Check for
updates

Article Type: Original Article

Title page

Propofol attenuates postoperative hyperalgesia via regulating spinal GIuN2B-
p38MAPK/EPACL1 pathway in an animal model of postoperative pain

Stanley Sau-Ching Wong"?", Liting Sun*", Qiu Qiu', Pan Gu'?, Qing Li*, Xiao-Min Wang'?
and Chi Wai Cheung™%+

! aboratory and Clinical Research Institute for Pain, Department of Anaesthesiology, The
University of Hong Kong; *Department of Anesthesiology, Taihe Hospital, Hubei University
of Medicine, Shiyan, Hubei Province, China

Short title: Propofol inhibits postoperative pain

*Stanley Sau-Ching Wong and Liting Sun contributed equally to this work.

+ Corresponding Author: Professor Chi Wai Cheung. Department of Anaesthesiology, Li
Ka Shing Faculty of Medicine, The University of Hong Kong. Room 424, Block K, Queen
Mary Hospital, 102 Pokfulam Road, Hong Kong. Tel: +852 2255 3303. E-mail:
cheucw@hku.hk

Conflicting interest: The authors declare no conflicts of interest.

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1002/ejp.1349

This article is protected by copyright. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejp.1349&domain=pdf&date_stamp=2018-12-20

ABSTRACT

BACKGROUND Total intravenous anaesthesia with propofol has been shown to reduce
postoperative pain in some clinical studies, but knowledge of its underlying analgesic
mechanism remains limited. In this study, we compared the analgesic effects of propofol
versus isoflurane in an animal model of postoperative pain and evaluated its underlying

molecular mechanisms.

METHODS Plantar incision was made in the hind paws of rats under general anaesthesia
with 2.5% of inhalational isoflurane (isoflurane group) or intravenous infusion of propofol
(1.5 mg kg™ min™*, propofol group). Mechanical allodynia was assessed by paw withdrawal
threshold before and after incision. Spinal dorsal horns (L3-L5) were harvested 1 h after
incision to assess the level of phosphorylated GIuN2B, p38MAPK, ERK, JNK and EPAC

using Western blot and immunofluorescence.

RESULTS Mechanical allodynia induced by plantar incision peaked at 1 hour and lasted for
3 days after incision. It was significantly less in propofol group compared with isoflurane
group in the first 2 hours following incision. The incision-induced increases in
phosphorylated GIuN2B, p38MAPK, and EPAC1 were significantly reduced in propofol
group. The number of spinal dorsal neurons co-expressed with EPAC1 and c-Fos after the

incision was significantly lower in the propofol group.

CONCLUSION Propofol reduced pain responses in an animal model of postoperative pain
and suppressed the spinal GIuN2B-p38MAPK/EPAC1 signalling pathway. Since the
p38MAPK/EPAC pathway plays a critical role in the development of postoperative
hyperalgesia, our results provide evidence-based behavioural, molecular and cellular

mechanisms for the analgesic effects of propofol when used for general anaesthesia.
SIGNIFICANCE These findings may provide a new mechanism for the postsurgical
analgesic effect of propofol, which is particularly interesting during the subacute period after

surgery as it is the critical period for the development of persistent postsurgical pain.
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1. Introduction (628 words)

Management of postoperative pain can be a challenge. Evidence suggests that more than half
of patients following surgical procedures report inadequate postoperative pain relief (Chou et
al., 2016) and 10-50% of these patients experience persistent postsurgical pain (Kehlet et al.,
2006). Propofol is a commonly used general anaesthetic for induction and maintenance of
general anaesthesia. Total intravenous anaesthesia (TIVA) with propofol has been shown to
reduce acute postoperative pain after surgery compared with inhalational anaesthesia in some
clinical studies (Chan et al., 2016; Qiu et al., 2016). However, this is not a consistent finding,
and other clinical studies have shown no difference in postoperative analgesia (Fassoulaki et
al., 2008; Pokkinen et al., 2014). Use of propofol as an adjunctive analgesic remains
controversial and the underlying mechanisms of propofol in postoperative pain relief are

largely unknown.

After surgery, patients develop acute postoperative pain that is characterized by mechanical
hypersensitivity (pain increased by ambulation, cough or light touch on the surgical wound).
N-methyl-D-aspartate (NMDA) receptors expressed widely in the central nervous system
play an important role in the generation and maintenance of central sensitization that triggers
the development of hyperalgesia and allodynia (Kim et al., 2012; Tong & MacDermott,
2014). NMDA receptors include GluN1 and GIluN2 subunits, and the latter consists of four
types of subunits: GIUN2A, 2B, 2C, and 2D. GIuN2B subunit, mainly expressed at synapses
of lamina | in the spinal dorsal horn, plays a key role in nociceptive signal transmission (Kim
et al., 2012; Tong & MacDermott, 2014). Our recent study in an animal model of formalin-
induced inflammatory pain demonstrated that pre-emptive administration of propofol
produced preventive analgesic effects on inflammatory pain by regulating neuronal GIuN2B-
containing NMDA receptor and extracellular signal-regulated kinasel/2 (ERK1/2) pathway
in the spinal dorsal horn (Qiu et al., 2017). MAPK (mitogen-activated protein kinase) family,
including ERK1/2, p38 MAPK, and c-Jun N-terminal kinase (JNK), transduces a wide range
of extracellular stimuli into various intracellular responses by both transcriptional and non-
transcriptional regulations (Ji et al., 2009). In neurons, calcium influx through NMDA
receptors leads to activation of MAPK pathways (Takeda & Ichijo, 2002) and activation of
MAPKs in spinal neurons is involved in the induction and maintenance of pain

