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ABSTRACT Sweet taste and nonnutritive suckling pro-
duce analgesia to transient noxious stimuli in infant rats and
humans. The present study evaluated the pain-modulating
effects of sucrose and suckling in a rat model of persistent pain
and hyperalgesia that mimics the response to tissue injury in
humans. Fore- and hindpaw withdrawal latencies from a 30°
or 48°C brass stylus were determined in 10-day-old rats
following paw inflammation induced by complete Freund’s
adjuvant (CFA; 1:1 injected s.c. in a 0.01 ml volume). CFA
markedly decreased escape latencies to both 48° and 30°C
stimulation, thereby demonstrating thermal hyperalgesia and
mechanical allodynia. The combination of nonnutritive suck-
ling and sucrose (7.5%, 0.01-0.06 ml/min) infusion markedly
increased escape latencies to forepaw stimulation in both
CFA-treated and control rats. In contrast, intraoral sucrose
and suckling did not increase hindpaw withdrawal latencies in
either control or CFA-inflamed rats. The effect was specific to
sweet taste because neither water nor isotonic saline infusion
affected forepaw escape latencies. Parallel findings were ob-
tained for CFA-induced Fos-like immunoreactivity (Fos-LI), a
marker of neuronal activation. Fos-LI was selectively induced
in cervical and lumbar regions ipsilateral to forepaw and
hindpaw inflammation, respectively. Suckling-sucrose treat-
ment significantly reduced Fos-LI at the cervical but not at the
lumbar regions. These findings demonstrate: (i) the develop-
ment of persistent pain and hyperalgesia in 10-day-old rats
that can be attenuated by endogenous pain-modulating sys-
tems activated by taste and nonnutritive suckling; (ii) the
mediation of the sucrose-suckling analgesia and antihyperal-
gesia at the spinal level; and (iii) a differential rostrocaudal
maturation of descending pain-modulating systems to the
spinal cord of 10-day-old rats. These findings may provide new
clinical approaches for engaging endogenous analgesic mech-
anisms in infants following tissue injury and inflammation.

Pain is a serious clinical problem in premature, newborn, and
young infants that arises from medical or surgical intervention
or traumatic injury. Although the commonly held view that
infants do not perceive pain has been refuted (1), the fear that
anesthetic agents produce respiratory depression, apnea, and
hypotension in this population persists, and insufficient pain
control remains an important clinical problem following com-
mon medical or surgical procedures (2). Recent behavioral
studies demonstrating orogustatory and orotactile-induced
analgesia hold considerable potential for the future manage-
ment of pain in newborns through noninvasive means that
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engage endogenous analgesic systems (3, 4). In particular,
calming, analgesia, and (in humans) bradycardia can be in-
duced via sweet (sucrose, fructose, or glucose) or milk stim-
ulation, but not lactose in both rat (5-8) and human infants
(9-14).

The calming and analgesic effects of orogustatory stimula-
tion appear to be opioid-mediated. Sucrose- and milk-induced
calming and antinociception are naltrexone reversible in rats
(5, 6), and neither sucrose calming nor bradycardia can be
obtained in human infants whose mothers used methadone
during pregnancy (11). These opioid-mediated analgesic ef-
fects are not due to infusions alone because they are not
produced by ingestion of water or lactose (15). In rats,
maternal contact and nonnutritive suckling of anesthetized
dams that do not release milk also produce analgesia (7).
However, this form of analgesia is not opioid-mediated (4).

In the present study, we evaluated the effectiveness of
orogustatory-orotactile antinociception in a rat model of per-
sistent inflammatory hyperalgesia that mimics inflammatory
conditions in humans. Because very little is known about the
neural targets that mediate the analgesic effect of gustatory
and nonnutritive suckling, Fos protein expression was used as
a measure of neuronal activity (16) to determine whether the
behaviorally induced analgesia in rat pups was mediated in part
at the level of the spinal dorsal horn.

METHODS

Timed-pregnant Sprague—Dawley rats (Harlan, Indianapolis)
were individually housed in standard polypropylene cages and
remained there with their litters until the time of study on the
10th postnatal day. Both male and female pups were used. To
induce inflammation and hyperalgesia, complete Freund’s
adjuvant (CFA; suspended in a 1:1 oil/saline emulsion) was
injected s.c. (0.01 ml, 0.005 mg Mycobacterium tuberculosis)
into the dorsum of one forepaw or hindpaw. This mimics the
persistent response to tissue injury produced by surgical in-
tervention and traumatic injury in humans (17). Hyperalgesia
did not appear to be disruptive: CFA-inflamed rats presented
normal levels of behavior and activity. Those procedures have
been approved by the Animal Care and Use Committee of the
University of Maryland at Baltimore Dental School.

