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Abstract

BACKGROUND—Opioids are effective postoperative analgesics. Disturbingly, we have
previously reported that opioids such as morphine can worsen inflammatory pain and peripheral
and central neuropathic pain. These deleterious effects are mediated by immune mediators that
promote neuronal hyperexcitability in the spinal dorsal horn. Herein, we tested whether
perioperative morphine could similarly prolong postoperative pain in male rats.

METHODS—Rats were treated with morphine for 7 days, beginning immediately after
laparotomy, while the morphine was tapered in a second group. Expression of genes for
inflammatory mediators was quantified in the spinal dorsal horn. In the final experiment, morphine
was administered before laparotomy for 7 days.

RESULTS—We found that morphine treatment after laparotomy extended postoperative pain by
more than 3 weeks (time x treatment: £<.001; time: £< .001; treatment: £< .05). Extension of
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postoperative pain was not related to morphine withdrawal, as it was not prevented by dose
tapering (time x treatment: P=.8; time: £<.001; treatment: A= .9). Prolonged postsurgical pain
was associated with increased expression of inflammatory genes, including those encoding Toll-
like receptor 4, NOD like receptor protein 3 (NLRP3), nuclear factor kappa B (NFxB), caspase-1,
interleukin-1pB, and tumor necrosis factor (P < .05). Finally, we showed that of preoperative
morphine, concluding immediately before laparotomy, similarly prolonged postoperative pain
(time x treatment: £< .001; time: A< .001; treatment: £< .001). There is a critical window for
morphine potentiation of pain, as a 7-day course of morphine that concluded 1 week before
laparotomy did not prolong postsurgical pain.

CONCLUSIONS—These studies indicate the morphine can have a deleterious effect on
postoperative pain. These studies further suggest that longitudinal studies could be performed to
test whether opioids similarly prolong postoperative pain in the clinic.

As pain is a common complaint after abdominal surgery, opioids are widely administered in
the postoperative period.! Intraoperative opioids can prolong pain in the postoperative
period,2 but less is known concerning opioid treatment after surgery. We have recently
shown that repeated administration of morphine around the time of injury can exacerbate
pain in inflammatory and neuropathic models.3-5 The interaction between injury and opioid
administration on pain is believed to be due to immune “priming”; that is, a primary immune
challenge (hit 1) confers a heightened neuroinflammatory response to secondary challenge
(hit 2). As tissue injury and morphine treatment can be proinflammatory,5.7 we have shown
that each can interchangeably serve as hit 1 or hit 2.3-5 Whether morphine prolongs
postoperative pain and promotes inflammatory signaling in the spinal cord are not known.

Inflammatory signaling in the spinal cord can have profound consequences for pain. For
example, proinflammatory cytokines like tumor necrosis factor and interleukin (IL)-1p
enhance excitatory neurotransmission by inducing neurotransmitter exocytosis, increasing
synaptic strength, and disrupting glutamate homeostasis.8-12 These immunederived
molecules, together with growth factors such as brain-derived neurotrophic factor, further
promote neuroexcitability in pain pathways by disinhibiting GABAergic and glycinergic
control.8:13.14 Production of such mediators is initiated through a range of receptors,
including Toll-like receptors (TLRs) and purinergic receptors (eg, P2X7R) that can be
activated by substances released by cell stress, damage, and death that signal danger to the
host (damage-associated molecular patterns [DAMPs]).15:16 Critically, these receptors can
activate NOD like receptor protein 3 (NLRP3) inflammasomes, which are responsible for
proteolytic activation of IL-1p via caspase-1, and contribute to morphine exacerbation of
neuropathic pain.*

The aim of this study was to determine whether postoperative morphine could exacerbate
postsurgical pain, and if so, whether it was associated with increased inflammatory signaling
in the spinal cord. The second aim was to test whether preoperative morphine would
similarly exacerbate postoperative pain, to establish whether morphine could serve as hit 1
and hit 2. Laparotomy was the chosen surgical model because it has high face validity,}” and
induces spinal inflammatory signaling.18
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Study Design

