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Sex differences in morphine sensitivity are associated with
differential glial expression in the brainstem of rats with
neuropathic pain
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BoormAN AND KEAY

1 | INTRODUCTION

Emerging evidence continues to implicate astrocytes as critical play-
ers in the pathogenesis of chronic neuropathic pain states. Studies
using preclinical animal models of neuropathic pain have consistently
demonstrated changes in expression of astrocytic markers, such as
glial fibrillary acidic protein (GFAP), at all levels of the neuraxis, dur-
ing the development and maintenance of the pain state. Specifically,
GFAP upregulation in response to a range of neuropathic injury mod-
els has been shown in the spinal cord (Colburn et al., 1997; Romero-
Sandoval et al., 2008—male Sprague-Dawley rats), the brainstem
(periaqueductal gray) (Mor et al., 2010—male Sprague-Dawley
rats), the thalamus (Blaszczyk et al., 2018—male Wistar rats), and
the amygdala (Marcello et al.,, 2013—male Sprague-Dawley rats),
as well as cortical regions including the anterior cingulate cortex
(Masocha, 2015—female BALB/c mice) and the somatosensory cor-
tex (Kim et al., 2016—male C57BL/6 mice), see Tang et al. (2021) for
review.

We have recently developed an animal model of opioid-
conditioned placebo analgesia in female and male rats with chronic
neuropathic pain (Boorman & Keay, 2021a, 2021b). In this protocol,
rats received a unilateral chronic constriction injury of the sciatic
nerve, and then, morphine-induced analgesia (6 mg/kg) was repeat-
edly paired with a range of multimodal contextual cues once per
day over 4 days. On the fifth day, to elicit placebo analgesia, the rats
were exposed to the contextual cues but administered saline in-
stead of morphine, and their thermal pain sensitivity was compared
to three control groups: a natural history control group, which re-
ceived saline throughout the experiment; a morphine control group,
which received morphine throughout the experiment; and an acute
morphine control group, which received saline during conditioning
but morphine on the fifth day. Using this experimental design, we
found that: (i) 25% of females and 36% of males demonstrated
strong placebo analgesic responses, (ii) morphine had reduced
analgesic efficacy in females, and (iii) rats developed tolerance to
the analgesic effects of morphine, an effect which appeared to be
greatest in males. Importantly, each of these three findings mir-
rors observations of studies in human populations: (i) 30%-50% of
people are strong placebo responders (Beecher, 1955; Kaptchuk
et al., 2008; Tetreault et al., 2016); (ii) women require higher doses
of opioids to achieve the same level of analgesia as men (Aubrun
et al., 2005; Cepeda & Carr, 2003; Dahan et al., 2008); and (iii)
men tend to escalate their opioid dosage more rapidly (Kaplovitch
et al., 2015) and show higher levels of opioid addiction than women
(Lee & Ho, 2013).

Underlying these disparities between the sexes are differences
in the anatomy and activity of the descending pain modulatory sys-
tem, the most well-characterized pathway being the periaqueduc-
tal gray (PAG)— rostral ventromedial medulla (RVM) - spinal cord
(SpC). This pathway is activated during most analgesic responses,
including analgesia produced endogenously (e.g., stress-induced an-
algesia (Butler & Finn, 2009)) and analgesia produced by exogenous
opioids (e.g., systemic morphine administration (Averitt et al., 2019)).
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Significance

This study investigates the expression of astrocytes in
brainstem regions involved in the modulation of pain and
the processing of opioids in female and male rats with neu-
ropathic injury. These data implicate differences in as-
trocyte activity as a contributing factor in the commonly
observed sex differences in the analgesic and emetic ef-
fects of opioids seen in both clinical and preclinical studies.
We report sexually dimorphic glial activity in this context,
highlighting a potential mechanism for these effects, and
contribute to the reversal of the preclinical bias toward
males when considering glial influences on the modulation

of pain.

Studies have demonstrated that while female rats have a much larger
PAG—RVM projection (twice the size), persistent pain and opioids
activate the PAG—RVM projection more selectively in males (Loyd
et al., 2007, 2008).

This PAG-RVM—SpC descending pathway also provides an
effector mechanism by which higher order brain regions, such as
the anterior cingulate cortex, medial prefrontal cortex, and amyg-
dala, can powerfully modulate nociception. It is these higher order
structures which presumably integrate contextual information with
prior experience to initiate conditioned analgesia via descending
pain modulation. Indeed, placebo analgesic responses are generally
thought to be mediated through these same circuits in an opioid de-
pendent manner (Crawford et al., 2021; Schafer et al., 2018). Several
studies and reviews have recently suggested that glia (both astro-
cytes and microglia) play a significant role in the modulation of pain
by influencing neuronal activity at the sites of the descending pain
modulatory system (Averitt et al., 2019; Dubovy et al., 2018; Mo
et al., 2022; Roberts et al., 2009; Sun et al., 2005; Tang et al., 2021).
However, the precise ways in which opioids and chronic pain interact
with astrocytes at the key sites of the descending pain modulatory
pathway to influence analgesia are only just beginning to be under-
stood. For example, it has recently been suggested that tolerance to
the analgesic effects of morphine is due, at least partly, to adapta-
tions in astrocytes in the VIPAG (see figure 2 in Averitt et al., 2019).

Our preclinical model of opioid conditioned analgesia presents
a unique opportunity to investigate potential glial contributions to
not just placebo analgesia, but also morphine-induced analgesia and
tolerance, and importantly to identify sex differences in glial activity
that might underlie our observed sex differences in morphine effi-
cacy and tolerance (Boorman & Keay, 2021b). Therefore, in this study,
we evaluated changes in astrocyte morphology, visualized using
GFAP immunoreactivity, in six key medullary regions involved in
pain transmission, pain modulation, and morphine sensitivity. These
regions were the RVM (Chen & Heinricher, 2019; Fields et al., 1995),
the subnucleus reticularis dorsalis (SRD) (Martins & Tavares, 2017),
the paragigantocellularis lateralis internus/externus (PGie) (Zhu &
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Zhou, 2010), the gracile nuclei (Boorman & Keay, 2021b), the com-
missural nuclei of the solitary tract (cNTS) (Boorman & Keay, 2021b),
and the area postrema (Yoshikawa & Yoshida, 2002).

2 | METHODS

2.1 | Experimental design

This study investigated GFAP-expression in key sensory nu-
clei and pain modulatory regions in the medulla of both female
and male rats that had a persistent peripheral neuropathic in-
jury (sciatic nerve CCl). These rats had undergone a pharmaco-
logical conditioning procedure, whereby contextual cues were
paired with the administration of morphine or saline, which
elicited conditioned placebo analgesic responses. Strong pla-
cebo analgesia was demonstrated by 25% of females and 36%
of males, who showed a>50% decrease in pain behaviors on a
cold plate when exposed to the contextual cues when morphine
was substituted for saline. These rats were classified as “placebo
responders,” while the remaining rats were classified as “non-
responders.” Three control groups were used: (i) a natural his-
tory control, which received saline during conditioning and again

received morphine during conditioning and again on Test Day
(morphine/morphine), and (iii) an acute morphine group, which
received saline during conditioning and morphine on Test Day
(saline/morphine) (Figure 1).

