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Abstract

Surgical procedures in the geriatric population are steadily increasing, driven by improved
healthcare technologies and longer lifespans. However, effective postoperative pain treatments are
lacking, and this diminishes quality of life and recovery. Here we present the first preclinical study
to pursue sex- and age-specific differences in postoperative neuroimmune phenotypes and pain.
We found that aged males, but not females, had a delayed onset of mechanical hypersensitivity
post-surgery and faster resolution than young counterparts. This sex-specific age effect was
accompanied by decreased paw innervation and increased local inflammation. Additionally,

we find evidence of an age-dependent decrease in hyperalgesic priming and perioperative
changes in nociceptor populations and spinal microglia in the aged. These findings suggest that
impaired neuronal function and maladaptive inflammatory mechanisms influence postoperative
pain development in advanced age. Elucidation of these neuroimmune phenotypes across age and
sex enables the development of novel therapies that can be tailored for improved pain relief.
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Introduction

The US census bureau predicts that our geriatric population, 65 years and older, will
increase by almost 30% by 2050 (Roberts et al., 2018). Due to comorbidities associated
with advanced age (e.g. falls, joint replacements, neuropathy), a drastic increase in surgeries
is anticipated (Etzioni et al., 2003; Fowler et al., 2019). A common consequence of these
procedures is the development of postoperative pain. Postoperative pain is characterized by
heightened behavioral sensitivity (hypersensitivity) to peripheral stimuli and has both acute
and chronic effects (Brennan et al., 2005). Pain in the aged is a contentious topic, largely due
to conflicting literature and a lack of insight into the underlying neuroimmune mechanisms.
Given the conflicting reports on whether pain hypersensitivity is decreased (Chung et al.,
1995; Lautenbacher et al., 2005; Millecamps et al., 2020; Mody et al., 2020; Stuesse et al.,
2001; Tanck et al., 1992; Weyer et al., 2016), increased, (Galbavy et al., 2015; Yezierski et
al., 2010) or unchanged (Lautenbacher et al., 2005) in both preclinical models of advanced
age and clinical reports, we sought to investigate differences imposed by age and sex during
acute pain development following surgery.We also examined if age and sex differentially
affected surgery-induced immune changes locally and centrally.

Postoperative pain requires recruitment and activation of various immune cells, but primarily
macrophages to the injury site (Ghasemlou et al., 2015) and microglia in the spinal cord
(Obata et al., 2006; Romero-Sandoval et al., 2008; Wen et al., 2011). While neurons directly
drive pain mechanism (Banik and Brennan, 2008; Barabas and Stucky, 2013; Pogatzki et al.,
2002), macrophages and microglia facilitate neuronal plasticity mediated via inflammatory
mechanisms, altering responsiveness of neurons to different stimuli (Pinho-Ribeiro et al.,
2017). In the spinal cord, microglia play a critical role in central sensitization (Chen et

al., 2018; Wen et al., 2011), strengthening nociceptive circuits within the CNS leading to
chronic pain and hyperalgesic priming — a state where pain plasticity mechanisms influence
the transition from acute to chronic pain states.

Low-grade chronic inflammation is a hallmark of aging, characterized by a systemic
dysregulation of pro-inflammatory response that reflects the inefficiency of anti-
inflammatory processes to regulate inflammation, otherwise known as immunosenescence or
“inflammaging” (Maggio et al., 2006; Michaud et al., 2013). This aging phenotype includes
increased immune system activation (Godbout et al., 2005; Nissen, 2017)’(Perkins et al.,
2018), impaired immune regulation (Bruunsgaard et al., 2001; Chung et al., 2006), and
altered bi-directional communication between macrophages and nociceptors (Tewari et al.,
2020) that we hypothesize are contributing to dysfunctional macrophage activity during
postoperative pain development. Moreover, peripheral innervation might be compromised
in aging due to decreased intraepidermal nerve fiber (IENF) density (Chang et al., 2004;
Kaliappan et al., 2018) and shrinkage of myelinated fibers (Sakita et al., 2016). In this
study, the incision pain model presents a practical approach to evaluate all phases of pain
development in aging, i.e., 1) acute — comprised of a brief onset and initial progression

of pain, 2) resolution — when sensitivity measurement reflects baseline levels, and 3)
hyperalgesic priming (Brennan et al., 1996).
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Here, we report that preoperatively, aged males had lower paw skin IENF densities,

have fewer large-diameter nociceptors in their dorsal root ganglia, and have an increased
density of pro-inflammatory spinal cord microglia. Following plantar incision, aged males
showed reduced mechanical hypersensitivity and increased tissue swelling, despite lower
macrophage recruitment to the incision site and lower microglia density in spinal cord
compared to young males. While lack of microglia activity was also observed in aged
females, overall, this group had similar postoperative anatomical and physiological features
to young females. Our work highlights distinct sex differences between neuroimmune
phenotypes during advanced age that may significantly impact postoperative pain
development and alter responses to pain relieving therapies.

Materials and Methods

Animals

Male Brown Norway (091BN) and female Fischer (403SASFish and 002CDF) breeders
were purchased from Charles River at 5-8 weeks of age. Male Brown Norway average
weights were 191g and 353g at 2 and 8 months, respectively. Female Fisher 344 average
weights were 154g and 197¢ at 2 and 8 months, respectively. First generation (F1) from
crossing female Fisher 344 and male Brown Norway rats (FBN rats) were used for all
experiments. This F1 hybrid, otherwise known as F344BNF1, has been successfully used
as a model of healthy aging, given their extended longevity and decreased incidence of
pathologies compared to their parental inbred strains (Lipman et al., 1996; Lipman et al.,
1999; Spangler et al., 1994). Male and female FBN rats were used for experiments while
young (3-6mo) or aged (>22mo). Animals were group housed in polypropylene cages
maintained at 21°C under a 12-hour reverse light/dark cycle, with lights on at 6PM. Ad
libitum access to water and rodent chow was provided. Animal weights were recorded
weekly, and weights reported correspond to weights closest to sample collection.

Ethics approval: All procedures were in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals and were approved by the
University of Texas at Dallas Institutional Animal Care and Use Committee protocol 15-15.

Plantar incision

Plantar incision as a model for surgical pain was first described in rats in 1996 (Brennan et
al., 1996). A 1cm incision on skin and fascia 0.5cm from the heel of the left hind paw was
made, followed by 5 strokes onto underlying muscle using a surgical blade no. 11. No. 5
silk suture (Oasis, Cat# MV682) was used to close the wound with 3 equidistant stiches. All
experimental animals that underwent plantar incision were under 2% isoflurane anesthesia
and the surgical procedure took 10-15 minutes.

Behavioral assays

Animals were brought to the behavior room by 3PM-6PM every day and were given 1 hour
to acclimate to the behavior rack. Male and female rats were tested in different racks for von
Frey, followed by Hargreaves. After resolution of pain, animals were tested for hyperalgesic
priming by von Frey testing. As demonstrated in Fig. 1j, animals from different ages differ
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significantly in size, preventing the experimenter from being blinded by age and sex. All
animals were brought to the behavior room one day prior to baseline testing to acclimate to
the environment.

Mechanical hypersensitivity—Animals were placed over a mesh platform of 0.56m
height inside an acrylic rack of medium (w:12cm, h:14cm, l:16cm) or larger size (w:24cm,
h:14cm, 1:16cm) one hour prior to any behavior assessment. Baseline assessment was done
one day prior to plantar incision and subsequent measures were collected daily up to
resolution. After habituation to the rack, sensitivity to mechanical stimuli was tested using
calibrated von Frey filaments (Touch test Stoelting) based on the up and down method
(Chaplan et al., 1994), with a ceiling filament of 12.5g. It was ensured that animals were
standing on their four paws for testing with targeted areas adjacent to the incision and
medial to the hind paw, previously shown to be most sensitized (Brennan et al., 1996). Paw
withdrawal was measured with brisk paw elevation and/or licking of the paw. Ipsilateral and
contralateral paws were measured sequentially.