Subjects

In the first experiment, all animals received laparotomy, followed by daily morphine or
vehicle treatment beginning immediately after surgery and concluding 7 days after surgery.
Behavioral assessments were performed before and after treatments. In the second
experiment, all rats received equal morphine doses for at least days 07 postsurgery. Rats in
the “abrupt” group continued with the same morphine dose until day 10. In the “tapered”
group, the morphine dose was reduced by half each day from days 8 to 10. Behavioral
assessments were performed before and after treatments. In the third experiment, all animals
received laparotomy, followed by daily morphine or vehicle treatment beginning
immediately after surgery and concluding 7 days after surgery. Tissues were collected 14
days after laparotomy. In the fourth experiment, 1 group received morphine immediately
before laparotomy, and the other group received morphine with a 7-day washout before
laparotomy; morphine was administered from day —14 to —8 presurgery. Each group
received vehicle during the alternate 7 days of the 2-week period to counter balance the
stress of injections. Behavioral assessments were performed before and after treatments.

Pathogen-free adult male Sprague Dawley rats (n = 6 rats/group for each experiment; 10-12
weeks old on arrival; Envigo Labs, Indianapolis, IN) were used in all experiments. Rats were
housed in temperature-controlled (23°C + 3°C) and light-controlled (12 hours light:dark
cycle; lights on at 07:00 hours) rooms with standard rodent chow and water available ad
libitum. All procedures were approved by the Institutional Animal Care and Use Committee
of the University of Colorado Boulder.

Laparotomy Surgery

Laparotomy surgeries were performed using aseptic procedures under isoflurane anesthesia,
as previously described.1” Briefly, the abdominal region was shaved and thoroughly cleaned
with 70% ethanol and nolvasan surgical scrub. Approximately 0.5 cm below the left, caudal-
most rib, a 3-cm diagonal incision was made, penetrating the peritoneal cavity. Wearing
sterile latex gloves, the surgeon inserted the index finger up to the second knuckle into the
opening and vigorously manipulated the viscera and musculature. Approximately 10 cm of
the intestine was then exteriorized and vigorously rubbed between the surgeon’s thumb and
index finger for 30 seconds. The intestines were then placed back into the peritoneal cavity.
Sterile chromic gut sutures (cuticular 4-0 chromic gut; Ethicon, Comerville, NJ) were used
to suture the peritoneal lining and abdominal muscle in 2 layers. The skin was closed with
surgical staples. To prevent infection, the wound was dressed with Polysporin (Pfizer, Morris
Plains, NJ) and 0.25 mL CombiPen (150,000 U/mL penicillin G procaine and penicillin G
benzathine; Bimeda, Oakbrook Terrace, IL) was administered intramuscularly. Apart from
morphine treatment included in the study designs, no other postoperative analgesics were
administered, as they would have confounded interpretation.
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Morphine Administration

Morphine was administered subcutaneously at 5 mg/kg per mL, twice daily. This
approximate dose has previously been reported as the half maximal effective concentration
(ECsp) for analgesia in rats.19:20 Equivolume saline vehicle was used as the control.
Morphine was gifted by the National Institute of Drug Abuse drug depository, and was
prepared and reported as free base concentrations.

Mechanical Allodynia

Testing was conducted blind with respect to group assignment. Rats received at least three
60-minute habituations to the test environment before behavioral testing. The von Frey test?!
was performed as previously described.?2 A logarithmic series of 10 calibrated Semmes-
Weinstein monofilaments (von Frey hairs; Stoelting, Wood Dale, IL) were applied randomly
to the left versus right hind paws to define the threshold stimulus intensity required to elicit a
paw withdrawal response. Log stiffness of the hairs ranged from manufacturer-designated
3.61 (0.40 g) to 5.18 (15.14 g) filaments. The behavioral responses were used to calculate
absolute threshold (the 50% probability of response) by fitting a Gaussian integral
psychometric function using a maximum-likelihood fitting method.23:24

Reverse Transcription-Polymerase Chain Reaction

Statistics

Total RNA was isolated using a standard method of phenol:chloroform extraction.2> cDNA
amplification was performed using Quantitect SYBR Green PCR kit (Qiagen, Germantown,
MD) in iCycler iQ 96-well PCR plates (Bio-Rad, Hercules, CA) on a MyiQ single Color
Real-Time PCR Detection System (Bio-Rad). Primer sequences (GenBank, National Center
for Biotechnology Information; www.ncbi.nlm.nih.gov) are presented in Table 1. Each
sample was measured in duplicate by using the MyiQ single Color Real-Time PCR
Detection System (Bio-Rad). Threshold for detection of polymerase chain reaction product
was set in the log-linear phase of amplification and the threshold cycle (CT) was determined
for each reaction. The level of the target MRNA was quantified relative to the housekeeping
gene (Gapah) using the delta delta CT method.28 Gapadh was not significantly different
between treatments.