Comparisons of medullary GFAP expression between these
groups were made to investigate three questions. (1) Does acute
or repeated morphine administration affect astrocyte morphol-
ogy in the pain sensitive and pain modulatory regions of the
brainstem medulla in rats with neuropathic pain? (2) Are there dif-
ferences in astrocyte morphology in these regions between rats
who demonstrated placebo analgesia (placebo responders) versus
those that did not (nonreresponders)? (3) Finally, are there any
sex differences in each of these groups? Coronal sections of the
medulla from these rats were immunohistochemically labeled for
glial fibrillary acidic protein (GFAP), an astrocyte-specific marker,
and the density and morphology of the GFAP-immunoreactive as-
trocytes were quantified (Figure 2). The brain regions and nuclei
analyzed included the rostral ventromedial medulla (RVM, which
includes the raphe magnus), the subnucleus reticularis dorsalis
(SRD), paragigantocellularis internal/external parts (PGie), the
commissural nuclei of the solitary tract (cNTS), the dorsal col-
umn gracile nuclei, and the area postrema (Figure 3). All data are
available to others upon request (please email the corresponding
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FIGURE 1 Experimental design. Six-week-old female (n = 64) and male (n = 40) rats were used for these experiments. After acclimation
to laboratory conditions and pre-injury baseline thermal sensitivity testing (46°C hot plate and 5°C cold plate, Ugo Basile), all rats received

a chronic constriction injury (CCl) of the right sciatic nerve. Six days later, rats underwent post-CCl baseline thermal sensitivity testing to
ensure the development of allodynia. Rats that did not show at least five injured hind paw withdrawals over the 60s thermal sensitivity tests
were excluded from analysis. Over the next 4 days, rats underwent pharmacological conditioning, in which they received daily injections of
either morphine (6 mg/kg, i.p) or volume-matched isotonic saline, and placed into a conditioning chamber (shown), where they again received
thermal sensitivity testing. On the following day (Test Day), rats received either morphine or saline injections resulting in the experimental
groups outlined above. Rats that received morphine during conditioning and saline on Test Day were classified as placebo responders if

they demonstrated 250% reduction in hind paw withdrawals relative to their post-CCl baseline tests; otherwise, they were classified as
nonresponders. Elements in this figure have been adapted from Figure 1 in Boorman and Keay (2021a).
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FIGURE 2 Image analysis and morphometric analysis of GFAP-immunopositive astrocytes. Images of each region of interest (ROI) were
captured using bright-field microscopy at either 100x or 400x magnification. To determine the density of astrocytes in the regions of the
RVM, SRD, and PGie, the numbers of GFAP immunoreactive cells per image were manually counted using the cell counter plugin within
ImageJ. To determine overall GFAP expression in each ROI, the percentage area of GFAP labeling within each image was calculated in
ImagelJ. To determine the overall morphology score of the GFAP-positive astrocytes, each cell was manually classified using a modified
version of the semiquantitative visual scale first described by Colburn et al. (1997), see Figure 4 for more details. To evaluate cell
morphology, 3D reconstructions of GFAP-positive cells were created from Z-stacks (1000x magnification) using the simple neurite tracer
toolbox within ImageJ and the number of branch endpoints and cell volume was calculated from these reconstructions. Additionally, to
characterize the overall complexity of each cell, sholl profiles were calculated for each cell from 2D projections of these 3D reconstructions

(see main text for more details).

2.2 | Animals and housing

All procedures in this study were approved by the University of
Sydney Animal Care and Ethics committee (Project Number 1165).
Procedures were designed and developed following the guidelines
of the NHMRC “Code for Care and Use of Animals in Research in
Australia” and the NSW Animal Research Act (2007). All efforts were
made to employ the three R's (replacement, reduction, refinement)
so as to minimize pain and discomfort where possible, and therefore
also adhered to the IASP's “Ethical Guidelines for the Investigations
of Experimental Pain in Conscious Animals”.

Six-week-old female (n = 64) and male (n = 40) Sprague-Dawley
rats (ARC, Perth, WA, Australia), weighing 170-220g upon arrival
were used for these experiments. Females and males were tested
in separate cohorts, with all males tested first (2months), then all
females tested afterwards (3months). At no time did males and fe-
males share housing or testing rooms. Rats were group housed, four
per cage, in standard open-top polycarbonate cages and had ad li-
bitum access to food (standard chow) and water. Both the housing
room and testing room were temperature (22 +1°C) and humidity
(40%-70%) controlled, with the housing room on a reversed 12:12h
light-dark cycle (lights OFF at 08:00) so as to align behavioral testing
to when the rats are most active.

2.3 | Chronic constriction injury (CCI) surgery
Allrats used in this study received a unilateral CCl of the sciatic nerve
as first described by Bennett and Xie (1988). Female rats weighed
between 200 and 240g, while male rats weighed between 240 and
280g at the time of surgery. To begin this procedure, rats were anes-
thetized using isoflurane (5% induction, 2.5% maintenance) in 100%
O, (flow rate 1.5 L/min). Once the surgical plane of anesthesia was
reached, the right hind limb was shaved and wiped with povidone-
iodine, and a 2-cm incision was made alongside the femur. Gentle,
blunt dissection through the biceps femoris allowed for the isolation
of the sciatic nerve. Four ligatures (catgut chrome 5-0, Johnson &
Johnson) were loosely tied around the nerve, immediately proximal
to its trifurcation, spaced 1 mm apart, ensuring that the ligatures vis-
ibly compressed the nerve without occluding the epineural blood
flow. The nerve was returned to its original position between the
muscles and the incision closed with Michel clips. Several drops of
lignocaine (20mg/ml) were applied to the closed incision, and the
entire region was dusted with topical antibiotic powder (Tricin®,
Jurox). Finally, a mixture of petroleum jelly and quinine was applied
to deter licking of the wound. After surgery, each rat was allowed to
recover in an individual, open-top cage until ambulatory and alert
(~30min), before being returned to its home cage.
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FIGURE 3 Regions of interest (ROls) investigated in the medulla. 40 pm coronal sections were immunohistochemically labeled for

glial fibrillary acidic protein (GFAP, RRID:AB_477010), and astrocyte density and morphology were assessed in each ROI (see Figure 2

for more details). ROls were delineated using cytoarchitectural features of the tissue and with reference to the rat brain atlas of Paxinos
and Watson (2005). The regions analyzed were the subnucleus reticularis dorsalis (SRD; yellow), gracile nuclei (brown), area postrema
(purple), commissural nuclei of the solitary tract (cNTS, green), paragigantocellularis lateralis internus/externus (PGie; orange), and rostral
ventromedial medulla (RVM; red). Example photomicrographs of GFAP staining are shown for each ROI. Scale bars represent 100 um in all

images. The distance from bregma is shown under each section.