hypersensitivity under different pain conditions (Ji et al., 2009).
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Interestingly, a recent study reported that phosphorylation of p38MAPK (p-p38MAPK)
induced by plantar incision contributed to the development of nociceptive hypersensitivity by
increasing the expression of exchange protein directly activated by cyclic adenosine
monophosphate (EPAC) in dorsal root ganglions (DRGs) (Matsuda et al., 2017). EPAC is a
newly identified CAMP target proteins that, as required effectors, play a critical role in the
development of inflammatory and postoperative hyperalgesia (Hucho et al., 2005; Singhmar
et al., 2016; Matsuda et al., 2017). Intraplantar injection of EPAC agonist led to long-lasting
mechanical hyperalgesia (Hucho et al., 2005). Inhibition of p-p38MAPK during surgery not
only prevented the induction of neuronal EPAC expression and EPAC-induced nociceptor
sensitization, but also blocked the development of pain hypersensitivity sustained during the
subacute postsurgical period (Matsuda et al., 2017). Increased neuronal EPAC expression
driven by activation of p38MAPK was a key component leading to long-lasting nociceptive
hypersensitivity after plantar incision (Matsuda et al., 2017) or inflammation (Wang et al.,
2013). However the upstream molecules that activate the p38MAPK/EPAC cascade in
postoperative hyperalgesia remain unknown. Investigating how propofol regulates the
neuronal p38MAPK/EPAC pathway in the spinal dorsal horn after incision will enhance our
understanding of propofol’s analgesic mechanism for postoperative pain.

In this study, we aimed to compare the effects of propofol infusion versus inhalational
isoflurane on GIuN2B subunit-containing NMDA receptor and downstream MAPK/EPAC
pathway in a plantar incision induced postoperative pain model in rats. We hypothesized that
propofol would exert anti-nociceptive effects after operation by regulating the GIuN2B
IMAPK/EPAC cascade at the spinal dorsal horn level.

2. Materials and Methods (1185 words)

2.1 Animal Preparation

Male adult Sprague Dawley rats weighing approximately 250-300 g were housed in cages
with ad libitum food and water on a standard 12:12 h light/dark cycle. Animal experiments
were conducted under the guide from the Committee on the Use of Live Animals in Teaching
and Research from the University of Hong Kong (CULATR No. 3383-14).

This article is protected by copyright. All rights reserved.



2.2 Experimental Design

Rats were randomly allocated into three groups wusing an online software
(www.randomization.com), namely naive group (without any treatment, 3 cohorts of n=5),
isoflurane group (receiving plantar incision under general anaesthesia with 2.5% of isoflurane
inhalation, Abbott Laboratories, Berkshire, UK, 3 cohorts of n=5), and propofol group
(receiving plantar incision under general anaesthesia with intravenous infusion of propofol
via an implanted catheter into the lateral tail vein with an infusion rate of 1.5 mg kg™ min™, B.
Braun, Melsungen, Germany, 3 cohorts of n=5). The dose of propofol used in animals was
equivalent to a human dose of 0.2 mg kg™ min™ for maintenance of general anaesthesia
according to the guide for dose conversion between animals and human (Nair & Jacob, 2016).
General anaesthesia was conducted with either 2.5% of isoflurane (Isoflurane group) or 1.5
mg kg™ min™ of propofol (Propofol group) for 30 min and plantar incision was performed

under general anaesthesia.

Half an hour of recovery time was allowed after plantar incision, when all the rats meet the
recovery criteria (i.e. recovery of the righting reflex) (Li et al., 2012). Mechanical allodynia
of both contralateral and ipsilateral paws was measured before and up to 72 h after planter
incision using mechanical threshold by a research assistant who was not involved in
providing general anaesthesia and performing plantar incision (i.e. blinded to the type of
general anaesthesia). Mechanical allodynia was recorded up to 3 days after plantar incision
because the reduction of paw withdrawal threshold (PWT) caused by plantar incision showed
no significant difference beyond 3 days as reported by previous studies (Brennan et al., 1996;
Whiteside et al., 2004). The detailed experimental design is illustrated in Figure 1.

2.3 Plantar Incision

Plantar incision was used as a postoperative pain model. The procedure was performed as
previously described (Brennan et al., 1996). Briefly, under general anaesthesia with either
isoflurane or propofol, the plantar aspect of right hind paw was disinfected with 10%
povidone-iodine solution followed by 75% of ethanol. A 1-cm longitudinal incision was
made with a No. 11 blade, starting at 0.5 cm far from the end of the talus bone and extending

to the toe, through skin and fascia of plantar aspect of the paw. The flexor digitorum brevis
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muscle was elevated and incised twice. The muscle origin and insertion remained intact. The
skin was closed with suture (5-0 Nylon). The procedure of plantar incision was completed
within 30 min. After surgery, the rats were kept in temperature-supported cages for 30 min to
recover from anaesthesia, which was ensured by the recovery of the righting reflex described

previously (Li et al., 2012).

2.4 Assessment of Mechanical Allodynia

Mechanical allodynia was assessed by measuring the mechanical threshold, which was a
response of an animal to an innocuous mechanical stimulus. Mechanical threshold was
performed by testing the right hind paw withdrawal response to von Frey filaments of the
Electrovonfrey apparatus (1ITC Life Science, Woodland Hills, CA, USA). Rats were held on
a metal mesh floor with a transparent plastic dome, and the plantar surface of the paws could
be touched through the metal mesh. Each rat was accommodated to the environment 30 min
before the test. During the assessment, a von Frey filament was pressed perpendicularly
against the center of hind paw’s plantar surface with continuous force. The withdrawing of
hind paw within 6~8 sec represented a positive response. Any hind paw movement caused by
locomotion was not recorded as a positive response. If the rat failed to withdraw its paw, then
a stiffer filament was used until a positive response was observed. In this study, the range of
probe was from 0.4 g to 74 g. The force (in gram) was shown on the screen of the
Electrovonfrey apparatus which was recorded in each positive response. The assessment was
repeated 3 times for each rat at approximately 1-min intervals. The average values of the

three repetitions were recorded as the final mechanical threshold.

