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Abstract
The development of tolerance to the antinociceptive effects of morphine has been associated with
networks within ventrolateral periaqueductal gray (vlPAG) and separately, nitric oxide signaling.
Furthermore, it is known that the mechanisms that underlie tolerance differ with age. In this study,
we used a rat model of antinociceptive tolerance to morphine at two ages, postnatal day (PD) 7
and adult, to determine if changes in the vlPAG related to nitric oxide signaling produced by
chronic morphine exposure were age-dependent. Three pharmacological groups were analyzed:
control, acute morphine, and chronic morphine group. Either morphine (10 mg/kg) or equal
volume of normal saline was given subcutaneously twice daily for 6 ½ days. Animals were
analyzed for morphine dose-response using Hot Plate test, and for the expression of several genes
associated with nitric oxide metabolism was evaluated using rtPCR. In addition, the effect of
morphine exposure on immunohistochemistry for Fos, and nNOS as well as nicotinamide adenine
dinucleotide phosphate diaphorase (NADPH-d) reaction at the vlPAG were measured. In both age
groups acute morphine activated Fos in the vlPAG, and this effect was attenuated by chronic
morphine, specifically in the vlPAG at the level of the laterodorsal tegmental nucleus (LDTg). In
adults, but not PD7 rats, chronic morphine administration was associated with activation of nitric
oxide function. In contrast, changes in the gene expression of PD7 rats suggested superoxide and
peroxide metabolisms may be engaged. These data indicate that there is supraspinal
neuroplasticity following morphine administration as early as PD7. Furthermore, oxidative stress
pathways associated with chronic morphine exposure appear age-specific.
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1. INTRODUCTION
Opioids, including morphine, are among the most effective treatments for postsurgical and
cancer pain. Unfortunately, prolonged administration of morphine leads to the development
of tolerance to analgesia, as evidenced by increased dosage requirements to maintain pain
control. Moreover, age has an important effect on the development of tolerance (see review
by Anand et al. (Anand et al., 2010)). However, differences in supraspinal neuroplasticity
following chronic morphine administration with age remain poorly defined and understood.
Considering the routine use of morphine infusions and the high incidence (35–57%) of
antinociceptive tolerance in pediatric intensive care units (Katz et al., 1994, Fonsmark et al.,
1999, Anand et al., 2010), elucidating the ontogeny of supraspinal chronic morphine effects
is of current clinical interest.

The midbrain ventrolateral periaqueductal gray (vlPAG) is a major supraspinal site of
systemic morphine’s antinociceptive actions (Jensen and Yaksh, 1986, Morgan et al., 1998,
Lane et al., 2005). It is also critical for the development of antinociceptive tolerance to
morphine in the adult rat (Jacquet and Lajtha, 1976, Siuciak and Advokat, 1987, Tortorici et
al., 1999, 2001, Lane et al., 2004, 2005, Morgan et al., 2006). The vlPAG contains neuronal
isoform of nitric oxide synthase (nNOS) within cholinergic neurons that comprise the
laterodorsal tegmental nucleus (LDTg) (McHaffie et al., 1991, Onstott et al., 1993, Rodrigo
et al., 1994, Gotti et al., 2005). It is known that nNOS is responsible for the production of
nitric oxide and not only plays an important role in morphine’s acute effects (Mao, 1999,
Mayer et al., 1999, Zhu and Barr, 2001b) but has also been implicated in the development of
antinociceptive tolerance to morphine (Babey et al., 1994, Kielstein et al., 2007). Mice with
a genetic deficiency of nNOS have significantly attenuated antinociceptive tolerance to
morphine (Heinzen and Pollack, 2004a), while nNOS inhibitors have been reported to
attenuate antinociceptive tolerance in adult rodents (Herman et al., 1995, Xu et al., 1998).
However, it is not known if systemic morphine acts at the level of the vlPAG in the newborn
rat. It is also poorly understood whether chronic morphine administration modifies
supraspinal expression of nNOS or related genes in the vlPAG in either the adult or
developing brain.

In this report, we focused our investigation on age-dependent changes as well as on the
possible role of nNOS-expressing neurons of the vlPAG in mediating the effects of chronic
morphine treatment. We hypothesized that chronic morphine exposure would be associated
with neuroplasticity at the vlPAG as early as PD7, and that it would involve upregulation of
nitric oxide. Specifically, the objective of the study was to identify changes in oxidative
stress-related gene expression and the possible anatomical correlates within the vlPAG
following chronic morphine administration. We utilized a model of antinociceptive tolerance
to morphine in newborn rats previously described by Barr’s group (Jones and Barr, 1995,
Zhu and Barr, 2003). Finally, behavioral experiments were performed to confirm the
development of antinociceptive tolerance to morphine using Hot Plate test in both adult and
PD7 rats.

2. EXPERIMENTAL PROCEDURES
2.1. Animal Care and Use

Pregnant (day 18) Sprague-Dawley rats were derived from Sasco (Charles River
Laboratories International, Inc., Wilmington, MA) were handled for several days before
parturition and checked at 9 AM and 5 PM daily. Pups found at either time were termed 0
days of age, and were subsequently used for experiments at PD7. Male rats (250 g; average
age PD57 according to the supplier) were purchased from the same source. Adult male rats
were housed in groups of two or three, while each litter was in a separate cage. Animals
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were maintained on a 12 hours light/dark cycle, and food and water were given ad libitum.
The Institutional Animal Care and Use Committee at Children’s Hospital Boston approved
the experimental protocols for the use of vertebrate animals in this study. Experiments were
conducted according to the United States Public Health Service Policy on Humane Care and
Use of Laboratory Animals and the Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23, revised 1996). All efforts were made to minimize the number of
animals used and their discomfort.