2.4 | Pharmacological conditioning and
behavioral testing

The pharmacological conditioning and behavioral testing procedures
of these experiments have been described previously in detail (see
Boorman & Keay, 2021b). Six days after CCl surgery, rats underwent
post-CCl baseline thermal sensitivity testing using a hot/cold plate
analgesiometer (Ugo Basile, Italy) to ensure the development of allo-
dynia. Rats were first placed on the hot plate (605, plate set to 46°C),
and then 15 min later the cold plate (60s, plate set to 5°C). The
number, latency, and cumulative duration of hind paw withdrawals
were scored from video recordings. Rats that did not demonstrate
sufficient allodynia at this post-CCl baseline (at least five hind paw
withdrawals in 605s) were excluded (n = 13 females and 5 males, see
table 1 in Boorman & Keay, 2021b for further details).

To elicit conditioned placebo analgesia, morphine-induced anal-
gesia was repeatedly paired with collection of multimodal contextual
cues inside a custom-built conditioning chamber (see Figure 1), and
the following day the rats were returned to this chamber but ad-
ministered saline instead of morphine. To begin this procedure, rats

received an intraperitoneal injection while in their housing room and
were immediately transferred into the conditioning chamber, which
was located in a separate testing room. The testing room was dimly
lit to provide the visual context cue. Rats were left alone for 30 min
before being tested on a hot plate (60s, plate set to 46°C), and then
15 min later on a cold plate (60s, plate set to 5°C). This thermal sensi-
tivity testing was performed within the conditioning chamber in the
presence of the contextual cues. Rats were returned to their home
cage immediately following the cold plate test. This procedure was
repeated once per day for five consecutive days.

Rats were assigned randomly to either receive the placebo
treatment drug regimen or a drug treatment control regimen.
Rats in the placebo treatment (n = 24F/14M) received morphine
(6 mg/kg) for the first 4days, and then saline on day 5 (i.e., Test
Day). Three drug treatment control groups were used: (i) a natu-
ral history control, which received saline for all 5days (saline/
saline, n = 11F/8M), (ii) a morphine control group which received
morphine for all 5days (morphine/morphine, n = 9F/7M), and (iii)
an acute morphine group, which received saline during the first
four conditioning days and morphine on day 5 Test Day (saline/
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FIGURE 4 Overall morphology score of GFAP-positive astrocytes. The overall morphology score of all identifiable cells within each image
taken of the rostral ventromedial medulla (RVM), paragigantocellularis lateralis internus/externus (PGie), and subnucleus reticularis dorsalis
(SRD) were manually classified using a modified version of the semiquantitative visual scale described by Colburn et al. (1997). Each cell was
scored as either at stage 1, 2, 3, or 4. A score of “1” indicated an astrocyte had extensive, fine, well-ramified projections, with a small soma.
A score of “2” indicated an astrocyte was still well ramified but with thicker processes and/or a larger soma. A score of “3” indicated an
astrocyte was less ramified, exhibiting stronger GFAP immunoreactivity with fewer processes and thicker soma. A score of “4” indicated an
astrocyte had few processes, most of which were thick and bold, exhibiting strong immunoreactivity and a large, more rounded soma.

morphine, n = 7F/6M). Rats in the placebo treatment group were
then classified as placebo responders or nonresponders based on
their hind paw withdrawal behavior on Test Day. If a rat demon-
strated a 50% or greater reduction in the number of paw withdraw-
als on Test Day compared to their own post-CCl baseline on either
the hot plate or the cold plate, they were classified as a placebo
responder; otherwise, they were classified as a nonresponder. As
such, five of the 14 males and six of the 24 females that were in the
placebo treatment group were classified as placebo responders. All
behavioral data and analyses have been reported previously (see
Boorman & Keay 2021b).

241 | Drug preparation and administration

All drug solutions were freshly prepared prior to injection.
Morphine sulfate (DBL™, Hospira, USA) was diluted in 0.9% sterile
saline to a concentration of 3 mg/ml and given as an intraperito-
neal injection (6 mg/kg). Saline injections were prepared (volume
matched) and administered in the same manner as the morphine

injections.

2.5 | Perfusion and extraction

Two hours after the final conditioning procedure on Test Day, rats
were euthanized with sodium pentobarbitone (130mg/kg i.p) and
transcardially perfused with 400ml of heparinized 0.9% saline (4°C),
followed by 400 ml of 4% paraformaldehyde in sodium acetate-borate
buffer (pH 9.6, 4°C). Brains were immediately extracted and post-fixed
in the same fixative for 30-60 min, before being transferred into 10%

sucrose/0.1 M phosphate-buffered saline for storage at 4°C.

2.6 | Immunohistochemistry

The brains of 32 females and 28 males were chosen to undergo im-
munohistochemistry (Saline/Saline n = 7F/6M, Saline/Morphine
n = 6F/5M, Morphine/Morphine n = 7F/6M, No Placebo n = 6F/6M,
and Placebo n = 6F/5M). The brains from all placebo responders were
used, with equal or greater numbers of brains arbitrarily selected
from each of the remaining experimental groups for each sex. A
brainstem block containing the medulla was isolated (approximately

-8 to -16mm from bregma) and cut into 40pum coronal sections
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using a cryostat (LEICA CM1950, Germany), which were collected in
a 1:5 series and stored in antifreeze at -20°C until processing (Chan
et al., 1993). Two of these series underwent immunohistochemical la-
belling for tryptophan hydroxylase (TPH) and/or c-Fos, the results of
which have been published (Boorman & Keay, 2021b). A third series
underwent immunohistochemical staining for glial fibrillary acidic
protein (GFAP). The GFAP antibody (RRID:AB_477010) was cho-
sen as it has been previously validated and reported in the Journal
of Comparative Neurology antibody database and has been widely
published since. Throughout immunohistochemical processing all
washes were with 0.1 M phosphate-buffered saline (PBS) unless
otherwise stated. Washes, incubations, and reactions all took place
at room temperature, within glass vials, and on an orbital shaker at
100rpm unless otherwise stated. All immunohistochemical proce-
dures were run in four independent batches using the same reagents.
Each batch contained animals from each of the experimental groups
and each of the sexes, to remove any procedural biases. The visuali-
zation DAB reaction for each brain lasted 10-11 min.

To begin, free floating sections were removed from anti-freeze and
washed thoroughly (3x 10 min). Sections were then washed in 50%
ethanol for 30 min for cell permeabilization, and then in 3% H,0, in
50% ethanol for 30 min to quench endogenous peroxidase activity.
Sections were washed (3x 10 min), then placed into a blocking solution
of 10% normal horse serum (NHS) in 0.1 M PBS for 30 min to reduce
nonspecific antibody binding. Sections were then incubated in mouse
monoclonal anti-GFAP IgG (1:5000 in 2% NHS/PBS; Sigma-Aldrich, St.
Louis, USA) overnight at 4°C. The next day sections were washed and
then incubated in horse anti-mouse IgG (1:500 in 2% NHS/PBS; Vector
Laboratories, Burlingame, USA, RRID:AB_2313581) for 2h, washed
again, and then incubated in ExtrAvidin Peroxidase (1:1000 in PBS;
Sigma-Aldrich) for 2.5h. The bound antibody complex was visualized
using 3,3"-diaminobenzidine tetrahydrochloride as the chromogen and
the glucose oxidase method, which produced a brown precipitate. The
reaction took place on ice (10-11 min) and was stopped with 4 x 10-
min PBS washes. Sections were mounted onto gelatinized glass slides
and allowed to dry for 48 h, after which they were dehydrated in as-
cending ethanol, delipidated with histolene, and coverslipped with
DPX (Sigma) mounting medium. The brain sections from five male rats
(2 Sal/Sal, 1 Mor/Mor, 2 No Placebo) were not analyzed due to tissue
processing issues and excluded from analysis.