A power analysis was performed using G*Power 327 with power (1 - g) set at .95 and a

= .05, which indicated that n = 5/group for aim 1, and n = 6/group for aim 2 were sufficient
to reach statistical significance (P < .05). Data from the von Frey test were analyzed as the
interpolated 50% thresholds (absolute threshold) in logg of stimulus intensity
(monofilament stiffness in milligrams x 10). Statistical methods, comparisons, and results
are summarized in Table 2. Statistical comparisons are indicated on the figures for clarity
and are presented as mean + standard deviation. Statistical significance was set at < .05.
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RESULTS

Morphine Treatment After Laparotomy Prolongs Postoperative Pain

We aimed to test whether repeated morphine administration could prolong postoperative
pain. In the first experiment, all animals received laparotomy, followed by daily morphine or
vehicle treatment (5 mg/kg twice a day) beginning immediately after surgery and concluding
7 days after surgery. Morphine treatment prolonged postoperative pain by over 2 weeks
(Figure 1A, time x treatment: /7 70 = 77.85, P<.001; time: /7 70 = 29.26, P< .001;
treatment: £y 1o = 7.78, P<.05). The difference between the means at day 14 was 6.9 g.

In the second experiment, we aimed to test whether the prolonged allodynia could be
explained by morphine withdrawal. After laparotomy, all rats received 5 mg/kg twice a day
morphine for at least days 0—7 postsurgery (Figure 1B). Rats in the “abrupt” group
continued with morphine (5 mg/kg twice a day) until day 10. In the “tapered” group, the
morphine dose was reduced by half each day from days 8 to 10 (day 8: 2.5 mg/kg [twice a
day]; day 9: 1.25 mg/kg [twice a day]; day 10: 0.625 mg/kg [twice a day]). Tapering the
morphine dose down did not prevent the prolongation of allodynia, relative to abruptly
stopping treatment (time x treatment: fg 9o = 0.6, = .8; time: Fg gg = 55.65, £<.001;
treatment: £ 10 = 0.02, P=.9). Both treatment paradigms still induced allodynia that
persisted until 42 days after surgery (P< .01). Notably, 10 days of morphine treatment
prolonged allodynia for a week longer than 7 days of morphine treatment (Figure 1A, B).
The difference between the means at day 14 was 0.14 g.

Morphine Treatment After Laparotomy Increases Inflammatory Signaling

We have previously shown that morphine treatment exacerbates inflammatory signaling in
various pain models, particularly via TLR4 and NLRP3 inflammasomes.3->:28 Therefore, we
tested whether inflammatory signaling was increased in the L1/2 dorsal spinal cord on day
14 after laparotomy, when morphine or vehicle was administered from days 0-7 (5 mg/kg
twice a day). Genes for TLR4 and P2X7R, which prime and activate inflammasomes, as
well as for the microglia activation marker major histocompatibility complex class 1, were
increased in expression by morphine treatment (Figure 2A-C; P< .001). Expression of the
gene for IxBa, an inhibitory subunit of the transcription factor nuclear factor kappa B
(NFxB) (increased expression is indicative of NFxB activation) that is responsible for
NLRP3 and IL-1p transcription, as well as NLRP3, was increased by morphine treatment
(Figure 2D, E; P<.001). Expression of a negative regulator of NLRP3, microRNA-223, was
decreased by morphine treatment (Figure 2F; P < .05). The genes encoding the enzyme
caspase-1 and the product IL-1f were elevated by morphine treatment (Figure 2G, H; P
<.01). mRNA for the cytokine tumor necrosis factor was also increased by morphine
treatment (Figure 21; £<.05). Finally, we have previously shown that the DAMPs HSP-90,
biglycan, and HMGB1 contribute to the persistence of neuropathic pain by morphine.28
Here, we similarly show that morphine treatment increases transcript expression for genes
encoding these DAMPs (Figure 2J-L; < .001).
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Morphine Pretreatment Exacerbates Subsequent Postoperative Pain

