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Abstract
Morphine is frequently used as an analgesic and sedative in preterm infants. Adult rats exposed to
morphine have altered hippocampal neurochemical profile and decreased neurogenesis in the
dentate gyrus of the hippocampus. To evaluate whether neonatal rats are similarly affected, rat
pups were injected twice daily with 2 mg/kg of morphine or normal saline from postnatal days 3 to
7. On postnatal day 8, the hippocampal neurochemical profile was determined using in vivo 1H
NMR spectroscopy. The mRNA and protein concentrations of specific analytes were measured in
hippocampus, and cell division in dentate gyrus was assessed using bromodeoxyuridine. The
concentrations of γ-aminobutyric acid (GABA), taurine and myo-insotol were decreased, while
glutathione, phosphoethanolamine and choline-containing compounds concentrations were
increased in morphine-exposed rats relative to control rats. Morphine decreased glutamic acid
decarboxylase enzyme levels and myelin basic protein mRNA expression in the hippocampus.
Bromodeoxyuridine labeling in the dentate gyrus was decreased by 60-70% in morphine-exposed
rats. These results suggest that recurrent morphine administration during brain development alters
hippocampal structure.
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Introduction
Critically ill preterm infants are frequently treated with prolonged courses of opiates to
decrease pain and stress (Anand et al. 2004). While the efficacy of such treatment is
debated, the clinical practice persists (Carbajal et al. 2005; Cignacco et al. 2008; Franck et
al. 2000; Simons et al. 2003) as the effects of untreated pain are well established (Anand
2000; Duric and McCarson 2006). There are increasing concerns that opiates may have
detrimental effects on neurodevelopmental outcomes. Neonatal morphine treatment with and
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without stress, is associated with short term changes in gene expression and cellular
composition in the hippocampus (Juul et al. 2011; Vien et al. 2009) and long term
neurobehavioral deficits in rodents (Boasen et al. 2009; McPherson et al. 2007).

In adult rats, the neurochemical profile of the hippocampus is altered during morphine
administration (Corrigall 1983; Gao et al. 2007; Simonato 1996) and hippocampal-mediated
learning is impaired (Bhutta et al. 2001; Spain and Newsom 1991), possibly because of
decreased neurogenesis in the dentate gyrus of the hippocampus (Eisch et al. 2000; Lledo et
al. 2006).

In order to evaluate the safety of morphine for sedation in the absence of pain, we used a
neonatal rat model of morphine administration (McPherson et al. 2007). We hypothesized
that neonatal morphine administration would alter the neurochemical profile of the
developing hippocampus and decrease neurogenesis in the dentate gyrus. The metabolites
indexing neuronal and glial integrity, energy substrates and energy sufficiency, phospholipid
biosynthesis, and amino acids and neurotransmitters in the developing hippocampus were
assessed using high field in vivo 1H NMR spectroscopy, followed by evaluation of mRNA
and protein expression of relevant analytes in the hippocampus. We assessed cell
proliferation in the dentate gyrus using bromodeoxyuridine (BrdU) histochemistry. We
found that rat pups exposed to recurrent morphine administration had an altered
neurochemical profile, decreased glutamic acid decarboxylase (GAD) and myelin basic
protein (MBP) expressions in the hippocampus, and decreased incorporation of BrdU in the
dentate gyrus.

Materials and Methods
Animals and Drug Treatment

Experiments were performed using male and female Sprague-Dawley rat pups. All
procedures conformed to guidelines of the National Institutes of Health and were approved
by the Institutional Animal Care and Use Committee. Pregnant rats were purchased (Harlan
laboratories; Madison, WI) and allowed to deliver spontaneously. The day of delivery was
designated postnatal day (P) 0. Litter size was limited to 10 by culling soon after birth. Rats
were kept in humidity and temperature-controlled rooms with a 12-hour light/dark schedule
and were allowed food and water ad libitum. Pups were weighed daily.