2.2. Pharmacological Treatment
Morphine tolerance was induced following similar methods originally described by Jones
and Barr (Jones and Barr, 1995). We used subcutaneous (sc) injections to minimize
nociceptive experience from intraperitoneal (ip) drug administration. Specifically, animals
received twice-daily sc injections for 6 days (9 AM and 5 PM) and received the last sc
injection on the morning of the 7th day. Injections were done using 30 g needles (Becton
Dickinson and Co., Franklin Lakes, NJ) in adult rats, while 10 µl and 100 µl Hamilton
syringes (Hamilton Company, Reno, NV) were used for pups. Morphine sulfate (10 mg/kg;
Baxter Healthcare Corp., Deerfield, IL) or equal volume of NS was administered in the sc
area of the upper or lower back. Experimental groups included: control group that received
only normal saline (NS) injections for 6 ½ days, acute morphine group that received NS
except for the last injection on the morning of the 7th day when morphine was administered,
and chronic morphine group that received only morphine for 6 ½ days. The first day of
injections for pups occurred at PD1. Each litter had between 9 and 12 pups that were
assigned to each of the pharmacological groups. Pups from both sexes were included since
gender does not contribute to the degree of antinociceptive tolerance in neonatal rats
(Thornton and Smith, 1997, Thornton et al., 1997).

2.3. Behavioral Experiments for Tolerance Assessment
The Hot Plate test was used to confirm the development of antinociceptive tolerance to
morphine. A separate group of animals (n=6–7/pharmacological group/age) was used for
behavioral testing to minimize nociceptive testing interference with measures of the
sensitive neuroanatomical marker (Fos). We used a modified Hot Plate test (Masters et al.,
1993) (T 56°C and 12 s cutoff latency) to measure distal 2/3 hindpaw withdrawal latency (in
seconds) in adult rats, and the parameters for Hot Plate test are described in a study by Zhu
and Barr (Zhu and Barr, 2001a) for PD7 rat (T 49°C and 20 s cutoff latency). Testing was
done in the afternoon of the 7th day 20 minutes following each drug administration. After
adaptation baseline trials, and trials following injection of NS, each rat was injected with a
low dose of morphine (0.1 mg/kg sc). Thirty minutes later, the rats were re-tested and
injected with the next dose of morphine that was increased in logarithmic manner with a
starting dose of 0.1 mg/kg and an ending dose of 10 mg/kg, and increments of
approximately half a log unit (such that each animal received 0.1, 0.3, 1, 3, and 10 mg/kg of
morphine sequentially). Withdrawal latency of the hindpaw of each animal was measured 3
times on both sides after each drug injection (with 10 s pause interval) and the final
withdrawal latency value was averaged among 6 recordings. In no case was there tissue
damage. An individual blinded to the treatment group performed behavioral testing. Hot
Plate data are presented as a percentage of maximum possible effect (%MPE=[Test
Latency–Baseline Latency]/[Cutoff Time–Baseline Latency] ×100) ± SD, according to the
method used by Harris and Pierson (Harris and Pierson, 1964).

2.4. Quantitative Gene Expression Analysis
We analyzed gene expression in two groups: control group, and chronic morphine group
at two different ages. A replicate and pooling strategy was devised to minimize variance
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cause by litter effects, the dissections themselves and other technical factors. For adults,
tissue from 5 individuals was pooled for each treatment group and PCR replicate; there were
4 replicates such that a total for 40 adult rats were used. For P7 rats, the progeny from 3
litters were used for each PCR replicate. For each litter, pups were equally divided between
saline or morphine treatment groups. Tissue derived from all the pups receiving the same
treatment from the three litters were pooled for a single PCR replicate. The PCR analysis
was repeated three times, thus we used total 9 litters (64 individual pups). One hour
following the last injection on the morning of the 7th day, animals were deeply anesthetized
with sodium pentobarbital 100 mg/kg ip and decapitated. Brains were removed, and coronal
tissue blocks containing the ventral periaqueductal gray (PAG) at the level of the inferior
colliculus (which included vlPAG, LDTg, and dorsal raphe nucleus; Fig. 1B), were
dissected on ice. Tissue blocks corresponded to distances from Bregma of −7.64 to −9.16
according to the adult rat brain atlas (Paxinos and Watson, 1998). We dissected 26 ± 18 mg
of the ventral PAG tissue per individual adult brain (n=40) and 13.5 ± 3 mg per individual
PD7 brain (n=64). Tissue blocks from animals of the same group (n=5 animals/group) were
collected and homogenized in 1 ml of Trizol Reagent (Life Technologies Corp., NY) for
total RNA isolation using the phenol-chloroform method (Chomczynski and Sacchi, 1987),
followed by the addition of 0.2 ml chloroform per 1 ml Trizol used. After incubation for 3
minutes at room temperature, samples were centrifuged at 11,000 g for 15 minutes at 4°C.
The upper aqueous phase was transferred to another vial, and RNA was precipitated by
adding 1 ml glycogen (Invitrogen, CA) and 0.5 ml isopropyl alcohol (Sigma, St. Louis, MO)
per 1 ml Trizol used. After incubation of samples for 10 minutes at room temperature,
separation of RNA was accomplished by centrifugation at 11,000 g for 15 minutes at 4°C.
Pellets containing total RNA were washed once with 1 ml of 75% ethanol centrifuged at
7,500 g for 5 minutes at 4°C. After that, pellets containing washed RNA were dried for 3
minutes at room temperature, and then dissolved in RNAse-free water (50 ml water per 100
mg brain tissue homogenized). Samples were aliquoted and stored at −80°C. The RNA yield
was evaluated in all the samples by analyzing the spectrophotometric ratios 260/280 using a
Nanodrop 2000c Spectrophotometer (ThermoScientific, West Palm Beach, FL).
Specifically, average yield of total RNA (± SD) from ventral PAG was 1.8 ± 0.2 µg/µl (n=4
replicates/2 groups) and 3.23 ± 0.4 µg/µl (n=3 replicates/2 groups) from adult and PD7 rat,
respectively. RNA integrity was corroborated using 2% agarose gels with ethidium bromide
(3 ml/50 ml TRIS) and visualized in a UV transilluminator, showing two main bands
corresponding to 18S and 28S rRNAs (data not shown). Samples containing a minimum of 5
μg of RNA (at a concentration greater than 0.5 μg/μl) were sent in dry ice to
SABiosciences™ (Frederick, MD) for quantitative PCR analysis using the Rat Nitric Oxide
Signaling Pathway PCR Array (PARN-062; SABiosciences™-a QIAGEN company). For
the list of all 84 genes in the Array (PARN-060), refer to SABiosciences™ website.