2.5 Western Blot

Lumbar spinal dorsal horns from L3-L5 segments were collected 1 h after surgery. The tissue
was homogenized in ice-cold Laemmli buffer (50 mM Tris-HCI, pH7.5, 0.5% SDS, 5% 2-
mercaptoethanol) with 1% protease inhibitor cocktail (MilliporeSigma, St. Louis, MO, USA).
The supernatant was collected after protein denaturation by boiling for 5 min. Proteins were

separated, transferred, and detected with primary antibodies including anti-phospho- or pan-
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GIuN2B (Merck Millipore, Darmstadt, Germany), ERK1/2, p38 MAPK, JNK, Epac1/2 (Cell
Signaling Technology, Danvers, MA, USA), and the housekeeping protein GAPDH (Merck
Millipore, Darmstadt, Germany). Membranes were then incubated with secondary antibodies
goat anti-rabbit or mouse IgG (Cell Signalling Technology, Danvers, MA, USA) for 1 h at
room temperature. Protein bands were visualized on X-ray film after incubation with
enhanced chemiluminescence (Bio-Rad Laboratories, Hercules, CA, USA). Densitometry of
the bands was analyzed by ImageJ software (National Institutes of Health, Bethesda, MD,
USA).

2.6 Immunofluorescence Staining

One hour after the operation, rats were anaesthetized with sodium pentobarbital and then
perfused with 4% paraformaldehyde solution through the cardiovascular system. Lumbar
spinal segments L3-5 were collected and embedded in tissue freezing medium at -80°C after
dehydration. Cryosections were cut transversely at 15 pum by a cryostat (Leica Microsystem,
Wetzlar, Germany). The sections were then blocked with 10% normal goat serum in
p h o s p h a t e - b uvu f f e r e d
saline (PBS) at room temperature for 1 h and followed by incubation with primary
antibody(s), including mouse anti-c-Fos (1:100, Abcam, Cambridge, UK), mouse anti-Epac1-
mixed with rabbit anti-NeuN antibody and (1:500, Abcam), rabbit anti-Epac2 antibody
(1:100, Cell Signaling Technology Inc) mixed with mouse anti-NeuN antibody (1:500,
Abcam) at 4°C for overnight. After washing with PBS, the sections were incubated with
f I u o r e s ¢c e nt - ¢ o n j u g a t e d
secondary antibodies (1:500, goat anti-mouse IgG conjugated with Alexa Fluor 488 or 568
and goat anti-rabbit IgG conjugated with Alexa Fluor 568 or 488, Thermo Fisher Scientific
Corporation). The sections were mounted with mounting medium with 4°,6-diamidino-2-
phenylindole, dihydrochloride (DAPI) (Vector Laboratories, Burlingame, CA, USA). The
immunoreactive cells were identified under a confocal microscope (LSM 780, Carl Zeiss,
Oberkochen, Germany). Cell counting for double-labelling immunohistochemistry against
Epacl or Epac2 with NeuN, or c-Fos with DPAI were performed using ImageJ software
(Version 1.52c, NIH, USA), and expressed as percentage of double-labelled cells versus total

cells under the same Regions of Interest (ROI).
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2.7 Statistical Analysis

All data in this study are expressed as mean + standard error of mean (SEM). The density of
protein bands of Western blot was measured by ImageJ software normalized to corresponding
loading control bands. Calculations were performed by GraphPad Prism software (GraphPad
software Inc, CA, USA). Two-way ANOVA followed by Tukey’s multiple comparisons was
used to analyze the data of time course in behavioural test; and one-way ANOVA was used
for the other analyses. In all statistical comparisons, p values less than or equal to 0.05 were

considered as statistically significant.

3. Results (1157 words)

3.1 Propofol inhibited mechanical allodynia caused by plantar incision

In the isoflurane group, paw withdrawal threshold (PWT) of the ipsilateral hind paw was
significantly decreased compared to that at baseline (55.2 + 0.8 g), and was lowest at 1 h after
plantar incision (20.8 + 4.3 g, n=5, p<0.01). The PWT gradually recovered towards baseline
from 2 h (30.1 £ 2.5 g, n=5, p<0.01), but the differences compared with baseline remained
significant up to 72 h (47.4 £ 0.8 g, n=5, p<0.01) after incision (Fig. 2). In the propofol group,
the ipsilateral PWT was also significantly decreased compared with baseline. The lowest
PWT was also at 1 h after incision. However, the ipsilateral PWT was fully recovered at 72 h
after the incision, compared with baseline (55.9 + 1.0 g and 51.6 + 2.6 g at baseline and 72 h
after plantar incision, respectively, n=5, p>0.05, Fig. 2). The ipsilateral PWT values in both
isoflurane and propofol group were significantly lower than those on the contralateral side

after operation (Fig 2).

The ipsilateral PWT in the propofol group was significantly higher than isoflurane group at 1
h (33.3 £ 1.1 g and 20.8 + 4.3 g for propofol group and isoflurane group, respectively, n=5,
p<0.05) and 2 h (43.3 + 1.3 g and 30.1 + 2.5 g for propofol group and isoflurane group,
respectively, n=5, p<0.05) after incision. We collected spinal tissue of L3-L5 from each
treatment group at the 1 h time point following plantar incision for molecular and cellular

signaling assessment because both degree of mechanical allodynia and the difference in
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mechanical allodynia between the two groups was the greatest at this time point after the

incision.

3.2 Propofol inhibited the expression of spinal phosphorylated GIuN2B induced by

plantar incision

The protein level of phosphorylated GIuN2B (p-GIuN2B) in ipsilateral dorsal horns was
significantly increased 1 h after plantar incision in isoflurane group compared with naive
group (1.14 + 0.07 and 0.39 + 0.09 for isoflurane group and naive group, respectively, n= 4,
p<0.01). There was also a significant increase in p-GIuUN2B expression in the ipsilateral
dorsal horn of propofol group compared to naive group (0.67 + 0.01 and 0.39 + 0.09 for
propofol group and naive group, respectively, n=4, p<0.05). However, p-GIuN2B expression
in propofol group was significantly lower than isoflurane group (0.67 + 0.01 and 1.14 + 0.07
for propofol and isoflurane, respectively, n= 4, p<0.05, Fig. 3A). No difference was found in
the contralateral lumbar dorsal horns among all other groups.