Rat pups in each litter were randomly assigned to control (n = 20) or morphine (n = 25)
groups. From P3 to P7, pups in the morphine group received twice daily injections of 2 mg/
kg morphine sulfate i.p. (Hospira; Lake Forest, IL; concentration 0.5 mg/mL) for a total of
10 injections. Control pups received equivalent volume of normal saline i.p. The morphine
dose was based on previous studies (Boasen et al. 2009; McPherson et al. 2007) and results
in blood concentrations similar to those achieved in human neonates on bolus or standard
infusions (Carbajal et al. 2005; Scott et al. 1999).

On P7, some pups (n= 6 control, n=8 morphine) were injected with 100 mg/kg BrdU i.p.
(Sigma Aldrich; St. Louis, MO) to evaluate cell division within the dentate gyrus (Eisch et
al. 2000).

Physiological Monitoring
Rat pups in both groups were separated from the dams for 2 hours after each injection, until
the morphine-exposed pups had fully recovered from the sedative effects of morphine
(determined by the normalization of the righting reflex). Nesting temperature (34°C) (Stern
and Lonstein 1996) was maintained during the separation period. The heart rate, pulse
distension, respiratory rate and subcutaneous tissue oxygen saturation (SpO2) were
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continuously monitored in representative pups (n= 6 control, n=8 morphine) using a rodent
pulse oximeter system (MouseOx®; Starr Life Sciences Corporation; Oakmount, PA),
beginning five min before the injection and continuing until return to dams. The pulse
oximeter probe was secured over the dorsal cervical region and data were recorded to a
spreadsheet at 1 Hz. The number and duration of desaturation events, defined as SpO2 <
90%, were recorded. Alterations by more than 10% in baseline heart rate, pulse distention
and respiratory rate were considered significant.

In vivo 1H NMR Spectroscopy
NMR data were obtained from anesthetized, spontaneously breathing rats (n= 6 control, n=7
morphine) on P8. Anesthesia was achieved by inhalation of isoflurane, 3% for induction and
1-2% for maintenance in an equal mixture of O2 and N2O. Measurements were performed
using a horizontal bore 9.4 T/31 cm magnet (Varian/Magnex Scientific; Oxford, UK)
interfaced to a Varian INOVA console (Varian, Inc.; Palo Alto, CA). In vivo 1H NMR
spectra were acquired using previously described protocol (Tkac et al. 2003). Briefly, field
homogeneity was optimized using the FASTMAP shimming technique (Gruetter and Tkac
2000). Ultra-short echo-time single-voxel STEAM sequence (echo time TE = 2 ms,
repetition time TR = 5 s) combined with outer volume suppression and VAPOR water
suppression (Tkac et al. 1999) was used to acquire spectra from a 5 μL (2.3 × 1.1 × 2.0
mm3) volume of interest centered in the left hippocampus. Positioning of the volume of
interest was based on multislice fast spin-echo imaging (echo train length = 8, echo spacing
= 15 ms, echo time = 48 ms, field of view = 2 cm × 2 cm, matrix = 256 × 256, slice
thickness = 1 mm). The study of a single rat did not exceed 60 min.

Quantification of Neurochemicals
In vivo 1H NMR spectra were analyzed using LCModel with the spectrum of fast relaxing
macromolecules included in the basis set (Pfeuffer et al. 1999; Provencher 1993; Tkac et al.
2003). Unsuppressed water signal was used as an internal reference assuming 88% brain
water content (Tkac et al. 2003). Only metabolites, systematically quantified with Cramer-
Rao lower bounds < 30%, were included in the final data analysis: ascorbate, creatine,
phosphocreatine, γ-aminobutyric acid (GABA), glucose, glutamate, glutamine, glutathione,
lactate, myo-inositol, N-acetylaspartate, N-acetylaspartylglutamate, phosphoethanolamine,
taurine and the sum of glycerophosphocholine and phosphocholine (GPC+PC).