A polyethelene cannula (PE 10; Clay Adams) was placed in
the rats’ lower jaw (18) 2—-6 h before the start of the experi-
ment. The 10-cm cannulae had a small flange (1.5 mm in
diameter) formed at the tip by gentle heating and then pressing
against a cool, flat surface. Implantation was accomplished
with the aid of an 8-cm length of curved wire (0.255 mm in
diameter). One end was friction-fit to the nonflanged end of

Abbreviations: CFA, complete Freund’s adjuvant; Fos-LI, Fos-like
immunoreactivity.
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the cannula, the other inserted beneath the animal’s tongue
and maneuvered out of the ventral surface of the jaw. The
cannula was lubricated with mineral oil before cannulation.
The flanged end was seated in the mouth under the tongue,
allowing the infusion of testing solutions. The entire procedure
is routinely accomplished in about 20 sec in nonanesthetized
infant rats. The discomfort produced by the procedure was
only momentary. The rats exhibited normal suckling behavior
and fed properly after the procedure.

The experimental room was maintained at 30-32°C. The
thermal test consisted of very lightly touching the rat’s paw
with a brass stylus (2.5-3.0 mm diameter) heated to 48°C with
a variable transformer (7). The latency with which the infant
removed its paw from the stylus was determined with a
stop-watch. To prevent possible tissue damage a 60-sec cut-off
was used. A nonheated stylus at room temperature served as
a mechanical stimulus.

Sucrose solution (7.5%, 0.22 M) was mixed on a weight/
volume basis in distilled water. Water or isotonic saline was
used as a control for the passage of fluid through the oro-
pharynx. Solutions were delivered via an infusion pump
(Stoelting) at a rate of 0.01-0.06 ml/min through a 1-ml
hypodermic syringe with a 23-gauge needle that was attached
to a length of PE-50 tubing. The tubing was friction-fit to the
individual pup’s cannula.

For immunocytochemistry, rats were deeply anesthetized
with sodium pentobarbital and perfused transcardially with
4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4.
The C7-8 or L4-5 spinal cord was removed, placed in the same
fixative for 1-3 hr at 4°C, and transferred to 30% sucrose
(wt/vol) in phosphate buffer for several days for cryoprotec-
tion. Thirty micron-thick sections were sliced on a cryostat at
-20°C. Free-floating tissue sections were processed following
the avidin and biotinylated horseradish peroxidase complex
protocol with a Vector ABC kit (Vector Laboratories). Anti-
Fos antibody was used at 1:20,000 dilution (Oncogene Sci-
ence).

To examine the effects of nonnutritive suckling and intraoral
sucrose on CFA-induced Fos-like immunoreactivity (Fos-LI),
pups were divided into two groups. Rats in one group suckled
their anesthetized mother and received intermittent sucrose
infusion on a 10-min-on/10-min-off cycle. Maternal contact
and sucrose infusion were initiated 30 min before CFA injec-
tion and continued for 2 h after CFA injection. Control rats
were isolated from the dam and littermates for an equivalent
period of time before and after the CFA injection. The number
of Fos-labeled nuclei was determined without knowledge of
treatment. Five to 10 sections from each rat were quantified.

Data are presented as mean = SEM. Statistical comparisons
were made by ANOVA or Student’s ¢ test. P < 0.05 was
considered statistically reliable.

