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Introduction
Opioids, including morphine, relieve acute pain and have 
become the golden standard for pain treatment in procedural 
and perioperative settings even for the youngest of patients [1]. 
However, chronic administration of morphine is associated with 
negative behavioral effects that, in part, include antinociceptive 
tolerance and opioid dependence [2]. It was reported that 35%-
57% of infants in neonatal and pediatric intensive care units 
develop opioid dependence [3]. While the specific mechanisms 
responsible for analgesic tolerance and dependence remain 
elusive, it is traditionally thought that chronic morphine 
administration leads to neuronal plasticity associated with 
receptor modulation [4-7], and alterations in neuronal 
excitability [8]. In addition, recent reports implicate enhanced 
neuroimmune reactivity [9]. Moreover, age has an important 
effect on the mechanisms of chronic opioids [3]. Despite reports 
that opioid analgesic abuse has evolved into a national epidemic 
[10], age differences in cerebral neuroplasticity with age, as well 
as the ontogeny of specific molecular and cellular mechanisms 
of chronic morphine administration, remain to be elucidated.

Chronic morphine administration directly activates astrocytes 
[11,12], a form of glia, that are active players in synaptic 
signaling even under basal conditions. Their ‘housekeeping’ 
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functions involve providing energy sources and neurotransmitter 
precursors to neurons, clearing debris, maintaining homeostasis 
of extracellular ions, and taking up released neurotransmitters 
to terminate their actions, thereby forming the so-called 
‘tripartite synapse’ [13]. Astrocytes also directly participate in 
synaptic signaling and potentially regulate synaptic plasticity 
and network excitability [14,15]. Cell membranes of astrocytes 
bear receptors for many neurotransmitters [16], including 
opioid peptides [17]. Moreover, astrocytes also exert significant 
control over the survival of mesolimbic dopaminergic neurons 
[18] that are part of a well-defined pathway involved in reward 
processing and addiction [19-22]. This pathway consists 
primarily of dopamine neurons arising in the ventral tegmental 
area (VTA) and projecting to the nucleus accumbens. Given that 
one critical role for astrocytes is the control of NMDA receptor 
function [23], there is a potential for astrocytes to contribute 
to the regulation of synaptic plasticity and thereby responses 
to drugs of abuse in the VTA. Administration of morphine 
induces reversible hypertrophy and proliferation of astrocytes 
[24,25]. Such morphological changes, described as activation 
of glia or astrogliosis, are associated with development of drug 
dependence [12,26,27]. Finally, pharmacological studies showed 
that coadministration of a glial inhibitor leads to reduction in the 
rewarding effects of morphine [28,29]. Although endogenous 
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opioids have been implicated in cell proliferation, migration 
and differentiation [30], no study looked into the ontogeny of 
chronic morphine effects on astrocytes. 

It is poorly understood if chronic morphine administration 
is associated with adaptations of astrocytes located in the 
VTA. In this report, we used glial fibrillary acidic protein 
(GFAP) immunofluorescent analysis to identify qualitative 
and quantitative changes that might occur following chronic 
morphine administration in the region of interest, VTA. It is 
well established that GFAP is an intermediate filament protein 
specifically expressed in astrocytes [31-35]. To evaluate the age 
differences of the chronic morphine effect on VTA astrocytes, 
we analyzed GFAP expression at two different ages of rats: 
infant at 1-week-old and adult. We hypothesized that astrocytic 
hypertrophy (astrogliosis) in the VTA following chronic 
morphine administration in a rat model of antinociceptive 
tolerance and dependence [36-39] would not differ with age.

Material and Methods 
Animal Care and Use. Adult male and Pregnant (day 18) 
Sprague–Dawley rats were derived from Sasco (Charles River 
Laboratories International, Inc., Wilmington, MA, USA). 
Adult male animals (250 g; average age postnatal day (PD) 57 
according to the supplier) were handled for several days before 
experiments. Pregnant females were 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 from PD1-7. All 
animals were maintained on a 12-h light/dark cycle, and food 
and water were given ad libitum. The Institutional Animal Care 
and Use Committee at Boston Children’s Hospital approved 
the experimental protocols for the use of vertebrate animals in 
this study. Experiments were conducted according to the U.S. 
Department of Health and Human Services ‘Public Health 
Service Policy on Humane Care and Use of Laboratory Animals’ 
(NIH Publication No. 15-8013, revised 2015) prepared by 
the National Institutes of Health Office of Laboratory Animal 
Welfare. All efforts were made to minimize the number of 
animals used and their discomfort.

