal behavior, and a prolonged
chemosensory memory suggestive of social hypervigilance. During adult life, these rats
demonstrated unaltered pain thresholds and HPA responses to an emotional stressor (air-puff
startle). Expression of nuclear Fos in the somatosensory cortex following exposure to a hot
plate was lower in the adult rats exposed to repetitive neonatal pain compared to rats
receiving tactile stimulation. We propose that repetitive neonatal pain may be associated
with lower pain thresholds during development and lead to stress vulnerability and anxiety-
mediated adult behavior.

Recent data from human preterm infants also suggest that exposure to repetitive pain may
alter their responses to subsequent painful or stressful experiences. Johnston and Stevens
found a pattern of increased physiological and decreased behavioral responses to a heelstick
in preterm neonates exposed to 4 weeks of NICU care. This response pattern, suggestive of
learned helplessness, was strongly correlated with the number of invasive procedures
experienced since birth (27). Pain experienced during neonatal circumcision was associated
with increased behavioral responsiveness to vaccination pain at 4-6 months of age (56).
Stressful conditions at birth were associated with increased salivary cortisol responses to
vaccination pain at 4 and 6 months of age (49). Reported relationships between exposure to
neonatal pain and the physiological correlates of infant temperament and responsiveness
(18,54,55) further suggest a widespread distribution of neurobiological changes following
neonatal pain/stress.

Based on parent report, expreterm neonates at 18 months corrected age were less reactive to
everyday pain than exfull-term toddlers (16). Compared with socially similar exfull-term
peers, abnormally increased somatization noted in 4-year-old expreterm children was best
predicted by the duration of their NICU stay (15). At age 8-10 years, expreterm children
rated pictures of medical events as more painful relative to psychosocial painful events,
unlike their peers who were born at full term (17). Again, the duration of their NICU stay
was correlated with higher ratings of affective distress to pictures of nonmedical pain events
(17). These clinical data suggest a neuropsychological complex of altered pain thresholds
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and abnormal pain-related behaviors during early childhood (16,20). Correlations with the
duration of NICU stay (15,17) and the total number of invasive procedures experienced (27)
suggest a closer investigation of the underlying mechanisms in experimental models of
repetitive neonatal pain.

Because of ethical considerations, these experiments were designed to detect the minimum
number of painful stimuli in neonatal rats associated with changes in adult behavior. The
choice of behavioral tests for adult rats was based on the long-term effects of neonatal stress
noted from previous experimental studies (40,45,52) and from the behavioral characteristics
noted in follow-up studies of expremature (15-17) or exfull-term (15,18,54-56) neonates.
Data from the behavioral tests performed in this study suggest that four stimuli at hourly
intervals from PO to P7 will produce some long-term effects. Other behavioral tests may
detect long-term changes resulting from fewer stimuli or fewer days of stimulation in the
neonatal period, although we are not aware of any such published data. The finding of
increased weight gain following noxious stimulation twice a day was not confirmed in
subsequent experiments.

Following noxious stimulation in the neonatal period, juvenile rats on P16 and P22 had
decreased pain thresholds compared to the tactile stimulation group. These were associated
with similar trends in the pain threshold measured during adulthood on P65. These findings
were consistent with the increased responsiveness to immunization pain in 4-6-month-old
infants, who were previously exposed to unanesthetized neonatal circumcision (56). In
contrast, preterm neonates who were exposed to more frequent painful stimulation over
prolonged periods of time were noted to have a decreased behavioral responsiveness to acute
pain during intensive care (27), after hospital discharge (16), and during later childhood
(20).

Mechanistic explanations of decreased pain thresholds in the N4 group may be based on
peripheral and/or central mechanisms. Peripheral mechanisms include the hyperinnervation
and low pain thresholds noted following skin wounds in the neonatal period compared to
similar wounds applied at older ages (P7, P14) or during adult life (50). Noxious stimulation
in this study occurred during a critical period of postnatal development in the dorsal horn of
the spinal cord (44). Repetitive excitation may promote the persistence of developmental
connections between A-f fibers and substantia gelatinosa (SG) neurons. Normally, these
fibers are retracted after the first 2 weeks postnatal life when C-fiber connections in the SG
have been formed (11). Excitotoxic damage from repetitive noxious stimulation may leave
areas of deafferentation in the spinal cord and arrested somatodendritic development (12).
Nearby intact sensory neurons would then send collateral sprouts into the deafferented area
to form new synaptic connections. This may lead to inappropriate innervation in an area in
the dorsal horn that corresponds to sensory information from the stimulated paws (24).
Altered connections in the thalamus and somatosensory cortex were also observed in
neonatal animal models following afferent neuronal injury (29,33). Further experiments may
help to identify an altered development of the peripheral or central pain system components
that play a role in the decreased pain thresholds.
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Adult rats subjected to repetitive noxious stimulation in the neonatal period demonstrated
several behavioral alterations compared to the rats subjected to similar handling and tactile
stimulation. Similar patterns of behavioral differences were noted to those observed using
other paradigms of neonatal stress [maternal separation (40,45), sepsis (52)], although
specific sequelae have occurred from the long-term effects of repetitive neonatal pain (13).
One specific effect was the increased preference for alcohol in the N4 group (Fig. 1). Greater
alcohol preference was associated with an increased level of anxiety in previous studies of
rats, and was correlated with baseline anxiety (6,51,53) as well as following changes in
housing conditions (1).

