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Abstract
After surgery, older adults are particularly vulnerable to experiencing increased and poorly controlled
pain (Halaszynski, 2013). Despite its common use after surgery, there is evidence that chronic morphine
treatment contributes to increased pain sensitivity, or hyperalgesia (Joly et al., 2005). In young adult
animals, morphine has been shown to incite an inflammatory response, evidenced by the upregulation of
pro-inflammatory molecules, such as TLR4, NLRP3, NFkB, IL1B, and TNFa, in the spinal cord (Grace et
al., 2016; Grace et al., 2019). Here, we examine the effect of age and morphine treatment on postoperative hyperalgesia and begin to examine a possible underlying mechanism. Aged (24 mo) and young
adult (3 mo) male F344xBN F1 rats underwent either a laparotomy (exploratory abdominal surgery) or a
sham surgery. After, they were either treated with saline or 2 mg/kg/ml morphine twice a day for 7 days.
A Von Frey test for pain sensitivity was conducted at 2 and 8 weeks post-surgery. qPCR was run to
measure mRNA gene expression of proinflammatory mediators IL1, IL6, HMGB1, TNFa, and NLRP3 in
dorsal horn samples taken at L4/L5 vertebrae. In a second experiment, aged rats were treated with the
inflammatory cytokine IL1 receptor antagonist (IL-1RA) immediately prior to surgery and morphine
treatment; 2 weeks later rats completed a Von Frey test. At two weeks post-surgery, aged rats who
underwent laparotomy and morphine treatment exhibited significantly lower pain thresholds than sham
controls, saline-treated controls, or young controls. IL-1RA pre-treatment significantly improved pain
sensitivity compared to saline-pretreated rats. However, pain threshold was still significantly lower than
rats that had never received morphine in the first place. Preliminary gene expression data suggest a main
effect of age elevating inflammatory markers, although no interaction effects with morphine were evident.
The ameliorating effects of IL-1RA pre-treatment suggests that IL-1β may play a role in the observed
surgery+morphine-induced enhanced pain in aged rats. Investigating post-operative inflammation in other
spinal cord segments and examining genes expression of pain mediation downstream of acute
inflammation may help elucidate the mechanisms underlying morphine-induced hyperalgesia in aged rats.
More generally, a better understanding of how the aging body reacts to morphine and to an external insult

needs to be reached in order to mitigate unnecessary pain through appropriate pre- and post-operative
care.
Introduction
Despite the common practice of prescribing opioids for both immediate and chronic pain
(Manchikanti et al,. 2010; Chapman et al., 2010), long term effects of morphine and other opioids have
yet to be fully understood, especially in older adults (Chou et al., 2014). Beyond problems with tolerance
and abuse, studies have also found counterintuitive connections between opioid treatments and
hyperalgesia (Hutchinson et al,. 2007; Hutchinson et al,. 2008). Hyperalgesia is a condition where a
normally unpainful stimulus, such as touch or temperature, produces excessive pain (Campbell et al.,
2006). Hyperalgesia is most commonly associated with injury to peripheral nerves, although it has also
been linked to injury of the central nervous system, particularly the brainstem and gray matter within the
spinal cord, and to some diseases with neuropathic aspects, as well as post-operative situations (Campbell
et al., 2006 ; Doverty et al., 2001; Joly et al., 2005). This study focuses on hyperalgesia in aged rodents
treated with morphine following surgery.
Post-operative pain among the elderly population presents a significant problem, as50% of all
elderly individuals are estimated to undergo at least one surgical procedure(Kotekar et al., 2014; Etzioni
et al., 2003) and approximately 40% of those patients will experience moderate to severe post-operative
pain, with 10% of those going on to develop chronic pain (Weinbroum 2017; Halaszynski 2013).
Importantly, 90% of all surgical patients are prescribed morphine for post-operative pain management
(Aubrun et al., 2012; Garimella et al., 2013), despite morphine’s ability to paradoxically prolong postoperative pain (CITE). Unfortunately, the mechanisms underlying this opioid-induced exaggerated pain
are not fully understood.
The majority of studies examining morphine in the context of post-operative care have been
conducted in young adult rodents (Hutchinson et al., 2010; Hutchinson et al., 2008; Hutchinson et al.,
2012; Grace et al., 2016; Grace et al., 2019; Zissen et al., 2007). These studies have linked hyperalgesia to