3.3 Propofol inhibited activation of spinal p38 MAPKS following plantar incision

One hour after the incision, the ratio of phosphorylated p38 MAPK (p-p38) to pan-p38
MAPK in the ipsilateral dorsal horns of L3-5 lumbar spinal cord was significantly elevated in
isoflurane group compared with naive group (1.16 + 0.02, n=4 and 0.70 + 0.06, n=3 for
isoflurane and naive, respectively, Fig. 3B, p<0.01). The ratio of p-p38 to pan-p38 MAPK
expression in the ipsilateral dorsal horn in the propofol group was significantly lower than the
isoflurane group (0.88 + 0.10 in the propofol treated group versus 1.16 + 0.02 in the
isoflurane treated group, p<0.05, Fig. 3B). The ratio of p-ERK to pan-ERK was significantly
enhanced in both isoflurane group (1.31 £ 0.07, n=5, p<0.01) and propofol group (1.29 + 0.04,
n=5, p<0.01) compared with the naive group (0.95 + 0.04, n=5), and there were no difference
between the propofol and isoflurane groups (p>0.05, Fig. 3C). There was no difference in the

ratio of ipsilateral spinal p-JNK to pan-JNK between the three groups (Fig. 3D). There was
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also no difference in the expression of p-p38, p-ERK, and p-JNK in the contralateral dorsal

horn amongst the 3 groups.

3.4 Propofol inhibited the expression of EPACL1 but not EPAC2 following plantar
incision

EPAC was recently reported to contribute to sustaining post-incisional pain driven by
activation of neuronal p38MAPK in dorsal root ganglions (DRGs) (Matsuda et al., 2017). As
shown in Fig 4A, the ratio of EPAC1 to a-tubulin was increased in the ipsilateral dorsal horns
of L3-5 lumbar spinal cord following plantar incision in the isoflurane group (1.57 + 0.14,
p<0.05, n=5) compared with naive group (1.13 + 0.12, n=5). However, it was significantly
lower in the propofol group (0.67 + 0.14, n=5, p<0.05, two-way ANOVA followed by Tukey
post hoc test) compared with isoflurane group. There was no statistical difference in EPAC1
expression in the contralateral dorsal horn among the different groups (n=5, P=0.1413, two
way-ANOVA; mean+SD, 0.816+0.48, 1.384+0.51 and 0.821+0.48 for Naive, isoflurane and
propofol treated group, respectively). Spinal dorsal expression of EPAC2 was not altered

among the different groups after plantar incision (Fig. 4B,n=5, p=0.1643, two way-ANOVA).

In accordance with the Western blot findings, immunofluorescence against EPAC1 or
EPAC2 detected low levels of EPAC1 and EPAC2 immunoreactivities that were co-
expressed with neuronal marker NeuN in the ipsilateral spinal dorsal horns in the naive group
(Fig. 5A & 5D). The percentage of double labelled neurons of EPACL1 versus total neurons in
the same regions of interest showed a significant increase 1 h after plantar incision in the

isoflurane group (17.96% * 2.22, p<0.05, n=4, Fig 5B) as compared to the naive group
(9.47% £ 1.51, n=4). However, the percentage of spinal neurons co-expressing EPAC1 was

significantly lower in the propofol group as compared to the isoflurane group (10.01% + 1.86,
n=4, p<0.05, two-way ANOVA followed by Tukey post hoc test, Fig 5C). Consistent with
the Western findings, there were no significant differences in EPAC2 expression among the

three groups (n=4, p=0.1689 as shown in Fig 5D-F).
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3.5 Propofol prevented plantar incision induced spinal c-Fos expression

Compared to the naive group (1.76 + 0.67, n=3), the number of c-Fos-positive cells double
labelled with DAPI in lamina | of spinal dorsal horn segments (L3-L5) was markedly
increased 1 h after plantar incision in the isoflurane group (15.0 + 0.5, n=4, p<0.01, Fig 6A).
However, the number of c-Fos-positive cells double labeled with DAPI was significantly
lower in the propofol group (Fig 6A) compared with the isoflurane group (5.3 £ 0.2, n=5 for
propofol group and 15.0 £ 0.5, n=4 for isoflurane group, p<0.01 Fig. 6B, two-way ANOVA
followed by Tukey post hoc test). In contrast, compared to the naive group (1.0 £ 0.58, n=3),
the number of c-Fos-positive cells in laminae 111-V was significantly increased 1 h after the
incision in both the isoflurane group (4.75 = 0.63, n=4, p<0.05, two-way ANOVA with
Tukey post hoc test) and propofol group (5.75 £ 0.63, n=4, p<0.01, two-way ANOVA with
Tukey post hoc test). In lamina I11-V, there was no significant difference in the numbers of c-
Fos-positive cells between propofol and isoflurane groups (4.75 + 0.63 and 5.75 + 0.63 for
for isoflurane group and propofol group, respectively, p>0.05, two-way ANOVA with Tukey
post hoc test, Fig 6B). These results indicate that nociceptive signal transmission in the
lumbar spinal dorsal horn after plantar incision was selectively inhibited by propofol

treatment in the superficial spinal dorsal horn.

Discussion (1345 words)

This study demonstrates for the first time that intravenous infusion of propofol provided
superior postoperative analgesia compared with isoflurane in an animal model of
postoperative pain. The analgesic property of propofol may be attributed to its inhibitory
effect on the activity of GIuN2B-containing NMDA receptor and the downstream molecules
p38MAPK and EPACL in the spinal dorsal horn (Fig 7).

