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Treatment with analgesics after mouse sciatic nerve 
injury does not alter expression of wound healing-
associated genes

Introduction
Sciatic nerve injuries are the most commonly used model to 
study peripheral axon regeneration (Griffin et al., 2010; Wood et 
al., 2011; Geuna, 2015) and are also often used in animal models 
of neuropathic pain (Sorkin and Yaksh, 2009). Since efforts to 
understand axon regeneration do not require the animals to ex-
perience neuropathic pain, relief from this post-operative pain is 
an important aspect of animal welfare. To be useful in a research 
project, however, any analgesic used must not interfere with the 
scientific goals of the experiment. In the case of sciatic nerve 
injury as a model for axon regeneration, it is necessary that the 
analgesics not alter the injury response of the neurons that relates 
to axon regrowth, such as changes in gene expression (Huebner 
and Strittmatter, 2009).  

Buprenorphine is a synthetic opioid with mixed agonist-an-
tagonist activity against mu-, kappa-, and delta-opioid receptors 
(Lutfy and Cowan, 2004). It has been demonstrated to be effec-
tive in reducing neuropathic pain (Kouya et al., 2002; Christoph 
et al., 2005; Hans, 2007; Pergolizzi et al., 2010) and is commonly 
used as a post-operative analgesic in murine models of nerve 
injury (Yu et al., 2001; Kouya et al., 2002; Christoph et al., 
2005). However, due to recent reports on the potential ability of 
opioids (synthetic or endogenous) to modulate the processes of 
inflammation and wound healing (see Stein and Küchler, 2013 
for review), such drugs may not be appropriate for use as anal-
gesics in studies of inflammatory or wound healing processes. 

Notably, both inflammation and scarring are likely to affect the 
process of axon regeneration (Gaudet et al., 2011; Chew et al., 
2012; Lang et al., 2014).

Acetaminophen is an analgesic with numerous actions similar 
to nonsteroidal anti-inflammatory drugs (NSAIDs). Acetamin-
ophen produces its analgesic effect by inhibiting the cyclooxy-
genase enzymes PTGS1 and PTGS2, thereby decreasing prosta-
glandin synthesis (Graham et al., 2013). 

In this study, we examined whether treatment with buprenor-
phine or acetaminophen following a bilateral sciatic nerve crush 
surgery altered the response of DRG neurons to the injury as 
measured by the mRNA expression of a panel of genes associat-
ed with wound healing. 

Materials and Methods
Sciatic nerve crush and animal handling
Nine female C57BL/6 mice aged 6 to 8 weeks were used for 
sciatic nerve crush surgeries. All procedures were performed 
in accordance with the protocols approved by the Institutional 
Animal Care and Use Committee at the University of Miami. 
Each animal was anesthetized with 80 mg/kg of Ketamine and 5 
mg/kg of Xylazine. The sciatic nerve was exposed at the level of 
the thigh and then crushed with a pair of #5 forceps (Dumont; 
Switzerland) for 10 seconds before closing the incision. This 
procedure was repeated on the other leg to obtain a bilateral sci-
atic nerve crush. After the surgery, the animals were given 1 mL 
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of Lactated Ringers subcutaneously. Gentamicin was given to 
the animals at a 0.2 mg/100 g dose once per day for 7 days. An-
imals were housed individually after surgery and animal recov-
ery gel (DietGel Recovery from ClearH2O; USA) was placed in 
each cage for nutritional support and hydration. Nine animals 
were chosen so that there would be three animals per treatment 
group. We chose to use three animals per sample group because 
that is the standard used for microarray projects, and yields 
suitable power for that application.

Analgesic treatments
The mice that underwent bilateral sciatic nerve crush surgery 
were divided into three groups of three mice each for treatments. 
Three mice were given no post-operative analgesia. Three mice 
were injected with 0.1 mg/kg of buprenorphine subcutaneously 
once on the day of surgery, twice on the day following the sur-
gery, and twice on the second day after the surgery. The final 
three mice were given 1 mg/mL of acetaminophen (Children’s 
Tylenol) in their water supply for seven days after surgery. The 
animals were observed daily by a veterinarian blinded to the 
treatments who monitored the animals’ behavior, especially that 
related to neuropathic pain.