Thermal hypersensitivity—Animals were placed over a glass surface inside acrylic rack
and habituated for 20 minutes over an absorbent pad (Fisherbrand, Cat#1420665) before
testing every other day following incision (day 1-9). Thermal hyperalgesia was measured by
latency to withdrawal hind paw in response to an infra-red beam of 50 I.R. intensity emitted
by a Hargreaves apparatus (Test unit 7370, Ugo Basile, Varese, Italy) aimed at the posterior
portion of the hind paw. Response latencies were automatically recorded by the equipment
and beam cutoff was set to 20s to avoid tissue damage.

Hyperalgesic Priming—Hyperalgesic priming is a model developed by Jon Levine’s
laboratory to understand the mechanisms of maladaptive prolonged pain, separating the
study of acute from chronic pain (Reichling & Levine, 2009 for review). In this model,
animals undergo an acute insult to the paw (usually an inflammatory mediator such as
carrageenan, complete Freund adjuvant, or plantar incision) and are allowed to recover until
they exhibit baseline behavior. Previous studies have shown that after a primary insult, a
PGE2 injection to the same paw significantly increases the degree or time of hypersensitivity
to different stimuli (Aley et al, 2000; Joseph et al, 2003; Parada et al, 2005; Burton et al,

2017).

After complete resolution of mechanical and thermal hypersensitivity from the incision (21
days), when all animals showed baseline responsiveness to stimuli, a subgroup of animals
was injected with 50uL of a subthreshold dose of prostaglandin E2 (PGE2) (100ng, Cayman
Chemical Company Cat#14010) between the plantar pads using a 30-gauge needle without
anesthesia. A subthreshold dose refers to the transient effect of PGE2 in naive animals

that can be modulated by plastic changes in nociceptors by a primary insult (Kandasamy

& Price, 2019). Solution was freshly made from stock and vortexed before application.
Animals were tested for mechanical hypersensitivity 1h, 3h, 24h and 48h after PGE2 on the
injected area.
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Thermal imaging of hind paw

Forward looking infrared camera (FLIR) model T650SC (Wilsonville, OR) was used to
access topical inflammation of the plantar surface of hind paw (Mody et al., 2020; Moy

et al., 2018) for 10 days following plantar incision. Images were taken half an hour

after acclimation of animals to the behavior rack but prior to any behavior experiment.
Average midline temperature of both ipsilateral (left) and contralateral (right) hind paws was
measured using FLIR tools (RRID:SCR_016330).

Retrograde Tracer of plantar innervation

Hydroxystilbamidine (Fluoro-Gold™, Biotium Cat#80014), a retrograde neuronal tracer and
histochemical stain, was utilized to identify the contributions of lumbar dorsal root ganglia
(DRG) neurons to the sensitized portion of the hind paw. Fluorogold (FG) was originally
diluted to a 0.4% solution in sterile ddH,O; however, preliminary experiments showed that
aged animals did not show positive FG expression at this dilution. Fluorogold was stored
at 4°C in opaque tubes (Black Beauty Microcentrifuge Tubes, Argos Technologies, 1.5mL,
Cat#47751-688). All following experiments were performed using a 1% FG dilution. All
animals used for retrograde tracing experiments were used only for these experiments and
did not receive plantar incision or any other treatment. Animals were injected with a 30uL
intradermal injection of 1% FG on the left paw using a 30G needle under 2% anesthesia.
Animals were sacrificed two weeks after injection and ipsilateral and contralateral lumbar
DRGs were collected as described below.

Assessment of Estrus Cycles

Reproductive cyclicity was assessed in naive young and aged females by tracking the estrus
cycle for eight consecutive days. Samples were collected via vaginal lavage twice per day,
once at 9AM and once at 6PM, to account for quick cellular turnover characteristic of short-
lasting phases of the estrus cycle. Vaginal lavage was performed by flushing the vagina with
100uL of sterile saline (0.9% NaCl, pH 7.4) until the sample appeared cloudy (Marcondes
et al., 2002). Samples were dry-fixed on charged microscope slides and stained with 0.1%
Toluidine Blue O (Sigma-Aldrich Cat#89640-5G). Slides were mounted with EMS DPX
mountant for microscopy (Electron Microscopy Sciences, Cat#13512) and imaged via bright
field microscopy using the Olympus VS120 Virtual Slide Microscope at 10x magnification.

Estrus cycle phases were classified by previously established methods (Cora et al.,

2015). Briefly, proestrus smears show predominantly nucleated epithelial cells, whereas
estrus smears have anucleated cornified epithelial cells. Metestrus and diestrus are both
characterized by a predominance of neutrophils; with diestrus smears having greater cell
density. Anestrus or the lack of cyclicity seen in aged females was characterized by smears
with high cell density, primarily neutrophils (Sone et al., 2007). Anestrus samples were also
more viscous in texture compared to samples of other phases from young cyclic female rats.

Estradiol ELISA

Concentrations of 17p-estradiol in serum were measured using a competitive ELISA
purchased from Crystal Chem (Cat#80548). Serum was isolated from tail blood extracted
following vaginal lavage sample collection at 9AM and 6PM to characterize short-lived
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estrus phases. The rats were briefly anesthetized using 4% isoflurane and an incision was
made at the tip of the tail. Blood was extracted from the tail following sterilization of the
wound with 70% ethanol. Blood was allowed to clot on ice for a minimum of 30 minutes
and centrifuged at 14000 rpm for 14 minutes. Serum was stored at —80°C. Serum collection
for naive males was done immediately before other tissue collection. ELISA was performed
as instructed in the company manual. Samples were assayed in duplicates without dilution.

Tissue collection

Tissue from naive animals was collected when they reached the appropriate age for each

age group. Experimental animals were sacrificed 2 days post plantar incision. Animals were
deeply anesthetized with isoflurane and quickly decapitated. Ipsilateral and contralateral
hind paws, lumbar dorsal root ganglia (L4-6) and lumbar spinal cord were quickly extracted
and post fixed in 4% paraformaldehyde solution for 6h (DRG, spinal cord) or 16h (hind
paw) at 4°C and then cryo-protected in 30% sucrose at 4°C for a minimum of 24h. Tissue
was then embedded in optimal cutting temperature compound (O.C.T., Fisher Scientific Cat#
23-730-571) and kept at —80° C until sectioning. Rats were examined postmortem for gross
signs of disease and were excluded from study if found unhealthy (e.g. tumors, 14% of aged
rats of which 90% were aged females).