2.5. Anatomical Experiments
For anatomical experiments, a total of 15 adult animals (n=5/group) and 13 pups (n=4–5/
group) were used in 3 experimental groups: control, acute morphine, and chronic morphine
groups. Animals were anesthetized and transcardially perfused on PD7 and PD65
(estimated). The time point selected for perfusion on the 7th day of pharmacological
treatment was 2 hours after the last sc injection. This time point was selected because
antinociceptive effects following systemic administration of morphine in rats peak at around
60 minutes. In addition, Fos protein expression generally peaks at 1 hour and disappears by
3–4 hours (Herdegen and Leah, 1998) after either short or continuous stimulus. Therefore, a
1 hour delay for maximum morphine effect, followed by an hour delay for subsequent
maximal Fos expression. Experimental groups were matched and individuals from different
groups were processed in parallel. Specifically, after anesthesia, adult animals were perfused
through the ascending aorta with 50 ml of normal saline, followed by 250 ml of 4%
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paraformaldehyde in 0.1M phosphate buffer (PB, pH 7.4, room temperature). Rat pups were
perfused with only 100 ml of 4% paraformaldehyde in 0.1M PB solution. Brains were
removed and stored in the same fixative solution overnight (4°C) before cryoprotection in
30% sucrose solution in 0.1M PB for at least 48 hours. Subsequently, brains were frozen and
40 µm coronal sections were cut on a freezing microtome. Free-floating sections were
collected in 0.1M PB in saline and subsequently processed for: (1) Fos and nNOS
immunolabeling, and (2) NADPH-d histochemistry reaction.

2.5.1. Fos and nNOS Immunocytochemistry—Primary and secondary antisera were
diluted in 0.1M PB with normal saline, 0.3% Triton X-100, 0.04% bovine serum albumin,
and 0.1% sodium azide. Brain sections were incubated in primary antibodies for 2 days at
4°C, and subsequently in secondary antibodies for 1 to 2 hours at room temperature.
Sections were rinsed in 0.1M PB in saline (3 times for 10 minutes) in between
immunocytochemical processing. Fos immunoreactivity was detected by incubating sections
in rabbit polyclonal anti-Fos antisera (Oncogene, Cambridge, MA) diluted 1:10,000, while a
mouse monoclonal antibody to nNOS (diluted 1:5000; NOS1 (A-11) sc-5302; Santa Cruz
Biotechnology Inc., Santa Cruz, CA) was used for nNOS neurons labeling. Secondary
antiserum for Fos was raised in donkey and conjugated to Cy3 (red fluorophore; Jackson
ImmunoResearch Labs, Inc., West Grove, PA). Secondary antisera raised in donkey (anti-
mouse) were conjugated to Alexa FluorR 488 (green fluorophore; Invitrogen Corp.,
Carlsbad, CA). All secondary antisera were diluted to 1:200. Immunolabeling with anti-Fos
antisera produces characteristic nuclear staining consistent with the role of the protein in
transcription, while nNOS labeling leads to neuronal body staining. Finally, sections were
rinsed in 0.1M PB in saline solution prior to mounting on slides in 0.05M PB. After drying,
mounted sections were coverslipped with 90% glycerol solution.

2.5.2. Nicotinamide Adenine Dinucleotide Phosphate-Diaphorase (NADPH-d)
Histochemical Reaction—Previous studies have demonstrated that nNOS and NADPH
coexist in cellular profiles of the vlPAG (Xu and Hokfelt, 1997, Simpson et al., 2003, Okere
and Waterhouse, 2006a), and that NADPH-d is an index of nNOS activity (Hope et al.,
1991). Thus, 1/4 of free-floating sections through the LDTg were collected and processed
for NADPH-d reaction following a modified protocol by Okere and Waterhouse (Okere and
Waterhouse, 2006c, b). Tissue sections were incubated in 10 ml of 0.1M PB solution
containing 4 mg nitroblue tetrazolium (Sigma, St. Louis, MO, USA), 2 mg reduced β-
NADPH-d (Sigma, St. Louis, MO, USA) and 0.03% Triton X-100 for 30–35 min in a 40°C
water bath. Rinsing sections in 0.1M PB buffer stopped the reaction. Sections were mounted
on superfrosted glass slides in 0.05M PB, air-dried, cleared in ascending alcohol solutions
(35%, 50%, 70%, 95%, 100%) for one minute each prior to dehydration in xylene for 3
minutes twice. Finally, sections were air-dried prior to permanently coverslipping with
Permount (Fisher Scientific, Pittsburg, PA, USA).

2.5.3. Mapping and Cell Counts—The analysis of all neurons was done using a
fluorescent/brightfield microscope (Olympus IX81; Olympus America Inc. Melville, NY,
USA) equipped with a camera and digital microscopy software (Slidebook v4.2, Olympus).
For Fos and nNOS quantitative analysis, we divided the ventral PAG along the rostrocaudal
axis into 3 areas (Fig. 1): Level 1 – caudal region that encompasses central gray at the level
of the rostral locus coeruleus (Plates 56–59 according to the adult rat brain atlas (Paxinos
and Watson, 1998)), (2) Level 2 – mid region at the level of the inferior colliculus where
serotonergic neurons comprise mid dorsal raphe nucleus (corresponding to Plates 53–55),
and (3) Level 3 – rostral region at the level of the superior colliculus where rostral dorsal
raphe nucleus is located (corresponding to Plates 48–52). In the first two areas, nNOS
immunoreactive neurons are of type I (strongly immunoreactive larger neurons) comprising
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LDTg whereas in the third region, they are of type II (lightly labeled and smaller in size)
that are located in the dorsal raphe nucleus (Onstott et al., 1993, Rodrigo et al., 1994). Both
Fos immunolabeled nuclei and nNOS immunoreactive neurons were counted bilaterally only
in the boundaries of the ventral PAG as illustrated by Fig. 1. For each rat, an average of 3–5
coronal sections representing each of these areas bilaterally were photographed. For each
area, a minimum of 5 adult rats and 4–5 PD7 rats per pharmacological group contributed to
the mean number of counted profiles (density/section). Double-labeled neurons were
manually enumerated from photographs by visualizing the individual and merged images of
each fluorophore. nNOS immunolabeled neurons were considered Fos-positive if the
nucleus was entirely filled with labeling for Fos, and the surrounding cell body and proximal
dendrites filled with labeling for nNOS, as visualized by two different fluorophore (red and
green, respectively). To confirm that Fos was detectable using immunofluorescence, the
sections analyzed were first examined for Fos immunolabeling in other brain areas besides
those of our interest, for all treatment groups. An observer blind to the treatment group
counted single and dual-immunolabeling of individual profiles.