Pharmacological Treatment. Morphine sulfate (10 mg/kg; 
Baxter Healthcare Corp., Deerfield, IL) or equal volume of 
saline was administered twice daily subcutaneously (sc) for 
6½ days. We used a model of repeated morphine exposure that 
was associated with development of morphine dependence 
and antinociceptive tolerance in newborn rats [37-39]. These 
behavioral studies were confirmed in our lab for adult and PD7 
rats [36,40]. We used sc injections to minimize nociceptive 
experience from intraperitoneal drug administration. Detailed 
description of pharmacological treatment could be found in our 
recent publications [36,41]. Pharmacological groups included: 
(1) saline control group, and (2) chronic morphine group (n=6/
group for adult and n=5/group for infant rats). Briefly, animals 
received twice-daily subcutaneous injections for 6 days (9 AM 
and 5 PM) and received the last sc injection on the morning of 
the 7th day. The first day of injections for pups occurred at PD1. 
Similar to our previous studies of differences in ontogeny of 
morphine effects [36,41], the progeny from 3 different litters 
were used. Pups from each litter were assigned to each of the 

pharmacological groups (split-litter design) [42]. Pups from 
both sexes were included since gender does not contribute to 
the degree of antinociceptive tolerance in neonatal rats [43,44]. 
Furthermore, Craft et al. [45] demonstrated that there are no 
sex differences in morphine’s antinociceptive effect following 
1-week of twice daily 10 mg/kg sc morphine dosing in adult 
rats. 

Brain Tissue Fixation and Sectioning. Following 
pharmacological treatment, animals were anesthetized with 
sodium pentobarbital (100 mg/kg, ip; Hospira Inc., Lake Forest, 
IL) and perfused through the ascending aorta. Adult animals 
were perfused with 50 ml of saline, followed by 250 ml of 
4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4, 
room temperature). Rat pups were perfused with only 100 ml 
of 4% paraformaldehyde in 0.1 M PB solution. Brains were 
removed and stored in the same fixative solution overnight 
(4°C) before cryoprotection in 30% sucrose solution in 0.1 M 
PB for at least 48 h. Subsequently, brains were frozen and 40 m 
coronal sections were cut either on a freezing microtome (Leica 
Microsystems, Wetzlar, Germany; adult brains), or on a cryostat 
(Leica CM3050S; Leica Microsystems Inc., Buffalo Grove, 
IL; newborn brains). Although free-floating sections produced 
better immunolabeling [41], cryostat sections allowed for the 
better preservation of immature brain tissue being it was more 
friable in comparison to the adult. Adult brains’ free-floating 
sections were collected in 0.1 M PB in saline, while pups’ 
cryostat sections were collected directly on the Superfrost Plus 
microscope slides (Fisher Scientific, Pittsburg, PA). Finally, 
pharmacological groups (control and treatment) were matched 
and brain tissue from different age groups was processed in 
parallel for immunofluorescent identification of astrocytes.