Laser Capture Microdissection of DRG neurons and RNA 
isolation
On the seventh day after surgery, animals were euthanized with 
CO2 inhalation. Animals were then perfused with 15–20 mL of 
a Zinc fixative solution (BD Pharmingen; USA). DRGs from 
lumbar levels 3–5 were then dissected bilaterally, embedded in 
Tissue Freezing Medium (Triangle Biomedical Sciences, Inc., 
USA), and flash-frozen on a layer of 2-methylbutane floating in 
liquid nitrogen. The frozen tissue was sectioned in a cryostat at 
10 µm and sections were mounted on RNase-free PEN-mem-
brane slides (Leica, USA). The slides were stained by submer-
sion in the following solutions the specified number of times 
for the designated length of time: 3 times of 30 seconds each in 
70% ethanol, 30 seconds in 0.5% Toluidine blue (Sigma, USA) 
dissolved in 70% ethanol, 2 times for 30 seconds each in 70% 
ethanol, 2 times for 30 seconds each in 90% ethanol, and finally 
30 seconds in 100% ethanol. All recognizable DRG neuronal 
bodies in all sections of the ganglia were microdissected using 
a Leica LMD 6000 microscope. The cell bodies were collected 
in 50 µL of Extraction Buffer from the Arcturus PicoPure RNA 
Isolation Kit (Life Technologies, USA). RNA extraction was per-
formed following the manufacturer’s instructions. The whole 
procedure was performed in RNase-free conditions and all solu-
tions were made with diethyl pyrocarbonate (DEPC, Sigma) 
treated water in order to maintain RNA integrity. RNA quantity 
and quality was checked via Bioanalyzer 2100 (Agilent, USA). 

qPCR panels
For each animal, 40 ng of RNA was synthesized into cDNA and 
pre-amplified for genes in the Qiagen Mouse Wound Healing 
PCR Array using the Qiagen RT2 PreAMP cDNA Synthesis Kit 
and the RT2 PreAMP cDNA Synthesis Primer Mix for Mouse 
Wound Healing PCR Array (Qiagen, USA). The cDNA was used 
on a RT2 Profiler PCR Array for Mouse Wound Healing genes 
(Qiagen, USA). Reactions were performed using 2X Power 
SYBR Green PCR Master Mix (Applied Biosystems, USA) on a 
7300 Real-Time PCR System (Applied Biosystems). 

Data analysis
Relative expression for each gene in each sample was calculat-
ed using the 2–ΔCq method (Schmittgen and Livak, 2008) with 
beta-actin as the reference gene. Tests for statistical significance 
of changes in expression level were conducted using a one-
way ANOVA in SPSS 22 (IBM, USA) with a post-hoc Dunnett’s 
correction on the relative gene expression data. Fold change 
of expression was calculated for the buprenorphine- and acet-
aminophen-treated groups by averaging the relative expression 
of each gene across its replicates and dividing by the average 
relative expression for the untreated group. Of the 5 housekeep-
ing genes present in the qPCR panel, beta-actin was used as the 
reference gene for the data analysis because it exhibited the least 
variance among samples. The analysis was repeated using each 
of the four other housekeeping genes as the reference gene, but 
this did not change the result of the significance testing for any 
genes. Volcano plot was generated in Matlab 2014b (Mathworks; 
USA). The data analysis and reporting in this work endeavors 
to conform to the Minimum Information for publication of 
Quantitative real-time PCR Experiments (MIQE) guidelines 
(Bustin et al., 2009) as well as the Minimal Information about a 
Spinal Cord Injury Experiment reporting guidelines (Lemmon 
et al., 2014).