2.5.4. Intensity of Labeling per Individual Neuron—Bilateral pictures of the LDTg
were taken uniformly with 10× magnification lens at 400 ms exposure (for nNOS
fluorescent microscopy) and 1000 ms (for NADPH-d brightfield microscopy) among
different brains. Note that complementary sets of brain tissue per age were processed
simultaneously and photographed with the same exposure time to minimize inter-assay
variability. Average intensity per individual neuron of either nNOS-immunoreactive
labeling or NADPH-d reaction product was calculated based on analysis of intensity
labeling in 5 individual neurons per picture of LDTg (total 6 pictures/brain, n=5–6 brains/
treatment group). Background labeling intensity was subtracted from the total intensity of
nNOS labeling/NADPH-d reactivity in each individual neuron that was analyzed.
Furthermore, for NADPH-d labeling, we counted the number of lightly labeled (light),
intensely reactive (dark), as well as the total number of NADPH-d reactive neurons in each
picture. This was done by grading individually neurons as either dark or light, where a
‘dark’ neuron was defined by either (1) black cytoplasmic reaction or (2) an intense reaction
that obscured characteristics of a neuronal nucleus. In constrast, light neurons were
characterized by gray cytoplasm and easily detectable nucleus. This analysis was also
blinded as per pharmacological treatment group.

2.6. Statistical Analyses
For gene expression analysis, the effect of morphine treatment at each age was analyzed
using unpaired two-tailed Student t-test, and genes with a p<0.10 were reported. For (1)
average Hot Plate withdrawal effect (%MPE), (2) mean density of immunohistochemical
profiles (# of immunolabeled profiles/section/brain), and (3) average intensity of nNOS
immunolabeling or NADPH-d reaction per individual neuron in LDTg, for each age we used
one-way analysis of variance (ANOVA) for treatment effect with a Tukey HSD post-hoc
test. A p-value less than 0.05 was considered statistically significant.

3. RESULTS
3.1. Behavioral Analysis of Antinociceptive Tolerance with Age

To validate the model of chronic morphine exposure in adult and PD7 rats (Barr and Wang,
1992, Zhu and Barr, 2003), we performed Hot Plate testing to examine the development of
antinociceptive tolerance. Both PD7 and adult rats developed antinociceptive tolerance after
chronic morphine treatment, as indicated by decreased antinociceptive effect (Fig. 2).

Bajic et al. Page 6

Neuroscience. Author manuscript; available in PMC 2013 December 13.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



3.2. Gene Expression Changes in the Ventral Periaqueductal Gray with Treatment
We analyzed gene expression differences following chronic morphine treatment when
compared to control (chronic NS treatment) at each age (Fig. 3). In the adult rat, chronic
morphine treatment was associated an upregulation of c-fos (1.76 fold, p=0.03) and noxa-1
(2.52 fold, p=0.09) genes. Although NOS1 gene expression increased 1.6 fold (60%) in the
adult rat following chronic morphine treatment in comparison to NS control, it was not
significant (p=0.32). In PD7 rats, chronic morphine treatment was associated with an
upregulation of noxo1 (1.48 fold, p=0.08), MPO (2.33 fold, p=0.04), and Txnip (1.77 fold,
p=0.01) genes related to superoxide and hypochlorous acid production, and antioxidant role
of thioredoxin protein, respectively. Finally, three additional genes related to nitric oxide
signaling appeared changed following chronic morphine treatement in PD7 rat, and included
Egr1 (1.8 fold, p=0.02), Rprm (−1.13 fold, p=0.07) and Idh1 (−1.16 fold, p=0.09).

3.3. Density of Fos Immunoreactive Nuclei
3.3.1. Fos Density After Acute MorphineTreatment—Distribution of baseline Fos–
immunolabeled cells in vlPAG of control groups is similar at both ages (Fig 4 and 4A’).
Furthermore, acute morphine leads to Fos activation in the vlPAG of adult and PD7 rats. We
confirm previous observations that acute morphine activates Fos expression in the vlPAG of
adult rats (Loyd et al., 2007) (Fig. 5A’). In the PD7 rat, acute morphine administration also
activated Fos in the vlPAG (p<0.01 at Level 2; Fig.5A), but not as broadly along the rostral-
caudal extent as seen in adults (Fig. 5A and A’) nor to the same magnitude (Fig. 4B and B’).

3.3.2. Fos Density After Chronic MorphineTreatment—We also examined if Fos
expression produced by acute morphine was attenuated after previous chronic exposure.
Chronic morphine exposure led to a region-specific attenuation of Fos density in the vlPAG
of both PD7 (p<0.01; Fig. 5A) and adult rats (p<0.05; Fig. 5A’) when compared to the acute
morphine group. This effect was specific to a selective region of the vlPAG at the level of
the inferior colliculus where cholinergic neurons that contain nNOS and comprise LDTg
nucleus are located (area illustrated in Fig. 1B and Fos distribution in Fig. 4).

