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Abstract

Background—Stimulation of a variety of brain sites electrically or by opiates activates
descending inhibitory pathways to attenuate noxious input to the spinal cord dorsal horn and
produce analgesia. Analgesia induced by electrical stimulation of the periaqueductal gray of the
midbrain (PAG) or medial rostral ventral medulla (RVM) matures late, towards the end or past the
preweaning period. Descending facilitation takes precedence over inhibition. Yet opiates injected
ICV or directly into the PAG induce analgesia relatively early in development. Our goal was to
reexamine the role of opiates specific to individual receptor types in analgesia at several
supraspinal sites.

Methods—Antinociception was tested following microinjection of DAMGO (ju opiate agonist),
DPDPE (0 opiate agonist) or U50,488 (x opiate agonist) into the PAG, RVM, or dorsal lateral
pons (DLP) in 3-, 10- and 14-day-old rats.

Results—DAMGO produced analgesia at 3 days of age at each brain area; the RVM was the
most effective and the dorsal PAG the least effective site. DPDPE produced modest analgesia at
14 days of age at the ventral PAG, RVM or DLP but not the dorsal PAG. U50,488H was
ineffective at all sites and all ages.

Conclusions—Antinociception could be elicited at all three sites by DAMGO as early as 3 days
of age and DPDPE at 10 and 14 days of age. The degree of analgesia increased gradually during
the first two weeks of life and likely reflects the maturation of connections within the brain and of
descending inhibitory paths from these sites.

Introduction

Opiates produce analgesia at brain sites that activate descending inhibitory pathways [for
review (Stamford, 1995; Vanegas, 2004; Willis, 1988)]. Electrical and opiate stimulation of
the dorsal or ventral periaqueductal gray of the midbrain (dPAG/VPAG), rostral ventral
medulla (RVM), or dorsal lateral pons (DLP) produce analgesia in the adult [for reviews
(D’Mello and Dickenson, 2008 ; Rosenfeld, 1994)]. The dPAG and vPAG are distinct
structures with different anatomy, projections and behavioral functions (Bandler et al., 1985;
Cameron et al., 1995b; Morgan and Liebeskind, 1987). The PAG projects indirectly to the
spinal cord through medullary structures to inhibit nociception (Beitz, 1982; Cameron et al.,
1995b; Chieng and Christie, 1994b; Gallagher and Pert, 1978; Jones and Gebhart, 1988;
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Morgan and Liebeskind, 1987; Morgan et al., 2008). In the infant rat, electrical stimulation
of the PAG (van Praag and Frenk, 1991) or the RVM (Hathway et al., 2009) is not
antinociceptive until the third postnatal week. This was attributed to the dominance of
descending facilitation over descending inhibition (Hathway et al., 2009). In contrast,
morphine injected into the ventricular system or the ventral PAG produces analgesia at
considerably earlier ages (Barr et al., 1992; Kehoe and Blass, 1986; Tive and Barr, 1992;
Tseng et al., 1995). Therefore, one goal was to investigate opiate stimulation of the PAG,
RVM and DLP to determine the developmental course of pain inhibition from these
supraspinal sites.

Opioid receptor types develop differentially and opiates selective for different receptors
have developmentally unique behavioral functions (Carden et al., 1991; Jackson and
Kitchen, 1989b; McLaughlin and Dewey, 1994). .- and k-Opioid receptors are present in
brain at birth and mature slowly over the first two postnatal weeks. 0-Opioid receptors
appear in substantial numbers only towards the end of the second postnatal week (Jackson
and Kitchen, 1989a; Leslie et al., 1982). There are no data on the analgesic effects of
specific opioid ligands in any brain region in the developing animal. A second goal was to
define the development of analgesia mediated by specific opioid receptors.