Our study showed that the densitometric ratio of ipsilateral phosphorylated-GIuN2B to pan-
GIuN2B was increased within 1 h after incision. The suppression of propofol on
phosphorylated GIuN2B occurred 1 h postoperatively in the ipsilateral L3-5 dorsal horn, but
no change was observed on the contralateral side. It has been reported that in cultured
hippocampal neurons, GIuUN2B is one of the targets of propofol to inhibit the activation of

NMDA receptors and modulate Ca?* influx through slow calcium ion channels (Orser et al.,
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1995). Propofol was also found in vivo to inhibit lithium-pilocarpine-induced status
epilepticus in rats via down regulation of GIuUN2B subunit expression (Wang et al., 2012).
However, the information about the effect of propofol on spinal neurons is rather limited. It
was shown that intraperitoneal injection of propofol displayed an appreciable anti-nociceptive
effect in acetic acid-induced writhing test in mice, and this effect was reversed by intrathecal
injection of NMDA agonists but potentiated by NMDA receptor antagonist (Xu et al., 2004).
The present study not only confirms the above findings but also demonstrated that spinal
NMDA receptor GIUN2B subunit was an important target through which intravenous
propofol reduced mechanical allodynia compared with inhalational isoflurane in an animal
model of postoperative pain. However, whether propofol produces its inhibitory effect on
GIuN2B through a direct binding site on NMDA receptors or via an indirect detour remains

unknown.

In neurons, calcium influx through NMDA receptors leads to activation of MAPK pathways
(Takeda & Ichijo, 2002). The phosphorylation of spinal MAPKS, such as p38 and ERK1/2, is
involved in the development and maintenance of mechanical hypersensitivity in acute
postoperative pain model (Wen et al., 2009). Previous studies demonstrated that
phosphorylation of p38 MAPK was increased in both spinal dorsal neurons and microglia
from 1 h to 3 d after plantar incision (Wen et al., 2009; Hsu et al., 2015). Intrathecal injection
of p38 inhibitor 30 min before plantar incision attenuated incision-induced mechanical
allodynia (Wen et al., 2009). Similarly, ERK activation in spinal dorsal horns occurred
minutes after plantar incision, whereas pre-treatment with MEK inhibitor U0126 attenuated
pain responses (Mizukoshi et al., 2013). Consistent with these previous reports, we found that
the activation of spinal p38 MAPK and ERK was significantly increased 1 h after plantar
incision. Interestingly, the expression of activated p38MAPK, but not ERK1/2, after plantar
incision was significantly lower in rats given propofol compared to those given isoflurane.
Unlike ERK1/2, p38 MAPK is mainly activated by inflammatory cytokines (Ji & Woolf,
2001). Our early study demonstrated that tissue injury without nerve damage after surgery
initiated a cascade of inflammatory cytokines that were positively correlated to postsurgical
pain intensity (Wang et al., 2009). Perhaps, the current findings indicate that the analgesic
property of propofol in the postoperative pain model is associated with its anti-inflammatory
effect (Zheng et al., 2017). Furthermore, studies have also shown that enhanced
phosphorylated p38MAPK is important in the development of persistent postoperative pain in

the rat spinal cord (Alkaitis et al., 2010; Huang et al., 2011). For instance, enhanced
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phosphorylated p38 in spinal dorsal horn was evident in the rat model of acute postoperative
pain, but it spontaneously returned to basal levels in association with resolution of acute
allodynia (Wen et al., 2009). The inappropriate persistence of the enhanced expression of
p38MAPK phosphorylation is associated with the development and maintenance of chronic
postsurgical pain (Jin et al., 2003). The current findings provide supportive evidence that
propofol infusion reduces acute postoperative pain when used during general anaesthesia, and
that this may be due to its inhibitory effect on p38MAPK.

It is well known that cAMP signaling plays a key role in regulating pain sensitivity, and
EPAC is a novel class of CAMP target proteins (Matsuda et al., 2017) . Two isoforms of this
protein, EPAC1 and EPAC2, have been identified in humans and rodents. Intraplantar
injection of the EPAC agonists led to long-lasting mechanical hyperalgesia (Hucho et al.,
2005). Moreover, the expression of EPAC1 and EPAC2 markedly increased at the time when
nociceptive hypersensitivity developed after plantar incision (Mizukoshi et al., 2013; Huang
& Gu, 2017). Particularly interesting, genetic deletion of EPAC1 protected against
inflammation induced mechanical hyperalgesia whereas selective EPACL inhibition
prevented or reversed existing inflammation or incision induced nociceptive hypersensitivity
without affecting normal pain sensitivity (Hucho et al., 2005; Singhmar et al., 2016). It was
found that in DRG neurons, phosphorylation of p38MAPK through regulation of neuronal
EPAC induction contributed to the development of pain hypersensitivity after plantar
incisions (Mizukoshi et al., 2013; Matsuda et al., 2017). Activation of p38MAPK after
plantar incision increased EPAC expression and induced long-lasting pain hypersensitivity
(Mizukoshi et al., 2013; Matsuda et al., 2017). In contrast, inhibition of p38MAPK during
surgery prevented the development of long-lasting pain hypersensitivity by preventing the
induction of EPAC and EPAC-induced nociceptor sensitization (Matsuda et al., 2017). In this
study, we demonstrated that EPACL but not EPAC2 was induced in spinal dorsal neurons
after plantar incision. This is in line with the findings that EPACL1 levels were increased after
plantar incision (Matsuda et al., 2017) and carrageenan induced inflammation (Wang et al.,
2013). However, we did not observe changes in EPAC2 in the spinal dorsal horn after
incision. The discrepant findings may be attributed to the different neuronal profile between
neurons in DRG and spinal dorsal horn. But the more reasonable explanation behind this
observation may be associated with the difference in check time points between our study
carried out during an acute period and others in a subacute period after incision. EPAC1

seems more closely associated with the transition from acute to long-lasting hyperalgesia
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after an incision or inflammatory stimulus (Wang et al., 2013; Matsuda et al., 2017).
Nevertheless, acquired EPAC activity in neurons driven by p38MAPK activation is a key
molecular event during the transition and development of chronic hyperalgesia after surgery.
Thus, the p38MAPK/EPAC pathway has been proposed to be a promising target in acute
postoperative pain management to prevent pain persisting beyond the immediate acute phase
(Wang et al., 2013). Our findings that both phosphorylated p38MAPK and EPAC1 were
suppressed in the propofol group indicate that propofol may produce better postsurgical
analgesia than isoflurane by inhibiting the neuronal GIuN2B-p38MAPK/EPACL1 cascade in
the spinal dorsal horn. This may prevent the transition from acute to chronic hyperalgesia

after surgery.