RESULTS

Naive Rats. Ten-day-old rats exhibited well-developed fore-
paw and hindpaw withdrawal responses to both innocuous and
noxious peripheral stimuli (Fig. 14). The combination of
nonnutritive suckling and intraoral sucrose markedly increased
paw withdrawal latencies. In particular, 5-10 min of suckling
in combination with 3 min of sucrose infusion doubled forepaw
withdrawal latencies from 27.9 + 4.3 to 54.8 = 8.7 sec (n = 13,
P <0.01) to a 30°C stimulus and from 13.1 = 2.7t0 28.7 = 3.4
sec (n = 13, P < 0.001) to a 48°C stimulus (Fig. 14). Forepaw
withdrawal latencies remained elevated for 1-2 min after
infusion termination. However, suckling-sucrose treatment did
not influence hindlimb withdrawal latency. After the identical
suckling and infusion episode, the hindpaw withdrawal laten-
cies were not significantly different from control levels (Fig.
1A). The intraoral infusion of normal saline (n = 7) or distilled
H,O (n = 6) without suckling did not produce any significant
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Fic. 1. (A) Effects of suckling and intraoral sucrose on paw
withdrawal latencies of naive 10-day-old rats. (B) Baseline paw
withdrawal responses and CFA-induced hyperalgesia. The numbers in
the bars indicate the number of rats in each group. All rats had an
intraoral cannula. (C) Effects of suckling and intraoral sucrose on paw
withdrawal latencies of forepaw-inflamed newborns. Note scale dif-
ference. Asterisks indicate significant differences from relevant con-
trol groups (open bars). *, P < 0.05; #*, P < 0.01; #*x, P < 0.001.
Comparisons of filled bars for forepaw groups in C with open bars in
A and B reveal that suckling-sucrose fully reversed the behavioral
effects of CFA.

changes in paw withdrawal latencies from control values.
These behavioral results confirm and extend previous findings
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that suckling and sucrose produce hypesthesia and analgesia in
naive infant rats. It further suggested that there may be a
differential maturation of descending inhibitory systems in
10-day-old rats.

Rats with Inflamed Paws. Withdrawal latencies in non-
treated naive animals to a 30°C stimulus were 24.6 = 3.3 sec
(n =20) and 21.7 = 6.7 sec (n = 17) for forepaw and hindpaw,
respectively. Response latencies in control rats to a noxious
thermal stimulus (48°C) were 11.8 = 2.0 sec (n = 20) and 8.3 *
1.5 sec (n = 17) for forepaw and hindpaw, respectively (Fig.
1B). As in adult rats, CFA substantially reduced paw with-
drawal latencies. Rats withdrew their inflamed forepaw with a
latency of 12.8 = 4.0 sec (n = 8, P < 0.05) from a 30°C stimulus
and 4.8 £ 1.7 (n = 8, P < 0.05) from a 48°C stimulus.
Withdrawal latencies of the inflamed hindpaws were also
reduced to 5.8 = 1.3 (n = 12, 30°C, P < 0.05) and 3.0 = 0.4
sec (n = 12, 48°C, P < 0.01) (Fig. 1B). These findings strongly
suggest that the neural mechanisms subserving thermal hy-
peralgesia and mechanical allodynia are functional by day 10.

In rats with unilateral forepaw inflammation, the combina-
tion of suckling plus sucrose infusion increased forepaw with-
drawal latencies in response to thermal stimuli so that they
equaled control (noninflamed) levels (Fig. 1). Response la-
tency to a 30°C stimulus increased from 12.8 = 4.0 to 28.5 =
7.6 sec (n = 8, P < 0.05). Escape from noxious heating (48°C)
was elevated 4-fold from 4.8 = 1.7t021.5 = 3.8sec(n = §,P <
0.001) (Fig. 1C). Suckling and sucrose infusion, however, did
not influence withdrawal of the inflamed hindpaw. The mod-
est increases in response latencies from 3.0 = 0.4 to 4.7 = 1.5
sec (n = 12) for 48°C and from 5.8 + 1.3t0 7.6 = 1.7 (n = 12)
for 30°C were not statistically reliable (P > 0.05) (Fig. 1C).

Fos Protein Expression. Fos-LI was induced in the soma-
totopically appropriate dorsal horn ipsilateral to the injection
of CFA into forepaw or hindpaw (Fig. 2). The increased Fos-LI
was predominantly located in the superficial laminae. A sig-
nificant number of Fos-labeled neurons were also found in
lamina V as well as laminae III/IV. Very few Fos-labeled
nuclei were found contralateral to the side of inflammation.

;A 5
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There was essentially no Fos-LI in the spinal cord of the naive
rats. The induction of Fos-LI in the spinal dorsal horn suggests
an increase in neuronal activity related to nociceptive process-
ing following peripheral tissue inflammation.