Analgesia occurs earlier when noxious stimuli are applied to the forepaw than to the
hindpaw or tail. One explanation is the slow development of functional descending
inhibition of dorsal horn neurons (Barr et al., 1992; Fitzgerald, 1986). However,
maturational differences in the projections of the PAG to rostral medullary sites could also
account for this difference. If the early developing rostral (e.g. forepaw) analgesia were due
solely to the maturation of descending caudally projecting pathways, then the same pattern
of analgesia should be seen following stimulation of the DLP and RVM as the PAG. If
analgesia from PAG stimulation were due to differential maturation of projections from the
PAG to the RVM or DLP, then the pattern of analgesia following stimulation of the these
sites would differ. Thus, a third goal was to compare the development of analgesia from the
PAG and downstream targets, the RVM and DLP, which send serotonergic and
noradrenergic projections, respectively, to the spinal cord dorsal horn.

Animals were male and female offspring of Long Evans hooded rats bred in our animal
colony. We analyzed all baseline (e.g. vehicle) and drug response (DAMGO and DPDPE) at
each site and age. We did not observe any sex differences, which is consistent with our prior
work. Therefore we combined the data from both males and females together. The sex
difference latency data and analyses are presented Supplemental Figure S1. Animals had
free access to food and water. Pups remained with their dam in a temperature and humidity
controlled breeding colony until the day of surgery. Four hundred eight pups from 120 litters
were used, with five to 7 litters tested at each site and age for each drug, except as noted
below. All experiments followed the ethical guidelines of the Society for Neuroscience and
Society for Developmental Psychobiology and were approved by IACUC.

The surgical methods used here are similar to those used to implant cannulas into brain sites
in adult animals and modifications for infants have been described in detail previously (Barr,
1991; Capuano et al., 1992a, b; Chan et al., 2011). All surgery, testing and perfusions
occurred on the same day. Briefly, four pups were removed from a single litter in the early
morning and kept together in an incubator. Each pup in the single litter was implanted at a
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single anatomical target. Individual pups were deeply anesthetized by inhalation and the
skull exposed. Pups were mounted in a modified stereotaxic device (Heller et al., 1979). A
hole was drilled through the skull and the dura punctured. A 26-gauge guide cannula was
lowered (PlasticsOne) and cemented to the skull using a thin layer of Caulk grip cement and
a thicker layer of dental acrylic cement. No sutures were required. After the cement dried a
stylet was placed in the guide cannula to keep it patent. Guide cannulas were implanted 0.75
to 1.0 mm above the target site; Supplemental Table S1 lists the co-ordinates. Pups were
kept together in the litter in a warm chamber to reduce stress with access to milk. At the time
of testing, approximately 8 hours after surgery, all pups were normally active and awake.

Drugs and Injections

Different litters were used at different ages. Each pup in each litter received a single dose of
one drug and all doses including vehicle were given within a single litter. DAMGO (.-
opiate agonist) was tested at 3, 10 and 14 days of age at all sites; these ages were chosen on
the basis of prior data with morphine injected into brain and because of evidence that
descending inhibition begins to mature during the latter part of this developmental period
(Fitzgerald, 1986; Hathway et al., 2009; Tive and Barr, 1992; Tseng et al., 1995; van Praag
and Frenk, 1991). DPDPE (0-opiate agonist) was tested only at 10 and 14 days of age for the
ventral PAG, RVM and DLP because of the paucity of receptors in brain at younger ages
(Kornblum et al., 1987; McDowell and Kitchen, 1986, 1987; Spain et al., 1985). DPDPE
was tested with four litters at 10 days of age at the dorsal PAG site. It was without effect and
not tested further at that age. U50,488 (k-opiate agonist) was tested at 3 and 14 days of age.
It was non-analgesic at 14 days, and only two litters were tested at the 3-day-old age. It was
also without effect in those two litters and testing ended for that drug.

Individual pups were removed from the incubator, a 30 gauge injector cannula (PlasticsOne)
filled with drug or vehicle was lowered into the guide cannula. The drug or vehicle was
slowly infused using a 1.0 .l syringe. The injector extended 0.75-1.0 mm beyond the guide
cannula. The injector was slowly removed after 2 minutes and the stylet replaced. Drugs
were the saline vehicle, DAMGO (0.05, 0.15 or 0.50 g/ 200 nl), DPDPE 1.0, 3.0 or 10.0
g/ 400 nl), or U50,488 (0.3, 1.0 or 3.0 g/ 200 nl), which are selective for .-, 0- and k-
opioid receptors specifically. The 200 nl volume was based on prior work that showed
limited spread as measured by radiolabeled injected ligands and anatomical specificity in
behavioral studies (Capuano et al., 1992b; Capuano et al., 1992c; Chen et al., 2006). The
different injection volume for DPDPE was due to the limited solubility of the d- opioid
peptide. The experimenter knew which compound was tested that day but was blind to the
dose, including the vehicle.