2.7 | Image acquisition and analysis

The brain regions of interest (ROls) analyzed were chosen ex ante
based on their known involvement in the transmission of hind limb
sensation (i.e., gracile nuclei), pain transmission and modulation
(i.e., RVM, PGie, SRD), or their involvement in visceral sensation,
autonomic function, and chemoreception (i.e., ctNTS and area
postrema). It was hypothesized that astrocyte density and mor-
phology in these regions would be significantly affected by either
morphine administration or placebo analgesia. All images for anal-
ysis were captured using a Gryphax Kapella camera (Jenoptik®,

Jena, Germany). ROIs were identified using the cytoarchitectural
features of the tissue and the stereotaxic rat atlas of Paxinos and
Watson (2005) as a guide. Each microscope slide was recoded
to blind the experimenter (DB) during both image capture and
analysis.

2.71 | Grossimage analysis (GFAP-ir cell density,
overall morphology score, % area stained)

To assess the density of GFAP immunoreactive astrocytes, their overall
morphology score, and the % area stained in the ROls described above,
bright-field images were captured using an Olympus BX-51 at 100x
(gracile nuclei, cNTS, area postrema) or 400x (RVM, SRD, PGie) magni-
fication. Images analyzed at 400x were composed of four stacked im-
ages through the Z-plane, which were flattened in ImageJ using the <Z
project> function to resolve depth of tissue focusing. Background was
subtracted from all images using ImageJ <subtract background> func-
tion. For the SRD, one image on each side was captured per brain for
analysis (300pm [w]x200um [h]), the center of which corresponded
to the stereotaxic coordinates -14.3mm posterior from bregma,
+2mm from midline, +1.5mm superior to the interaural line (Paxinos
& Watson, 2005). For the RVM, three images (300 pm [w]x200pum [h])
per side per brain were captured at -10.5, -11.25, and -12.0mm from
bregma. For the PGie, three images (300pum [w]x200um [h]) per side
per brain were captured at -11.5, -12.0, and -12.5mm from bregma.
For the gracile nuclei, three images per side were captured at -14.0,
-14.5, and -15.0mm from bregma. For the cNTS, three midline images
were taken at -13.5, -14.0, and -14.5mm from bregma, the most ros-
tral of which was also used for the area postrema analysis.

For the RVM, PGie, and SRD, individual cell profiles were eas-
ily distinguished, so the total numbers of GFAP-ir cells per image
were manually counted using the <cell counter> plugin within Image)J
(v. 2.0.0-rc-69/1.52p). Additionally, the overall morphology score
of each GFAP-ir cell within each image was calculated based on a
modified version of the semiquantitative visual scale first described
by Colburn et al. (1997). Each cell was given a score of 1, 2, 3, or
4. A score of “1” indicated an astrocyte had extensive, fine, well-
ramified projections, with a small soma. A score of “2” indicated an
astrocyte was still well ramified but with thicker processes and/or a
larger soma. A score of “3” indicated an astrocyte was less ramified,
exhibiting stronger GFAP immunoreactivity with fewer processes
and thicker soma. A score of “4” indicated an astrocyte had few
processes, most of which were thick and “bold,” exhibiting strong
immunoreactivity and a large, more rounded soma (see Figure 4 for
examples). Finally, the percentage area of GFAP-ir staining (some-
times referred to as “integrated density”) per image was calculated
using ImagelJ. The image was first converted to <8-bit> and then the
<threshold> and <analyze particles> functions were used to measure
the % area of the image that was GFAP immunopositively stained.

The density of staining of GFAP-positive astrocytes in the gracile
nuclei, cNTS, and area postrema, particularly in association with the glial
limitans and the parenchymal basal lamina, precluded reliable delineation
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of individual cell profiles, and therefore, only the % area of staining was
used to make comparisons (see example images in Figure 2). For these
ROlIs, the relevant nuclei were isolated from the images using ImageJ

and % area of staining calculated from the isolated area.

2.7.2 | Astrocyte morphology
To assess and compare astrocyte morphology in the RVM and the
SRD, two GFAP-ir cells per brain per ROI (one left and one right)
underwent morphometric analysis. These cells were chosen based
on the following criteria: (i) they did not significantly overlap with a
neighboring cell, (ii) the entire soma was contained within the sec-
tion, (iii) they had limited physical interactions with adjacent blood
vessels, and (iv) they were the closest cells to the predefined coor-
dinates for each ROI (see Figures 5 and 6 for examples). The coor-
dinates for the RVM were -11 mm posterior from bregma, +0.4 mm
from midline, and -0.4mm inferior from the interaural line. The
coordinates for the SRD were -14.3mm posterior from bregma,
+2mm from midline, and +1.5mm superior to the interaural line.
For each astrocyte, automated confocal Z-stacks were taken using
a BX-61 connected to an Olympus IX2-UCB, which was controlled
using pManager software (Edelstein et al., 2010). Images were taken
at 1000x magnification using an oil immersion objective. Z-stacks
consisted of 1920 (w)x 1200 (h) pixel 2D images taken every 0.3 pm
throughout the depth of the tissue (~60-70 images per stack).
Z-stacked images were preprocessed in ImageJ using the <sub-
tract background> and <invert> function to enhance staining contrast
before being imported into the Simple Neurite Tracer toolbox for cell
tracing and reconstruction (Arshadi et al., 2021). Simple Neurite Tracer
allows for supervised, semi-automatic (Hessian-based A-star search
algorithm) tracing of cells and their processes, constructing three-
dimensional path information from Z-stacks. These path reconstruc-
tions were then used to assess several morphometric features of the
astrocytes, including number of branch endpoints, cell volume, and
sholl profile (see Figure 2). To calculate cell volume, the <Fill Out> func-
tion was used with a manually specified distance threshold (0.14) used
for the fill search. Upon reaching this threshold, a binary image stack
was produced, and the <voxel counter> function was used to estimate
the volume of each cell from this image stack in pm3. Sholl analysis was
conducted to gauge the overall complexity of astrocytes, which quan-
tifies branching density as a function of radial distance from the soma.
The <sholl analysis> function was used on a 2D projection of the traced
paths, with 2 um increments between radii. The number of path inter-
sections at each concentric circle was plotted against the distance from

the center of the soma to give the sholl profile of each astrocyte.