an exaggerated inflammatory response in the spinal cord through greater expression of toll-like receptor 4
(TLR4), interleukin 1 beta (IL1B), nod-like receptor protein 3 (NLRP3,) nuclear factor kappa-light-chainenhancer of activated B cells (NFkB), tumor necrosis factor (TNFa) and caspase1 (Hutchinson et al.,
2010; Hutchinson et al., 2008; Hutchinson et al., 2012; Grace et al., 2016; Grace et al., 2019). This
response is in part a result of morphine initiating cytokine release in the CNS through ligation and
activation of the pattern recognition receptor TLR4 which can in turn trigger NLRP3 and cause the
release of IL1beta, the principal proinflammatory cytokine (Grace et a., 2016; Wang et al., 2012).
Morphine’s ability to induce neuroinflammation and its association with post-operative
hyperalgesia may have profound implications for older populations, as normal aging is associated with
microglial priming (Wang et al., 2012; Fonken et al., 2016; Zhao et al., 2017). Microglia are the immune
cells of the CNS and one of their primary function is threat surveillance (Kreutzberg, 1996); they are
equipped with many cell surface pattern recognition receptors that allow them to detect danger- and
pathogen-associated molecular patterns (Kreutzberg, 1996). TLR4 is one of these receptors. Upon
detecting such threats, microglia in the young adult CNS proliferate, become rapidly activated, and
produce proinflammatory cytokines in the brain and spinal cord until the threat has been resolved (Colton,
2009). Following this activated state, microglia produce and release anti-inflammatory cytokines and
growth factors to facilitate repair and a return to a homeostatic state. With normal aging, microglia
transition from simply being surveillant into a primed state, an intermediate state between surveillant and
activated (Frank et al., 2010; Cunningham et al., 2005; Godbout et al., 2005). Primed microglia are
characterized by their lower activation threshold, such that when a threat is detected, the resulting
inflammatory response is exaggerated and prolonged compared to when the microglia were not primed
(Combrink et al., 2002). Primed microglia also display a higher number of immune receptors, including
TLR4, which aids in their exaggerated response (Zhao et al., 2017). There is a large literature showing
that microglial priming is a hallmark of normal aging (Barrientos et al., 2010; Barrientos et al., 2015),
thus making aging individuals more susceptible to exaggerated neuroinflammatory responses following a

variety of insults. Indeed, several studies have demonstrated that aging rodents exhibited a potentiated
neuroinflammatory response following a bacterial or viral infection (Barrientos et al., 2006; Frank et al.,
2006; Abraham et al., 2006), surgery(Barrientos et al., 2012), traumatic brain injury (Kumar et al., 2013),
or consumption of a high-fat or high-sugar diet (Spencer et al., 2017; Tucsek et al., 2014) .
In our own lab, we have developed a rodent surgical model in which aged and young male
F344xBN F1 rats undergo a laparotomy, an exploratory abdominal surgery, and receive either morphine
or saline for 7 days post-operatively. We have demonstrated that aged laparotomy and morphine-treated
rats show significantly higher levels of neuroinflammation in the hippocampus compared to the young
laparotomy and morphine-treated group, and this was linked to robust memory impairments (Muscat et
al.). In a separate group of aged animals, half were pre-treated with IL-1RA, the receptor antagonist to the
inflammatory cytokine IL1, immediately prior to the surgery. Selectively blocking IL-1 signaling and thus
prohibiting an exaggerated neuroinflammatory response completely prevented the surgery and morphineinduced memory impairments in aged rats, suggesting that the exaggerated response played a role in
producing the observed memory impairments.
Whether similar potentiated inflammatory responses occur in the aged spinal cord following
surgery and morphine, and whether this is linked to exaggerated hyperalgesia in aged rodents is not
known. Furthermore, the mechanisms of inflammatory responses to morphine and surgery have never
been explored in the aged dorsal horn of the spinal cord, which is a critical location for registering pain
(Zhao et al., 2017). This study aimed to determine the extent to which surgery and morphine would
promote hyperalgesia in the aged rodent, and to characterize the proinflammatory phenotype in the spinal
cord two weeks post-surgery.