Immunohistochemistry

All tissues were washed gently on shaker for 5 minutes in PBS with 0.05% tween 20 (PBS-
T), and pre-treated with boiled citrate buffer (L0mM Sodium citrate, 0.05% Tween 20, pH
6.0) three times for 5 minutes each for antigen retrieval followed by 3 washes with PBS-T.
Tissue was permeabilized and blocked with a dual purpose solution containing 2% normal
goat serum (Gibco, Cat#16210064), 1% bovine serum albumin (VWR, Cat#97061-416),
0.1% Triton-X (Sigma, Cat #X100-500ML), 0.05% Tween-20 (Sigma, Cat#P1379) and
0.05% sodium azide (Ricca Chemical, Cat#R7144800) in PBS (Thermo Fisher Scientific,
Cat#BP3994) for two hours. All slices were incubated with primary antibodies overnight
(two overnights adding up to 36-48 hours total for skin tissue) at 4°C. Sections were
washed with PBS-T three times for 5 minutes each and incubated with secondary antibodies
for 2 hours protected from light. Three more washes with PBS-T were performed and
sections were then incubated with DAPI (1:5000, Sigma Aldrich, Cat# D9542-10MG) for
10 minutes, washed and air dried before mounting coverslips with gelvatol. Sections of each
tissue were acquired as follows:

Hind paw: Coronal sections of plantar skin were initiated mid incision towards the heel.
This region was chosen due to the increased hypersensitivity developed at the site. For
ionized calcium-binding protein (Ibal, 1:1000, Wako Cat# 013-26471, RRID:AB_2687911)
staining, 40um sections were allowed to free float in PBS after sectioning, while 20um
sections were placed onto positively charged slides for protein gene product 9.5 (PGP 9.5,
1:500, CEDARLANE Cat# CL7756AP, RRID:AB_2792979) immunostaining.

Lumbar dorsal root ganglia: 51" lumbar DRGs were sectioned (18um thickness).

Uptake of FG from peripheral sensory nerve endings projecting to the hind paw was
verified by anti-fluorescent gold (1:1000, Sigma-Aldrich, Cat# AB153-1) and 1X TrueBlack
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(Biotium, Cat# 23007) was utilized to prevent lipofuscin autofluorescence. Non-peptidergic
IB4+ neurons were identified by Isolectin GS-1B4 (1:1000, biotin conjugated, Invitrogen
Cat# 121414) and medium and large diameter sensory neurons were labeled with anti-
neurofilament 200 (1:2000, mouse, Millipore Cat# MAB5266, RRID:AB_2149763).

Lumbar spinal cord: Spinal cords were cut into 18um sections. Different levels of

spinal cord were identified with a 0.1% solution of cresyl violet (Harleco, Cat # 548-62-9)
counterstaining guided by the rat spinal cord atlas (Anderson et al., 2009). Sections of levels
4-6 of the lumbar spinal cord which innervates the hindlimbs were stained with anti Ibal
(Ibal, 1:1000, Wako Cat# 019-19741, RRID: AB_839504). Layers of the dorsal horn were
identified guided by IB4 neuronal projections with (1:1000, biotin conjugated, Invitrogen,
Cat# 121414). All primary and secondary antibodies are listed on Table 1.

Image acquisition and Analysis

Images of hind paw and vaginal lavages were taken using Zeiss AxioObserver 7. Brightfield
and z-stack images were taken with 10x objective (NA 0.3) 0.345 um/pixel and 20x
objective (NA 0.4) 0.173 um/pixel, with Axiocam 305 color camera. Epi-fluorescence
images were taken at 20x (NA 0.8) 0.227 um/pixel, with Axiocam 503 B/W camera.
Software used for acquisition was Zen2.5 Pro. Whole DRG and hindpaw images were
taken using Olympus VVS120 virtual slide scanner configured for transmitted and reflected
light brightfield and epi-fluorescence scanning modes with 40x objective (NA 0.95) 0.17
um/pixel, and a Hamamatsu Orca Flash 4.0 Plus Enhanced QE SCMOS Digital Camera.
Software for acquisition VS-SAW. Topographical distribution, cell count, and gray intensity
were measured by CellSens software (Olympus, Version 3.1). Z-stack images of the dorsal
horn of lumbar spinal cord were acquired with x20 objective (NA 0.75) 795nm/pixel using
Olympus confocal microscope (F\VV1200).

Observers were blinded to the experimental groups (sex x age). All datapoints reported here
represent intra-animal replicate averages from independent samples.

IENF analysis

To assess the innervation of the hind paw, three non-consecutive 20um-thick sections of
the hind paw skin (epidermis and dermis) from naive animals were imaged using the
Olympus VS120 Virtual Slide Microscope at 20x magnification using the z-stack function
at 10um depth. For incised paws, 20um-thick sections of the hind paw skin (epidermis

and dermis) were imaged using the Zeiss AxioObserver 7 microscope at 20x magnification
using the z-stack function at 10um depth. All image analysis was performed using the
CellSens software. For naive paws, 1mm length of epidermis in the medial portion of the
paw was manually traced using the polyline ROI function. Intra-epidermal nerve fibers with
positive PGP9.5 signal were manually traced using the polyline ROI function within the
designated area to assess the nerve fiber density and length of individual fibers. Individual
branches were counted as different fibers for this analysis(Kaliappan et al., 2018). Images
were analyzed as maximum intensity projections. Other PGP9.5 positive cells, such as
dermal cells, were not included in this analysis and were excluded based on differences in
morphology from nerve fibers. The density of nerve fibers is expressed as number of fibers
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per mm of epidermis. For incised paws, two images were taken per section, one on each side
of the incision site. The length of epidermis per image was traced as were the nerve fibers as
described for naive paw analysis.

DRG Fluoro-Gold (FG) colocalization and neuronal cell count

FG™* neurons were colocalized with IB4* and NF200™ neurons at the 5" lumbar DRG
using the ‘Count and Measure’ feature of CellSens software. Three non-consecutive 20um
sections per DRG were analyzed. Within the 1B4* and NF200" neuronal subpopulations,
only cells with visible nuclei (DAPI) were measured for cross-sectional area in order to
avoid underestimating cellular size. Cross-sectional area has been long used to differentiate
nociceptors by its strong correlation with conduction velocity of unmyelinated C-fibers and
myelinated A fibers (Harper and Lawson, 1985). Here, we used previously proposed size
bins for small, medium, and large diameter neurons (Fang et al., 2002), with respective
cross-sectional areas represented as <400 pm?2, 400-800 um? and >800 um?. No age or sex
differences were identified for IB4* or NF200* neuron numbers when normalized by area of
sampled DRG (108 um?).

Epidermis histological analysis

The outer most layer of the glabrous skin consists of 5 different strata, from inner to

outer: basale, spinosum, granulosum, lucidum and corneum. We have used 10um sections

of the hind paw skin to measure the thickness of these epidermal strata grouping the
germinative stratum basales with stratum spinosum as well as the stratum granulosum with
stratum lucidum. We classified basal paw thickness observing the contralateral hind paw and
swelling with the incision paw.

Peripheral macrophage analysis

Macrophages in coronal sections of the hind paws were counted using Ibal signal
colocalized with DAPI. Free floated 40pm sections were imaged using 20um depth. Each
image included epidermis and dermis areas. For naive paws, 3 sections with 2 sites each
were imaged per animal. For incised paws, 3 sections each were imaged per animal, with 1
site in epidermis and another in dermis. If there was part of dermis included in the epidermis
image, numbers from this area were added to the numbers from dermis site image for

each section. All measurements were performed using the ‘Count and Measure’ feature of
CellSens. A minimum threshold for Ibal signal was set to be consistent across all samples
and objects were automatically detected on dermis and epidermis separately. If detected
objects were less than 350 pixels in area and not localized with DAPI, they were excluded as
artefacts. If area of object was higher than 2000 pixels and contained more than one nucleus,
it was split according to Ibal around DAPI.