Test for antinociception

Tests were conducted 15 minutes after drug injection using three water baths maintained at
44°, 47° and 52° C. The different temperatures were used because the intensity of the stimuli
has been shown to be a factor in whether or not certain opiates are analgesic (Saeki and
Yaksh, 1993; Wheeler-Aceto and Cowan, 1991). The forepaw, hindpaw and tail were each
tested at the three temperatures for each pup. The entire test procedure for each animal took
less than 5 minutes. The baseline latencies in the 44°C test were long and variable, ranging
between 5-15 seconds, and likely were not reflective of withdrawal from a noxious stimulus.
Thus only the 47°C and the 52°C tests are reported here. The latencies for these
temperatures are very comparable to those of naive, non-implanted animals under very
similar testing conditions (Hughes and Barr, 1988) suggesting that the surgery and cannula
implant had little effect on baseline responding.
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The pup was picked up and gently held in position for testing. The index finger was placed
on one side of the neck and the thumb and two other fingers wrapped around the torso. The
pinky finger was placed between the tail and hindpaw. In this position, the paws and tail
were extruded from the experimenter’s hand and could easily be manipulated for the test.
The distal 2/3 of each appendage was then immersed sequentially in each water bath. The
latency to initiate withdrawal was electronically measured using a foot operated digital
timer. Latencies were rounded to the nearest 10th second and were used in the statistical
analyses. Cutoff was 20 seconds. The order of testing for both the water temperature and the
limb was randomly determined for each animal. No test temperature produced tissue
damage.

After the litter was tested, each pup was overdosed with an anesthetic and perfused with
saline followed by 10% formalin. Thirty wm frozen sections were cut, stained with
cresylviolet, and examined under a light microscope. The location of each injection site was
plotted on existing atlases (Paxinos et al., 1991; Sherwood and Timiras, 1971). The
histological analysis was conducted without knowledge of the behavioral results. For
brevity, we present the placement data for the 3-day-old pups only at the 47° temperature.
Data from the 10- and 14-day-old animals showed virtually identical patterns and those data
did not alter our interpretations and conclusions.

Data analysis of withdrawal latencies

The latency to withdraw the appendage was the dependent measure. An overall analysis of
variance was conducted for each drug. For DPDPE this was for 14 days of age only.
Subsequent analyses were performed for each site. The factors were the age of the pup, dose
of the drug, test bath temperature and limb. Age was a between subjects variable; dose was a
within litter variable. Temperature and appendage were within subject variables. For the
initial analysis, the injection site was also a between subject factor. Both within litter and
within subject variables were treated as repeated measures variables. Posthoc tests were by
Newman-Keul statistics. The alpha level was 0.05.

Data analysis of cannula placements

Results

To ascertain whether or not there were topographic patterns within a brain site, the
histological results were analyzed. For this purpose, an analgesic response was defined as a
latency of greater than 10 seconds. The selection of this response latency to define analgesia
for the purposes of localizing effective sites was somewhat arbitrary but small changes in
the definition made little difference in the results. For example, changing the definition from
>10 seconds to >5 seconds would have added fewer than 6% analgesic sites for all
temperatures. The latency data were analyzed for all animals regardless of whether the site
was accurately placed. Because most sites were on-target, those few data points did not
greatly influence the results and because of the within litter design, elimination of a single
animal would necessitate discarding data from all animals in the litter or would require
imputing missing data [see (Festing, 2006) for a discussion ]. The inclusion of the few
misses is in general a conservative approach and the specific placements and their effects are
evident on the histological plots.