Suckling-sucrose infusion treatment caused a significant
reduction in the number of Fos-positive nuclei in the cervical
dorsal horn in forepaw-inflamed rats, when compared with the
control pups (Figs. 2 and 3). The mean number of Fos-labeled
nuclei per section decreased from 41.1 £ 5.5 (n = 3) to 18.5
7.3 (n = 4) (P < 0.05). In contrast, the induction of Fos-LI in
the lumbar dorsal horn after hindpaw inflammation was not
significantly reduced by suckling and sucrose infusion (Figs. 2
and 3). Fos expression on the contralateral spinal cord was not
affected by suckling and sucrose infusion.

DISCUSSION

These studies demonstrate that the development of persistent
pain and hyperalgesia in 10-day-old rats can be attenuated by
endogenous pain-modulatory systems activated by taste and
orotactile stimulation. They confirm and extend previous
behavioral findings on gustatory and orotactile-induced anal-
gesia in response to acute nonnoxious and noxious stimuli. In
addition, these studies demonstrate that endogenous pain-
modulatory effects are ultimately mediated, at least in part, at
the spinal level. Finally, we found evidence for a differential
rostrocaudal maturation of these descending systems at the
10th postnatal day. The following discussion centers on the
new findings and their implications.

New knowledge of injury-induced changes in the central
nervous system was triggered by the development of adult
animal models of tissue injury leading to persistent pain and
hyperalgesia (19). These behavioral models mimic the persis-
tent response to injury found in humans after surgery, trauma,
or disease. The injection of inflammatory agents such as CFA
or carrageenan into the hindpaw of the rat produces an intense
inflammation characterized by edema, redness, and hyperal-
gesia that is restricted to the injected paw (20, 21). However,

B

F1G. 2. Photomicrographs illustrating the effects of intraoral sucrose and suckling on CFA-induced Fos-LI in the cervical (C7, 4 and B) and
lumbar (L4, C and D) spinal cord of 10-day-old rats. The spinal dorsal horn ipsilateral to inflammation is shown with dorsum on top. (4 and C)
CFA-induced Fos-LI without intraoral sucrose and suckling. (B and D) CFA-induced Fos-LI with intraoral sucrose and suckling. (Bar = 0.1 mm.)
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F1G6.3. The effects of intraoral sucrose and suckling on the number
of Fos-immunoreactive neurons in the cervical (C7-8) and lumbar
(L4-5) spinal cord dorsal horn ipsilateral to forepaw (Upper) or
hindpaw (Lower) inflammation. The mean numbers of Fos-labeled
neurons from superficial (laminae I/II), deep (laminae V/VI), and
whole dorsal horn are shown. The open bars show rats with inflam-
mation only, and the filled bars show rats receiving sucrose and
suckling after inflammation. Asterisks indicate significant differences
between the two groups. *, P < 0.05.

we know very little about the changes in the central nervous
system that take place in the immature nervous system fol-
lowing inflammation, particularly at the level of the spinal
cord. The present study has presented a model of persistent
inflammatory pain and hyperalgesia that mimics pain in hu-
man infants to study the development of endogenous pain
mechanisms and the ontogeny of pain inhibitory systems that
are engaged by peripheral gustatory and orotactile inputs.

Withdrawal of the inflamed hyperalgesic forepaw was sig-
nificantly inhibited by the combination of intraoral infusion of
sucrose solution and nonnutritutive suckling. Future studies
will need to analyze the contribution of each component
including intraoral sucrose, nonnutritive suckling and maternal
contact, and hyperalgesia attenuation. The present result is
consistent with that obtained from noninflamed naive animals.
Sugar solutions or milk produce antinociception in infant rats
and enable them to better cope with pain and stress (15, 22).
Sucrose produces pain-reducing effects in human newborns
(13). Nonnutritive suckling also induces analgesia (7). These
studies suggest that there is an interaction between the gus-
tatory and orotactile afferent inputs and pain-modulating
circuits in the brain.

Proc. Natl. Acad. Sci. USA 94 (1997)

The expression and distribution of Fos-LI has been used as
a measure of neuronal activity, particularly in the spinal dorsal
horn (16). There is a rapid and robust elevation in the number
of dorsal horn neurons that express Fos-LI in their nuclei after
nociceptive primary afferent activation by inflammation or
other stimuli (23, 24). Morphine or other opioids given sys-
temically or intraventricularly to adult rats reduce noxious
stimulus-induced Fos-LI in the dorsal horn via descending
mechanisms (25, 26).