Microglia stereological analysis

Stereological analysis of 1bal* microglia localized in the superficial laminae of the
ipsilateral dorsal horn of lumbar spinal cord (levels 4-6) was done using Imaris Software
(Oxford Instruments, version 9.0.1). Z-stack images covering 13um depth were imported
into Imaris and pixels from the 2-D sections were converted into 3-D voxels. Images opened
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in Imaris’s surpass view were used to create surfaces, which are a computer-generated
representation of a specified gray value range within the data set. Creation of these

artificial solid objects allows for the visualization of the range of interest of the object’s
volume. Surfaces were created using background subtraction for the Ibal* cells which
colocalize with DAPI, and a filter based on number of voxels to remove artefacts. To
maintain consistency, creation parameters were made for the surface creation wizard using
the most representative images. Surfaces of Ibal* microglia were measured for volume,
ellipticity, roundness, branching through measurement of the principal axes of the surfaces
(representation on Fig. 6d), and cell count. In addition, sum Ibal fluorescence was obtained
with CellSens software. All data are represented as fold change, calculated as the difference
between animals that received plantar incision and the mean of the respective naive group
(e.g., each incised aged male was compared to the mean value of naive aged males).

Microglia isolation

Spinal cord from naive and incised animals was collected by hydraulic extrusion and
placed in chilled sterile 1X 1X Dulbecco’s phosphate buffered saline (DPBS). Tissue

was mechanically homogenized through a 70 pm nylon cell strainer (Millipore Sigma,
Cat# Z2742103) with sterile 1X DPBS supplemented with 0.2% glucose (Millipore Sigma,
Cat#t G7528). After centrifugation at 600 x g for 6 min at room temperature, supernatant
was carefully decanted, and pellet was resuspended in a series of percoll layers. Percoll
gradients were made as described previously (Agalave et al, 2021). Briefly, stock percoll
(GEhealthcare, Cat# 17-0891-01) was diluted with 10X phosphate buffered saline (PBS)
to make a 1.12 g/mL stock isotonic percoll (SIP), designated 100% SIP. The remaining
layers were created by diluting 100% SIP with 1X DPBS to make a 1.08 g/mL (70% SIP),
a 1.06 g/mL (50% SIP), and a 1.05 g/mL (35% SIP) and used at room temperature. The
pellet was resuspended in sterile 70% SIP and layered with sterile 50% SIP and 35% SIP,
then centrifuged at 1770 x g for 20 min at RT without brake. Three discrete layers were
established after centrifugation. The top layer of myelin was discarded and cells from the
interface between 70%-50% SIP were collected. Isolated cells were resuspended in sterile
1X DPBS and centrifuged at 1000 x g for 6 min at RT to remove any remaining percoll.
Washed cells were immediately subjected to use for flow cytometry analysis.

Flow cytometry

Isolated cells from the interface between 70% and 50% SIP were subjected to microglia-
specific staining. Cells were washed twice with 1X PBS, centrifuged at 1000 x g followed
by resuspension in flow buffer (0.5% bovine serum albumin + 0.02% glucose in 1X

PBS). Cells were incubated in blocking buffer (1:2000 Cd16/32 antibody in flow buffer,
eBioscience, 16-0161-85) for 5 min to block the Fc receptor and avoid non-specific binding.
Primary antibody cocktail for membrane bound epitopes was prepared using anti-rat Cd11b/
c-PE (BD Biosciences Cat# 554862, RRID:AB_395562), anti-mouse Cd45-FITC (Thermo
Fisher Scientific Cat# 11-0451-85, RRID:AB_465051) and anti-mouse Cd86 eFluor 450
(Thermo Fisher Scientific Cat# 48-0862-82, RRID:AB_2574031). Microglia was incubated
in primary antibody cocktails for 40 min at 4 °C in the dark. Cells were fixed (Thermo
Fisher Scientific Cat# 00-8222-49) and permeabilized (Thermo Fisher Scientific Cat#
00-8333-56) for 20 min each step. After wash, microglia was stained with primary antibody

Neurobiol Aging. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

dos Santos et al.

Page 10

against intracellular epitope anti-mouse Cd206 (Thermo Fisher Scientific Cat# 17-2061-80,
RRID:AB_2637419) for 40 minutes at 4°C in the dark. Cells were washed and resuspended
in flow buffer. Stained cells were examined using the BD Fortessa flow cytometry

analyzer (BD Bioscience, San Diego, CA) and analyzed using FlowJo™ Software (version
10.7.1, Ashland, OR: Becton, Dickinson and Company). The gating strategy to isolate the
microglial population can be found in Figure 6. The gating strategy was determined using
unstained samples from naive young and aged animals. Singlets were determined using
forward scatter height vs area, and finally the CD11b"9"-CD45!%W population was gated.
This population was then assessed for CD86 and CD206 expression using a four-quadrant
analysis to assess 1) all CD86+, 2) all CD206+, and 3) double positive microglia. To assess
cellular expression levels of these markers, mean fluorescence intensity (MFI) analysis was
performed on the CD11bM9"-CD45!%W population. All data are represented as fold change,
calculated as the difference between animals that received plantar incision and the mean of
the respective naive group. Representative histograms for MFI were created using FlowJo
software.

Statistical Analysis

Results

Aged males

GraphPad Prism 8 software (version 8.3.0) was used for all statistical analysis. To compare
age and time differences for each sex in behavioral assays and thermal images, two-way
repeated measures ANOVA or Mixed effect model was performed depending on presence
of missing values. Bonferroni’s post-hoc analysis was used for multiple comparisons. Effect
sizes for repeated measures were calculated as the sum of the differences between each time
point from its baseline (von Frey, Hargreaves, hyperalgesic priming, and thermal imaging).
A graphic representing the effect size calculations is shown in Supplementary Figure 1.
Statistical analysis of effect sizes and fold changes were performed using two-way ANOVA
and Bonferroni’s post-hoc for multiple comparisons. Pearson correlation was calculated
between weight and mechanical withdrawal threshold following incision for each sex. All
data shown as mean and standard error of the mean, with the exception of the contralateral
hindpaw data for von Frey and Hargreaves, shown as 95% confidence interval. Sample
sizes were determined via power calculations using G-power (Version 3.1.9.2) with effect
size (f) set to 0.75, based on preliminary experiments, at 95% power using a=0.05. All
datasets were tested for normality of data distribution using the D’ Agostino & Pearson test
using a=0.05. A p-value < 0.05 was considered statistically significant. All comparisons are
represented in Supplementary tables 1-6.

have reduced mechanical, but not thermal hypersensitivity

There is lack of consensus regarding response to mechanical stimuli in studies of acute and
chronic pain in aging animals (Chung et al., 1995; Galbavy et al., 2015; Lautenbacher

et al., 2005; Millecamps et al., 2020; Mody et al., 2020; Stuesse et al., 2001; Tanck

etal., 1992; Weyer et al., 2016; Yezierski et al., 2010). To investigate age-dependent
modifications in the onset, resolution, and machinery involved in the development of
chronicity of postoperative pain modeled by hyperalgesic priming, we evoked pain-like
responses in young (3-6mo) and aged (>22mo) rats of both sexes using mechanical and
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thermal stimuli following incision of the hind paw and measured withdrawal thresholds (Fig.
la—e). Aged males showed delayed mechanical sensitivity and faster recovery following
plantar incision compared to young males (Fig. 1a). Females, however, showed no age-
dependent differences for mechanical hypersensitivity during onset and resolution (Fig. 1b).
These data suggest that the main effect of age on the progression of acute postoperative

pain is sex-specific (Fig. 1c), such that only aged males have reduced behavioral response
following injury. All male (Fig. 1d) and female (Fig. 1e) rats demonstrated robust thermal
hypersensitivity following incision, which resolved within 5 days. Interestingly, females had
higher baseline withdrawal threshold than males, which contributes to a significant effect of
sex on the thermal withdrawal threshold effect sizes (Fig. 1f). There was no contralateral
paw sensitization to mechanical or thermal hypersensitivity following incision (mean = solid
trendline; 95% CI = dotted trendlines in Fig. 1; Supplementary Fig. 2a,b).