3.4. Analysis of Neuronal Nitric Oxide Synthase Immunoreactive Neurons
3.4.1. Density of nNOS Neurons with Morphine Treatment—We also analyzed the
number of nNOS immunoreactive neurons at three different levels along the rostrocaudal
axis of the ventral PAG (Fig. 1A–C). There was no change in the average density of nNOS
neurons in any of the analyzed anatomical areas following either acute or chronic morphine
administration in either adult or PD7 rat (Fig. 6A and A’). Furthermore, only a few double-
labeled nNOS neurons with Fos immunoreactivity were identified. Measured density of
double-labeled nNOS neurons with Fos in the adult was not statistically different along the
rostrocaudal axis in any of the treatment groups and was negligible in the PD7 rat (Fig. 6B
and B’).

3.4.2. Intensity of nNOS Immunoreactivity per Individual Neuron—Since there
were no differences in the density of nNOS immunoreactive neurons with morphine
treatment, but there were potential changes in Nos1 gene transcription, we examined the
average intensity of nNOS immunolabeling per individual neuron. This analysis revealed
that the average intensity of nNOS immunoreactive labeling per individual neuron was
different among the three treatment groups only in adult and not in PD7 rats (Fig. 6C and
C’). More specifically, average intensity of nNOS immunoreactive labeling per individual
neuron of adult LDTg significantly increased 26% in the group that received chronic
morphine treatment when compared to control (p<0.01) and acute morphine (p<0.01) groups
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(Fig. 6C’). However, this was specific to adults and no differences were found in PD7 (Fig.
6C).

3.4.3. Intensity of NADPH-d Reaction per Individual Neuron—To examine if
changes in nNos immunoreactivity reflected increases in enzymatic activity, we also
processed sections for NADPH-d reaction (Fig. 7). The average total number of NADPH-d
stained neurons/adult brain ± SD (878.33 ± 136.33) was not different among different
pharmacological groups. However, the percentage ± SD of intensely labeled (dark) neurons/
section/brain was significantly higher in chronic morphine group in comparison to both
control and acute morphine groups (Fig. 7A–C). Similarly, the percentage ± SD of lightly
labeled NADPH-d neurons/section/brain was significantly lower in chronic morphine group
(39.83% ± 12.49) in comparison to both control and acute morphine groups. Finally, average
intensity of NADPH-d reaction per individual neuron of adult LDTg significantly increased
44% in the group that received chronic morphine treatments when compared to control and
acute morphine groups (Fig. 7D). Similar analysis of the LDTg in the PD7 rats showed no
significant difference in either percent of lightly reactive (p=0.09), percent of dark NADPH-
d neurons/section/brain (p=0.32), or average intensity of NADPH-d reaction per individual
neuron (p=0.59) among three different treatment groups (not shown).

4. DISCUSSION
In the present study, we examined the effects of systemic acute and chronic morphine
administration on markers of neuroplasticity in the vlPAG at two different ages. In both
adult and PD7 rats, acute morphine activates Fos and this effect is attenuated after chronic
morphine administration. This effect illustrates that even at young PD7 age, morphine
exposure has effects supraspinally, and chronic exposure results in neuroplasticity that
changes these effects. In adults, this was associated with the up-regulation of genes
associated with Fos (Fos) and NADPH oxidase (noxa1). However, similar changes do not
appear to occur in the PD7 rat; rather there are gene expression changes that suggest
alterations in superoxide (noxo1) and peroxide metabolism (MPO). Therefore, although both
acute and chronic morphine exposure appear to impact the vlPAG at both ages, adaptive
responses related to oxidative stress exhibit distinct characteristics.

4.1. Methodological Considerations
PCR is a sensitive method for detection of RNA expression levels in selected tissue. We
used a pooling strategy combined with biological and technical replication to optimize this
approach. Pooling was used in particular to minimize individual variation, litter effect, and
technical variation caused by the dissections themselves. While our statistical approach was
subject to false-positive error, relatively few differences in gene expression were detected.
In order to confirm some of these results and understand the relevant neuroanatomy, we
combined PCR with neuroanatomical approaches. We used Fos immunolabeling, which is
easily detected and quantified, and has been used to understand the effects of analgesics and
drugs of abuse including morphine (Chang et al., 1988, Liu et al., 1994). However Fos-
immunolabeling can be vulnerable to errors if the amount of activation required to initiate
expression of c-fos is different for different types of neurons (Dragunow and Faull, 1989).
The latter might explain the lack of detectable Fos expression within nNOS-containing
neurons in this study. In addition, it is worth considering that the NADPH-d reaction
intensity could vary due to changes in fixation and tissue processing parameters (Spessert
and Layes, 1994, Buwalda et al., 1995, Gonzalez-Hernandez et al., 1996). However,
previous studies have shown that (1) extended fixation with 4% formaldehyde (that was
used in our study) is necessary to inactive all other diaphorases except for NOS (Matsumoto
et al., 1993), (2) that the amount of formazan blue produced at any given time reflects NOS
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activity at the time of fixation (Hope et al., 1991, Morris et al., 1997), and (3) that the
cellular intensity of NADPH-d reaction is subject to pharmacological manipulation
(Gonzalez-Hernandez et al., 1996, Okere and Waterhouse, 2006c, b, a). Therefore,
experimental and control animals were simultaneously processed under identical conditions
throughout the handling, drug injections, perfusion, tissue preparation, NADPH-d
histochemistry, and microscopy under the same light exposure, to reduce inter-experiment
variability to the barest minimum.