Results
Gene expression of wound healing-associated genes does not 
change with buprenorphine or acetaminophen treatment 
after the crush injury
Nine mice underwent bilateral sciatic nerve crush surgeries and 
were divided into three treatment groups of three mice each. 
The first group received no post-operative analgesia, the second 
group was treated with buprenorphine, and the third group was 
treated with acetaminophen (see Materials and Methods for a 
description of the doses and regimens of treatment). Animals 
were sacrificed 7 days after surgery and RNA was extracted from 
the DRG cell bodies at lumbar levels 3–5 from each animal after 
collection with laser capture microdissection. This time point 
post-injury was chosen because the study was designed as a 
preliminary experiment for an RNA-Seq project. The goal was 
to perform RNA-Seq on DRGs while they were in the elongation 
phase of axon regeneration, and we hypothesized that the DRG 
neurons would be in the elongation phase at 7 days post-injury. 
These measurements were performed to see if the analgesics 
would have an effect on the RNA-Seq data. Commercially avail-
able qPCR panels for mouse wound healing genes were used to 
assay the expression levels of 84 genes thought to be involved in 
wound healing, along with 5 housekeeping genes (Table 1). A 
one-way ANOVA with a post-hoc Dunnett’s correction revealed 
that none of the genes had any statistically significant change in 
expression among the treatment groups and provided the p-val-
ues for the individual comparisons (Table 2). Two genes (Fga and 
Mmp7) were expressed at such low levels in all three treatment 
groups that they received a Cq value of ‘undetermined’ too often 
to be usable for significance testing. These two genes were not 
plotted in Figure 1 because it was not possible to assign them a 
P-value. Although several genes were scored as having Log2 (Fold 
Change) >1 or < –1, which could be an indicator of biological 
significance, none of the genes come close to achieving a statis-
tically significant change in expression relative to the untreated 
control (denoted by horizontal dashed line in Figure 1). 
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Figure 1 qPCR shows no significant changes in gene expression of 
wound healing-associated genes due to treatment with 
buprenorphine or acetaminophen after a sciatic nerve injury. 
qPCR panels were used to analyze the expression of 84 mouse genes 
related to wound healing 7 days after axotomy in either untreated, 
buprenorphine-treated, or acetaminophen-treated groups of mice. All 
tested genes except for Fga and Mmp7 are reported in the volcano plot, 
plotted as the –Log10 of the P-value for differential expression (obtained 
from a Dunnett’s-corrected one-way ANOVA on relative expression 
values obtained via the 2–ΔCq method), as a function of the Log2 of the 
fold change in expression (obtained by averaging the 2–ΔCq values for 
the replicates and then dividing by the value for the untreated group). 
The horizontal dashed line represents a P-value of 0.05. The vertical 
dashed lines show Log2 (Fold Change) of 1 and –1. The circles repre-
sent the data from buprenorphine-treated animals, while the crosses 
represent the data from acetaminophen-treated animals. This data are 
normalized to the untreated group. Meaningful differential expression 
was considered as a P-value < 0.05 and a Log2 (Fold Change) < –1 or 
> 1. Areas in the figure corresponding to these criteria are shaded grey. 
While 14 genes (5 when treated with buprenorphine, and 9 when treat-
ed with acetaminophen) showed Log2 (Fold Change) < –1 or > 1, no 
genes had a P-value of < 0.05. 

Table 2 qPCR data plotted in Figure 1

Gene 
name

Log2 (Sample Fold Change)
–Log10 (Dunnett's 
corrected P-value)

Gene 
name

Log2 (Sample Fold Change)
–Log10 (Dunnett's 
corrected P-value)

Buprenorphine Acetaminophen Buprenorphine Acetaminophen Buprenorphine Acetaminophen Buprenorphine Acetaminophen