In further support to the above findings, we observed that the expression of c-Fos protein in
lamina | of the ipsilateral dorsal horn significantly increased 1 h after plantar incision
compared to baseline in the isoflurane treatment group. Propofol reduced the quantity of c-
Fos-positive neurons in the superficial dorsal horn to one third of isoflurane group, without
interference in the deep layers of dorsal horn. C-Fos has been used as a neural marker to
study nociception because it is rapidly expressed after plantar incision in neurons (Harris,
1998). A consistency has been observed in the distribution of c-Fos in the spinal cord after
noxious stimulation, typically located in laminae I-11 of the dorsal horn, corresponding to the
distribution of noci-responsive neurons and terminal fields of primary nociceptive afferent
fibers (Todd, 2010). The current findings that propofol suppressed the enhanced c-Fos
expression after incision in the superficial dorsal horn without interference in the deep layers
of dorsal horn indicate a selective analgesic effect of propofol that may be not associated with
its general anaesthetic effect (Takechi et al., 2013).

In conclusion, our data showed that intravenous infusion of propofol during plantar incision
reduced mechanical allodynia compared with inhalational isoflurane in a rat model of
postoperative pain. This analgesic property of propofol appears to be mediated by inhibiting
neuronal GIuN2B-containing NMDA receptor and downstream p38MAPK/EPAC1 signalling
pathway at the spinal dorsal horn level. The selective inhibitory effects of propofol on p38
MAPK/EPACL1 and c-Fos expression in the superficial spinal dorsal horn provide further
evidence-based molecular and cellular mechanisms for use of propofol as an adjunctive

analgesic in general anaesthesia.

This article is protected by copyright. All rights reserved.



Acknowledgements: This study was supported by the research funding from the Department

of Anaesthesiology, Li Ka Shing Faculty of Medicine, The University of Hong Kong.

Conflicts of Interest: All authors declare no conflicts of interest.

Author Contributions: QQ, LS, PG, XMW and SSW participated in study design, data
collection and analyses, result interpretation, and drafting of the manuscript. XMW, SSW and
CWC contributed to manuscript writing, editing and finalization. SSW, QL, and CWC
contributed to manuscript critical reading and editing process. CWC was entirely responsible
for the overall study design, overseeing data collection and analysis, as well as manuscript

finalization. All authors read and approved the final manuscript.

References

Alkaitis, M.S., Solorzano, C., Landry, R.P., Piomelli, D., DeLeo, J.A. & Romero-Sandoval, E.A.
(2010) Evidence for a role of endocannabinoids, astrocytes and p38 phosphorylation in the
resolution of postoperative pain. PloS one, 5, e10891.

Brennan, T.J., Vandermeulen, E.P. & Gebhart, G.F. (1996) Characterization of a rat model of
incisional pain. Pain, 64, 493-501.

Chan, A.C., Qiu, Q., Choi, S.W., Wong, S.S., Chan, A.C., Irwin, M.G. & Cheung, C.W. (2016)
Effects of Intra-Operative Total Intravenous Anaesthesia with Propofol versus Inhalational
Anaesthesia with Sevoflurane on Post-Operative Pain in Liver Surgery: A Retrospective
Case-Control Study. PloS one, 11, e0149753.

Chou, R., Gordon, D.B., de Leon-Casasola, O.A., Rosenberg, J.M., Bickler, S., Brennan, T., Carter, T.,
Cassidy, C.L., Chittenden, E.H., Degenhardt, E., Griffith, S., Manworren, R., McCarberg, B.,
Montgomery, R., Murphy, J., Perkal, M.F., Suresh, S., Sluka, K., Strassels, S., Thirlby, R.,
Viscusi, E., Walco, G.A., Warner, L., Weisman, S.J. & Wu, C.L. (2016) Management of
Postoperative Pain: A Clinical Practice Guideline From the American Pain Society, the
American Society of Regional Anesthesia and Pain Medicine, and the American Society of

This article is protected by copyright. All rights reserved.



Anesthesiologists' Committee on Regional Anesthesia, Executive Committee, and
Administrative Council. J Pain, 17, 131-157.

Fassoulaki, A., Melemeni, A., Paraskeva, A., Siafaka, |. & Sarantopoulos, C. (2008) Postoperative
pain and analgesic requirements after anesthesia with sevoflurane, desflurane or propofol.
Anesthesia and analgesia, 107, 1715-17109.

Harris, J.A. (1998) Using c-fos as a neural marker of pain. Brain Res Bull, 45, 1-8.

Hsu, S.F., Zeng, Y .J., Tsai, S.Y., Chen, K.B., Chen, J.Y., Chang, J.H. & Wen, Y.R. (2015) Spinal p38
activity and analgesic effect after low- and high-intensity electroacupuncture stimulation in a
plantar incision rat model. Life Sci, 128, 15-23.

Huang, L., Gao, Y.J., Wang, J. & Strichartz, G. (2011) Shifts in cell-type expression accompany a
diminishing role of spinal p38-mapkinase activation over time during prolonged postoperative
pain. Anesthesiology, 115, 1281-1290.

Huang, L.Y. & Gu, Y. (2017) Epac and Nociceptor Sensitization. Molecular pain, 13,
1744806917716234.

Hucho, T.B., Dina, O.A. & Levine, J.D. (2005) Epac mediates a cAMP-to-PKC signaling in
inflammatory pain: an isolectin B4(+) neuron-specific mechanism. J Neurosci, 25, 6119-6126.

Ji, R.R., Gereau, R.W.t., Malcangio, M. & Strichartz, G.R. (2009) MAP kinase and pain. Brain Res
Rev, 60, 135-148.