4.2. Neuroplasticity in the vlPAG following Chronic Morphine Administration
Pharmacological studies have implicated vlPAG as an essential brain region mediating
antinociceptive tolerance to chronic morphine administration (Lane et al., 2004).
Furthermore, this is due to a direct effect of morphine in the vlPAG, as experiments have
shown that in the adult rat, morphine’s actions within the vlPAG are sufficient to produce
antinociceptive tolerance (Lane et al., 2005). Previous study by Loyd et al. (Loyd et al.,
2008) reported attenuation of Fos activation of adult spinally projecting neurons following
chronic morphine administration without any change in the total number of Fos. Factors that
might explain the discrepancy with the current report include differences in animal treatment
(tracer injection surgeries vs. naïve animals in our study), methods of anatomical
quantification (the caudal vlPAG region was divided into three separate regions in our
study), or pharmacological treatment (chronic morphine administration for 3 ½ days vs. 6 ½
days in our study). However, our results are consistent with Loyd et al. in providing
evidence for tolerance to morphine’s effects at the level of vlPAG networks. Furthermore,
our results show this effect is detected as early as PD7. The latter novel finding brings new
light into supraspinal opioid effects of developing rat brain. It is known that morphine and
other opioid agonists are effective analgesics during the early neonatal period (Kehoe and
Blass, 1986a) due to the presence of spinal opioid receptors at birth (Rahman and
Dickenson, 1999). Although it is clear that descending inhibitory mechanisms are still not
completely functional until the third week of life (Nandi and Fitzgerald, 2005, Fitzgerald
and Walker, 2009), several studies reported that morphine injected into the ventricle or
directly into the vlPAG produces antinociception as early as PD7 (Kehoe and Blass, 1986b,
Barr et al., 1992, Tive and Barr, 1992, Tseng et al., 1995). Thus, our data confirm that acute
morphine has effects on supraspinal networks of vlPAG as early as PD7, and moreover, that
chronic morphine exposure is associated with plasticity of vlPAG with development of
antinociceptive tolerance.

4.3. Ontogeny of Oxidative Stress Gene Expression in Ventral PAG with Morphine
We report that selective, oxidative stress-related genes are differentially expressed following
chronic morphine administration in a rat model at two different ages: newborn (PD7) and
adult. In contrast to nNOS, the enzyme responsible for production of nitric oxide, Nox1 and
Nox4 generate and release intracytoplasmic superoxide (O2

−) and extracellular hydrogen
peroxide (H2O2), respectively (Ambasta et al., 2004, Martyn et al., 2006, von Lohneysen et
al., 2008). Furthermore, Noxa1 together with Noxo1 are key regulatory subunits of the
NADPH oxidase Nox1 known for producing O2

− constitutively at low levels (Banfi et al.,
2003, Takeya et al., 2003). According to our novel gene expression analysis, O2

− (noxo1)
may be upregulated by opioid exposure in the ventral PAG of the PD7 rat but not nitric
oxide (Nos1). Furthermore, MPO gene may be upregulated following chronic morphine
administration in PD7 rat. This gene is responsible for expression of myeloperoxidase, an
enzyme that produces hypochlorous acid (HOCl) from H2O2 (van der Veen et al., 2009).
Taken together, these changes could suggest changes in superoxide and peroxide
metabolisms may be engaged at younger ages. In addition, expression of transcription
factors differed at each age with Fos expression increased in adults, and Egr1 increased in
PD7 rats. While our statistical criteria may include false-positive findings, these data would
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suggest that there are age-dependent transcriptional changes within cells in the ventral PAG
as a result of opioid exposure.

4.4. Nitric Oxide Upregulation Associated with Chronic Morphine Administration
Recent evidence indicates that nitric oxide is a key mediator of antinociceptive tolerance
since increased nitric oxide production results in an enhanced rate and extent of
development of antinociceptive tolerance to morphine (Babey et al., 1994, Xu et al., 1998,
Heinzen and Pollack, 2004b, Kielstein et al., 2007). Blockade of nNOS by a selective nNOS
inhibitor attenuates antinociceptive tolerance to morphine in the adult rats (Herman et al.,
1995, Xu et al., 1998). It was also reported that repeated morphine administration increases
NOS biosynthesis in the rat spinal cord, as demonstrated by in situ hybridization and
immunohistochemical techniques (Machelska et al., 1997). Our results complement those
findings by demonstrating dramatic increase in NADPH-diaphorase activity in adults, which
may be due to both an increase in expression per cell as well as post-translational regulation
that could increase nNOS enzymatic activity.

4.4.1. Fos-Independent nNOS Activation in the LDTg With Chronic Morphine—
Although there is an increase in nNOS enzymatic activity, these neurons do not tend to
exhibit Fos after acute morphine exposure. This suggests that nNOS neurons do not
comprise descending efferent pathways mediating opioid effects from the vlPAG, which are
indirectly activated by acute morphine exposure (see reviews (Basbaum and Fields, 1984,
Fields et al., 2006)). Our preliminary results indicate that mu-opioid receptors are located on
nNOS neurons in the adult rat but not PD7 rat (D. Bajic and K.G. Commons, unpublished
observations). While many nNOS neurons are known to be cholinergic (Sugaya and
McKinney, 1994, Cork et al., 1998), nNOS could potentially be present in GABAergic
neurons, since it is known that mu- opioid receptors are present on the GABAergic neurons
in the vlPAG (Commons et al., 2000). Maturation of GABAergic neurons and GABA
immunoreactive terminals in the vlPAG does not occur until the second postnatal week and
is not fully established until PD30 (Barbaresi, 2010). The relationship between maturation of
GABAergic neurons in the vlPAG and nNOS may be interesting to further understand with
respect to the changing mechanisms of opioid actions with age.

Furthermore, studies by Waterhouse group have demonstrated that stress (restraint) and
painful stimuli (capsaicin) lead to the upregulation of NOS activity (as demonstrated by
increased total NADPH-d staining intensity) in the LDTg, without a concomitant change in
the mean number of neurons (Okere and Waterhouse, 2006c, b, a). This is in agreement with
our report of a statistically significant increase in the average intensity of both nNOS
immunohistochemistry and NADPH-d staining intensity per individual nNOS neuron in the
vlPAG of the adult rat. Thus, it is possible that an increased release of nitric oxide locally in
the LDTg of the vlPAG following chronic morphine administration may serve to either
inhibit output neurons, or activate local GABA interneurons (Shin et al., 1997, Yang et al.,
2007). Either effect would lead to a decreased output of efferent vlPAG neurons that may, in
part, contribute to antinociceptive tolerance to morphine in adult rat.