Immunofluorescence Labeling. To visualize astrocytes, we 
used immunofluorescent technique against astrocytic marker, 
glial fibrillary acidic protein (GFAP) as per our previous 
protocol [41]. Specifically, GFAP immunoreactivity was 
detected using primary monoclonal mouse anti-GFAP antisera 
(cat# 3670; Cell Signaling Technology Inc., Beverly, MA) 
diluted 1:300, and secondary Alexa FluorR 488-conjugated 
donkey anti-mouse antisera (green fluorescence; cat# A21202, 
lot# 1022448; Invitrogen Corp., Carlsbad, CA) diluted 1:200. 
Both primary and secondary antisera were diluted in 0.1 M PB 
solution with saline, 0.04% bovine serum albumin, 0.3% Triton 
X-100, and 0.1% sodium azide. Both free floating and brain 
sections on the slides were incubated in primary antibodies for 2 
days at 4°C, and subsequently in secondary antibodies for 1-2 h 
at room temperature. Cryostat sections were processed on slides 
in the wet chamber. Sections were rinsed in 0.1 M PB with 
saline (3 times for 15 minutes) in between and after antibody 
incubations. Free-floating sections were mounted on slides in 
0.05 M PB. Finally, after all the sections were dried, a cover 
slip was applied with 90% glycerol solution. Immunolabeling 
with GFAP antisera yielded characteristic staining of astrocytes.

Quantitative analysis

The analysis of GFAP immunofluorescence was done using an 
Olympus IX81 microscope (Olympus America Inc. Melville, 
NY) equipped with a camera and digital microscopy software 
(Slidebook v4.2, Olympus). Initially, for each animal, an 
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average of 3-4 representative coronal sections containing the 
VTA area [46,47] were photographed bilaterally under 10x 
magnification at 400 ms exposure (Figure 1). Complementary 
sets of brain tissue per age were simultaneously processed 
for immunofluorescent labeling and were subsequently 
photographed with the same exposure time to minimize inter-
assay variability. These images were sufficiently magnified 
to resolve the GFAP signal. Using the microscopy software 
(Slidebook v4.2, Olympus), an average labeling intensity of 
GFAP immunofluorescence per individual astrocyte in the 
VTA was determined. This was calculated based on analysis of 
intensity labeling of 5 individual glial cells per picture (total 6-8 
pictures/brain). Labeling intensity of the background was also 
measured and subsequently subtracted from the total intensity 
of GFAP labeling of each individual glial cell that was analyzed. 
The average intensity of GFAP immunolabeling/cell ± SD was 
presented as a percentage (%) from the complementary control 
processed at the same time, where saline group average values 
were considered 100%. In addition, an average labeling density 
was analyzed as total GFAP-labelled surface area/picture ± SD. 
It was quantified using ImageJ software with a ‘set scale’ of 
1.55 pix/micron, and converted the images to grayscale, where 
0 represented solid white and 255 ‘threshold’ represented solid 
black. As a result, the astrocytes in focus on the photograph were 
solid black so to enhance detection of the edges of the astrocytes 
(Figure 2). The number of pixels at the threshold point in the 
frame was calculated by particle analysis and presented as area 
fraction (% area) of the total pixel area of the image. Average 
values for both intensity labeling and labeling density (surface 
area/picture) of GFAP immunoreactivity were compared only 
to the control values of brains immune processed in parallel. An 
observer blinded to the treatment group performed the analysis. 

Data Analysis
Despite differences in tissue sectioning (see above), we 
controlled for possible differences in the immunofluorescent 
labeling technique between the two age groups. Thus, for both 
(1) % intensity of GFAP immunofluorescence/cell and (2) % 
area of GFAP-labeling/picture in the VTA we used a two-way 
analysis of variance (ANOVA) with age and treatment as factors, 

followed by Tukey post-hoc test. Significance was established 
at p<0.05. All statistical analyses were done with VassarStats 
(http://vassarstats.net/), a website for statistical computation.