Materials and Methods
General Experimentation
Two experiments were conducted. In the first, aged and young adult male F344xBN F1 rats
underwent either a laparotomy, a model for an exploratory abdominal surgery, or a sham surgery.
Immediately following surgery, they were treated with either saline or 2 mg/kg/ml morphine twice a day
for 7 days. At two weeks post-surgery, rats’ pain sensitivity was measured using the Von Frey test. Based
on previous studies (Grace et al., 2016; Hutchinson et al., 2008), rats were euthanized and dorsal horn
samples were collected from L4/L5 spinal cord for examination of mRNA and protein expression of
various markers of inflammation (IL1, IL6, HMGB1, TNFa, and NLRP3). In a second experiment, the
contribution of the proinflammatory cytokine IL-1β in exaggerated pain sensitivity following surgery and
morphine was examined. Here, aged rats were treated with a central injection of the IL1 receptor
antagonist, IL-1RA, immediately prior to surgery. All other aspects of the experiment were identical to
the first experiment. All following methods unless otherwise noted are further described in Barrientos et
al., 2012.
Subjects
Subjects were aged (24 months old) and young (3 month old) adult male F344xBN F1 rats
obtained from Charles River via National Institute on Aging. They were housed two per cage under
standard conditions and in accordance with protocols from the OSU Animal Care and Use Committees.
Surgery
Laparotomies were performed with animals under isoflurane anesthesia according to (Martin et
al. 2005). Animals’ abdomens were shaved and wiped with 70% ethanol and surgical scrub. A 3 cm
incision was made just below the ribcage on the right abdomen and the viscera and musculature were
disturbed. A section of the small intestine was exteriorized and rubbed between the fingers using sterile
gloves for about 30 seconds before replacing them back into the abdominal cavity. The incision to the

muscle layers was sewn with sterile chromic gut sutures and skin was closed with sterile wound clips.
Polysporin was applied topically to prevent infection.
Sham animals were shaved and wiped with 70% ethanol and surgical scrub, then stayed under
anesthesia for about 25 minutes, the same amount of time as the average laparotomy.
Drug Administration
Rats were injected post-operatively with either morphine or saline. Morphine was injected into
the intraperitoneal cavity at 2mg/kg/ml twice a day for seven days following either laparotomy or sham
surgery, based on previous studies (Morgan et al, 2006, Hutchinson et al, 2009, Hutchinson et al, 2010,
Grace et al, 2019). Morphine was gifted by the NIDA drug repository. Morphine is reported as free base
concentrations and wae diluted in sterile saline (0.9%). The human morphine dose equivalency to the rat
dose used in this study is 45 mg/day, falling within the recommended dose for managing post-operative
pain for opioid-naïve patients of 30-60 mg/day (Reagan-Shaw et al., 2008, MD Anderson Cancer Center,
2018). Respective equivolumes of sterile saline were administered to control rats.
IL1-receptor antagonist obtained from Kineret, was administered intra-cisterna magna at 112
µg/3 µl immediately before surgery. During these injections, rats were under isoflurane anesthesia. The
dorsal aspect of the skull was first shaved and swabbed with 70% EtOH. A 27-gauge needle attached via
PE50 tubing to a 25 µl Hamilton syringe was inserted into the cisterna magna. To verify entry into the
cisterna magna, ~2 µl of clear cerebral spinal fluid was drawn up and gently pushed back in and then 3 µl
total volume of IL-1RA was administered over 30 sec. An equal volume of sterile saline was injected
(icm) into vehicle control rats.
von Frey Tests
Rats were allowed to habituate to the testing environment and testers were blind to group
assignments. At the 2 week mark after either sham or laparotomy procedure, the von Frey test (Chaplan et
al., 1994) was performed at the distal region of the heel in the hind paws (Chacur et al., 2001; Milligan et