Acta2 –0.60 –0.92 0.34 0.58 Il4 –0.55 –0.10 0.82 0.05
Actc1 –1.39 –1.56 0.39 0.44 Il6 0.88 0.87 0.27 0.26
Angpt1 –0.01 –0.23 0.00 0.44 Il6st 0.08 –0.19 0.03 0.13
Ccl12 0.76 0.88 0.13 0.19 Itga1 –0.03 –0.02 0.01 0.00
Ccl7 1.01 0.86 0.32 0.22 Itga2 –0.02 0.12 0.00 0.02
Cd40lg 1.90 1.46 0.32 0.15 Itga3 0.00 –0.50 0.00 0.43
Cdh1 –0.04 –0.64 0.00 0.41 Itga4 –0.09 –0.20 0.02 0.08
Col14a1 0.08 –0.06 0.02 0.01 Itga5 0.29 0.14 0.06 0.01
Col1a1 –0.64 0.09 0.39 0.02 Itga6 –0.10 –0.10 0.03 0.03
Col1a2 –0.16 0.00 0.07 0.00 Itgav –0.08 –0.19 0.02 0.10
Col3a1 –0.64 –0.11 0.34 0.02 Itgb1 0.14 –0.05 0.12 0.02
Col4a1 –0.23 –0.13 0.20 0.07 Itgb3 –0.39 –0.26 0.19 0.10
Col4a3 0.21 –0.29 0.06 0.08 Itgb5 –0.06 0.12 0.01 0.05
Col5a1 –0.22 0.11 0.12 0.04 Itgb6 –0.10 –0.69 0.03 0.69
Col5a2 –0.03 0.06 0.00 0.01 Mapk1 0.07 –0.15 0.03 0.13
Col5a3 0.19 0.18 0.04 0.04 Mapk3 0.04 –0.08 0.04 0.13
Csf2 –0.36 –1.22 0.10 0.45 Mif 0.04 –0.27 0.01 0.32
Csf3 0.55 0.24 0.08 0.01 Mmp1a –0.18 –0.88 0.01 0.12
Ctgf 0.42 0.45 0.44 0.49 Mmp2 –0.31 –0.42 0.11 0.18
Ctnbb1 0.00 –0.19 0.00 0.19 Mmp9 –0.17 0.44 0.04 0.32
Ctsg –0.56 –1.24 0.10 0.29 Pdgfa –0.18 –0.32 0.08 0.22
Ctsk –0.17 –0.06 0.11 0.02 Plat 0.32 0.16 0.15 0.03
Ctsl 0.07 –0.16 0.07 0.28 Plau 0.33 0.04 0.11 0.00
Cxcl1 –0.43 –0.31 0.06 0.04 Plaur 0.42 0.32 0.13 0.07
Cxcl11 0.50 0.53 0.33 0.37 Plg 0.38 1.02 0.04 0.41
Cxcl3 0.36 –1.56 0.06 0.28 Pten –0.13 –0.43 0.05 0.35
Cxcl5 0.22 0.66 0.02 0.22 Ptgs2 0.16 0.42 0.03 0.21
Egf –0.33 –0.60 0.12 0.30 Rac1 0.07 –0.10 0.05 0.10
Egfr 0.52 0.25 0.15 0.03 Rhoa 0.05 –0.16 0.01 0.08
F13a1 –0.22 –0.16 0.08 0.04 Serpine1 0.87 0.92 0.17 0.19
F3 –0.01 –0.15 0.00 0.07 Stat3 0.11 –0.14 0.05 0.08
Fgf10 –0.84 –0.52 0.19 0.09 Tagln –0.30 –0.57 0.19 0.50
Fgf2 0.32 0.04 0.18 0.00 Tgfa 0.32 0.13 0.26 0.04
Fgf7 –0.14 –0.08 0.04 0.01 Tgfb1 0.05 0.05 0.00 0.01
Hbegf –0.02 –0.16 0.00 0.07 Tgfbr3 –0.15 –0.13 0.07 0.06
Hgf 0.10 –0.49 0.04 0.48 Timp1 0.62 0.38 0.33 0.12
Ifng –0.87 –1.41 0.21 0.42 Tnf 1.55 1.25 0.38 0.22
Igf1 0.50 0.27 0.16 0.04 Vegfa 0.02 –0.43 0.00 0.31
Il10 1.44 1.21 0.29 0.18 Vtn –0.06 0.24 0.01 0.09
Il1b 0.43 –0.29 0.16 0.05 Wisp1 0.45 0.39 0.15 0.11
Il2 –0.01 0.10 0.00 0.01 Wnt5a 0.51 0.29 0.34 0.11