In addition to its local effect on the vlPAG circuitry, increased nNOS activity within the
LDTg following chronic administration of morphine may also have effects along its efferent
projections. Cholinergic neurons of LDTg/pedunculopontine tegmentum provide the only
known cholinergic input to the ventral tegmental area (Oakman et al., 1995, Holmstrand and
Sesack, 2011). Our preliminary data indicate that 98% of cholinergic neurons comprising
the LDTg are colocalized with nNOS in the adult rat as previously reported (Blottner et al.,
1995). Therefore, up-regulated nitric oxide following chronic morphine administration
might also be involved in the modulation of motivated behavior and reward pathways (see
reviews (Lester et al., 2010, Mark et al., 2011)). Finally, Usunoff et al. (Usunoff et al., 1999)
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reported that ~25% of rat LDTg/pedunculopontine tegmental projection neurons target the
ventrobasal thalamus and stain positively for NADPH-d (as index of NOS). This suggests an
additional role of nitric oxide in thalamic somatosensory processing following chronic
morphine administration. Future studies should elucidate functional significance of
upregulated nNOS on specific consequences of chronic morphine exposure in addition to
antinociceptive tolerance, such as sensitization, place preference and dependence.

4.5. Conclusions
Chronic systemic morphine administration is associated with supraspinal neuroplasticity in
the vlPAG as early as the PD7 in the rat. It involves oxidative stress mechanisms that differ
with age. Nitric oxide is implicated in adult, while gene expression analysis implicates
superoxide and hydrogen peroxide mechanisms to be associated with chronic morphine
administration in the PD7 rat.
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HIGHLIGHTS

• Acute morphine activates Fos in the ventral PAG in both adult and newborn rat
at PD7.

• This effect was attenuated after chronic morphine administration in both adult
and PD7 rat.

• In adult but not PD7 rats, nitric oxide is implicated in mediation of chronic
morphine effects.

• Gene expression suggests superoxide and hydrogen peroxide mechanisms in
PD7 rats.