Tissue collection
Rats were killed on P8 using an overdose of pentobarbital (100 mg/kg i.p.). In animals used
for mRNA and protein expressions (n=6 control, n=10 morphine) the brain was collected
and hippocampus was dissected out as previously reported (Rao et al. 2009). Tissues were
immediately frozen in liquid nitrogen and stored at −80°C until processed. Animals used for
immunohistochemistry (n=6 control, n=8 morphine) underwent intracardial perfusion with
normal saline, followed by 4% formaldehyde and sucrose in PBS. The harvested brains were
kept overnight in 4% formaldehyde and 5% sucrose in PBS and then dehydrated by
overnight serial passages in 20% sucrose in PBS, and 30% sucrose in PBS at 4°C. They
were then flash-frozen and stored at −80°C. Twenty micrometer coronal sections along the
anterior-posterior axis of the entire hippocampus were collected using a cryostat (Model
CM1900; Leica Instruments GmbH; Nussloch, Germany) and mounted on slides (Superfrost
Plus; Fisher Scientific; Pittsburgh, PA). Slides were stored at −20°C until histochemistry.

Quantitative RT-PCR (qPCR)
To evaluate the effect of morphine on programmed cell death and myelination within the
hippocampus, mRNA expression of apoptosis inducing factor (AIF) (Rn00442540_mL) and
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myelin basic protein (MBP) (Rn00566745_m1), respectively, was determined using
previously described methods (Rao et al., 2009). Samples were assayed in duplicate and
normalized against ribosomal protein S18 (Rn01428915_g1).

Western Analysis
Concentrations of the GABA-producing enzymes GAD 65, GAD 67, and apoptosis inducing
factor (AIF) in the hippocampus were determined using published methods (Tran et al.
2009; Rao et al. 2009). Ten microgram of protein from the homogenized hippocampus was
separated on 4-12% gradient SDS-PAGE gels (Invitrogen, Carlsbad, CA) and blotted onto
nitrocellulose membranes. The membranes were incubated with rabbit anti-GAD 65 & 67
(1:7500; Abcam, Cambridge, MA) or rabbit anti-AIF (1:1000); Abcam, Cambridge, MA)
along with mouse anti-ß-actin (1:5000; Sigma Chemical Co., St. Louis, MO) antibodies
overnight at 4°C. After incubation with secondary antibodies (1:2500) for 30 min at room
temperature, the membranes were imaged (Odyssey Infrared Imaging System; Li-cor
Biosciences, Lincoln, NE).

Histochemical Analyses
BrdU Staining and Analysis—Six brain sections per rat pup, representing the anterior to
posterior axis of the hippocampus were used for determining BrdU incorporation. Slide 1
from every animal represented the most anterior brain section containing the hippocampus.
Subsequent slides were posterior to this slide and were 60-200 micrometer apart from each
other. Slides were placed in 2N HCl for 20 min, rinsed in PBS and incubated overnight with
mouse monoclonal antibody to BrdU (1:30, Abcam Inc.; Cambridge, MA) at 4°C. Following
rinses in PBS, sections were incubated with anti-mouse biotinylated secondary antibody for
30 min at room temperature. Tissues were rinsed in PBS and incubated in avidin-
biotinylated enzyme complex (Vector Elite ABC kit; Vector Labs; Burlingame, CA) at room
temperature. The reaction was visualized using a chromagen kit (Vector Labs; Burlingame,
CA) and slides were coverslipped and mounted using Permount (Fisher Scientific;
Pittsburgh, PA). Photomicrographs of dentate gyrus were obtained as previously described
(Ennis et al. 2008). All BrdU-positive cells in granule cell layer and the hilus of the dentate
gyrus were counted using the ImageJ program (ImageJ version 1.4g; Research Services
Branch, National Institutes of Health, Bethesda, Maryland, USA).

Cell Death Analysis—Degenerating cells in the GCL and hilus of the dentate gyrus were
stained in 2 slides per animal at least 300 micrometers apart using Fluoro-Jade B (FJB)
histochemistry as in our previous study (Ennis et al. 2008). Sections were visualized under a
fluorescence microscope and all FJB positive cells in the granule cell layer and hilus of the
dentate gyrus were manually counted (n=6 control, n=8 morphine).