Results
In this study, we analyzed both density and intensity of GFAP 
immunofluorescent labeling in the VTA of adult (estimated PD70), 
as well as developing rats (at PD7) following chronic morphine 
treatment. Analyses of GFAP immunofluorescent labeling in 
VTA were done between 2 groups: saline control and chronic 
morphine group for each age. Morphological characteristics of 
GFAP immunofluorescent astrocytes were identified throughout 
the brainstem at both ages. There were no differences in the 
individual qualitative appearance of astrocytes between control 
adult and control developing rats (Figures 2A and 2A’) although 
they appeared to show distribution difference (viz. more evenly 
distributed in adult tissue). In control groups, astrocytes had 
thin and short processes without any clumping or thickening. 
Qualitative analysis further suggested increased clumping and 
thickening of astrocytic processes in the area of VTA of adult 
(n=6/group) but not those of PD7 rats (n=5/group) following 
prolonged morphine administration (Figure 2B and 2B’). 
Quantitative analysis confirmed significantly higher % density 
of GFAP labeling/picture ± SD (F (18,3)=39.08, p<0.0001) 
both for age (p<0.01), and treatment (p<0.01). With respect to 
latter, increase in density labeling was noted following chronic 
morphine treatment (18.08% ± 2.57) in comparison to saline 
control (11.86% ± 2.99) only in adult rat, as illustrated in Figure 
3A. Furthermore, quantitative analysis of the average % intensity 
of GFAP immunoreactivity/cell ± SD (F(18,3)=5.73, p=0.006) 
was significant for treatment (p<0.05) but not age. Specifically, 
significant increase in the intensity labeling following chronic 
morphine treatment (192.31% ± 85.11) in comparison to saline 
control (100%) was noted only in adult rats (Figure 3B). In 
other words, analyses in an infant rat at PD7 (n=5/group) found 
no differences between saline and chronic morphine treated 
groups with respect to either % area of GFAP labeling/picture/
brain (6.21% ± 0.51 for saline control; 6.08% ± 1.03 for chronic 
morphine group) or % intensity of GFAP immunofluorescence/
cell (106.84% ± 16.84 for morphine treatment).

Figure 1. Representative schematics of coronal sections illustrate midbrain at the level of the superior colliculus (SC). Square boundaries indicate 
the bilateral areas of the ventral tegmental area (VTA) where photomicrographs were taken for analysis. The adult panel (A) corresponds to a plate 
44 of the adult rat brain atlas [46], whereas neonatal panel (B) corresponds to a coronal plate 17 (viz. Figure 61) of the neonatal rat brain atlas 
[47]. The number in the upper right corner of the adult rat coronal section indicates the distance from Bregma. Abbreviations were adapted from 
the Rat Brain Atlas [46]: Aq, aqueduct; IP, interpeduncular nucleus; ml, medial lemniscus; MG, medial geniculate nucleus; PAG, periaqueductal 
gray; RN, red nucleus; SC, superior colliculus; SN, substantia nigra.
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Discussion
In this report, we demonstrate qualitative and quantitative 
changes related to astrocytic immunolabeling in the rat VTA 
following chronic morphine administration that differ with age. 
Qualitative analysis did not appear to show any difference in 
labeling between control adult and infant rats. Quantitative 
analysis showed (1) higher density of GFAP-immunofluorescent 
labeling in the adult tissue at the control conditions, and (2) that 
chronic morphine administration was associated with increased 
GFAP immunofluorescence density and intensity in the VTA of 
adult but not developing rats at 1 week of age. Results suggest 
that astrocytes could play a role in mediating chronic morphine 
effects in the VTA that are age-dependent. 

GFAP labeling with age: Methodological considerations

Although GFAP labeling is easily detectable throughout 
the brainstem as well as the forebrain of the developing rat 
at 7 days of life [41], presented analysis shows difference in 
qualitative difference in distribution (Figure 2A and A’), as 
well as quantitative % surface area of GFAP labeling in the 
VTA (Figure 3A). As an intermediate filament protein that is 
expressed in glial cells (astrocytes) [48], its immunoreactivity 
has been most reliably shown in mature brain with the use of 
polyclonal antibodies [49]. In contrast, better demonstration of 
GFAP was shown in immature brain with the use of monoclonal 
antibodies [49]. One could consider difference in sectioning 
to contribute to different report in labeling of GFAP in our 
report being we have also used monoclonal antibodies. Future 
studies should investigate both PD7 and adult rat labeling 
following uniform tissue sectioning (e.g. by using cryostat). 
That would clarify if reported difference in baseline labeling 
is methodological or inherent to the developmental nature of 
the immature brain. Other studies so far have only implicated 
pathophysiology in altered levels of GFAP labeling [50].