al., 2001). This involved applying a logarithmic series of 10 Semmes-Weinstein monofilaments (von Frey
hairs; Stoelting, Wood Dale, IL) ranging in stiffness from 3.61 (0.40 g) to 5.18 (15.14 g) to a hind paw at
increasing stiffnesses until the rat withdrew the paw. 50% probability of response was calculated with a
Gaussian integral psychometric function using a maximum-likelihood fitting method (Harvey, 1986;
Treutwein and Strasburger, 1999), as described previously (Milligan et al., 2000; Milligan et al., 2001).
Tissue Dissection
Rats were given a lethal dose (50 mg/kg) of sodium pentobarbital (Fatal Plus) before being
transcardially perfused with cold saline for three minutes. L4/L5 section of the dorsal spinal cords were
dissected and frozen in liquid nitrogen and stored at -80C until processing.
qPCR
The following genes were quantified through qPCR: HMGB1, NLRP3, IL-1, IL-6, IkBa, toll-like
receptor 4, and tumor necrosis factor. IL-1, IL-6, and TNFa are all inflammatory cytokines. TLR4 and
NLRP3 are immune receptor proteins and have been associated with CNS inflammation post-morphine
exposure (Grace et al., 2016; Grace et al., 2019; Zissen et al., 2007). HMGB1 is an endogenous danger
signal. qPRC was run as described in (Barrientos et al. 2012). Briefly, total RNA was first isolated with
standard procedure previously put forth (Chomczynski and Sacchi, 1987). cDNA amplification was done
through Quantitect SYBR Green PCR kit (Qiagen, Valenica, CA) in iCycler iQ on a MyiQ single Color
RealTime PCR Detection System (Bio-Rad) (Primers; Invitrogen). Samples were completed in duplicate
using the MyiQ single Color Real-Time PCR Detection System (Bio-Rad). B actin used as the designated
housekeeping gene. Gene sequences can be found in Table 1 Appendix 1.
Statistical Analysis
Statistics were completed through Statview v.5 and Prism v.7 software. Two-way ANOVAs were used
for von Frey tests and three way ANOVAs and Tukey’s tests were used for qPCR analysis. Alpha was set
to 0.05.

Results
Effects of Morphine, Peripheral Insult, and Age: Sensitivity Threshold
First, the effects of laparotomy and morphine treatment on pain sensitivity across age were
compared at the two-week timepoint (n=6-7/group). A two-way ANOVA showed significant age (F(1,44) =
51.35, p < 0.0001) and condition interactions (F(3,44) = 36.88, p < 0.0001). Post hoc analysis revealed that
the aged, laparotomy and morphine-treated group had a significantly lower threshold than the young,
laparotomy and morphine-treated group, the aged, laparotomy and saline-treated group, and the aged,
sham and morphine-treated group ( p < 0.0001, Fig. 1).
To determine the duration of this decreased threshold, the sensitivity of a subset of aged animals
was tested again at the eight-week timepoint. A two-way ANOVA resulted in significant morphine (F(1,4)
= 15.05, p < 0.05) and surgery interactions (F(1,4) = 12.01, p < 0.05). A post hoc multiple comparisons test
showed significant differences between morphine and saline treatments after laparotomy, as well as
significant differences between laparotomy and sham groups with morphine treatment (p<0.05, Fig. 2).
Effects of Morphine, Peripheral Insult, and Age: Pro-inflammatory Gene Expression
Given both the evidence connecting morphine treatment with an exaggerated pro-inflammatory
response in young animals and the potentiated neuroimmune response seen in aged rodents, proinflammatory mRNA was analyzed (Hutchinson et al., 2010; Hutchinson et al., 2008; Hutchinson et al.,
2012; Grace et al., 2016; Grace et al., 2019; Zissen et al., 2007; Combrink et al., 2002; Barrientos et al.,
2010; Barrientos et al., 2015). A three way ANOVA with age, surgery, and treatment indicated significant
age interactions (HMGB1 F(1,44) = 29.19, p < 0.0001, IL1 F(1,41) = 7.212, p < 0.05, IL6 F(1,44) = 7.276, p <
0.05, NLRP3 F(1,45) = 79.94, p < 0.0001, TLR4 F(1,43) = 4.108, p < 0.05, TNFa F(1,42) = 20.31, p < 0.0001),
along with significant treatment interactions for NLRP3 (F(3,45) = 3.257, p < 0.05). The remaining mRNA
varied in response to surgery and morphine (Fig.3). There are possible reasons why clear trends were not
seen in regards to surgery or treatment, and will be discussed below.