Increased anxiety in the N4 group relative to the T4 group may be inferred from the
defensive withdrawal behavior of N4 rats in this study (Fig. 2), with similar behavior noted
from previous studies using daily maternal separation as a paradigm for neonatal stress (8).
Female rats undergoing repetitive neonatal pain showed a greater susceptibility to the
development of alcohol preference, which may be related to postpubertal changes as noted
under stressed and nonstressed conditions (2,35) or to increased hepatic ethanol metabolism
in female rats (41).

A myriad of mechanisms for increased alcohol preference exist but may include decreased
dopaminergic and serotonergic projections to the nucleus accumbens from regions known to
regulate reinforcement behavior (22): the ventral tegmental area, anterior and medial
hypothalamus, and hippocampus (37,59), increased expression of 8- and p-opioid receptors
in these areas (14,23), or increased norepinephrine release in the paraventricular nucleus
(47). Further involvement of the HPA axis was suggested by greater alcohol preference in
rats with increased basal concentrations of plasma corticosterone (47) and the prevention of
its development by adrenalectomy (34).

We have previously demonstrated long-term changes in HPA axis regulation in rats exposed
to neonatal stress, including increased glucocorticoid responses to emotional stressors and
impaired negative feedback control mechanisms in the hypothalamus (40,45). In contrast, in
the present study, no significant differences occurred in corticosterone and ACTH responses
to an air-puff startle (8), and plasma corticosterone levels at baseline were only slightly
increased in the N4 group (Table 3). It is likely that the combination of repetitive pain and
maternal separation in neonatal rats (as experienced by preterm neonates in the NICU) may
lead to permanent alterations in HPA axis regulation.

Results from the social discrimination test, with a prolonged chemosensory memory in the
N4 group, indicate the coexistence of anxiety and hypervigilance behavior in adult rats
subjected to repetitive neonatal pain (Fig. 3). Bergvall and colleagues (5) have recently
reported the lack of a correlation between aggressivity and increased alcohol drinking,
although they used a social aggression paradigm (intermittent exposure to sexually active
females) rather than the juvenile intruder paradigm used in this study. A large body of
literature has correlated alcohol preference with anxiety and increased aggressiveness in
humans, rats, and other species (21). During the social discrimination test, aggressive
behaviors (biting, mounting, aggressive posture) were noted more frequently in male rats
from the N4 group compared to the T4 group, and were particularly directed at the novel
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juvenile during the second exposure. An alternative explanation that aggressive behavior
followed their stress reactions to novel environmental factors (Fig. 2) seems less likely (3).

Expression of neuronal Fos in the adult somatosensory cortex was measured as an index of
neuronal activation and correlated with behavior following hot-plate exposure. Neuronal Fos
expression is a nonspecific marker for neuronal activation, and may represent functional
plasticity of the somatosensory cortex (30,39). Rats in both N4 and T4 groups killed just
after hot-plate exposure had similar numbers of cortical cells expressing nuclear Fos (Fig.
8). At 30 min after hot-plate exposure Fos expression was significantly greater in the adult
T4 group compared to the N4 group. Notes made at the time of hot plate exposure revealed
mostly freezing and learned-helplessness behavior in the N4 group, whereas exploratory and
escape behavior occurred commonly in the T4 group. High-stress behavior in the N4 group
may be correlated with the increased anxiety noted in the defensive withdrawal test, and the
increased preference for alcohol. Higher Fos expression noted in the T, group may represent
a more cortical response to inescapable nociception, because the cellular density of cortical
areas in the two groups appeared qualitatively similar.

Evidence that environmental manipulations in newborn rat pups may lead to persistent
changes in the endocrine, immune, and behavioral reactivity of adult rats is mounting
(39,42,43,45). Neonatally stressed adult rats have decreased exploratory behavior in novel
environments, a lower threshold for learned helplessness, and increased loss of hippocampal
neurons associated with early onset cognitive defects compared to control groups of adult
rats (36,39,45). Endocrine changes include increased HPA axis responses to emotional
stressors and impaired negative feedback control mechanisms in the hypothalamus (40,52).
These long-term changes have been attributed to plasticity in the neonatal hypothalamus,
forebrain, prefrontal cortex, and hippocampus, and were related to the expression of
glucocorticoid and other receptor systems involved in regulation of the HPA axis, the
autonomic nervous system, and adult stress behavior (38,39). As large numbers of expreterm
neonates progress through adolescence and adult life, a deeper understanding of the
consequences of invasive neonatal intensive care will become possible. Such experimental
models can also be used to test mechanisms and therapies that may be beneficial for the
future health care of prematurely born individuals.
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were compared between noxious and tactile stimulation groups using the Mann-Whitney U-
test.
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FIG. 2.
Defensive withdrawal behavior was tested by placing the rat in a dark PVC tube that was