Overall Analyses

The omnibus ANOVA for DAMGO showed a significant four-way interaction among the
appendage tested, dose of DAMGO, region stimulated, and age (F(36,372)=1.76; p<.01)
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There were significant main effects for the region stimulated, age of the animal, and dose of
DAMGO (F(3,62)=19.66; F(2,62)=12.25; F(3,186)=247.37; all p<.0001). Posthoc analyses
of the regions showed that the stimulation of the NRM was most effective and the dorsal
PAG the least effective. The DLP and ventral PAG did not differ from each other.

The overall analysis of variance for DPDPE for the 14-day-old pups showed a significant
difference among regions (F(3,36)=4.50; p<.01). Posthoc analysis showed that stimulation
of the dorsal PAG was less antinociceptive than stimulation of other areas, which did not
differ from each other. The analgesic effects of DPDPE in the ventral PAG, RVM and DLP,
though statistically significant, were modest.

The x agonist U50,488 was ineffective in all regions (Supplemental Table S2) and is not
discussed further.

We present the following results by implantation site and then by drug.

Periaqueductal gray

DAMGO

Behavioral data-Ventral PAG: The main interaction of interest was the four-way
interaction of dose, appendage, test temperature and age (F(12,102)=2.95; p<.005; Fig. 1).
The main effects of dose, age and appendage were all significant. There was a general
rostral to caudal maturation. DAMGO was antinociceptive in the forepaw test at 3 days of
age across temperatures. Analgesia in the hindpaw and tail was not seen at this age. As the
animal matured, the withdrawal response latency lengthened in the tail and the hindpaw
tests. Stimulation of the ventral PAG was more effective for the tail than for the hindpaw at
the older ages, as reported previously for morphine (Barr et al., 1992).

Behavioral data-Dorsal PAG: There was a significant three-way interaction among dose,
appendage and age (F(12,84)=5.39; p<.000l; Fig. 2). The development of analgesia for the
47°C temperature was comparable to that of the ventral PAG. At the higher temperature,
DAMGO stimulation of the dorsal PAG was not analgesic with the single exception of the
highest dose in the 3-day-old pups. The differences between the dorsal PAG and the ventral
PAG were due to this ineffectiveness of DAMGO at the higher temperature.

Histology: Data from the 3-day-old pups at the 47° temperature only are presented for
clarity (Fig. 3). Placements and data for the 10- and 14-day-old pups were analyzed and the
results were quite similar to those of the 3-day-old.

Most sites were located in the rostral half of the PAG, although there was a tendency for the
ventral sites to be more rostral than the dorsal sites. It is not likely that this is the reason that
the ventral sites were more effective since ventral sites were more effective even when they
were in the same rostral/caudal plane (e.g. Fig. 3, section 1.6). There was a significant dose

dependent effect for the forepaw.

DPDPE

Behavioral data-Ventral PAG: DPDPE produced a limited degree of analgesia, mostly
noted at the lower 47°C test temperature. The 10 and 14-day-old pups did not differ from
each other. The antinociceptive effect was modest and limited to the forepaw and tail.
DPDPE was totally without effect at the highest test temperature (Fig. 4). No analgesia was
noted at any temperature following DPDPE injection into the dorsal PAG in 14-day-old
pups (data not shown). No other age was tested.
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Histology: The histology was plotted for 14-day-old pups to include both the ventral and
dorsal PAG sites (Fig. 5). Injections were, on average, slightly caudal to the DAMGO sites,
although most sites were still in the rostral half of the PAG. Positive (analgesic) sites were
located almost exclusively in the ventral PAG.

Rostral ventral medulla

DAMGO

Behavioral Data: The main effects of appendage, temperature and dose were significant (all
p<.000I; Fig. 6). However, there was no significant age effect; nor was there a significant
interaction of age with the dose of DAMGO. There were significant three-way interactions
of appendage, dose and age (p=0.02), suggesting that the development of analgesia
depended, in part, on the appendage tested. At all ages the forepaw latencies were close to
the cutoff, although analgesia was seen also in the hindpaw and tail.

Histology: Virtually all sites were within the medial RVM, and in particular in the nucleus
raphe magnus. There was no obvious site specificity, in part because of the close proximity
of cannula placements in the dorsal/ventral and lateral planes (e.g. Fig. 7). Analgesia was
noted at all placements in the forepaw, regardless of dose. Few sites were positive in the tail
withdrawal test and no low dose placements produced analgesia. The histological results for
the hindpaw were in between (as were the latency results), with most of the medium and
high doses producing analgesia but with only one active low dose site.