2.8 | Statistical analysis

Statistical tests were donein GraphPad Prism version 9.0.1 (GraphPad
Prism Software, San Diego, California, USA), with a = 0.05. We did
not detect any significant lateralization effects for any measure in
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any ROIs so data from left and right were averaged. Similarly, for
ROIs in which more than one image was analyzed across the rostral-
caudal axis (RVM, PGie, cNTS), data were averaged to give a single
data point for each animal, for each measure, for each ROI. To assess
differences in sholl profiles, the area under the curve (AUC) was cal-
culated for each animal using the trapezoid rule. The likelihood that
the sampled datasets came from normally distributed populations
was assessed using the Anderson-Darling test, which evaluated the
data distributions for males and females for each dependent meas-
ure in each ROI. Statistically significant deviations from the normal
distribution were not seen for any of these measures in any of the re-
gions except for the % area of GFAP staining in the RVM, cNTS, and
area postrema. To assess whether acute or repeated morphine ad-
ministration had sex-dependent effects on GFAP expression, two-
way ANOVAs (experimental group x sex) between the natural history
control (saline/saline), acute morphine (saline/morphine), and re-
peated morphine (morphine/morphine) groups were performed for
each of the five main measures taken, in each of the ROIls investi-
gated. To assess group differences in GFAP expression between pla-
cebo responders and non-responders, separate two-way ANOVAs
(experiment group x sex) were conducted between these groups for
each measure in each ROI. If a significant main effect or interaction
effect was detected, then post hoc pairwise comparisons (Sidak cor-
rection) were used to assess differences between sexes or between
experimental groups. The effect size for each factor is represented
by omega squared (»?), which is an estimate of how much of the vari-
ance in the dependent variable (as a proportion between 0 and 1) is
accounted for by the independent variables (i.e., the fixed factors).
Additionally, for the overall morphology score, which was an
ordinal scale, and for the three datasets in which statistically sig-
nificant deviations from normal distributions were detected, the
Permutation Test, which is a nonparametric test for two-way facto-
rial designs, was used to assess the statistical significance of the main
and interaction effects of, and between, the independent factors
(i.e., sex and experimental group). Mann-Whitney U tests were used
for post hoc comparisons between groups, with the two-stage false
discovery rate (Benjamini, Krieger, and Yekutieli) procedure used to
correct for multiple comparisons. These tests yielded results com-
parable to their parametric equivalent (two-way ANOVAs), and thus,
we report the results of the two-way ANOVAs in the results; and
the details of the parameters and results of the Permutation Tests
in Table S1. All graphs were created in GraphPad Prism and then
exported into Adobe Illustrator 2021 (v 25.2) to create figurework.

3 | RESULTS

3.1 | GFAP expression in key medullary descending
pain modulatory regions

Outputs of the neurons in the subnucleus reticularis dorsalis (SRD)
and in the rostral ventromedial medulla (RVM), encompassing the
serotonergic raphe magnus, are critical in the modulation of incoming
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FIGURE 5 GFAP cell density, expression, and morphology in the rostral ventromedial medulla. (a-h) Comparisons between sex and drug
treatment groups (natural history control [Sal/Sal, n = 7F/4M] vs. acute morphine [Sal/Mor, n = 6F/5M] vs. repeated morphine [Mor/Mor,

n = 7F/5M]) or between sex and placebo responsiveness (no placebo [n = 6F,4M] vs. placebo [n = 6F/5M]) revealed that neither morphine
administration nor placebo responsiveness had any effects on GFAP cell density (a), overall expression levels (b), overall morphology

score (c), cell volume (d), or sholl profile (e-g). However, significant sex differences were detected among these groups. *p <.05, **p <.001,
***p <.0001, Sidak's pairwise comparisons, two-way ANOVA:s. (i-r) Example photomicrographs of individual GFAP immunoreactive
astrocytes isolated for morphometric analysis (dashed squares) from females (i-m) and males (n-r) in the natural history controls (i,n), acute
morphine controls (j,0), repeated morphine controls (k,p), placebo nonresponders (l,q), and placebo responders (m,r). Insets depict renderings
of 3D reconstructions used to quantify number of branch endpoints, cell volume, and sholl profiles. Scale bar represents 50 um. Images were
taken at 1000x magnification. (s-x) Box and whisker plots (min-max, line indicates median and +indicates mean values) showing underlying
sex differences in GFAP cell density (s), overall GFAP expression (t), overall morphology score (u), sholl profile (v), cell volume (w), and the
number of branch endpoints (x), p-values indicate main effects of sex from two-way ANOVAs or permutation tests (t,u).
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FIGURE 6 GFAP cell density, expression, and morphology in the subnucleus reticularis dorsalis. (a-h) Box and whisker plots (min to
max) showing comparisons between sex and drug treatment groups (natural history control [Sal/Sal, n = 7F/4M] vs. acute morphine [Sal/
Mor, n = 6F/5M] vs. repeated morphine [Mor/Mor, n = 7F/5M]), and between sex and placebo responsiveness (no placebo [n = 6F,4M]
vs. placebo [n = 6F/5M]). *p<.05, **p <.001, ***p <.0001, Sidak's pairwise comparisons, *p <.05, Tukey's pairwise comparisons, two-way
ANOVA:s. (i-r) Example photomicrographs of individual GFAP immunoreactive astrocytes isolated for morphometric analysis (dashed
squares) from females (i-m) and males (n-r) in the natural history controls (i,n), acute morphine controls (j,0), repeated morphine controls
(k,p), placebo nonresponders (l,q), and placebo responders (m,r). Insets depict renderings of 3D reconstructions used to quantify the
number of branch endpoints, cell volume, and sholl profiles. Scale bar represents 50 um. Images were taken at 1000x magnification. (s-x)
Box and whisker plots (min-mayx, line indicates median and +indicates mean values) showing comparisons between sexes in GFAP cell
density (s), overall GFAP expression (t), overall morphology score (u), sholl profile (v), cell volume (w), and the number of branch endpoints
(x), p-values indicate main effects of sex from two-way ANOVAs or permutation test (u).

nociceptive signals at the spinal and trigeminal levels. Their activ- the natural history controls (saline/saline), acute morphine con-
ity is regulated by exogenous opioids, both directly and indirectly. trols (saline/morphine), and repeated morphine controls (morphine/

We detected large sex differences in the expression of GFAP in morphine).
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3.1.1 | GFAP inthe RVM (Figure 5)

GFAP-positive astrocytes were distributed remarkably uniformly
between and around bundles of descending fibers throughout the
raphe magnus in both male and female rats (see Figure 2). The av-
erage density of astrocytes for males in the RVM was ~710cells/
mm?, while in females it was ~648cells/mm?. Neither single nor
repeated administration of morphine had significant effects on the
intensity of staining, the density of GFAP+ cells, or their morphol-
ogy in either male or female rats. Additionally, we did not detect
significant differences between placebo responders and nonre-
sponders for any of the GFAP measures (see Table S1 for results
of two-way ANOVAs). Comparisons between sexes revealed that
males had approximately 10% more GFAP+ cells than females
(42.6 +4.6 vs. 38.9 +4.1 cells/section, p = .003, @’ = 0.16), and the
processes of these cells were significantly thicker contributing to
a greater percentage area of staining (14.1+4.6% vs. 4.6 +3.2%,
p<.0001, w® = 0.61) and larger cell volumes (2226 +165pm? vs.
1057 +453 pmz, p =.0083, »? = 0.50). Males also had slightly more
complex astrocyte profiles, as indicated by their greater Sholl
AUC (771 +35 vs. 648 +25, p =.005, w? = 0.14), and greater num-
bers of branch endpoints (70+15 vs. 57+13, p = .02, »® = 0.09)
(Figure 5s-x).