Hyperalgesic priming was lower in aged animals of both sexes

Mechanisms involved in the transition of acute to chronic pain can be investigated

by hyperalgesic priming (Reichling and Levine, 2009), with surgery being the priming
component. To investigate the age effect of hyperalgesic priming in both males and females,
a subset of young and aged rats was injected with a subthreshold dose of prostaglandin

E2 (PGE2) into the incised paw after resolution of pain (21 days). Both males (Fig. 1g)

and females (Fig. 1h) showed robust decrease of mechanical withdrawal threshold 1- and
3-hours post injection, with full resolution 48 hours after. While we report no main effect of
age in males or females through the different time points, the effect sizes show a significant
age effect on the mechanical withdrawal threshold (Fig. 1i), such that aged animals have
reduced hyperalgesic priming.

Weight does not influence mechanical withdrawal thresholds in aged males

Weight has been previously described as a confounding factor to mechanical withdrawal
threshold and age in rats (Tanck et al., 1992). To characterize our rodent aging model

and identify potential contributors to the behavior changes previously described, we show
weight averages of our experimental animals. Aged male FBN rats (>22mo) used in this
study weighed 529.8 g (SEM=12.6) on average; they were 1.5% bigger than their young
counterparts (mean=345.4, SEM=12.6) (Fig. 1j). Aged females differed in weight from
young females only by 73 g or 0.74x bigger, with an average weight of 282.2 g (SEM=7.7)
and 209.5 g (SEM=6) respectively (Fig. 1j). As expected, we show a main effect of both
sex and age on body weight, and a significant interaction in the animals’ weight between
sex and age (Fig. 1j). Weights upon incision were compared with each animal’s mechanical
withdrawal threshold on day 1 and day 2 post incision. A weak positive correlation between
weight and withdrawal threshold was identified in males at day 1, but not at day 2 (Fig. 1K).
Females did not show any correlation between weight and withdrawal threshold at day 1 or
day 2 (Fig. 1k). This suggests that the affective pain behavior differences in aged males are
unlikely due to their body weight.

Estrus cycle is interrupted in aged female FBN rats and does not influence behavior

Since very few studies have previously used females and female hormones and the estrus
cycle can have profound influences on pain behavior. We have further characterized our
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aged animals regarding the estrus cycle and estrogen production. Reproductive senescence
in rodents has previously been reported to be a stage with chronic presence of neutrophils

in vaginal smears in FBN rats; characteristically different than the cellular turnover during
the four estrus phases known to cycle in the young (Sone et al., 2007). To characterize

estrus cyclicity in our aging model, we monitored estrus cycle phases in young and aged
female FBN rats twice a day for a week. Vaginal samples from young females demonstrated
temporal presence of nucleated epithelial cells (proestrus) followed by dominance of
cornified epithelial cells (estrus), and finally predominant neutrophil population (diestrus)
(Supplementary Fig. 3a). Occasionally, the presence of all different cell types indicated
metestrus, a quick transition phase from estrus to diestrus. Aged females consistently
showed predominant neutrophils (anestrus, Supplementary Fig. 3a). Young females have 4-5
days cycles, while aged females are acyclic (Supplementary Fig. 3b). Collection of serum
for a subset of aged and young females was done twice a day for four consecutive days
concomitant to vaginal samples for quantification of serum estradiol. Two-tailed student
t-test was used to compare estradiol levels from aged female serum (anestrus) to all the
other groups. Estradiol levels in anestrus in aged females was only shown to be significantly
different from young female rats during proestrus (t=2.307, df=22, p= 0.0308) and young
females during diestrus phase (t=2.246, df=18, p= 0.0375), showing that young females have
cyclic changes in serum estradiol whereas aged females do not (Supplementary Fig. 3c).

IENF density is decreased with age, especially in males

Measures of IENF density in the naive epidermis showed a main effect of age and of

seX, such that the aged have less IENF density compared to young and males have less
density than females (Fig. 2a,b). There are significantly less nerve endings projecting to
the epidermis of aged males (Fig. 2b) but not aged females when compared to their young
counterparts. Interestingly, measures of IENF length revealed a main effect of sex, with
males generally having lengthier nerve endings than females (Fig. 2c). The reduced nerve
fiber density in aged males may be an important contributor to the reduced mechanical
sensitivity seen in aged males following plantar incision.

Aging changes sensory neuron contributions to innervation of glabrous skin

The sciatic nerve is the main contributor to hind paw innervation and receives projections
from the 3" through 6! lumbar DRGs in Brown Norway rats (Rigaud et al., 2008).
Therefore, cellular contributions of the 5 lumbar DRG were investigated in aged and
young FBNs, showing an age-dependent change in the IB4* and NF200" population of
sensory neurons (Fig. 3b). Three subpopulations of afferent neurons were differentiated
by soma size and cellular marker in the 51 lumbar DRG. To determine representation

of neuronal populations to the incision site, we studied subpopulations of unmyelinated
(1B4*) and myelinated neurons (NF200%) in lumbar DRG after intradermal injection of

a retrograde tracer Fluoro-Gold (FG) to the hind paw (Fig. 3a). The percentage of 1B4*
neurons colocalized with FG is significantly higher in the aged and changes with sex (Fig.
3b). Young females show lower frequency of the FG* IB4* neuron population than both
aged female (p=0.0277) and young male (p= 0.0221). We also report an age-dependent
decrease in the percentage of NF200* neurons colocalized with FG, although main effect of
age was not significantly different.
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IB4 staining was used to identify non-peptidergic C-fibers with soma area under 800 pm2,
with small diameter neurons represented by cellular area size under 400 pm?2. Medium and
large myelinated neurons were NF200*, with medium neurons represented by cellular area
size of 400-800 um? and larger population over 800 pm?2. Percentage frequency distribution
of all detected neurons by soma size revealed that aged rats have fewer large diameter
neurons (>800 um?) when compared to young animals (Fig. 3c, d). This selective shift in
neuronal size distribution specifically in myelinated neurons has been previously reported
for aged Sprague Dawley rats (Bergman and Ulfhake, 1998).

Age differences in skin thickness are potentiated in males post incision

We investigated the effect of aging on the epidermal layers of glabrous skin (Fig. 4a).
Previous study has shown that aged males have thicker epidermis on glabrous skin when
compared to young males, as well as less IENF (Kaliappan et al., 2018). We have
determined that prior to incision, aged males and females do not show similar anatomical
thickening of the hind paw epidermis. Aged naive epidermis is significantly thicker in aged
males than aged females (Fig. 4b).

We have further differentiated the epidermis into stratum corneum, stratum lucidum +
granulosum and stratum spinosum/basale to tease out glabrous skin anatomical changes
driven by age and sex. No significant differences were identified for the outer layer stratum
corneum (Fig. 4c) and for the most basal layer stratum basale (not shown). We found a main
effect of age and sex on thickness of strata lucidum/granulosum. These superficial epidermal
layers were significantly thicker in aged males than aged females (Fig. 4d). Thickness of
strata spinosum/basale also showed a similar main effect of sex and age (Fig. 4e). In the
injured skin, we have observed significant age-dependent increase of epidermis thickness
adjacent to the incision site, indicative of inflammatory edema (Fig. 4f). Aged males, but
not females, had significantly thicker epidermis than their young counterparts (Fig. 4g). This
effect was mainly driven by differences in the strata spinosum/basale (Fig. 4h—j).