Ji, R.R. & Woolf, C.J. (2001) Neuronal plasticity and signal transduction in nociceptive neurons:
implications for the initiation and maintenance of pathological pain. Neurobiol Dis, 8, 1-10.

Jin, S.X., Zhuang, Z.Y., Woolf, C.J. & Ji, R.R. (2003) p38 mitogen-activated protein kinase is
activated after a spinal nerve ligation in spinal cord microglia and dorsal root ganglion
neurons and contributes to the generation of neuropathic pain. J Neurosci, 23, 4017-4022.

Kehlet, H., Jensen, T.S. & Woolf, C.J. (2006) Persistent postsurgical pain: risk factors and prevention.
Lancet (London, England), 367, 1618-1625.

Kim, Y., Cho, H.Y., Ahn, Y.J., Kim, J. & Yoon, Y.W. (2012) Effect of NMDA NR2B antagonist on
neuropathic pain in two spinal cord injury models. Pain, 153, 1022-1029.

Li, Z., Chen, X., Meng, J., Deng, L., Ma, H., Csete, M. & Xiong, L. (2012) ED50 and recovery times
after propofol in rats with graded cirrhosis. Anesthesia and analgesia, 114, 117-121.

Matsuda, M., Oh-Hashi, K., Yokota, I., Sawa, T. & Amaya, F. (2017) Acquired Exchange Protein
Directly Activated by Cyclic Adenosine Monophosphate Activity Induced by p38 Mitogen-
activated Protein Kinase in Primary Afferent Neurons Contributes to Sustaining
Postincisional Nociception. Anesthesiology, 126, 150-162.

This article is protected by copyright. All rights reserved.



Mizukoshi, K., Sasaki, M., Izumi, Y., Miura, M., Watanabe, M. & Amaya, F. (2013) Activation of
p38 mitogen-activated protein kinase in the dorsal root ganglion contributes to pain
hypersensitivity after plantar incision. Neuroscience, 234, 77-87.

Nair, A.B. & Jacob, S. (2016) A simple practice guide for dose conversion between animals and
human. J Basic Clin Pharm, 7, 27-31.

Orser, B.A., Bertlik, M., Wang, L.Y. & MacDonald, J.F. (1995) Inhibition by propofol (2,6 di-
isopropylphenol) of the N-methyl-D-aspartate subtype of glutamate receptor in cultured
hippocampal neurones. Br J Pharmacol, 116, 1761-1768.

Pokkinen, S.M., Yli-Hankala, A. & Kalliomaki, M.L. (2014) The effects of propofol vs. sevoflurane
on post-operative pain and need of opioid. Acta anaesthesiologica Scandinavica, 58, 980-985.

Qiu, Q., Choi, S.W., Wong, S.S., Irwin, M.G. & Cheung, C.W. (2016) Effects of intra-operative
maintenance of general anaesthesia with propofol on postoperative pain outcomes - a
systematic review and meta-analysis. Anaesthesia, 71, 1222-1233.

Qiu, Q., Sun, L., Wang, X.M., Lo, A.C.Y., Wong, K.L., Gu, P., Wong, S.C.S. & Cheung, C.W. (2017)
Propofol produces preventive analgesia via GIuN2B-containing NMDA Receptor/ERK1/2
Signaling Pathway in a rat model of inflammatory pain. Molecular pain, 13,
1744806917737462.

Singhmar, P., Huo, X., Eijkelkamp, N., Berciano, S.R., Baameur, F., Mei, F.C., Zhu, Y., Cheng, X.,
Hawke, D., Mayor, F., Jr., Murga, C., Heijnen, C.J. & Kavelaars, A. (2016) Critical role for
Epacl in inflammatory pain controlled by GRK2-mediated phosphorylation of Epacl. Proc
Natl Acad Sci U S A, 113, 3036-3041.

Takechi, K., Carstens, M.1., Klein, A.H. & Carstens, E. (2013) The antinociceptive and
antihyperalgesic effects of topical propofol on dorsal horn neurons in the rat. Anesthesia and
analgesia, 116, 932-938.

Takeda, K. & Ichijo, H. (2002) Neuronal p38 MAPK signalling: an emerging regulator of cell fate
and function in the nervous system. Genes Cells, 7, 1099-1111.

Todd, A.J. (2010) Neuronal circuitry for pain processing in the dorsal horn. Nature reviews.
Neuroscience, 11, 823-836.

Tong, C.K. & MacDermott, A.B. (2014) Synaptic GIuUN2A and GIuN2B containing NMDA receptors
within the superficial dorsal horn activated following primary afferent stimulation. J Neurosci,
34, 10808-10820.

Wang, H., Heijnen, C.J., van Velthoven, C.T., Willemen, H.L., Ishikawa, Y., Zhang, X., Sood, A.K.,
Vroon, A., Eijkelkamp, N. & Kavelaars, A. (2013) Balancing GRK2 and EPACL levels
prevents and relieves chronic pain. The Journal of clinical investigation, 123, 5023-5034.

This article is protected by copyright. All rights reserved.



Wang, H., Wang, Z., Mi, W., Zhao, C., Liu, Y., Wang, Y. & Sun, H. (2012) Propofol effectively
inhibits lithium-pilocarpine- induced status epilepticus in rats via downregulation of N-
methyl-D-aspartate receptor 2B subunit expression. Neural Regen Res, 7, 827-832.

Wang, X.M., Hamza, M., Wu, T.X. & Dionne, R.A. (2009) Upregulation of IL-6, IL-8 and CCL2
gene expression after acute inflammation: Correlation to clinical pain. Pain, 142, 275-283.

Wen, Y.R., Suter, M.R., Ji, R.R., Yeh, G.C., Wu, Y.S., Wang, K.C., Kohno, T., Sun, W.Z. & Wang,
C.C. (2009) Activation of p38 mitogen-activated protein kinase in spinal microglia
contributes to incision-induced mechanical allodynia. Anesthesiology, 110, 155-165.