Pro-inflammatory Antagonist with Peripheral insult and Morphine: Sensitivity Threshold
Pain sensitivity was again examined in aged rats with exposure to surgery and morphine, this time
following pre-treatment with the pro-inflammatory IL1beta receptor antagonist, IL-1RA. von Frey testing
was completed two weeks following surgery. A two way ANOVA showed significant morphine (F(1,26) =
93.48, p < 0.0001) and IL-1RA treatment (F(1,26) = 8.544, p < 0.01) interactions. Post hoc comparisons
indicated significant differences between morphine and saline post-surgery-treated animals among those
that received pre-operative saline, between morphine and saline post-surgery-treated animals among those
that received pre-operative IL-1RA treatment, and importantly, between IL-1RA and saline pre-surgerytreated animals among those that received morphine post-operatively (p<0.05, Fig.4).

Discussion
The aged rats who underwent laparotomy and morphine treatment exhibited significantly lower
absolute thresholds compared to the sham or morphine control groups, or the young animals that had
surgery and morphine. The lower threshold suggests that these animals are experiencing a higher
sensitivity to pain. A smaller difference can be seen between young and aged animals across all groups,
which supports the idea that the aged body may react differently to peripheral insults compared to young
animals (Fig. 1). It is important to note that this drastically reduced threshold only occurred with the
combination of aging, surgery, and morphine treatment. This increase in sensitivity in conjunction with
surgery and morphine agrees with previous studies conducted in young rats (Grace et al., 2016; Grace et
al., 2019).
At 8 weeks post-surgery, aged animals that underwent laparotomy and morphine continued to
exhibit a far lower threshold compared to the sham and saline treated animals. This both reinforces the
findings in Figure 1 and indicates that the heightened sensitivity to pain persists at least eight weeks postsurgery.

Pro-inflammatory genes were chosen to be examined due to their key roles in inflammation, and,
in the cases of NLRP3, IL1, TNFa, and TLR4, due to their upregulation in young animals with injury and
morphine treatment (Grace et al., 2016). Overall, the resulting data did not follow any clear trends. Age
was found to be a significant factor, along with the morphine condition for NLRP3. However, in the cases
of HMGB1 and Il-1, young animals exhibited higher relative amounts of the mRNA than the aged
animals. With TLR4, an innate immune receptor expressed robustly in primed microglia and to which
morphine is known to bind, the group with the highest expression was that of aged+surgery+morphine.
The TLR4 expression in other groups were lower and fairly consistent, though not significantly different.
One particularly compelling explanation for this collection of results is the location of the
samples retrieved. These samples were taken at the L4-L5 levels of the spinal cord, which while
consistent with the focus of other pain sensitivity studies such as (Grace et al., 2016) at the time of the
experiment, it has since been found that the innervation of the area affected by the laparotomy is slightly
lower, at sacral 1-2 (Lemos and Possover, 2015). This means that damage or changes to nerves following
laparotomy, which may contribute to the Von Frey behavioral test results, might not be accurately
represented by gene expression in the L4-L5 region, as presented here.
In the second experiment, the Von Frey test, which was conducted with aged animals two weeks
after IL-1RA or saline pre-treatment and laparotomy, indicates a correlation between IL-1 activation,
morphine treatment, and pain sensitivity. Both morphine groups displayed higher sensitivities compared
to the saline groups. However, the group that received the IL-1 receptor antagonist showed a significantly
higher threshold than the saline treated morphine group, meaning they are likely experiencing less
hyperalgesia. These results suggest that blocking inflammatory pathways in aged rats just prior to surgery
and morphine-treatment results in reduced post-operative hyperalgesia. These results suggest that
neuroinflammation may play a critical role in mediating the effects of surgery and morphine-treatment on
hyperalgesia in aged rats.