Assessment of glabrous skin temperature in incised paw reveals exaggerated paw edema
and inflammation in aged males post incision

Recent studies using animal models of inflammatory pain have used thermal imaging to
report increase in glabrous skin temperature of the hind paw (Mody et al., 2020; Moy
etal., 2018). Increased heat (calor) along with edema is indicative of elevated peripheral
inflammation. To verify incision-induced inflammation in the glabrous skin of the young
and aged, infrared images of the plantar aspect of the paw were taken for up to 10 days
post incision, with the incised paw being the left hind-paw of the animal (Fig. 4k). Aged
males had a significantly higher ipsilateral hind paw temperature compared to their young
counterparts (Fig. 41), while aged females had similar temperature rise than young females
(Fig. 4m). A main interaction between age and sex demonstrates the male-specific age
difference in this peripheral inflammatory response (Fig. 4n).
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Recruitment of macrophages to the surgical site is higher in females while less robust in

the aged

Langerhans cells are resident macrophages found mainly in the stratum spinosum of the
epidermis (Otsuka et al., 2018). Incisional injury recruits additional macrophages that
differentiate from circulating monocytes to the wound as first immune responders (Sukeishi
et al., 2017). Both these cell-types show Ibal reactivity and can be thus accounted for, but
not differentiated, in the incised paw (Fig. 5a). We analyzed naive and incised hind paw
sections for the number of Ibal* cells in epidermis and dermis (Fig. 5b). Representative
images from each group are shown in Fig. 5a. We showed a significant main effect of

age and sex on the number of macrophages at the uninjured epidermis, qualified by a
significant interaction. Number of macrophages at the naive epidermis were significantly
higher in aged males than all other groups (Fig. 5¢). We also found a main effect of age

on macrophage count at the naive dermis, with aged animals having less macrophages

(Fig. 5¢). Interestingly, at two days post incision the macrophage count for epidermis was
similar for all groups while higher in female dermis (Fig. 5d). We analyzed the effect of
surgery on macrophage numbers within epidermis and dermis. Even though we report a
significant main effect of surgery in macrophage recruitment, aged males and females have
no significant increase of macrophage number after surgery in the epidermis (Fig. 5¢),
whereas young males and young females do. However, the macrophages in dermis were
significantly elevated after surgery in all groups (Fig. 5f). When looking at the skin as a
whole (epidermis and dermis), we found that macrophages were significantly upregulated at
2 days post incision for all groups as a result of surgery (Fig. 5g). An interaction between
age and sex post incision revealed a significant difference between aged males and young
females with lower and higher counts respectively. Taken together, our data indicates that the
increased thickness and decreased innervation of epidermis in aged males is correlated to the
lack of macrophages after surgery, resulting in less sensitivity in this group.

Microglia morphology, density and polarization post incision is dependent on age

It was recently reported that microglia are activated after plantar incision (Peters and
Eisenach, 2010; Wen et al., 2009) in young animals and have increased expression of 1bal
in the dorsal spinal cord after injury (Obata et al., 2006; Romero-Sandoval et al., 2008).
However, little is known about microglia activation to peripheral injury in the aged, across
sex. We have used Ibal to study the three-dimensional structure of microglia within the
superficial laminae of the lumbar dorsal horn to demonstrate age-dependent changes in
size, shape and branching after plantar incision. We found that, naive aged animals have a
higher average microglia density in the lumbar spinal cord compared to young counterparts
(Fig. 6h). Fold change of microglia density from naive to incision is significantly higher

in the young, specifically in males (Fig. 6h). Ibal expression was also found to differ

with age, with significantly increased expression in both young cohorts compared to their
aged counterparts (Fig. 6¢). Morphological analysis of microglia revealed a significant main
effect of age in both elongation and flattening changes from baseline. While aged female
microglia were significantly more elongated than young females (Fig. 6e), demonstrated
by increased prolate morphology, aged male and female microglia were found to be
significantly more flattened in shape than the young (Fig. 6f), demonstrated by decreased
oblate morphology. Moreover, bounding box analysis reveal a marked difference in cellular
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diameter between aged and young (Fig. 6i), which is indicative of more retracted branches
or a pseudoameboid phenotype in the aged. The second longest branching axis was found
to be significantly increased in young compared to the aged Fig. 6j). Together, these results
indicate a loss of normal function in aged microglia with separate morphological alterations
occurring between young and aged.

Lumbar Spinal Cord microglia activation post incision

Activation state is used to characterize tissue macrophage phenotype. Pro- and anti-
inflammatory phenotypes represent the extremes of activation that can range in a spectrum.
We used flow cytometry to assess how plantar incision affects activation of spinal microglia
across age and sex. The gating strategy, as shown in Figure 6, utilized Cd11bMidh /Cd45!ow
expressing cells to allow us to quantify the cell density in the lumbar spinal cord microglia
population (Fig. 6l). Via mean fluorescence intensity analysis, microglial expression of
CD11b was significantly increased after plantar incision in aged animals of both sexes

(Fig. 6n), with no changes in CD45 expression (Fig. 60). Expression of CD86 and CD206
within the microglial population was then evaluated to determine activation states (Fig.

6m, Supplementary Table 6). Both aged and young females showed a greater increase in

the percentage of CD86-expressing microglia compared to males with increased cellular
expression of CD86 in aged animals. (Fig. 6p). There were no differences observed in
CD206-expressing microglia or in CD206 expression levels (Fig. 6q). Interestingly, aged
animals have a greater percentage of microglia that express both CD86 and CD206, however
there were no differential effects of sex or age after incision (Supplementary Table 7). Taken
together, these results indicate a skewed pro-inflammatory profile in the aged compared to
the young after plantar incision.

Discussion

This is the first preclinical study to identify sex- and age-related differences in postoperative
behavioral and neuroimmune phenotypes. We took a comprehensive approach examining
behavioral physiology, paw and DRG anatomy, and characterized neuronal and immune

cell phenotypes to understand the interaction of age, sex, and neuroimmune cross talk
during postoperative pain. Assessment of algesia in this study has shown that aged

males have a delayed onset of mechanical hypersensitivity following incision and faster
resolution than young male rats, while aged female rats develop mechanical hypersensitivity
similar to young females. This sex-specific age effect is carried over to innervation and

local inflammation, with aged males showing decreased IENF and exaggerated heat and
edema. Previous studies have failed to address sex-specific effects and mechanisms when
studying age-dependent responses to different pain stimuli. Thus, the male-specific age
effect of mechanical hypersensitivity demonstrated here stresses the importance of including
standardized age and sex groups in studies. Including animals of both sex and appropriate
age groups also allows for a better aged female model that demonstrates reproductive
senescence (Westwood, 2008)’(Sone et al., 2007). We demonstrate that aged female FBN
rats are able to model a senile reproductive state with estrus acyclicity (Supplementary Fig.
1), corroborating previous literature that reveal morphological and physiological changes
(Sone et al., 2007; Westwood, 2008).
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Additionally, we show evidence of an age-dependent decrease in hyperalgesic priming, a
preclinical model for examining the development of chronic pain (Chapman and Vierck,
2017). Our behavioral findings (Fig. 1g—i) support and expand previously published data,
showing that the degree of algesia in different pain models can change with age, assessed by
spontaneous and evoked pain measures (Chung et al., 1995; Mody et al., 2020; Stuesse et
al., 2001; Weyer et al., 2016; Yezierski et al., 2010). Importantly, a simplistic correlation of
pain with animal weight does not explain the delayed onset of mechanical hypersensitivity in
aged males (Fig. 1Kk).