This table gives the Log2 Fold Change of relative expression (obtained by averaging the 2–ΔCq values for the replicates and then dividing by the value for the untreated group) and 
the –Log10 of the P-value for differential expression (obtained from a Dunnett’s-corrected one-way ANOVA on relative expression values obtained via the 2–ΔCq method) for each 
gene plotted in Figure 1.
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Discussion
Despite evidence that opioids may play a role in modulat-
ing inflammatory and wound healing responses, we did not 
observe any significant changes in the expression of wound 
healing associated genes by DRG neurons upon treatment with 
buprenorphine. Similarly, we did not observe any significant 
changes in the expression of the tested genes upon treatment 
with acetaminophen. These results suggest that these analgesics 
at the doses used do not interfere with intrinsic transcriptomic 
responses of the damaged neurons to the injury. Therefore, it 
appears that treatment with either of these analgesics can be 
used post-operatively without affecting the outcome of tran-
scriptomic studies of DRG neurons performed in this model 
system.

One limitation of this study is that we did not test whether 
the administered dose of analgesic alleviated post-operative 
pain in the mice. The doses of the analgesics were chosen based 
on suggestions from our university’s Institutional Animal Care 
and Use Committee. Our primary goal was to test whether sat-
isfying this institutional requirement would interfere with the 
results of our study in the form of altered gene expression data. 
While we succeeded in demonstrating that the expression of the 
tested genes was not altered, the study is limited by the fact that 
we did not test the extent to which the animals achieved a state 
of analgesia, nor did we identify a dose of analgesic treatment 
at which animals had an altered transcriptional response to 
the injury. Further, because we did not quantify the volume of 
acetaminophen-treated water drunk by each mouse, the actual 
dosage of acetaminophen administered is not calculable. Rather, 
we included this treatment at the recommendation of our Insti-
tutional Animal Care and Use Committee, which considers it to 
be a standard and viable treatment option. 

A second limitation of this study is that the qPCR panel used 
was for general wound healing genes, and not genes specific to 
axon growth, neuropathic pain or neuroinflammatory processes. 
This panel was chosen because it contained more of the genes 
found to be differentially expressed between DRGs and Cerebel-
lar Granule Neurons identified in a previous study (Lerch et al., 
2012) than any of the other qPCR panels inspected. Although 
RNA-Seq would have been more informative than the qPCR 
panels, that method was outside of the scope of this project. 

A final limitation of this study is that there was no positive 
control for the effect of the analgesic treatments. This leaves 
open numerous explanations for the negative gene expression 
results. One possibility is that the expression of these genes does 
not change in response to the injury, so the analgesics could not 
be seen to affect such changes. This explanation is unlikely, since 
we found previously that 15 of the 84 wound healing associated 
genes measured in this study were significantly upregulated in 
DRG neurons 7 days after sciatic nerve crush without post-sur-
gical analgesic treatment (unpublished RNA-Seq observations). 
Other possibilities are that a higher dosage of analgesics might 
be necessary to evoke a measurable gene expression response, 
or that the effect of analgesics on gene expression was transient, 
and no longer significant by 7 days post-injury. While these 
open questions remain, it is nevertheless possible to conclude 
that these commonly used (and IACUC-recommended) doses 
of buprenorphine and acetaminophen do not significantly alter 
expression of this suite of wound healing associated genes in 

DRG neurons 7 days after a nerve crush injury. 
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DM, and DLA conducted the experiments. MCD wrote the paper 
and other authors edited the paper. 
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