Another factor that may play into the extent of the recovery of the pain threshold could be the
method of administration of the IL-1RA. It was given through an intra-cisterna magna injection, which is
still some distance from the primary affected region of S1-S2 (Frank et al., 2012). Since the degradation
rate of IL-1RA in the body is quite high peripherally, at roughly 90 minutes, but potentially closer to a
day (Cawthorn et al., 2011), if the injection was given even closer to S1-S2, it is possible that the effects
of IL-1RA would raise the sensitivity threshold further in the morphine + IL-1RA group.

Future Work
As shown in Figure 4, there is evidence to suggest that inflammation plays a role in producing the
hyperalgesia seen acutely in the aged+morphine+laparotomy group. Due to TLR4’s involvement with
both aging and morphine, it is a key target of future studies (Colton, 2009; Combrink et al., 2002;
Barrientos et al., 2010; Barrientos et al., 2015). In addition to binding to TLR4, morphine also binds to
the mu-opioid receptor (Pathan and Williams, 2012). In order to parse out the effects of the mu-opioid
receptor versus TLR4, a number of approaches could be taken. First, a mu-opioid receptor antagonist can
be used to determine the specific role of morphine on the mu-opioid receptor. Second, an alternate
morphine isoform, the (+)morphine homolog, which does not bind to the mu-opioid receptor but does
bind to TLR4, can be used to determine the role of TLR4. The effects of TLR4 can be further elucidated
through the administration of a TLR4-specific antagonist. Additionally, the impact of a pre-surgery IL1RA injection could be examined with a change in injection site. Giving the drug intrathecally may be
more effective as it would be administered closer to the affected region.

Appendix 1

Table 1. PCR Primer Description and Sequences
Primer Sequence: 5’ -> 3’
Function
F: TTCCTTCCTGGGTATGGAAT
Cytoskeletal protein
R: GAGGAGCAATGATCTTGATC
(housekeeping gene)
IL-1β
F: CCTTGTGCAAGTGTCTGAAG
Pro-inflammatory cytokine
R: GGGCTTGGAAGCAATCCTTA
IL-6
F: AGAAAAGAGTTGTGCAATGGCA Pro-inflammatory cytokine
R: GGCAAATTTCCTGGTTATATCC
TNFα
F: CAAGGAGGAGAAGTTCCCA
Pro-inflammatory cytokine
R: TTGGTGGTTTGCTACGACG
HMGB1
F: GAGGTGGAAGACCATGTCTG
Endogenous danger signal
R: AAGAAGAAGGCCGAAGGAGG
NLRP3
F: AGAAGCTGGGGTTGGTGAATT
IL-1 Inflammasome
R: GTTGTCTAACTCCAGCATCTG
TLR4
F: TCCCTGCATAGAGGTACTTC
PRR for motifs of gramR: CACACCTGGATAAATCCAGC
negative bacteria
Table 1. Abbreviations: IL: interleukin, TNF (tumor necrosis factor alpha); HMGB1: high mobility group
box 1, NLRP3: nod-like receptor protein 3, TLR (Toll-like receptor).
Gene
β-Actin

Appendix 2: Figures and Figure Legends

Figure 1: Two weeks post-surgery, aged rats given morphine twice daily for 7 days showed a significantly
decreased pain threshold, using a Von Frey assay, compared to aged rats not exposed to morphine, younger
animals, or sham controls. (n=6-7/group) Error bars represent SEM; ****p < 0.001.

Figure 2: Eight weeks post-surgery, aged rats given morphine twice daily for 7 days post laparotomy still
showed a significant decrease in pain threshold compared to aged rats exposed to only one of these insults.
(n=3/group) Error bars represent SEM

Proinflammatory Mediators

Danger Signal

Innate Immune Receptor

Figure 3: Aged rats showed significantly higher concentrations of TNFa, HMGB1, IL1, IL6, TLR4, and
NLRP3 mRNA. Rats given morphine also showed significantly higher NLRP3 mRNA. Error bars
represent SEM; *p < 0.05; ***p<0.01; ****p < 0.001.

Figure 4: Aged rats treated with a single dose of IL-1ra immediately prior to surgery and followed by 7
days of twice daily morphine injections showed a significant improvement in pain threshold compared to
aged animals only given saline but a significantly decreased threshold compared to those not given
morphine. (n=6-7/group) Error bars represent S.E.M; **p < 0.01; ****p < 0.001.
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