In aging, compromised myelination (Sakita et al., 2016) and reduced intraepidermal nerve
fiber (IENF) density (Chang et al., 2004; Kaliappan et al., 2018) are reflective of known
global changes in fiber density and size, albeit, reported in one sex (Devor, 1991; O’Sullivan
and Swallow, 1968). Unmyelinated C-fibers (including IB4* neurons) and myelinated A&
fibers (Pogatzki et al., 2002) (medium-to-large diameter NF200* neurons) sensitize to
noxious stimuli following injury (Slugg et al., 2004), while large diameter Ap fibers are
known to translate non-noxious mechanical stimulus (Basbaum et al., 2009) and do not seem
to readily sensitize to postoperative pain (Hamalainen et al., 2002; Xu et al., 2015). Our
data suggests an increase of a subset of C-fibers (non-peptidergic 1B4* neurons) in aged
animals L5 DRG (Fig. 3a, b) may contribute to the age-dependent changes in peripheral
innervation of the glabrous skin. The population of AB/NF200* neurons in aged animals
were smaller in diameter on average (Fig. 3c, d). This tradeoff between 1B4* numbers and
NF200* cellular size in the aged might reflect loss of larger diameter neurons or anatomical
and physiological dysfunction of these sensory neurons. The significant age-dependent
reduction in large diameter sensory neurons corroborates previous findings on cellular size
of neuronal subpopulations in the lumbar DRG of Sprague Dawley rats (Bergman and
Ulfhake, 1998). Pelvic innervation in Wistar rats (L6-S1) has shown no global differences
in neuronal population with age (Mohammed and Santer, 2001). Taken together, these
results demonstrate the need to investigate physiological changes that accompany these
age-dependent shifts in sensory neuron populations to advance our understanding of their
impact on sensory deficits.

Furthermore, understanding initial biological mechanisms involved in tissue trauma and
inflammation in the aged helps us predict their predisposition for the chronicity of pain
(Chapman and Vierck, 2017). Such trauma can damage the epidermis, dermis, and nerve
endings, which aids neuronal sensitization together with local inflammation. Anatomical
characterization of the uninjured glabrous skin of the paw revealed age and sex differences
on epidermis thickness (Fig. 4) and peripheral innervation (Fig. 2). We also found a strong
male-specific age effect on postsurgical inflammation at the incision site, with increased
swelling and heat in aged males (Fig. 4). Although baseline age-dependent differences have
been previously reported (Kaliappan et al., 2018), we are the first to report similarities

in aged female glabrous skin pre- and postoperatively. In aging, the low grade chronic
inflammatory milieu can lead to exaggerated immune response post injury (Hazeldine et al.,
2015; Mody et al., 2020). Interestingly, while postoperative characterization of glabrous skin
innervation supports the loss of mechanical sensitization in the aged males post incision,
heightened inflammation does not facilitate sensitization as in the young.
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Macrophages are first responders to an injury; they phagocytose debris and populate the
site of injury and recruit other immune cells by release of pro-inflammatory cytokines and
chemokines. As primary players during innate response against incision injury, macrophages
(Ghasemlou et al., 2015) have been shown to facilitate development of post-surgical pain
and can mediate peripheral neuro-immune interaction (Chen et al., 2018; Norden et al.,
2016). While we report a deficit in macrophage count in the aged epidermis compared to
young post incision (Fig. 5) but comparable dermal recruitment within sex, others have
found age-dependent increase in macrophage recruitment to hairy skin (dorsum) (Swift et
al., 2001). Interestingly, we found a strong female-specific increase in macrophage count in
the incised paw. We believe that further functional characterization of macrophages, such as
activation states, are necessary for a deeper understanding of age-dependent inflammatory
contributions to postoperative pain.

Resident macrophages of the CNS, microglia, have been shown to contribute to central
sensitization and development of incision pain. However, microglia in the aged have been
repeatedly characterized to be reactive even in baseline conditions (primed) (Godbout et
al., 2005; Norden and Godbout, 2013). Our group has recently demonstrated increased
production of pro-inflammatory cytokines ILIB and TNFa (Mody et al., 2020) in the

aged spinal cord, as well as increased expression of major histocompatibility complex
molecule (MHC-I11) (Burton et al., 2016; Burton et al., 2011; Garner et al., 2018) in

aged rodents in the absence of injury. In the context of healthy microglial interactions

with their neighboring cells, exaggerated microglial activation in the aged could affect

the transition from acute to chronic pain via interactions with spinal neurons. Despite an
increased pro-inflammatory profile of spinal microglia, aged males have a blunted response
to plantar incision and aged animals of both sexes have reduced hyperalgesic priming in our
study. Thus, miscommunication between the nervous and immune systems in aging may be
responsible for this effect.

Thus, we establish a novel aging phenotype here that exposes a clear disconnect between
pain and inflammation that should be strongly considered in future investigations. Our
findings illuminate a distinct sex-specific effect of age for postoperative pain behavior and
immune cell activation. In the periphery, reduced paw sensitivity and innervation during
aging, exaggerated inflammation post-surgery, and unexpectedly lower local macrophage
recruitment in males but not females emphasize the need for well-balanced future studies
in both sexes. Inherent changes in neuronal sub-populations in the aged DRG and aged
microglial morphology as well as polarization states reflect dysfunctional neuronal and
immune activation following acute insult that could expose older individuals to exacerbated
tissue damage and mitigated response to postoperative pain therapies.

Aging studies are inherently challenging in sample availability given the scarcity and cost

of aged animals. Thus, one of the limitations of this study was limiting unnecessary groups
of animals for each experiment performed. An example was the absence of a control group
(vehicle) for priming studies. Additionally, we chose to pool both ipsi and contralateral sides
of the spinal cords for each rat to characterize microglia for the interest of time and health of
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the tissue, while we may be missing information on unilateral effects, we believe significant
effects would still be revealed in this case. We intend to direct and suggest future studies
focused on this issue to be designed with larger sample sizes. Lastly, experimenters were not
able to be blinded by age and sex because animals from different ages differ significantly

in size, but we randomized group data and dissociated who plotted versus who interpreted
statistics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Postoperative pain drives age-dependent reduction of mechanical hypersensitivity in
males and hyperalgesic priming in both sexes.

Withdrawal thresholds in response to mechanical stimuli after plantar incision indicate
age-dependent delay and fast resolution of mechanical hypersensitivity in males (a), but

not female (b) FBN rats. c, Effect sizes show male-specific age reduction in mechanical
hypersensitivity. Following incision, time to withdrawal from thermal stimuli is significantly
decreased in both male (d) and female (e) rats independent of age. f, Effect sizes for
development of thermal hyperalgesia. a-f, n=14 (AM), n=10 (YM), n=14 (AF), n=10 (YF).
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After resolution of acute phase, males (g) and females (h) show development of hyperalgesic
priming following injection of prostaglandin E2 (PGE2). i, Effect size for hyperalgesic
priming show an age-dependent reduction in mechanical hypersensitivity. g-i, n=6 (AM),
n=9 (YM), n=10 (AF), n=9 (YF). j, Weight differences between young (3-6mo) and aged
(>22 mo) FBN rats. k, Correlation between weight and mechanical withdrawal threshold in
males and female rats at day 1 and 2 post incision. Data are represented as mean = SEM.
Mixed-model ANOVA (a, d, e, g and h) or two-way ANOVA (b, c, f, i and j) with post-hoc
Bonferroni was used. *p<0.05, **p<0.01, ***p<0,001, ****p<0,0001. AM — aged male,
YM - young male, AF — aged female, YF — young female.

Neurobiol Aging. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

dos Santos et al.