To test whether the prolongation of postoperative pain depends on the timing of morphine
administration, we dosed morphine before laparotomy (Figure 3). One group received
morphine immediately before laparotomy (days —7 to —1 presurgery; “morphine =7). The
other group received morphine with a 7-day washout before laparotomy; morphine was
administered from days —14 to —8 presurgery (“morphine —14”). Each group received
vehicle during the alternate 7 days of the 2-week period to counter balance the stress of
injections. Morphine treatment immediately before laparotomy prolonged the duration of
postoperative pain, relative to treatment that had washed out for 7 days before surgery (time
x treatment: Fggg = 12.18, P<.001, time: Fg gy = 34.43, P< .001, treatment: F1 19 = 30.68,
P<.001). The difference between the means at day 14 was 2.7 g.

DISCUSSION

We show that postoperative morphine treatment prolongs postsurgical pain. This
prolongation is likely independent of opioid withdrawal as tapered morphine dosing still
exaggerated the allodynia. We further show that opioid treatment increased expression of
genes that encode components of NLRP3 inflammasomes, proinflammatory cytokines, and
DAMPs that signal through TLR4 and P2X7R. Finally, we demonstrated that preoperative
morphine treatment similarly prolongs postoperative pain, but only when morphine
immediately precedes surgery; prolonged pain did not ensue when morphine was allowed to
washout for a week before surgery.

Accumulating evidence shows that opioids and their metabolites induce inflammatory
signaling in the spinal cord.20.29-34 Sych signaling may be engaged through opioid receptors
and/or TLRs on microglia,30:35:36 though both concepts have been challenged.37:38
Nonetheless, many groups have shown that opioids increase spinal production of
inflammatory mediators such as cytokines and chemokines, growth factors, nitroxidative
species, and bioactive lipids (summarized in 7). These mediators are potently
pronociceptive.6:39

We posited that the spinal inflammatory signaling induced by morphine would interact with
that provoked by surgery, similar to that described previously.18:4941 This is likely the case,
as morphine treatment enhanced expression of inflammatory genes after laparotomy, as we
have previously reported for peripheral and central neuropathic pain, as well as
inflammatory pain.3~° In particular, expression of genes in the NLRP3 inflammasome
pathway—which is responsible for activation of IL-1p—was increased by morphine. This is
consistent with our previous report that NLRP3 inflammasomes are responsible for initiation
and maintenance of prolonged neuropathic pain by morphine.# We also show that mRNA
transcripts for several DAMPs (HMGBL1, biglycan, HSP-90) are increased in expression by
morphine. These DAMPs signal through TLR4 and P2X7R,1542 and may be produced as a
consequence of cell stress/death induced by the combined challenge of laparotomy and
morphine.28 We have previously shown that these DAMPs causally contribute to the
maintenance of morphine-induced persistent neuropathic pain.28

Anesth Analg. Author manuscript; available in PMC 2020 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Grace et al.

Page 7

This study shows that opioids administered in the perioperative period can prolong
postoperative pain. Much of the clinical study has focused on the impact of intraoperative
opioids on postoperative pain, with a moderate detrimental effect reported.243 Preoperative
opioids were associated with higher increased postoperative opioid use and self-reported
pain after orthopedic surgery.** These results are supported by our data showing that
morphine administration immediately before laparotomy prolongs postoperative pain, in
contrast to allowing morphine to washout. To the best of our knowledge, there are no
longitudinal studies that have investigated whether postoperative opioid use is a risk factor
for persistent postsurgical pain. Our data suggest that such studies are warranted, and that
adjuvant therapies that attenuate central immune signaling could be tested as a possible
intervention, in addition to reducing opioid administration before surgery.
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KEY POINTS

. Question: Does perioperative morphine prolong postoperative pain in rats?

. Findings: Both pre- and postoperative morphine prolonged postsurgical pain,
and postoperative morphine treatment increased spinal inflammatory gene
expression.