• Oxidative stress pathways associated with chronic morphine exposure are age-
specific.
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Figure 1. Schematic Representation of Areas of Analysis
Schematic drawings of adult rat brain coronal brainstem sections illustrate distribution of
neuronal nitric oxide synthase (nNOS) immunoreactive neurons that are represented as stars.
Differences in star size reflect differences in the size of individual nNOS neurons.
Anatomical areas of analysis are marked by a square: (A) Level 1 encompasses the central
gray (CG) at the level of the rostral locus coeruleus (LC; corresponding to plates 56–59 of
the adult rat brain atlas (Paxinos and Watson, 1998)), (B) Level 2 includes the ventrolateral
periaqueductal gray (vlPAG) at the level of the inferior colliculus (IC) (corresponding to
Plates 53–55), and (C) Level 3 includes the vlPAG at the level of the superior colliculus
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(SC) (corresponding to Plates 48–52). Large nNOS immunoreactive neurons are located
within the laterodorsal tegmental nucleus (LDTg) at levels 1 and 2. Abbreviations: 4V,
fourth ventricle; Aq, aqueduct (Sylvius); CnF, cuneiform nucleus; DR, dorsal raphe
nucleus; IP, interpeduncular nucleus; LDTgV; laterodorsal tegmental nucleus, ventral part;
PnC; pontine reticular nucleus, caudal part; PnO, pontine reticular nucleus, oral part; PPTg,
pedunculopontine tegmental nucleus. Numbers in the upper right corner represent distance
from Bregma.
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Figure 2. Behavioral Analysis of Morphine Antinociceptive Effects
Hot Plate testing was done on the 7th day of treatment to evaluate development of
antinociceptive tolerance (n=6/pharmacological group/age, except for n=7 for chronic
morphine group in postnatal day (PD)7 rat). We used 49°C (with 20 s cutoff latency) for
PD7 rats, and 56°C (with 12 s cutoff latency) for adult rats. Thus, morphine potency cannot
be compared between two age groups. Chronic morphine treatment rendered both the the
PD7 (F(2,16)=24.74; p<0.001 at 0.3 mg/kg testing dose) and adult rat (F(2,15)=228.9;
p<0.001 at 10 mg/kg testing dose) tolerant to morphine’s antinociceptive effects. Results are
presented as a percentage of maximum possible effect (%MPE ± SD) according to the
method of Harris and Pierson (Harris and Pierson, 1964) to construct dose-response curves
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for morphine’s antinociceptive effect. Panel A: In the PD7 rat, a morphine dose of 0.3 mg/
kg showed evidence of tolerance development in the chronic morphine group (%MPE=
2.67± 3.87), in comparison to both control (66.24% ± 25.08; p<0.01) and acute morphine
(40.19% ± 14.68; p<0.01) groups. Interestingly, the same morphine dose of 0.3 mg/kg led to
a statistically significant decrease in %MPE of the acute morphine group versus control
group (p<0.05), suggesting that even a single prior exposure to morphine attenuates its
antinociceptive effect at this early age. Furthermore, a 1 mg/kg morphine test dose led to a
statistically significant difference (F(2,16)=5.17; p=0.01) only between the control and
chronic morphine group (p<0.05). Panel B: In the adult rat, a morphine dose of 10 mg/kg
led to significantly lower %MPE in the chronic morphine group (10.46% ± 8.45), in
comparison to control (98.81% ± 2.91; p<0.01) and acute morphine (95.58% ± 10.8;
p<0.01) groups. Abbreviations: MSO4, morphine; **, p<0.01; *, p<0.05.
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Figure 3. Gene Expression Analysis at the Ventral Periaqueductal Gray
Total of 84 genes were assayed using Rat Nitric Oxide Signaling Pathway PCR Array
(PARN-062; SABiosciences™) in in the ventral periaqueductal gray at the level of the
inferior colliculus (see also Fig. 1B). Gene expression was compared between treatment
(chronic morphine) and control (chronic normal saline administration) at two different ages
of the rat: postnatal day (PD)7 and adult. (A) Volcano plots illustrate relationship between
the gene expression fold change and p-value for all the morphine tolerant and control pairs.
Those with p < 0.1 for treatment effect are indicated. (B) Scatter plots for all of the genes
assayed illustrating the relative abundance in control and chronic morphine treated
conditions. X and Y axis in Panel B correspond to 2^-ΔCt [Ct(gene of interest)-Avg Ct
(housekeeping gene, HKG]. Abbreviations of genes: Egr1, Early growth response 1; Fos,
FBJ osteosarcoma oncogene; Idh1, isocitrate dehydrogenase 1 (NADP+), soluble; MPO,
myeloperoxidase; Noxa1, NADPH oxidase activator 1; Noxo1, NADPH oxidase organizer
1; Txnip, thioredoxin interacting protein.
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Figure 4. Anatomical Distribution of Fos-Immunoreactive Nuclei and nNOS-Immunoreactive
Neurons in the Rostral Brainstem in PD7 and Adult Rats
Schematic drawings illustrate distribution of Fos and nNOS immunolabeling following
normal saline (control, A and A’), acute morphine (B and B’), and chronic morphine
treatments (C and C’) at the ventrolateral periaqueductal gray (vlPAG) at the level of the
inferior colliculus (see also Fig. 1B; Level 2). Distribution of Fos nuclei and nNOS neurons
is represented as black dots and open circles, respectively. Very few double-labeled neurons
were labeled as black stars. Fine lines mark some anatomical landmarks. Abbreviations: Aq,
cerebral aqueduct; LDTg, laterodorsal tegmental nucleus; LDTgV; laterodorsal tegmental
nucleus, ventral part; mlf, medial longitudinal fasciculus.
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Figure 5. Distribution and Density of Fos Immunolabeling with Morphine Treatment
Graphs show average density (#Fos/section/brain ± SD) of Fos-immunoreactive nuclei
following different pharmacological treatments: control, acute morphine, and chronic
morphine administration in (A) PD7 and (A’) the adult rat. Three different brain regions
were analyzed (shown in Fig. 1). Panel A: In the PD7 rat, statistically significant differences
in Fos density among treatments are found only at Level 2 of the vlPAG at the inferior
colliculus (F(2,12)=16.82; p<0.001) with a significant effect of acute morphine treatment on
the number of Fos nuclei when compared to both the control (p<0.01) and chronic morphine
group (p<0.01). No changes were found either caudally (Level 1; F(2,9)=2.09; p=0.179) or
rostrally (Level 3; F(2,10)=1.06; p=0.382). Panel A’: In the adult rat, statistically significant
differences in estimated density among three different experimental groups were found in all
three anatomical regions of analysis: Level 1 (F(2,12)=14.96; p<0.001), Level 2
(F(2,12)=11.41; p<0.01), and Level 3 (F(2,12)=7.04; p<0.01). At Level 1, density of Fos-
immunoreactive nuclei was significantly higher between both acute and chronic morphine
groups in comparison to control (p<0.01), but there were no differences between acute and
chronic morphine groups. At Level 2, we showed significant increase in estimated density of
Fos nuclei in the acute morphine group in comparison to both control (p<0.01) and chronic
morphine groups (p<0.05). At Level 3, the acute morphine group was only different from
control (p<0.01) but not from the chronic morphine group.
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Figure 6. Density of Neuronal Nitric Oxide Synthase (nNOS) Neurons in Ventral Periaqueductal
Gray with Pharmacological Treatment
Graphs in Panels A and A’ show average density (#profiles/section/brain ± SD) of nNOS
immunoreactive neurons, while Panels B and B’ show average density of nNOS neurons
double-labeled (DL) with Fos following different pharmacological treatment: control, acute
morphine, and chronic morphine both in the PD7 (A and B) and the adult rat (A’ and B’).
There was no statistically significant difference in density of nNOS neurons in different
anatomical regions following different pharmacological treatment for either PD7 or adult
rat. Very few double-labeled neurons (nNOS neurons with Fos nuclei) were identified in the
adult rat that did not change among the different treatment groups. Double-labeling in the
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PD7 rat was negligible. (C and C’) Average intensity of nNOS immunolabeling per
individual neuron in the cluster of nNOS immunoreactive neurons with treatment.
Region of analysis included nNOS neurons at inferior colliculus (shown in Fig. 1B) of PD7
and the adult rat. No changes were found in PD7 rats among different treatment (F(2,
12)=0.59, p=0.57; C). In the adult rat, percent (%) increase from control of average intensity
of nNOS immunoreactive labeling per neuron in chronic morphine group was significantly
increased (26%; F(2,15)=10.4; p=0.001; C’) when compared to control (p=0.02) and acute
morphine groups (p=0.02). Asterisk (*) indicates p<0.05, significant difference.
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Figure 7. NADPH-d Histochemistry Reaction of the Adult Rat
Representative images of NADPH-d staining in the laterodorsal tegmental nucleus (LDTg)
in adult rats treated with chronic injections of normal saline (control; A) versus chronic
morphine (tolerant; B). Examples of lightly labeled neurons are marked with white arrow,
while dark ones are indicated with black arrows. Total number of labeled NADPH-d
neurons per brain across the LDTg is unchanged among different pharmacological groups
(n=6/group; F(2,15)=1.79; p=0.2). Panel C illustrates that the percent (%) of intensely
labeled (dark) NADPH-d neurons/section/brain was significantly higher in the chronic
morphine group (F(2,15)=11.39, p<0.001; 60.18% ± 12.49) in comparison to both control
(21.64% ± 11.25; p<0.01) and acute morphine (34.91% ± 17.97; p<0.05) groups, while the
% of lightly labeled NADPH-d neurons/section/brain was significantly lower in chronic
morphine group (F(2,15)=11.96, p<0.001; 39.83% ± 12.49) in comparison to both control
(78.86% ± 10.53; p<0.01) and acute morphine (65.09% ± 17.97; p<0.05) groups. Panel D
shows significant changes in percent intensity of NADPH-d reaction per individual neuron
in the adult LDTg between the three treatment groups (F(2,15)=13.45; p<0.001).
Specifically, the average intensity of NADPH-d reaction per individual adult neuron of
LDTg increased by 44% in the group that received chronic morphine treatment compared to
control (p<0.01) and acute morphine (p<0.01) groups. Scale bar = 100 µm. Abbreviations:
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Aq, cerebral aqueduct; NADPH-d, nicotinamide adenine dinucleotide phosphate
diaphorase; *, significant difference.
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