Immunofluorescence staining—GAD enzyme expression in the subregions of the
hippocampus was evaluated using immunofluorescence. Brain sections (n=6 per group; 2
sections per rat pup at least 300 micrometers apart) were subjected to antigen retrieval using
10mM citric acid and 0.05% Tween 20 at pH 6.0 at 85°C for 10 min. To block endogenous
peroxidases, sections were placed in 3% H2O2 in PBS with 1% Triton for 30 min.
Nonspecific binding was blocked using 1% horse serum in PBS and 1% Triton for 30 min.
Following overnight incubation with rabbit anti-GAD 65 & 67 (1:1500, Abcam Inc.;
Cambridge, MA) at 4°C, tissues were rinsed in PBS and 1% Triton and incubated with
secondary goat anti-rabbit IgG (Alexa Fluor 488; Invitrogen, Carlsbad, CA) for 30 min.
Slides were coverslipped with fluorescence mounting media containing DAPI (Vector
Laboratories; Burlingame, CA) (Ennis et al. 2008; Rao et al. 2009). Staining intensity in the
hilus and granule cell layer of the dentate gyrus was determined using the ImageJ program
as previously described (Rao et al. 1999).
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To characterize the nature of the BrdU positive cells, brain sections (n=4 morphine group, 1
slide per pup) were co-labeled with markers of immature neuron (doublecortin) and
astrocytes (glial fibrillary acidic protein [GFAP]). Sections were incubated overnight at 4°C
with mouse anti-BrdU (1:400; Developmental Studies Hybridoma Bank, University of Iowa,
Iowa City, IA) and anti-rabbit doublecortin (1:1000, Abcam Inc.; Cambridge, MA) or GFAP
(1:500, Novus Biologicals, LLC, Littleton, CO). Primary antibodies were tagged using a
secondary antibody conjugated with a fluorophore (1:400, Alexa Fluor 488 (BrdU) or 1:250,
Alexa Fluor 555 (doublecortin or GFAP). Sections were coverslipped with an aqueous
mounting media and visualized using a fluorescence microscope.

Statistical analysis—Data were analyzed using a computer program (SPSS version 18;
Chicago, IL). Kolmogorov-Smirnof test was used to test for normalcy of the data. General
linear repeated measures analysis and Student’s t-test were used to compare control and
morphine groups. Data are presented as mean ± SEM. An alpha of 0.05 was used to
determine significance.

Results
Effect of Morphine on Body and Brain Weights

Morphine administration did not affect weight gain (control, 16.70 ± 0.50 g; morphine,
15.82 ± 0.34 g) or brain weight (control, 0.61 ± 0.03 g; morphine, 0.58 ± 0.02 g). There
were no gender-specific effects.

Effect of Morphine on Cardiopulmonary Physiology
Oxygen desaturation (SpO2 <90%) without apnea was observed in 75% of the morphine-
exposed rats. The longest duration of desaturation was one min. Over 90% of the
desaturation episodes were < 20 sec in duration and most episodes (74%) occurred during
the first two days of morphine exposure. Desaturations were not observed in the control
group at any time and during the 20 min before the pups were returned to the dams in the
morphine group. Heart rate, pulse distention and respiratory rates were unaffected by
morphine administration. No evidence of opiate withdrawal (increased stretching, rolling,
and increased head movements) (Jones and Barr 1995) was observed.

Effect of Morphine on Neurochemical Profile of the Hippocampus
Representative in vivo 1H NMR spectra from the control and morphine-exposed rats are
shown in Figure 1. Achieved spectral quality enabled quantification of 15 brain metabolites
from each spectrum (Figure 2). The neurochemical profile of the hippocampus was altered
in the morphine group relative to the control group. Decreased concentrations of GABA
(−28%, p < 0.0005), myo-inositol (−25%, p < 0.002) and taurine (−10%, p < 0.005) and
increased concentrations of glutathione (+43%, p < 0.02), phosphoethanolamine (+11%, p <
0.02) and GPC+PC (+29%, p < 0.001) were observed in the morphine group relative to the
control group. These concentration differences were always larger than the estimated errors
of metabolite quantification (Cramer-Rao lower bounds in concentration units).