DPDPE

Behavioral data: As in the ventral PAG, DPDPE produced but a modest analgesia in the
RVM, again mostly noted at the 47° C test temperature. Even that effect was small and
limited to the forepaw and tail. DPDPE was again without effect at the highest test
temperature (Fig. 8).

Histology: Most placements were analgesic in the forepaw withdrawal test (Fig. 9). The
only exceptions were the low dose sites, one of which was dorsal to the intended placement.
Only the medium and high doses of DPDPE were effective in the tail flick test and no sites
were analgesic in the hindpaw withdrawal test.

Dorsal lateral pons

DAMGO

Behavioral Data: There were significant main effects of appendage and dose but not of age.
The interaction of appendage, dose and age was significant (p<.05). The forepaw showed
almost full analgesia at all ages and there was a rostral to caudal maturation of analgesia in
the hindpaw and tail tests (Fig. 10). At the highest temperature, there was no analgesia noted
in the hindpaw or tail test at any age.

Histology: Compared to the other sites there was more rostral to caudal variability in the
DLP placements (Fig. 9), although most placements accurately targeted the LC. In the
forepaw test, almost all sites were positive. The two exceptions were low dose placements
that were lateral to the LC. Others have also found specificity within the DLP with LC and
dorsal noradrenergic bundle targeted sites more effective than sites outside the LC, such as
the parabrachial nucleus (Rossi et al., 1993). Low dose sites within the LC were positive, as
were all medium and high dose placements. When the hindpaw and tail were tested, the
highest dose produced analgesia, but only at more rostral placements.
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DPDPE

Behavioral Data: DPDPE produced a modest analgesia at the 47° C temperature in the
forepaw, hindpaw and tail tests but only at the highest dose. Ten and 14 day old pups did not
differ from each other. DPDPE was totally without effect at the highest temperature (Fig.
11).

Histology: These results were similar to those of others described above: the higher doses
were more effective and the forepaw was the most sensitive appendage (Fig. 9). For all three
tests, sites at the caudal extent of the LC and parabrachial region were ineffective, even at
the highest doses. This agrees with the results from the DAMGO experiments in which the
rostral sites were more effective. Sites dorsal to the DLP or dorsal within the LC area were
less effective in the forepaw withdrawal tests.

Discussion and conclusions

DAMGO and to a significantly lesser degree, DPDPE, were analgesic when microinjected
into the PAG, RVM or DLP, sites that are important in the analgesic actions of opiates in the
adult. DAMGO was most effective, active at both temperatures and all three appendages.
The RVM was the most effective site and the ventral PAG and DLP were similar in their
effects.

Methodological considerations

Localization of the injection—The unique properties of the neural microenvironment of
the infant (e.g. fewer lipids, different cellular density) make it difficult to define the exact
spread of drug. In prior studies we used radiolabeled drugs or stimulation of adjacent sites to
show anatomical specificity. Radiolabeled muscimol injected into the prefrontal cortex in
the volume used here (200 nl) spread to a maximum radius of 0.5 mm from the cannula tip
(Chen et al., 2006). Tritiated dopamine (2 pl) injected into the amygdala remained localized
within that structure (Barr et al., 2009). To assess specificity functionally, injection of
epinephrine (200 nl) into the perifornical lateral hypothalamus, but not the adjacent anterior
hypothalamus or ventricle, enhanced feeding in two-day-old rat pups (Capuano et al., 1992b;
Capuano et al., 1992c).

Receptor specificity—Although drugs may be specific in adults, their receptor
specificity has been tested less often in infants. We have no guarantees that the drugs used
here are equally specific in infants. For a large number of ligands, the affinity of the ligands
remains constant whereas the density of binding sites changes (Desprat and Zajac, 1994;
Koch et al., 1980; Spain et al., 1983; Tempel and Zukin, 1987; Zhang and Pasternak, 1981).
Therefore we have some confidence that the drugs are specific in the infant as well as the
adult.