3.1.2 | GFAP in the subnucleus reticularis dorsalis
(SRD; Figure 6)

GFAP-positive astrocytes were relatively evenly distributed
throughout the SRD in both male and female rats (see Figure 2).
The average density of astrocytes in the SRD was higher than in
both the RVM and the PGie, with ~1242 cells/mm? in males, and
~951 cells/mm? in females. Rats that received acute morphine ad-
ministration tended to have fewer numbers of GFAP+ astrocytes
(and smaller percentage area of staining) than rats who received
saline or morphine throughout the experiment. Neither acute nor
repeated morphine administration affected the overall morphol-
ogy score or cell volumes in either sex. Once again, we failed to
detect significant differences between placebo responders and
nonresponders for any of the GFAP measures (see Table S1 for
results of two-way ANOVAs). Overall, males had approximately
25% more GFAP-positive astrocytes than females (74.5+2.1
vs. 57.1+1.8, p<.0001, o® = 0.43), resulting in greater GFAP
percentage area stained (15.8+1.3% vs. 5.9+0.4%, p<.0001,
w? = 0.53). Astrocytes in males had similar overall morphology
scores to females (2.5+0.04 vs. 2.3+0.04, p = .07, »> = 0.07),
with the cell volumes of males larger (2369 +167pm® vs.
1717 +118 pm?®, p = .004, »? = 0.15) and somewhat less complex
as indicated by fewer branch endpoints (53.4+2.4 vs. 64.4+2.9,
p = .006, P 0.13). However, there was no sex difference in
Sholl profile AUC (652 +29 vs. 679+31, p = .51, @? = 0.008)
(Figure 6s-x).

3.2 | GFAP expression in the nucleus
paragigantocellularis lateralis internus/externus (PGie;
Figure 7)

The PGie sits adjacent to the RVM and its cells may also contribute to
descending modulatory influences on spinal cord nociceptive circuitry.
GFAP-positive astrocytes showed a more heterogenous distribution in
this region, which was most notable in its rostral extent adjacent to the
facial nucleus (approximately —11 mm from bregma). Astrocyte density
in this region was similar to that seen in the RVM, with 665 cells/mm?in
males and 523 cells/mm? in females. Rats that received an acute dose
of morphine had reduced percentage area of GFAP staining compared
to both saline controls (saline/saline) and repeated morphine controls
(morphine/morphine). Supporting this observation, a two-way ANOVA
found a significant main effect of experimental group (Fz,zs = 5.176,
p=.01, & = 0.11) and sex (F, , = 59.15, p<.0001, »” = 0.60), but no
interaction between these factors (F2’28 =2.711, p = .08, v’ = 0.06).
Acute morphine rats also tended to have fewer numbers of GFAP im-
munoreactive cells than these controls; however, a two-way ANOVA
did not find significant effects of experimental group (F2,28 = 2.220,
p = .13, ? = 0.09) or an interaction effect between experimental
group and sex (F2,2e =1.618, p = .22, w* = 0.06). Overall, males showed
greater numbers of GFAP immunoreactive cells in the PGie (39.9+1.3
vs. 31.4+0.9, p<.0001, w® = 0.39), and a higher overall morphology
score (2.1+0.6 vs. 1.5+0.4, p<.0001, @? = 0.57), both of which likely
contributed to the greater percentage area of GFAP staining observed
(14.3+1.1 vs. 41+0.4, p<.0001, w? = 0.67) (Figure 7n-p). While the
effects of acute morphine administration seen in the PGie were not
seen in the adjacent RVM, the sex differences appeared similar.

3.3 | GFAP expression in the somatosensory
(gracile nucleus) and viscerosensory (cNTS) dorsal
medullary nuclei (Figure 8a,b)

Astrocytes in the dorsomedial medulla were quite unlike those en-
countered in the SRD and the more rostral medullary regions described
above. The density of staining of astrocytes, particularly in association
with the glial limitans and the parenchymal basal lamina in this region,
precluded reliable delineation of individual cell profiles; therefore, the
thresholded area of staining of each image was used for comparisons.
In the nucleus gracilis, labeled astrocytes were concentrated around
the perimeter, the core of which contained a GFAP-negative region
occupied by the ascending gracile funiculus fibers. We observed pro-
cesses infiltrating the unstained core, presumably interdigitating with
the axonal bundles (see Figure 3). Despite a unilateral CCl, there was
no evidence for lateralized differences in GFAP staining. Furthermore,
neither acute nor repeated morphine administration, or the presence
of a placebo response was related to the expression of GFAP in the
gracile nuclei. However, clear sex differences were observed in GFAP
staining, with males showing significantly greater levels than females
(21.6+0.7% vs. 15.6+0.5%, p<.0001, w? = 0.48).
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FIGURE 7 GFAP cell density, expression, and overall morphology score in the paragigantocellularis lateralis internus/externus (PGie). (a-j)
Example photomicrographs of GFAP expression in the PGie taken at 400x magnification from females (a-e) and males (f-j) in the natural
history controls (Sal/Sal; a,f), acute morphine controls (Sal/Mor; b,g), repeated morphine controls (Mor/Mor; c,h), placebo nonresponders
(d,i), and placebo responders (e,]). Scale bar represents 100 pm. (k-m) box and whisker plots (min-max) showing comparisons between sex
and drug treatment groups (natural history control [Sal/Sal, n = 7F/4M] vs. acute morphine [Sal/Mor, n = 6F/5M] vs. repeated morphine
[Mor/Mor, n = 7F/5M]), and sex and placebo responsiveness (no placebo [n = 6F,4M] vs. placebo [n = 6F/5M]). *p <.05, **p <.001,

*okok

p<.0001, Sidak's pairwise comparisons, *p <.05, Tukey's pairwise comparisons, two-way ANOVAs. (n-p) Boxplots (min-max, line

indicates median and +indicates mean values) showing sex differences in GFAP cell density (n), overall GFAP expression (o), and overall
morphology score (p), p-values indicate main effects of sex from two-way ANOVAs or permutation test (p).

In the commissural region of the nucleus of the solitary tract
(cNTS), GFAP staining showed a distinctive pattern. It was most
intense along its dorsal border (glial limitans/parenchymal basal
lamina), abutting the area postrema, in a distinctive midline seam
extending down to the central canal, becoming continuous with the
ependymal cells of this structure. In the more ventral and lateral
areas of the cNTS, the staining became progressively less dense,
though nevertheless still challenging to resolve at the individual cel-
lular level. Similar to our analysis of the nucleus gracilis, the staining
was bilaterally symmetrical, and neither morphine administration

nor the expression of placebo responses was related to GFAP

expression (see Table S1 for statistical results). Clear sex differences
were observed and, once again, pooled comparisons revealed that
males showed significantly greater levels of GFAP than females
(32.6+6.4% vs. 24.2+5.1%, p<.0001, w? = 0.33).