Chronic morphine and GFAP immunolabeling in VTA with 
age

Adult rat. In the current study, significant increase in labeling 
intensity as well as density of GFAP immunoreactivity was 
noted in the VTA of an adult rat treated with chronic morphine. 

Figure 2. Representative photomicrographs of the GFAP 
immunofluorescent labeling (green) in the VTA of an adult rat (A and 
B) and infant rat (A' and B') on the postnatal day (PD)7 with different 
pharmacological treatment: saline control (A and A'), and chronic 
morphine (B and B'). Black and white panels were created using 
ImageJ software and illustrate density of GFAP labeling in black. 
Scale Bar = 50 microm.

Figure 3. Quantitative analysis of GFAP labeling in the VTA with age and treatment. Graphs summarize (A) average % area of GFAP 
immunolabeling and (B) average % intensity of GFAP immunolabeling for adult (n=6 sets/12 animals) and PD7 rats (n=5 sets/10 animals) 
following saline or chronic morphine treatment. Asterisks (*) show significance (p<0.05). A two-way ANOVA with Tukey post-hoc test.
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Such increased clumping and thickening of astrocytic processes 
were described as astrocytic hypertrophy, proliferation and/or 
astrocytic activation [48]. These results are in accordance with 
previously published study showing that the long-term systemic 
morphine administration was associated with a significant 
increase in GFAP labeling in the VTA [51]. This finding is 
consistent despite the differences in strain of rats (Wistar 
instead of Sprague-Dawley), method of chronic morphine 
administration (pellets instead of twice daily injections for 6½ 
days), and immunolabeling technique (light microscopy versus 
immunofluorescence used in our study). Both the Garcia-Perez 
et al. [51] and our study support original reports of increased 
GFAP phosphorylation in VTA following chronic morphine 
administration [52]. Other studies demonstrated hypertrophy of 
astrocytes in other regions of the mesolimbic reward circuitry: 
posterior cingulate cortex and hippocampus [12], as well 
as striatum [53] of adult rats. Although the exact function of 
morphine-induced astrocytic hypertrophy remains unclear, 
it is speculated that activated astrocytes may lead to changes 
in synaptic strength, synaptogenesis and neurogenesis in the 
brain [54-57]. Furthermore, astrocytic activation (also termed 
astrogliosis) is considered an important outcome component of 
the innate immune response that occurs in response to (i) brain 
injury and neurotoxicity [58,59], (ii) plastic changes associated 
with increased neuronal activity [59], as well as (iii) following 
administration of other drugs of abuse [60-62].

Infant rat. Although GFAP labeling is easily detectable 
throughout the brainstem of the developing rat at 7 days of 
life, chronic morphine administration was not associated with 
either density or intensity change in GFAP immunofluorescent 
labeling in the VTA. In the same infant rat model at PD7 age, we 
previously reported astrocytic hypertrophy associated only with 
sparse clusters of apoptotic regions of cortex and hippocampus 
following chronic morphine treatment [41]. Though in vivo 
studies examining opioid effects on astrocyte physiology during 
development are limited, in vitro studies have provided some 
evidence in support of our negative effects. Dose-dependent 
inhibition of proliferation and induction of morphological 
differentiation of astrocytes was reported in mixed-glial 
cell cultures obtained from 1-day-old mice that were treated 
with chronic morphine [63]. Astrocytes contained the same 
amount of GFAP immunoreactive intermediate filaments as in 
control cells after 6 days of morphine treatment. Considering 
the distinctly unique morphology of glia during early brain 
development accompanied by significantly higher expression 
of many cytokines when compared to the adult brain [64], 
future studies should look into determining the critical period 
when astrocytes might be mature enough to respond to chronic 
morphine administration in VTA as described in adult rats.