. Meaning: Morphine can have a deleterious effect on postoperative pain,

which warrants investigation in humans.
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Figure 1.

Morphine treatment after laparotomy prolongs postoperative pain. Rats received laparotomy;,
followed by vehicle or morphine treatment. A, Morphine was administered daily, beginning
immediately after surgery (day 0), to day 7 postsurgery (5 mg/kg twice a day; grey shaded
bar). B, Between days 0 and 7 after surgery, morphine (grey shaded bar) was administered at
5 mg/kg (twice a day). In the abrupt group, morphine treatment continued at 5 mg/kg (twice
a day) until day 10. In the tapered group, the morphine dose was reduced daily, day 8: 2.5
mg/kg (twice a day); day 9: 1.25 mg/kg (twice a day); day 10: 0.625 mg/kg (twice a day).
\Von Frey thresholds were determined before laparotomy (day 0), and across a timecourse
after surgery. Data are presented as mean + standard error of the mean; n = 6/group; **P
<.01, ***P<.001.
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Morphine treatment increases inflammatory signaling after laparotomy. Rats received
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laparotomy, followed by vehicle or morphine treatment on days 0-7 after surgery (5 mg/kg
twice a day). Two weeks after surgery, L1/2 dorsal spinal cords were collected and mMRNA
expression was quantified via real-time reverse transcription-polymerase chain reaction.
Expression of genes was compared between saline and morphine treatment for (A) toll-like
receptor 4 (TLR4), (B) P2X7R, (C) major histocompatibility complex (MHC) class Il, (D)
IxBa, (E) NLRP3, (F) microRNA (miR)-223, (G) caspase-1, (H) interleukin (IL)-1p, (1)
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tumor necrosis factor (TNF), (J) heat shock protein (HSP-90), (K) biglycan, and (L) high
mobility group box 1 (HMGBL1). Data are presented as mean + standard error of the mean; n
= 6/group; *P< .05, **P< .01, ***P< .001.
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Figure 3.
Morphine pretreatment exacerbates postoperative pain. Rats were pretreated with morphine

according to 2 different schedules: morphine administration from days —14 to -8 (5 mg/kg
twice a day), followed by vehicle twice daily from days —7 to —1 (“morphine —14”); vehicle
administration twice daily from days —14 to —8 followed by morphine from days -7 to -1 (5
mg/kg twice a day; “morphine =77). All rats then received laparotomy. Von Frey thresholds
were determined before morphine/vehicle (day —14), and across a timecourse after surgery.
Data are presented as mean = standard error of the mean; n = 6/group; **£< .01, ***p
<.001.
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PCR Primer Sequences

Gene
Gapdh

TIr4

P2rx7

RT1-Da

Nfkbia

Nirp3

Mir223

Caspl

116

nf

Hsp90

Bgn

Hmgb1

F:

AT T M AT DT T T QT AT DT DT BT D

Primer Sequence (5'-3")

AGGGACAATCTCACACAGG
GACTCAACCTTCCTCTCCA

TCCCTGCATAGAGGTACTTC
CACACCTGGATAAATCCAGC

TTTCGGTTTGGCCACCGTGT
ACTTTAACGTCGGCTTGGGC

AGCACTGGGAGTTTGAAGAG
AAGCCATCACCTCCTGGTAT

CACCAACTACAATGGCCACA
GCTCCTGAGCGTTGACATCA

AGAAGCTGGGGTTGGTGAATT
GTTGTCTAACTCCAGCATCTG

TCTGGCCTTCTGCAGTGTTA
CTGATAAGCATGAGCCACAC

ATGCCGTGGAGAGAAACAAG
CCAGGACACATTATCTGGTG

GAAGTCAAGACCAAAGTGG
TGAAGTCAACTATGTCCCG

CAAGGAGGAGAAGTTCCCA
TTGGTGGTTTGCTACGACG

TTATCACAGGTGAGACCAAG
AAGTTCCAGTCCTTCTTTGG

AACTGCATTGAGATGGGTGG
TCAGGGAGATCTTTGGGGAT

GAGGTGGAAGACCATGTCTG
AAGAAGAAGGCCGAAGGAGG
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