3.4 | GFAP expression in the area postrema
(Figure 8c)

The chemosensitive area postrema is a circumventricular organ,

whose activity in regulated by substances in systemic circulation
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FIGURE 8 GFAP expression in the gracile nuclei, commissural nuclei of the solitary tract (cNTS), and area postrema. (a-j) Example
photomicrographs of GFAP expression in these regions taken at 100x magnification from females (a-€) and males (f-j) in the natural history
controls (Sal/Sal; a,f), acute morphine controls (Sal/Mor, b,g), repeated morphine controls (Mor/Mor, c,h), placebo nonresponders (d,i),

and placebo responders (e,j). Scale bar represents 500 um. (k-m) box and whisker plots (min-max) showing comparisons between sex and
drug treatment groups (natural history control [Sal/Sal, n = 7F/4M] vs. acute morphine [Sal/Mor, n = 6F/5M] vs. repeated morphine [Mor/
Mor, n = 7F/5M]), and sex and placebo responsiveness (no placebo [n = 6F,4M] vs. placebo [n = 6F/5M]). *p <.05, **p <.001, ***p <.0001,
Sidak's pairwise comparisons, p <.05, Tukey's pairwise comparisons, two-way ANOVAs. (n-p) Boxplots (min-max, line indicates median
and +indicates mean values) showing sex differences in the percentage area of GFAP immunoreactive staining within the gracile nuclei (n),
the cNTS (o), and the area postrema (p), p-values indicate main effects of sex from two-way ANOVAs or permutation test (o,p).

(Porreca & Ossipov, 2009). In stark contrast to the other areas
we surveyed, GFAP staining was substantially greater in females
compared to males (30.1+2.4% vs. 8.6+1.3). In the saline/saline
controls, there was approximately double the area stained with
GFAP in females compared to males. Two-way ANOVA found a
significant effect of sex (F; ,3 = 53.47, p<.0001, w? = 0.55), and
an interaction effect between sex and morphine (Fz,za = 5.084,
p=.01, @? = 0.11), with female rats who received acute morphine
administration having significantly greater GFAP staining than the

saline/saline controls (p = .003). Additionally, our data suggest that
this increased GFAP activity in females diminishes with repeated
morphine administration, with most rats in the morphine/morphine
group showing similar levels as those seen in the saline/saline con-
trols. Interestingly, male rats did not show these trends, with acute
morphine-treated rats showing the least GFAP staining of the three
groups. Once again, similar sex differences were detected for both
the placebo responders and nonresponders (FL17 =11.43,p=.004,
w? = 0.39), but no differences were found between these groups.
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4 | DISCUSSION

The main questions driving this study were (i) to assess whether
morphine altered the numbers and morphology of astrocytes in
medullary regions known to be involved in pain transmission and
modulation in rats with a neuropathic injury; (i) to determine if there
were any differences in the numbers and morphology of astrocytes
in these regions between placebo responders and nonrespond-
ers; and (iii) to systematically evaluate sex differences in astrocyte
numbers and morphology that became obvious when conducting
analyses (i) and (ii). Astrocytes were evaluated by densitometric
and morphometric analyses of GFAP expression. Unexpectedly, our
data demonstrated that neither single dose nor repeated morphine
administration (6 mg/kg) had significant effects on GFAP expres-
sion in the rostral ventromedial medulla (RVM). We did, however,
detect sex-dependent effects of morphine administration on the
% area of GFAP staining in the SRD, the PGie, and the area pos-
trema, albeit with modest effect sizes. None of the other measures
of GFAP expression (number of cells, overall morphology score, cell
volume, sholl profile) were affected by morphine in these regions.
Additionally, there were no differences in GFAP expression in any
ROIls between placebo responders and nonresponders, suggesting
that the susceptibility and expression of placebo analgesia are unre-
lated to brainstem glial activity.

The strongest finding from these results was large and consistent
sex differences in the density and morphology of GFAP-positive as-
trocytes in nearly all regions investigated, regardless of experimental
group. These sex differences were anatomically specific, with males
generally showing higher numbers and/or greater GFAP expression
in the RVM, SRD, PGie, gracile nuclei, and cNTS. In contrast, females
displayed significantly greater GFAP expression in the area postrema.

These findings invite three important questions. Firstly, what
are the likely implications of the observed sex differences in GFAP
expression on pain modulation? Secondly, why did morphine have
little or no effects on astrocyte numbers or morphology on the pain
modulatory regions of the RVM, SRD, and PGie, and the opioid-
responsive region of the cNTS? Finally, what are the likely implica-
tions of the observed sex differences in GFAP expression on opioid

processing?

4.1 | Sexdifferencesin GFAP expression

It is important to note that since all rats in this study received a CCl
we are unable to directly resolve the effects of nerve constriction
itself on GFAP expression. As such, there are two possible expla-
nations for the significant and consistent sex differences in GFAP
expression in the medullary regions we observed in this study. One
possibility is that female and male rats have inherent, pre-existing
differences in GFAP expression in these regions, likely reflecting
sexually dimorphic glial activity. Underlying sex differences in astro-
cyte density, morphology, and GFAP expression has been reported
in a number of CNS regions in the rat; these include the spinal cord
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(Posillico et al., 2015), hypothalamus (Kuo et al., 2010), hippocampus,
and amygdala (Arias et al., 2009; Johnson et al., 2008) (see (Acaz-
Fonseca et al., 2016) for review). In these regions, there is good
evidence that sex steroids modulate astrocyte characteristics, even
across the estrous cycle (Arias et al., 2009; Kuo et al., 2010). As far as
we are aware, no previous studies have investigated underlying sex
differences in GFAP expression in the medullary ROls identified in
this study. Our data suggest the possibility that such sex-steroid ef-
fects on astrocytes may be more generalized and include the lower
brainstem, though direct comparisons between uninjured female
and male controls are required to test this suggestion.

However, we also know that CCl and other models of chronic
pain increase glial activity in the RVM (Mo et al., 2022; Roberts
et al.,, 2009; Sun et al., 2005; Wei et al., 2008), the gracile nuclei
(Gosselin et al., 2010), and the spinal cord (Chen et al., 2018; Colburn
et al., 1997), as well as supramedullary regions including the PAG,
but not in the anterior cingulate cortex or the nucleus accumbens
(Michailidis et al., 2021). A second possibility, therefore, is that our
observations reflect sex-dependent glial adaptations to the periph-
eral nerve injury, as have been described for the spinal cord (Vacca
et al., 2014, 2021), a suggestion that has not previously been evalu-
ated in our medullary ROls. If this is the case, we think it is unlikely
that the differences in glial GFAP expression and cell morphology
can be attributed to sex differences in injury-evoked neuronal drive
onto these regions, as we did not detect differences in c-Fos expres-
sion between males and females in the natural history controls in

these same regions in our earlier study (see Boorman & Keay, 2021b).