Similarities and differences with prior literature

Facilitation vs. Inhibition—Injection opiates into the PAG or the aqueduct produces
analgesia in animals as young as three days of age (Barr et al., 1992; Blass et al., 1993;
Kehoe and Blass, 1986; Tive and Barr, 1992; Tseng et al., 1995). In an ex vivoisolated
brain stem-spinal cord preparation from a neonatal rat, spinal cord transection or inactivation
of the brain stem increased the area of the slow ventral root potential (SVRP), arguing for
tonic descending inhibition (Tarasiuk et al., 1996). In contrast, electrical stimulation of the
PAG or RVM produced a late maturation of analgesia in the hindlimb or tail (Hathway et
al., 2009; van Praag and Frenk, 1991). Moreover, electrical stimulation of the RVM
produced only descending facilitation of the hindlimb response throughout the entire
preweaning period. Bipolar electrical stimulation may preferentially activate facilitatory
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paths through local fibers of passage as well as cell bodies or fail to target specific types of
neurons as chemical stimulation might. Because opiates act within the PAG and RVM to
inhibit GABA release in the adult (Fields et al., 1983; Heinricher et al., 2004), electrical
stimulation in the infant could override that inhibition. However, this interpretation is
complicated because: 1) electrical stimulation of the PAG or RVM in adults produces both
facilitation and inhibition [reviewed in (Fields, 2000)]; 2) excitotoxic lesions of the RVM
prolong hindpaw withdrawal latencies at 3 and 21 days of age and reduce those latencies at
40 days of age (Hathway et al., 2009); and 3) GABA neurons in the PAG are late to appear
(Barbaresi, 2010). Given that individual neurons are both facilitated and inhibited by RVM
stimulation in the infant and the adult (Hathway et al., 2009), the descending influences on
spinal cord activity and behavior are clearly changing during development. There may be
preferential activation of facilitatory paths in the infant but inhibitory circuits can be active
and activated.

Receptor specific effects—DAMGO was the most effective and potent of the three
drugs tested. DPDPE was without effect in the dorsal PAG, and only moderately analgesic
when injected into the ventral PAG, RVM or DLP. U50,488H was without effect. These
differences are consistent with the data in the adult animal that suggest that . opioids are
more efficacious than are 0 opioids when injected into supraspinal sites but that k-opioid
receptors are unimportant under conditions tested here (Smith et al., 1988; Watkins et al.,
1992).

The conditions under which 0-opioid receptor activation induces analgesia are not well
defined. Most studies find supraspinal administration of DPDPE or DSLET to be
antinociceptive [ (Chieng and Christie, 1994a; Heyman et al., 1987; Jensen and Yaksh,
1986; Lunzer and Portoghese, 2007; Moreau and Fields, 1986; Porreca et al., 1987 ; ;
Reichling and Basbaum, 1990; Takagi et al., 1978; Vaught et al., 1988) for review (Heyman
et al., 1988)]. DPDPE was analgesic in the present studies under limited conditions —
without effect at higher temperatures or when injected into the dorsal PAG. Even when
analgesic, it was not fully effective at any site. Differences in types of analgesic tests and/or
differences in the intensity of the stimulus could account for these differences. Bodnar
(Bodnar et al., 1988) used a tail flick test with baseline latencies consistently around 2 -3
seconds and did not find d-opiate mediated analgesia. The tail withdrawal latency for the 47°
C temperature, at which analgesia was noted here, was within that range, 2.8 seconds. But
comparisons of stimulus intensities across ages are difficult. Furthermore, baseline latencies
here did not necessary correlate to whether or not the opiate induced analgesia.
Alternatively, d-opioid receptors may subserve antinociception in the young but not the
more mature animal. We know of no evidence for or against that hypothesis. Note also that
DPDPE is a selective 0;-opioid agonist. We have no data on d»-opioid agonists, such as
deltorphin, which may be more effective analgesics (Rossi et al., 1994).