Newborn rats exhibit Fos-LI after noxious stimulation from
postnatal day 1 (27, 28). We now report that Fos expression in
10-day-old rats is selective and robust after ipsilateral paw
inflammation. Moreover, inflammation-induced Fos expres-
sion at the cervical, but not the lumbar level, was significantly
reduced by intraoral sucrose and suckling. This outcome
parallels the results from behavioral studies and indicates that
at least one target of these antinociceptive effects is at the level
of the spinal cord.

There is considerable evidence that spinal nociceptive in-
formation is modulated by descending pain control systems in
adult animals (see refs. 29-32 for reviews). Primary sites are
located in the brain stem and include the midbrain periaque-
ductal gray and parabrachial area, pontine structures such as
the locus coeruleus/subcoeruleus, and medullary structures
such as nucleus raphe magnus and the lateral reticular nucleus.
Gustatory and descending pathways converge at a number of
their brain stem sites. The nucleus tractus solitarius (NTS) and
parabrachial area are important components of gustatory
pathways and also are sites of origin of descending inhibitory
input (33, 34). The NTS has connections with nucleus raphe
magnus (35). Electrical stimulation of NTS produces descend-
ing inhibition, and local anesthetic block of the NTS blocks
inhibition produced by stimulation of the vagus nerve (36).
Thus, gustatory and orotactile inputs may engage descending
pain-modulating pathways resulting in inhibition of nocicep-
tive transmission at the spinal level.

Failure of suckling-sucrose to completely inhibit Fos induc-
tion is of interest, because the behavioral treatments com-
pletely blocked the hyperalgesia induced by the inflammation.
Thus, spinal mechanisms may not solely account for the
behavioral effects. The role of supraspinal sites is supported by
intracerebroventricular (i.c.v.) injections of B-casomorphin
affecting escape responding, and especially by the blockade of
systemic B-casomorphin effects on forepaw latency through
i.c.v. injection of naloxone (37).

An important finding from the present study is that the
forepaw and hindpaw hyperalgesia are differentially modu-
lated by gustatory and orotactile inputs in 10-day-old rats.
Although there was a clear inhibition of forepaw response and
Fos induction by sucrose and suckling, the hindpaw withdrawal
response and Fos expression remained unchanged. The ab-
sence of sucrose-induced effects on hindpaws suggests a ros-
trocaudal developmental difference in anatomy and physiol-
ogy of descending pathways.

Most of the descending pathways originating in the brain
stem and traveling via the dorsolateral funiculus in the spinal
cord are in place as early as neonatal day 6 and are comparable
to the adult pattern (38). Electrophysiology studies, however,
reveal that activation of these pathways did not affect lumbar
spinal dorsal horn neurons until neonatal day 10, with patterns
similar to the adult profile not appearing until neonatal days
22-24 (38). The delay in functional activation of descending
pathways may be due in part to delayed maturation of spinal
interneurons or to insufficient levels of serotonin or norepi-
nephrine in descending axons (38). The maturation of the
serotonin projection follows a rostral-to-caudal gradient with
the adult pattern appearing at 14 days in the cervical cord and
21 days in the thoracic and lumbar cord (39). Norepinephrine
also appears early in the spinal cord and steadily increases until
postnatal day 14 and then decreases (40, 41). The density in the
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cervical spinal cord is greater than in the lumbar cord at all
stages (40, 41). Because spinal monoamines are significantly
involved in descending inhibition of nociception, the insuffi-
ciency of these neurotransmitters at the caudal spinal level in
10-day-old rats would impair inhibitory mechanisms, thus
sparing the effects of sucrose and suckling on hindpaw sensi-
tization.

In summary, these findings support the hypothesis that
gustatory- and orotactile-induced analgesia in rat pups is
mediated, in part, via supraspinal descending pathways that
modulate hyperexcitability in the spinal dorsal horn. The
endogenous descending pathways are not fully developed in
the newborn, and differential analgesic effects are demonstra-
ble across spinal segments in early postnatal life. This model
can be used for further studies on developmental modulation
of nociception in newborn rats. In addition, these studies will
lead to a better understanding of the development of analgesic
mechanisms and provide new clinical approaches for engaging
endogenous analgesic mechanisms in premature, newborn,
and young infants.
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