Whiteside, G.T., Harrison, J., Boulet, J., Mark, L., Pearson, M., Gottshall, S. & Walker, K. (2004)
Pharmacological characterisation of a rat model of incisional pain. Br J Pharmacol, 141, 85-
91.

Xu, AJ., Duan, S.M. & Zeng, Y.M. (2004) Effects of intrathecal NMDA and AMPA receptors
agonists or antagonists on antinociception of propofol. Acta Pharmacol Sin, 25, 9-14.

Zheng, X., Huang, H., Liu, J., Li, M., Liu, M. & Luo, T. (2017) Propofol Attenuates Inflammatory
Response in LPS-Activated Microglia by Regulating the miR-155/SOCS1 Pathway.
Inflammation.

Figure legends

Figure 1 Schematic illustration of experimental design. Anaesthesia was induced by
isoflurane and maintained either by 2.5% of isoflurane or 1.5 mg kg™ min™ of propofol for
30min during which plantar incision was performed. VVon Frey test was carried out before
incision and atl h, 2 h, 5 h, 24 h, 48 h, and 72 h after incision. Spinal dorsal horns were
harvested 1 h after incision (time of peak hypersensitivity) in two other cohorts of animals for

protein assay via Western blot and immunofluorescence staining.

Figure 2 Effect of propofol and isoflurane on paw withdrawal threshold (PWT) after plantar
incision. Time course of both ipsilateral and contralateral mechanical thresholds in isoflurane
and propofol groups after hind paw incision is illustrated. Significant differences in the
ipsilateral paw withdrawal threshold between isoflurane and propofol groups were detected at
1 h and 2 h after plantar incision. ** p < 0.01 ipsilateral vs contralateral in propofol group; #
p < 0.05, ## p < 0.01 ipsilateral vs contralateral in isoflurane group; ¢¢ p < 0.01 propofol
versus isoflurane group on ipsilateral side; two-way ANOVA with Tukey’s multiple

comparisons test, n=5.
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Figure 3 The expression of phosphorylated and pan-GIuN2B subunit-containing NMDA
receptors and MAPKSs in the ipsilateral and contralateral spinal dorsal horns after plantar
incision. (A) The protein level of phosphorylated GIuN2B in the ipsilateral dorsal horns was
significantly increased 1 h after plantar incision in both isoflurane and propofol groups
compared to that in naive animals. However, there was a significant reduction in propofol
group compared to isoflurane group. (B) The ratio of p-p38 to pan-p38 in the ipsilateral
dorsal horn was significantly increased 1 h after plantar incision in isoflurane group
compared to naive group. There was a significant reduction in propofol group compared to
isoflurane group. (C) The ratio of p-ERK to pan-ERK was increased in both isoflurane and
propofol groups compared to naive group. (D) There was no change in p-JNK after plantar
incision. No difference was detected in contralateral dorsal horns among all the groups. *p <

0.05, ** p < 0.01, n=5, one-way ANOVA with Tukey’s multiple comparisons test.

Figure 4 Western blotting showed that the expression of exchange protein directly activated
by cyclic adenosine monophosphate (EPAC) in spinal dorsal horn following plantar incision
in different treatment groups. (A) The protein level of EPACL1 in the ipsilateral dorsal horns
was significantly increased after plantar incision in isoflurane treated groups compared to that
in naive animals. There was a significant reduction in EPAC1 expression in the propofol
group compared to isoflurane group. (B) There was no change in EPAC2 after plantar
incision. No significant difference was detected in the contralateral dorsal horns among all
the groups. Data are presented as mean + SE. *p < 0.05, n=5, two-way ANOVA followed by

Tukey’s multiple comparisons test.

Figure 5 Double-staining immunohistochemistry for exchange protein directly activated by
cyclic adenosine monophosphate (EPAC) in spinal dorsal horn following plantar incision. (A-
C) Spinal dorsal neuronal expression of EPACL in different treatment groups after incision.
(D-F) Spinal dorsal neuronal expression of EPAC2 in different treatment groups after
incision. EPACL1 and EPAC2 expression, indicated as green signals, colocalized with neuorns
stained with NeuN, red signals. Scale bar = 20 um. Insets show higher magnification of
double labelled cells. Scale bar=5 um. The percentage of EPAC1-double labeled neurons
versus total neurons in the region of interest (ROI) in the ipsilateral spinal dorsal horn

increased significantly in the isoflurane treated group compared to the naive group; whereas
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it was significantly suppressed in the propofol treated group. There were no significant
differences in EPAC2-double labelled spinal neurons among the treatment groups. Data are
presented as mean = SE. *p < 0.05 versus naive group or isoflurane group (n = 4 per group,
one-way ANOVA followed by Tukey post hoc test).

Figure 6 Distribution of c-Fos-positive cells in the spinal dorsal horn of naive, isoflurane and
propofol groups. (A) Confocal fluorescence images illustrated the c-Fos-positive cells (green)
in lamina I-11 and I11-V. Dotted lines show the estimated edges of laminae I/11/111-V. Scale
bar: 25 um; (B) Analysis of confocal images showed less c-Fos-positive cells in lamina | in
propofol group after incision, compared to isoflurane group. There was no difference in
laminae I11-V between these two groups. * p < 0.05, ** p < 0.01, n=5, two-way ANOVA
with Tukey’s posthoc test.

Figure 7 Schematic diagram showing the proposed spinal GIluN2B-contaning NMDA
receptor - p38MAPK- EPACL signaling pathway underlying the analgesic effect of
intravenous propofol on postoperative pain. Plantar incision results in the upregulation of
phosphorylated GIuN2B-contaning NMDA receptor, which subsequently induces an increase
in calcium influx to activate p38MAPK and ERK1/2 signal transduction pathway, which
drives upregulation of EPAC1 expression in spinal dorsal neurons. Intravenous propofol at an
anaesthetic dose is proposed to inhibit incisional injury-induced activation of spinal GIUN2B-
p38MAPK-EPAC1 signaling pathway. This leads to suppression of central sensitization and

may reduce sustained pain hypersensitivity. P: phosphorylation.
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