Effect of Morphine on GAD Protein Expression
To investigate the potential reasons for decreased GABA concentration in the hippocampus,
we compared the protein concentration of GABA-producing enzymes GAD 65 and 67 in
morphine and control hippocampi. GAD 65 expression was 47% lower (p<0.001), and GAD
67 expression was 5% lower (p<0.05) in the morphine group compared with the control
group (Figure 3A and 3B). In the dentate gyrus, morphine administration decreased
combined GAD 65 & 67 immunoreactivity by 27% (p < 0.05); while a 35% decrease was
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noted in the granule cell layer (p < 0.01). A trend towards decreased GAD reactivity (26%)
was seen in the hilus (p = 0.06) (Figure 3C and 3D).

Effect of morphine on MBP mRNA expression
Elevation of GPC+PC and phosphoethanolamine levels are associated with delayed
myelination (Rao et al., 2003). Therefore, hippocampal MBP mRNA levels were
determined. Whole hippocampal MBP mRNA levels were 28% lower in the morphine
group, relative to the control group (p < 0.05) (Figure 4).

Effect of Morphine on Cell Division in the Dentate Gyrus
BrdU was incorporated into the cells in the granule cell layer and hilus of the dentate gyrus
in both groups (Figure 5A and 5B). Pups exposed to recurrent morphine had 70% fewer
BrdU positive cells in the granule cell layer and 60% fewer BrdU positive cells in the hilus
(Figure 5C, p < 0.05). BrdU positive cells co-labeled with doublecortin but not with GFAP
(Figure 5D and 5E) in the granule cell layer.

Effect of Morphine on Cell Death
In the dentate gyurus, there was no difference in the number of FJB positive cells between
the control and morphine groups (control, 1.65 ± 0.4, morphine, 2.6 ± 0.8) (Figure 6A).
Whole hippocampal AIF mRNA and protein expressions were unchanged by morphine
exposure (p > 0.05) (Figure 6B and 6C).

Discussion
We used a neonatal rat model of morphine exposure to model morphine-induced sedation in
preterm infants in the absence pain or severe stress. We demonstrate that recurrent morphine
administration under these circumstances alters the neurochemical profile, GAD enzyme
concentrations, and MBP mRNA expression within the developing rat hippocampus, and
decreased cell division in the dentate gyrus. These results suggest that recurrent morphine
administration in the absence of pain or severe stress adversely affects hippocampus
formation.

GABA neurotransmission is critical for hippocampal development (Scharfman et al. 2005;
Tozuka et al. 2005) and is the major hippocampal excitatory neurotransmitter during the first
postnatal week of rats (Cherubini et al. 1991). We found that hippocampal GABA
concentration was decreased in pups exposed to morphine. The enzymes responsible for
production of GABA, GAD 65 and 67, were also decreased. Maturation of the newly born
neurons is delayed in mice lacking GAD 65 enzyme (Overstreet-Wadiche et al. 2006).
Furthermore, GABAergic input is a regulator of neurogenesis (Tozuka et al. 2005) and
blockade of GABA halts neurogenesis in the type 2 progenitor cell stage (Tozuka et al.
2005). Chronic morphine exposure was not associated with cell death in the present study
nor in adult rodents (Eisch et al. 2000), although acute cell death was not investigated
(Arguello et al. 2008). Thus, the lower GAD enzyme levels and GABA concentrations in the
morphine group potentially indicate decreased GABAergic input to dentate gyrus progenitor
cells and may be responsible for the decreased BrdU cell labeling in the dentate gyrus in the
present study. A recent study in morphine-exposed adult mice supports this postulation
(Arguello et al. 2008).