2 Q@
© @
= £
@ @
w w
= o
@ c
< 3

>_

Page 26

IENF #
f
N
T

=
*5)15—
c
210
S 5-

go_

mmAged Male 1'Young Male
mm Aged Female === Young Female

Fig. 2. Innervation of the plantar aspect of the paw is decreased in aged males.
a, IENFs were identified in young and aged FBN rats glabrous skin. Scale bar = 100 pm.

Insets show individual IENF to the epidermis. b, Aged males have a significant reduction
in the number of neuronal projections to the epidermis. ¢, No difference was found between
groups in total length of the nerve endings into the epidermis. b and ¢, n=4 (AM), n=3
(YM), n=3 (AF), n=3 (YF). Data are represented as mean = SEM. Two-way ANOVA with
post-hoc Bonferroni was used, *p<0.05. . AM — aged male, YM — young male, AF — aged

female, YF — young female.
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Fig. 3. Representation of sensory neuron population at the lumbar DRG is shifted in aging.
a, Colocalization of fluorogold positive cells (FG*) with unmyelinated non-peptidergic

c-fibers (IB4*) and myelinated sensory neurons (NF200%) in the 51 lumbar DRG. b, Aged
animals show increased representation of FG*1B4* neurons and decreased FG+NF200+
neurons that innervate the plantar aspect of the paw. ¢, Histogram with absolute values of
IB4* and NF200* populations from the 51 lumbar DRG show decreased contribution of
large diameter neurons. Relative frequencies of small, medium and large diameter neurons
within each cell type are represented on the side. n=3 (all groups). Scale bar = 100 pm.
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Fig. 4. Edema and heat are aggravated in the aged male.

a, Representative images of the naive glabrous skin in aged and young male and female
rats. Scale bar = 100 um. b, Thickness of the entire epidermis is similar between age

and sex. Measurement of epidermal layers separately reveal a male-specific age increase
in thickness for stratum corneum (c) and stratum lucidum-+granulosum (d), and no change
for stratum spinosum-+basale (e). f, Representative images of the incised glabrous skin in
aged and young male and female rats showing postoperative edema. Scale bar = 100 pm.
Aged males have larger increase in epidermis thickness compared to young males (g).
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This male specific age effect is not reflected by thickness in the stratum corneum (h) and
stratum lucidum+granulosum (i), rather it relies on increased stratum spinosum-+basale (j).
n=4 for all groups. k, Thermal image of the plantar aspect of the paw one day post incision
demonstrate heightened temperature of the hind paw ipsilateral to the incision (left paw)
compared to contralateral paw. Aged males show higher increase of plantar temperatures
following incision than their young counterpart (m), while females demonstrate no age
identifiable age difference (n). Contralateral paw trendlines are represented with dotted
lines, mand n, n = 10 (AM), n =10 (YM), n =9 (AF), n =9 (YF). o, Effect size for
progression of paw temperature within 10 days following injury. n =8 (AM), n =9 (YM),
n =5 (AF), n =8 (YF). Data are represented as mean + SEM. Two-way ANOVA with
post-hoc Bonferroni was used, *p<0.05, ***p<0,001. . AM - aged male, YM — young male,
AF aged female, YF — young female.
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Fig. 5. Postoperative macrophage recruitment is higher in females and less robust in the age.
a, Representative images of 1bal* cells within hind paw sections of young and aged non-

incised paw and 2 days after plantar incision. b, Representation of the incised paw depicting
the epidermis and dermis sites that were imaged for each section. ¢, Number of macrophages
in naive paw show a male-specific age increase at the epidermis and an age-specific decrease
in the adjacent dermis. d, Number of macrophages in the incised paw at the epidermis and
adjacent dermis. Females have higher Ibal* cell counts than male dermis postoperatively.
Surgery significantly increased macrophages for young, but not aged, at the epidermis (e),
and for all groups at the dermis site (f) and skin as a whole (g). (c-g) n=3 for all groups. Data
are represented as mean £ SEM. Two-way ANOVA with post-hoc Bonferroni was used.
*p<0.05, **p<0.01, ***p<0,001, ****p<0,0001. Scale bar = 50 um.
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Fig. 6. Lumbar Spinal Cord Microglia Activation States.
a, Representative images from the 2-day post incision group showing the ipsilateral dorsal

horn of the L4-6 lumbar spinal cord. Imaging of IBAL* microglia in the superficial lamina
was guided by non-peptidergic IB4* neurons. Scale bar = 50um. b, Graphic showing a
representation of how principal axes and axes of symmetry of an ellipsoid are measured in
a 3-D environment. ¢, Microglia fluorescence as measured by sum fluorescence normalized
by area was increased in young animals, specifically in females. d, No differences were
found in microglia roundness as measured by cell sphericity. e, Microglia elongation as
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measured by prolate ellipticity was increased in aged animals, specifically in females. f,

A main effect of age was found in microglia flattening as measured by oblate ellipticity
with young animals having flatter microglia. g, No differences were found in microglial
volume. h, Microglia density as measured by microglia count normalized by area was
increased in males and the young cohorts. i-j, While no differences were found in microglia
branching axis 1, young animals showed increase branching in microglia branching axis 2.
k. Representative dot plots of FSC x SSC for microglia from aged and young animals. 1.
Gating strategy for isolation of microglial populations. m. Representative dot plots of CD86
& CD206 populations. Mean fluorescence intensity (MFI) analysis of CD11b (n), CD45
(0), CD86 (p), and CD206 (q) expression after plantar incision, represented as fold change
from naive animals. Data are represented as mean £ SEM. Two-way ANOVA with post-hoc
Bonferroni was used. *p<0.05, **p<0.01, ***p<0,001, ****p<0,0001.
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Primary and secondary antibodies used for immunohistochemistry.
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Primary antibody =~ Company Catalog # Lot Clone Isotype Dilution  References
PGP 9.5 Cedarlane CL7756AP Polyclonal Rabbit 1gC 1-500 (Sun et al., 2020); (Cheng
et al., 2010); (Cottilli et al.,
2022); (Ringer et al., 2017)
Anti-fluorescent Sigma- AB153- 2905401  Polyclonal Rabbit 1gG 1-1000 (Nagy et al., 2018); (Wu
Gold Aldrich et al., 2021); (Gasparini et
al., 2019); (Hern&ndez et al.,
2015); (Linetal., 2017)
Isolection GS-1B4 Invitrogen 121414 1938420 Biotin- 1-1000 (Petruska et al., 1997); (Won
conjugated etal., 2012); (Albisetti et al.,
2017)
Anti-neurofilament ~ Millipore MAB5266 2986162  N52 Mouse IgG1 1-2000 (Hammond et al., 2004);
200 (Robinson et al., 2020;
(Blanchard et al., 2015)
IBA1 Wako 013-26471  PTP4892  Polyclonal Rabbit, Red 1-1000 (Shapiro et al., 2009); (Zhao
Fluorochrome etal., 2018); (Sroor et al.,
(635) - 2019)
conjugated
Secondary
Antibody
Alexa Fluor 568 Invtirogen Al11011 1871167  Polyclonal 1gG 1-1000 (Rabadan et al., 2022);(Chen
goat anti-rabbit etal., 2022); (Okumura et al.,
2022)
Alexa Fluor 488 Invitrogen S32354 2064003 conjugate 1-1000 (Takazawa et al., 2017);
streptavidin (Sleigh et al., 2017)
Alexa Fluor 647 Invitrogen A21240 1977346  Monoclonal  igG1 1-1000 (Noristani et al., 2022);

goat anti-mouse

(Rawat et al., 2022)
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