Site differences—The mechanisms by which opiates induce antinociception following
injection into the PAG, RVM and DLP are maturing in the first two weeks of life. The
pattern of analgesia seen following PAG stimulation could be due to the maturation of
descending pathways or the maturation of projections from the PAG to the RVM and DLP.
It is likely both. DAMGO injected into the RVM was most effective since it induced
analgesia in the hindpaw and tail at all ages and at the highest temperature. Thus, pathways
from the PAG to the RVM are likely developing from 3 to 14 days of age. By 14 days of age
there were minimum differences between the two sites. Because the ventral PAG and the
DLP sites were equivalently effective, it is not likely that the increased effectiveness of
opiate induced analgesia over the first two weeks can be attributed the PAG acting through
the DLP or due to maturation of the PAG itself. These Although we interpret the delayed
appearance of analgesia in the hindpaws and tail as evidence of delayed descending
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inhibition, other mechanisms are possible. We cannot rule out, for example, that stimulation
of the PAG is recruiting other sites as the pup develops or that the developmental course of
analgesia is modified by receptor development. For example, there are well-documented
synergistic interactions of p-opiates between the PAG and the DLP and RVM (Bodnar et al.,
1988; Rossi et al., 1993, 1994). Determining synergistic effects among these three sites
during early development might tease apart these interactions as they have in the adult
(Bodnar et al., 1988; Rossi et al., 1993, 1994).

Localization within the PAG—There are a number of differences between the dorsal and
ventral PAG in the adult. The projections of the dorsal lateral PAG are mainly to the locus
ceruleus, subceruleus, the rostral paragigantocellular nucleus, and the region of the A5
noradrenergic cell group. In contrast, the major projections of the ventral lateral PAG are to
the nucleus raphe magnus, the caudal aspects of the lateral paragigantocellular nucleus, and
the rostral ventral lateral reticular nucleus (Cameron et al., 1995b). Stimulation of the
ventral PAG by opiates, excitatory amino acids, or by electrical current induces analgesia
mediated by opioid mechanisms. Electrical or glutamatergic stimulation of the dorsal PAG,
in contrast, activates mechanisms that are neither blocked by naloxone nor cross-tolerant
with morphine (Cannon et al., 1982; Carstens and Douglass, 1995; Nichols and Thorn,
1990). In the infant, morphine injected into the ventral PAG resulted in a pattern of early
onset analgesia quite similar to that of DAMGO. However, morphine was ineffective until
14 days of age when injected into the dorsal PAG (Tive and Barr, 1992). Here, DAMGO
was effective in the dorsal PAG in the forepaw test at three days of age. DAMGO is a more
efficacious agonist than morphine and the difference could be due to that increased efficacy.
In the present study, injection sites were more rostral than in the morphine study. There are
differences in the function of the PAG along the rostral to caudal plane [see (Bandler and
Shipley, 1994) for review], although few differences exist in the caudad projections from the
rostral or caudal PAG (Cameron et al., 1995a; Cameron et al., 1995b). Resolution of these
issues will require further work.
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Fig. 1. Withdrawal latencies following injection of DAMGO into the ventral aspects of the PAG
The three rows correspond to the three ages. The two columns show the two different test
temperatures. The Y-axis is the mean withdrawal latency (+ 1 SEM) and the dose of the
drug is on the X-axis, including vehicle (Veh). The forepaw is denoted by circles, the
hindpaw by squares and the tail by triangles. There was a general increase in antinociception
in all three appendages with age. Withdrawal of the forepaw was increased consistently by
DAMGO even at the highest temperature.
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Fig. 2. Withdrawal latencies following injection of DAM GO into the dorsal aspects of the PAG
The details are as in Fig. 1. There was significant analgesia in the forepaw at three days of
age and increased antinociception in the hindpaw and tail with increasing age. At the highest
temperature, only the 3 day old pups showed any analgesia and then only in the forepaw
test.
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PAG Placements: DAMGO

FOREPAW

HINDPAW

Fig. 3.