Neonatal exposure to morphine resulted in decreased hippocampal taurine and myo-inositol
concentrations. This may suggest the presence of osmotic stress, since taurine and myo-
inositol are major intracellular osmolytes in the brain (Hayes et al. 1980; Isaacks et al.
1994). In addition to being an osmolyte, taurine is essential for cell proliferation, migration
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and differentiation (Benitez-Diaz et al. 2003; Park et al. 2006; Takatani et al. 2003). Myo-
inositol is also needed for cell division and production of giant depolarizing potentials
(Kandler and Katz 1998; Tsukagoshi et al. 1966).

Collectively, decreased GABA, taurine and myo-inositol indicate potential for decreased
giant depolarizing potentials, which is important for synapse formation in the developing
hippocampus (Ben-Ari 2001; Ben-Ari et al. 1989; Ben-Ari et al. 2007; Overstreet-Wadiche
et al. 2006). We speculate that these neurochemical changes portend altered synapse
formation within the hippocampus that could explain the cognitive impairments seen at
adulthood after neonatal morphine-exposure in rodents (Boasen et al. 2009; McPherson et
al. 2007).

Increased hippocampal phosphoethanolamine and GPC + PC concentrations potentially
reflect disrupted or delayed myelination due to morphine-exposure. The decreased MBP
mRNA expression in this group is consistent with this interpretation. Phosphoethanolamine
and GPC + PC are precursors of phospholipids (Pettegrew et al. 1990) and steadily decrease
over the first month of life as myelination progresses in rats (Tkac et al. 2003). Similar
neurochemical alterations were not seen in adult rats exposed to morphine (Gao et al. 2007),
probably reflecting the lower myelination rate at adulthood.

Elevated glutathione concentration following repetitive morphine exposure is a novel
finding. Glutathione is a major endogenous antioxidant in brain cells (Dringen 2000). We
speculate that the elevated glutathione concentration seen 12-24 hours after the last dose of
morphine is likely a compensatory response to previous oxidative stress. Morphine induces
reactive oxygen species formation in various brain cells (Xu et al. 2006). In addition, opiates
acutely decreases glutathione levels within the brain (Calderon-Guzman et al. 2009; Goudas
et al. 1999; Guzman et al. 2006) and suppresses glutathione peroxidase activity (Xu et al.
2006). Repetitive hypoxic episodes may have also played a role; however, lower glutathione
levels are more likely with chronic hypoxia (Raman et al. 2005).

Our study has certain limitations. The experimental protocol used in the present study is a
model of sedation and not treatment of pain, which also adversely affects hippocampus
development (Duric and McCarson 2006). Thus, our results are relevant to morphine
exposure in the absence of pain or severe stress. However, minor stress due to handling,
maternal separation and intraperitoneal injections were present. Except for brief
desaturations soon after administration of morphine, exposure to morphine did not affect
cardiopulmonary physiology and growth in the present study. While it is unlikely that the
brief desaturations can fully explain the findings in our study, minor effects could not be
excluded without additional experiments (for example, using lower doses of morphine)..
However, a more severe hypoxia of longer duration is necessary to alter the neurochemical
profile of the hippocampus during development (Douglas et al. 2007; Raman et al. 2005).
While isoflurane’s effect on the brain is controversial (Johnson et al. 2008; Stratmann et al.
2010), the possibility of an interaction between morphine-exposed rats and isoflurane for the
NMR results cannot be dismissed. However, the rest of the analyses, including GAD
enzyme assays were performed in rats not exposed to isoflurane.