Astrocytes in morphine dependence

In the current model, negative behavioral effects of chronic 
morphine administration such as locomotor activation (proxy of 
addictive behavior [65-67], and opioid dependence [68], were 
previously confirmed [37,41]. Opioids are known to activate 
the main pathway of the brain reward system, mesolymbic 
dopaminergic system from neurons in the VTA to the nucleus 
accumbens and prefrontal cortex [69,70]. To date, the 
molecular and cellular mechanisms mediating the development 

of tolerance and dependence to morphine remain controversial 
[71]. Specifically, opioids activate G-protein-coupled 
receptors in presynaptic GABAergic neurons. However, 
neither the pharmacological blockade of these channels, nor 
the abolition of action potential prevents disinhibition of VTA 
dopaminergic neurons by morphine [72]. Resent literature 
implicates presynaptic voltage-activated Ca2+ channels and/
or other components of vesicular trafficking as targets for mu-
opioid receptors-mediated inhibition of presynaptic GABA 
release - as their selective blockade in the VTA disinhibits 
dopaminergic neurons leading to increased dopamine release 
in nucleus accumbens [73]. In addition, morphine has been 
reported to act directly on receptors in astrocytes [19], which 
constitute the most abundant cell type in mammalian brain [74] 
that bear receptors for many neurotransmitters [75], including 
opioid peptides [17], glucose transporters and aquaporin-4 
channels for water transport [76,77]. Indeed, recent research 
supports the view that glial cells, particularly astrocytes, 
actively contribute to opioid signaling and information 
processing in the brain [75-81], which has changed the 
view that astrocytes are nothing more than “sweeping the 
extracellular milieu free of excess potassium, neurotransmitter, 
and cellular debris” to facilitate nerve function [82]. Recent 
study by Shen et al. [83] demonstrated that spinal astrocytic 
connexin43 contributes to the development of morphine 
antinociceptive tolerance by activating astrocytes and NMDA 
receptors, and inhibiting glutamate transporter 1 expression. 
It is known that drug-induced alterations in synaptic strength 
in the mesocorticolimbic dopamine system and modulatory 
glutamatergic neuronal circuits, both part of the brain reward 
system, underlie drug dependence [84]. Study by Panatier 
et al. [23] provided evidence that astrocytes are implicated 
in the regulation of NMDA receptors, typically a receptor 
for glutamate. Such a contribution of astrocytes to synaptic 
metaplasticity [24] fuels the emerging concept that astrocytes 
are dynamic partners of brain signaling. Future studies should 
elucidate if interaction between the astrocytes and neuronal 
NMDA receptors is specifically important for morphine 
dependence in VTA. 

Study by Wu et al. [85] showed that deficiency of aquaporin-4 
channels (also known to play a role in chronic opioid effects 
[86,87] in a knockout mouse attenuates physical dependence that 
could possibly be mediated by suppression of downregulation 
of glial glutamate transporter 1 expression. Finally, work by 
Barr’s group [39,88] (in an infant rat model used in this study) 
demonstrated that MK-801, NMDA receptor antagonist failed 
to inhibit morphine withdrawal in the 7-day-old rat but did 
attenuate the development of morphine dependence in both the 
14- and 21-day-old rats. These results suggested that the NMDA 
receptor is not functionally active in opiate withdrawal until 
around the second to third week of postnatal life in the rat and 
that there is a transition period for the NMDA receptor to play 
a role in the development of opiate dependence and withdrawal. 
Certainly, future studies should look into the ontogeny of 
astrocyte-NMDA link with respect to morphine and other drug 
of abuse effects in the VTA since astrocytes has been shown to 
have an essential role in glutamatergic neurotransmission and 
are also affected by morphine [81].
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Conclusion
Presented pilot study supports the hypothesis that chronic 
morphine administration leads to morphological changes 
in astrocytes in the VTA, a major reward center of the brain 
associated with the development of drug dependence that differ 
with age. A significant increase in density and intensity of GFAP 
labeling was found in the VTA of adult rats but not in infant rats 
at 1 week of age following chronic morphine administration. 
Future studies should look into ontogeny of prolonged opioid 
effects on astrocytes in VTA, as well as to how described glial 
changes may alter neuronal function of the reward circuit. 
Future elucidation of age-specific differences in mechanisms 
of prolonged opioid dependence will build a foundation for 
development of age-specific therapies, enhanced safety, and 
better outcomes for opioid analgesia.
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