4.2 | Morphine-induced minor changes in GFAP
expression in the SRD and PGie

While we detected statistically significant differences in the %
area of GFAP staining between saline controls, acute morphine,
and repeated morphine in the SRD and PGie of males, there were
no differences in either the numbers or morphology of these as-
trocytes. It is difficult, therefore, to determine the biological rele-
vance of this observation. Other studies have previously reported
large increases of GFAP expression following repeated morphine
administration in the spinal cord, NTS, LC, VTA, hippocampus, and
cingulate cortex (Alonso et al., 2007; Beitner-Johnson et al., 1993;
Raghavendra et al., 2004; Song & Zhao, 2001). One possibility as
to why we did not see equally large effects of repeated morphine
administration is that it was administered on the background of a
chronic neuropathic pain. Such an interaction has previously been
reported for chronic inflammatory pain, whereby CFA administra-
tion prevented the GFAP increases in the VIPAG evoked by mor-
phine (Eidson & Murphy, 2013). Finally, it is important to note that
while we have focused on the effects of morphine administration
on GFAP expression, the possibility that the differences in GFAP
expression levels might in fact mediate the sex differences in mor-
phine efficacy reported previously by us and many others cannot
be discounted.
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4.3 | Areapostrema

Interestingly, the largest effect of morphine was found in the area
postrema of females. Here, female rats, but not males, that were
given acute morphine showed double the percentage area of GFAP
compared to their saline-treated counterparts. Of the rats that re-
ceived repeated morphine, on day five (Test Day), two of the seven
continued to show increased GFAP expression, while the levels in
the remaining five had returned to that of the saline controls. In con-
trast, morphine administration appeared to have negligible impacts
on GFAP expression in the AP of male rats and furthermore, unlike
the other medullary regions of interest investigated, male rats had
less GFAP expression than females across all experimental groups.

Area postrema is a chemosensitive circumventricular organ,
which detects levels of circulating chemicals and toxins. It is one
of only three circumventricular organs that contains neurons and
therefore can transduce these signals into neuronal activity. These
neurons are neurochemically heterogenous, and include a significant
GABAergic population of interneurons, whose activity regulates the
excitatory drive of its output neurons. Potentially harmful levels
of systemic toxins activate neurons within the AP, either directly
or via inhibition of the GABAergic inhibitory interneurons (Guan
et al., 1996). AP neurons project extensively to the caudal medulla
and pons to trigger nausea, emesis, and behavioral aversion (Porreca
& Ossipov, 2009). Ablation of the area postrema reliably abolishes
the emetic responses to a range of drugs and compounds, includ-
ing the opioids (Bhandari et al., 1992; Jovanovic-Micic et al., 1989;
Strominger et al., 2001). In addition to these neuronal populations,
the AP has resident glia, which include both astrocytes and microg-
lia. Both neurons and glia are sensitive to systemic morphine, either
via the presence of classical opioid receptors (u- and 8- subtypes)
(Guan et al., 1997, 1999) or the immune-associated toll-like receptor
4 (TLR4) (Nakano et al., 2015; Watkins et al., 2009). Our data suggest
that in female rats, morphine administration activates astrocytes ei-
ther directly (via TLR4) and/or indirectly, via the disinhibition of the
GABAergic population and subsequent increased activity of AP out-
put neurons. Whereas in male rats, astrocytes in this region appear
to be less sensitive to morphine, which may be due to decreased
expression of TLR4 receptors.

Nausea and emesis are characteristic side effects of morphine
administration in both animal models (i.e., ferrets) and humans, an
effect that is both stronger and more prevalent in females (Apfel
et al., 2012; Zun et al., 2002). That sex differences in glial activ-
ity and GFAP expression in the area postrema, such as we have
observed in this study, might underlie the sex differences in the
nauseant and emetic effects of opioids seen in people is a strong
possibility.

4.4 | Summary

We have recently reported that in rats with a neuropathic injury,
despite being able to detect injury-specific neuronal activation

in the gracile nuclei, and morphine-specific neuronal activation in
the cNTS, we were unable to detect differences between placebo
responders and nonresponders in the pain modulatory regions of
the medulla (Boorman & Keay, 2021b). We did not detect any sex
differences in these regions, with the exception of a greater neu-
ronal activation after morphine administration in the cNTS of males.
Complementing this observation was the finding that morphine had
significantly greater analgesic effects in males. In this study, we in-
vestigated whether placebo responders and nonresponders had
differential glial GFAP expression or cell morphology in these same
regions, which could influence the threshold and sensitivity of the
circuitry that transmits and modifies pain. However, once again, we
did not detect any differences in GFAP expression between placebo
responders and nonresponders in any of the ROlIs for either sex, sug-
gesting that the expression of placebo is unrelated to glial activity in
these regions.

Additionally, in comparing drug treatment control groups (i.e.,
saline/saline, saline/morphine, morphine/morphine), we found that
morphine administration had minor impacts on GFAP expression in
the SRD and PGie of male rats as well as moderate effects in the area
postrema of females, with no apparent effects elsewhere. We also
observed large and consistent sex differences in both the density
and morphology of astrocytes in all ROls investigated, irrespective
of treatment group. In general, males had greater numbers of as-
trocytes, which tended to have greater volume, as well as greater
overall GFAP expression (% area) in all regions except for the area
postrema. In this particular region, female rats had significantly
greater GFAP expression, which was further enhanced by acute
morphine administration, and we have suggested these differences
might underlie the clinical observations that females tend to experi-
ence greater nauseant and emetic effects from opioids. Finally, given
that a major flaw in the preclinical pain literature has been a failure to
address the effects of biological sex (Mogil, 2020), these data con-
tribute to reversing the bias of a predominant focus of males when
considering glial influences in the processing and modulation of pain
after nerve injury.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

TABLE S1 Results of two-way (experimental group xsex) ANOVAs
for all measures and all ROIs investigated. Morphine comparisons
involved the natural history control (saline/saline) versus acute
morphine administration (saline/morphine) versus repeated
morphine (morphine/morphine) groups. Placebo comparisons
involved placebo responders versus nonresponders. The effect size
for each factor is represented by omega squared (@?), which is an
estimate of how much of the variance in the dependent variable (as
a proportion between 0 and 1) is accounted for by the independent
variables (i.e., the fixed factors). For the overall morphology score,
which is an ordinal scale, and for the three datasets in which
statistically significant deviations from normal distributions were
detected (% area of GFAP staining in the RVM, cNTS, and area
postrema), the Permutation test, which is a nonparametric test
for two-way factorial designs, was used to assess the statistical
significance of the main and interaction effects of and between
the independent factors (i.e., sex vs. experimental groups). This
analysis was performed in R version 3.6.1, using RStudio version
1.4.1106 and the ez package (Lawrence, 2016). For each test, 1000
permutations were computed. *p <.05, **p<.001, ***p <.0001. The
results of these tests are placed alongside the results of standard
two-way ANOVAs (as described above) for comparison. cNTS,
commisural nuclei of the solitary tract; PGie, paragigantocellularis
lateralis internus/externus; RVM, rostral ventromedial medulla, SRD,
subnucleus reticularis dorsalis
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