In summary, recurrent morphine administration altered the neurochemical profile, GABA
synthesis and cell division of the developing rat hippocampus. We speculate that morphine
delays maturation of the hippocampus. These changes may explain the enduring
neurobehavioral deficits seen in adulthood following neonatal morphine administration.
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Figure 1.
In vivo 1H NMR spectra measured from the hippocampus of control and morphine groups
on postnatal day 8. STEAM, TE = 2 ms, TR = 5 s, NT = 240. Processing: Gaussian
multiplication σ = 0.10, FT, zero-order phase correction, water signal removal was not
applied. Arrows represent the direction of the metabolite changes of morphine-exposed pups
compared to control pups. Insets: Fast spin-echo images with the selected volume of interest
centered on the left hippocampus. Abbreviations: Asc, ascorbate; Cr, creatine; GABA, γ-
aminobutyric acid; Glc, glucose; Gln, glutamine; Glu, glutamate; GPC,
glycerophosphocholine; GSH, glutathione; Ins, myo-inositol; Lac, lactate; NAA, N-
acetylaspartate; NAAG, N-acetylaspartylglutamate; PC, phosphocholine; PCr,
phosphocreatine; PE, phosphoethanolamine; Tau, taurine.
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Figure 2.
Comparison of neurochemical profiles of rat pups exposed to morphine relative to littermate
controls. Metabolite concentrations were measured from left hippocampus on postnatal day
8. Values are mean ± SEM, n = 6 control (black), 7 morphine (white). * p < 0.05, ** p <
0.01, *** p < 0.001. Abbreviations: Asc, ascorbate; Cr, creatine; PCr, phosphocreatine;
GABA, γ-aminobutyric acid; Glc, glucose; Gln, glutamine; Glu, glutamate; GSH,
glutathione; Ins, myo-inositol; Lac, lactate; NAA, N-acetylaspartate; NAAG, N-
acetylaspartylglutamate; PE, phosphoethanolamine; Tau, taurine; GPC+PC, sum of
glycerophosphocholine and phosphocholine.
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Figure 3.
Glutamic acid decarboxylase (GAD) enzyme levels of rat pups exposed to morphine relative
to littermate controls. The expression GAD 65 and GAD 67 protein levels using western blot
(A) demonstrates that mophine-exposed rats have decreased levels of both isoenzymes
relative to littermate controls (B). Values are mean ± SEM, n = 6 control (black), 6
morphine (white).* p < 0.001 and ** p < 0.05. Photomigrographs of GAD 65 & 67 protein
immunostaining in the dentate gyrus of control (C) and morphine-exposed (D) pups
demonstrates decreased intensity of GAD staining in the morphine group. Scale bar = 200
μm.
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Figure 4.
Hippocampal myelin basic protein (MBP) quantitative RT-PCR comparison of control and
morphine animals on postnatal day 8. Hippocampal MBP mRNA level was decreased by
28% with morphine administration. Values are mean ± SEM relative to the expression in the
control group, n = 6 control (black), n = 10 morphine (white). * p < 0.05.
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Figure 5.
Bromodeoxyuridine (BrdU) immunohistochemistry of the dentate gyrus. Brdu positive cells
in the granular cell layer (GCL) and hilus of the dentate gyrus of postnatal day 8 pups in the
control (A) and morphine (B) groups are shown. Arrows point to BrdU positive cells.
Morphine administration decreased the number of BrdU positive cells (C) in the granule cell
layer and the hilus of the dentate gyrus on postnatal day 8. Values are mean ± SEM, n = 6
control (black), 8 morphine (white). * p<0.01 and ** p<0.05. Co-labeling of BrdU positive
cells (green, thin arrow) with doublecortin (D, red, thick arrow) and glial fibrillary acidic
protein (E, red, thick arrow) show that most BrdU cells co-label with doublecortin. Scale bar
= 100 μm (A and B), and = 20 μm (D and E).
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Figure 6.
Morphine does not increase cell degeneration or death. Comparable number of degenerating/
stressed (i.e. Fluoro-Jade B stained) cells were present in the dentate gyrus of control and
morphine-exposed pups (A; scale bar = 200 μm). Similarly, apoptosis inducing factor (AIF)
mRNA expression (B) and protein levels (C) were unaffected by morphine administration.
Values are mean ± SEM relative to the expression in the control group, n = 6 control (black),
n = 10 morphine (white), p > 0.05.
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