located in a corner of the open field. Behavior was monitored using a video camera (Model
SS3-M370; Sony Corp., Tokyo, Japan) and (a) number of entries into the open field, (b)
latency for the first open-field entry, and (c) total time spent by the rats in the PVC tube
were compared between N4 and T4 groups using the Mann-Whitney (-test. Significantly
greater latency and total time spent in the tube by rats in the N4 group suggest increased
anxiety following noxious stimulation in the neonatal period.
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FIG. 3.
Social discrimination tested the juvenile recognition and discrimination abilities of adult rats

(see text for details of the test procedure). In the T4 group, significantly greater (o= 0.008)
investigation of the novel juvenile after an IET (interexposure time) of 30 min implies a
chemosensory memory for the previously exposed juvenile, and this memory was lost
following an IET of 120 min (no difference between novel and same juvenile, p= 0.421). In
the N4 group, chemosensory memory for the previously exposed juvenile was retained after
an IET of 30 min (p= 0.013) as well as 120 min (p= 0.021), implying greater vigilance for
intruders following noxious stimulation during the neonatal period.
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FIG. 4.
Photomicrographs of matched coronal sections from the (A) N4 and (B) T4 groups located in

the rostral part of the left somatosensory cortex (Paxinos Rat Brain Atlas: corresponding to
Fig. #16; stereotaxic parameters: bregma 0.48 mm, interaural 9.48 mm). Sections were
stained with a 1:2000 dilution of Fos antibody, and Fos-like immunoreactivity was
visualized by the avidin—biotin complex method using Nickel peroxidase intensification.
The darkly stained nuclei represent the nuclear expression of Fos-like immunoreactivity at
30 min following exposure to a hot plate shown at 5x magnification (scale = 400 pm).
Greater cortical expression of Fos-like immunoreactivity occurred at 30 min after hot plate
exposure in the T4 group (B) compared with the N4 group (A).
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FIG. 5.
Photomicrographs of matched coronal sections from the (A) N4 and (B) T4 groups located in

the rostral part of the left somatosensory cortex shown at 20x magnification (scale = 100
um). Greater cortical expression of Fos-like immunoreactivity is evident in the T4 group (B)
compared with the N4 group (A).
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FIG. 6.
Photomicrographs of matched coronal sections from the (A) N4 and (B) T4 groups located in

the caudal part of the right somatosensory cortex (Paxinos Rat Brain Atlas: corresponding to
Fig. #33; stereotaxic locations: bregma 3.80 mm, interaural 5.20 mm). Sections were stained
with a 1:2000 dilution of Fos antibody, and Fos-like immunoreactivity was visualized by the
avidin-biotin complex method using Nickel peroxidase intensification. The darkly stained
nuclei represent the nuclear expression of Fos-like immunoreactivity shown at 5x
magnification (scale = 400 um). The cortical expression of Fos-like immunoreactivity at 30
min following exposure to a hot plate is much greater in the T4 group (B) compared with the
N4 group (A).
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FIG. 7.
Photomicrographs of matched coronal sections from the (A) N4 and (B) T4 groups located in

the caudal part of the right somatosensory cortex shown at 20x magnification (scale = 100
pum) (Paxinos Rat Brain Atlas: corresponding to Fig. #33; stereotaxic locations: bregma 3.80
mm, interaural 5.20 mm). The cortical expression of Fos-like immunoreactivity at 30 min
following exposure to a hot plate is much greater in the T4 group (B) compared with the Ny

group (A).
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FIG. 8.
The number of Fos-immunoreactive cells were counted in the somatosensory cortex

according to procedures detailed in the text. Rats from the N4 and T4 groups were paired
based on gender and body weight. From each pair (one Ny4 rat and one T, rat), six repre-
sentative sections from the somatosensory cortex were matched for the anatomical level and
stained in the same immunocytochemistry assay. Anatomically matched sections included in
the same ICC assay from matched N4 and T, rats were used for cell counting. (a) This
shows data from rats killed immediately after exposure to the hot plate. No significant
differences occurred in the number of Fos-positive cells between N4 and T4 rats. (b) This
shows data from rats killed at 30 min after exposure to the hot plate. Significantly greater
numbers of Fos-positive cells were counted in the somatosensory cortex of rats from the T4
group compared to the N4 group (o < 0.0001, repeated measures ANOVA). These data
indicate that the constitutive level of Fos expression was similar at baseline for both groups,
and that the noxious stimulation activated a significantly greater number of neurons in the
somatosensory cortex of the T4 group compared to the N4 group.
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