Localization of DAMGO injection sites within the PAG of three day old pups. Data are from
the 47° C. test only. Sections are adapted from the Sherwood and Timiras atlas (Sherwood
and Timiras, 1971) and the numbers to the upper left of each section are the AP planes from
that atlas. The data are plotted by both dose and by effectiveness in the forepaw, hindpaw
and tail withdrawal tests. The different appendages are depicted in the three rows of
sections. The circles represent the lowest dose (0.05 g), squares the middle dose (0.15 p.g),
and the triangles the highest dose (0.50 .g). Lightly shaded symbols represent ineffective
sites in which the withdrawal latencies were less than 10 seconds. The more darkly shaded
symbols represent sites with withdrawal latencies greater than 10 seconds. In general, higher
doses were more effective and the forepaw more sensitive to the effects of DAMGO. This
agrees with the latency data (Fig. 2). Both dorsal and ventral sites were effective, although
there is suggestion that the more caudal sites were less analgesic (e.g. p0.4 in the forepaw
withdrawal test and caudal to A1.2 in the hindpaw and tail tests.).
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Fig. 4.

Withdrawal latencies following injection of DPDPE into the ventral aspects of the PAG. The
details are as in Fig. 1, except that 3-day-old pups were not tested. DPDPE was less effective
than DAMGO. DPDPE was never fully effective at 47° C and not analgesic at all at the
highest temperature. Furthermore, DPDPE was minimally effective in the hindpaw except at
the lowest temperature.
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Fig. 5.

Placement of DPDPE injection sites within the PAG of 14-day-old pups. The sections are
adapted from the Sherwood and Timiras atlas (Sherwood and Timiras, 1971). Other details
are as for the legend in Fig. 3. Fewer sites were positive, even at this age, than for DAMGO.
With two exceptions, there were no sites above the aqueduct that produced latencies greater
than 10 seconds and only one site was positive in the hindpaw test.
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Fig. 6.

Withdrawal latencies following injection of DAMGO into the RVM. The details are as in
Fig. 1. At three days of age DAMGO induced analgesia in all appendages although it was
more effective in the forepaw. Unlike other sites, even at the highest test temperatures,
DAMGO was analgesic at all ages.
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Fig. 7.

Placement of DAMGQO injection sites within the RVM and the DLP of three-day-old pups.
The sections are adapted from the Paxinos et al. atlas (Paxinos et al., 1991) and the numbers
in the upper right of the section are the AP plane from that atlas. Other details are as for the
legend in Fig. 3. In general, higher doses were more effective and the forepaw test more
sensitive to the effects of DAMGO. This agrees with the latency data. More rostral sites were
more effective than caudal sites, especially for the hindpaw and tail. Few low-dose sites
were positive in the RVM in the hindpaw and tail test.
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Fig. 8.

Withdrawal latencies following injection of DPDPE into the RVM. The details are as in Fig.
1, except that 3-day-old pups were not tested. DPDPE was also less effective than DAMGO
at this site. DPDPE was never fully effective at 47° C and not analgesic at all at the highest
temperature. Furthermore, it was minimally effective in the hindpaw.
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RVM and DLP Placements: DPDPE

Forepaw

Fig. 9.

Placement of DPDPE injection sites within the DLP and RVM of 10-day-old pups. The
sections are as described in Fig. 7 and are from the Paxinos et al atlas (Paxinos et al., 1991).
The numbers to the upper right of each section or the AP plane from the atlas. Other details
are as for the legend for Fig. 4. For the DLP, the majority of positive sites were at or rostral
to section —10.04. Few sites were positive in the hindpaw test and unlike DAMGO, there
was little evidence of effects for either the forepaw or tail tests. Most RVM sites were
positive in forepaw, except at the lowest dose, but no site was analgesic in the hindpaw test.
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Withdrawal latencies following injection DAMGO into the DLP. The details are as in Fig. 1.
These data are similar to those seen for the PAG. At 3 days of age, DAMGO induced
analgesia mostly in the forepaw test except at the lowest temperature. At the highest
temperature DAMGO was analgesic only in the forepaw withdrawal test. There was an
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Withdrawal latencies following injection of DPDPE into the DLP. The details are as in Fig.
1, except that 3-day-old pups were not tested. DPDPE was less effective than DAMGO at
this site. DPDPE was never fully effective at 47° C, and virtually without effect at the higher
temperatures. Furthermore, it was minimally effective in the hindpaw at any temperature.
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