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Introduction

Chronic pain syndromes following spinal cord injury (SCI) are
common and are a major challenge facing injured individuals
due to the lack of universally effective treatment options [1-4].
Chronic pain after injury strongly reduces quality of life,
affecting both the physical and mental health of patients, and
can interfere with rehabilitative efforts [5-9]. Opioids are
commonly employed for the treatment of SCl-related pain do
not provide meaningful analgesia in all SCI patients [10,11].
Functional changes to the mu opioid receptor (MOR) have
been observed following SCI, providing a potential explanation
for why pain mitigation with opioids may be unsuccessful [12].
However, the mechanism behind these changes is not well
understood

MicroRNAs, small noncoding RNAs, are an emerging player
in the field of pain research and have the potential to elucidate
the chronic pain sequela associated with SCI at cellular level
[13-19]. The Let-7 family of miRNAs has specifically been
shown to target MOR, suggesting its link to opioid tolerance
[20]. In addition, this family of miRNA shows increased levels
following SCI [21]. Together, these studies suggest that the
Let-7 family of miRNA may play a role in the development of
pain as well as the reduction of effective analgesia with
opioids after SCI.

The current study sought to determine a time line of the
post-translational modification of opioid receptors, by
measuring the quantitative changes of the Let-7 family miRNA
(Let-7a, Let-7c, and Let-7g) after experimental SCI in rats, and
correlate those changes to the onset of hyperalgesia, a
measure of below-level SCI pain clinically.
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Methods

Animal group

Adult male Long Evans rats (250-300g) were randomized to
receive either excitotoxic SCI (n=20) or SHAM laminectomy as
control (n=20). Ten animals from each group were used for
behavioral experiments described below, and the remaining 10
animals from each group used for molecular studies (n=5 each
for 7 and 14 days time points). All experimental protocols were
reviewed and approved by the institutional animal care and
use committee of east Carolina university and all animal
procedures followed the national institutes of health (NIH)
guidelines for the care and use of laboratory animals.

Surgical procedures

Rodents were anesthetized with inhaled isofluorane (2% to
3% to effect) and placed in ear bars of a stereotactic
apparatus. The back of the animal was shaved, scrubbed with
betadine and a 3 cm to 4 cm midline incision made. The
vertebral column was exposed and a laminectomy performed
to remove both the spinous process and lamina of a single
segment between spinal levels T12-L1. The vertebral column
was then stabilized using a spinal clamp. For SCI animals, a
total volume of 1.2 pl of quisqualic acid (QUIS) was injected
unilaterally (right side) into the deep dorsal gray matter 1.0
mm below the dorsal surface of the cord using glass
micropipettes attached to a Hamilton syringe and mounted on
a microinjector. Following injections, the muscles were sutured
together and the skin was closed using staples. Control animals
received laminectomy without injection and were otherwise
treated identically to the experimental group.

Behavioral testing

Assessment of evoked pain was performed on 10 QUIS and
10 SHAM animals using the Hargreaves test [22], which
measures the latency to withdraw a paw from a 52°C heat
stimulus. Rats were acclimated to the testing room and
apparatus for 1 hour/day for 3 days prior to testing. On test
days (2 days prior to surgery and again on 7, 14 and 21 days
after surgery), the right hind paws of animals were tested 5
times in total with 10 minutes in-between each trial to prevent
sensitization of the skin. High and low values were discarded
and the remaining 3 values averaged to provide a mean
latency (xSEM) to withdrawal for each day. After the last
behavioral test was performed, tissue was harvested for
confirmation of lesion or PCR experiments as described below.

Table 1 Primer sequences
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Confirmation of dorsal horn injury

At the conclusion of behavioral testing, animals were deeply
anesthetized with inhaled isoflurane and transcardially
perfused with 500 ml of cold saline followed by 500 ml of 4%
paraformaldehyde. Segments of spinal cords corresponding to
the level of injury were removed and placed in 4%
paraformaldehyde overnight at 4°C and then switched to 30%
sucrose for at least 48 hours. A sliding microtome with a
freezing stage was used to cut 75 um thick serial sections
through the lesion site. Sections were mounted onto gelatin-
coated slides and stained with cresyl violet to visualize gross
damage to the cord.

Analysis of Let-7 family microRNA levels in
spinal cords after injury

Lumbar spinal cord segments were removed fresh from
QUIS and SHAM animals that had survived for 7 (n=5), 14 (n=5)
or 21 (n=5) days after surgery. Tissue was immediately frozen
in liquid nitrogen and stored at -80°C until ready for use. Total
microRNA was later extracted from the spinal cord tissue using
mirVANA™ miRNA Isolation Kit (Life Technologies) and total
RNA quantified by Nanodrop ND-1000 (Nanodrop
Technologies). Total RNA from each animal was transcribed
into single-stranded cDNA using the reverse primer PolyT. RT-
PCR was performed in a 15 pl solution containing 1,000 ng
total RNA, DNase-/RNase-free water, 0.19 pl RNase inhibitor
(20 U/ul), 0.15 pl 100mM dNTPs, 10x RT buffer, 1 ul
MultiScribe™ reverse transcriptase (50U/ pl ) and 2 pl Poly(T)
primer mix (See Table 1 for primer sequences). Reactions were
performed using an Ependorf Mastercycler® Pro PCR machine.
The cDNA was amplified using quantitative real time PCR (qRT-
PCR) in 15 pl solutions containing 5.5 pl DNase/RNase free
water, 7.5 pl SYBR green PCR master mix, 1 pl RT-PCR product
and 1 pl primer mix. Reactions were performed using ViiA™ 7
real-time PCR system with 10 min. polymerase activation
(95°C), denaturation for 15 sec (95°C) and an annealing step
for 60 sec (60°C). Denaturation and annealing were repeated
for 40 cycles with GAPDH used as a reference gene for
normalizing gRT-PCR results (Forward Primer:
TGCACCACCAACTGCTTAGC; Reverse Primer:
GGCATGGACTGTGGTCATGAG). The AACt method was used for
analysis [23] and fold-change for each miRNA in QUIS animals
reported as compared to SHAM animals (i.e. ratio of QUIS/
SHAM miRNA levels).

miRNA Forward Reverse

Let-7a GCGGCGGTGAGGTAGTAGGTTG GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACTAT
Let-7g GCGGCGGTGAGGTAGTAGTTTG GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACTGT
Let-7c GCGGCGGTGAGGTAGTAGGTTG GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACCAT
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Statistical analysis

For behavior data, withdrawal thresholds were compared
within groups across time using a repeated measure analysis
of variance (ANOVA) followed by post-hoc tests (LSD) when
appropriate. Levels of each miRNA measured in QUIS vs. SHAM
injected animals were compared at each survival time using
two sample t-test. miRNA levels in QUIS injected animals were
compared across survival times with one-way ANOVA to
determine differences in fold changes between time points. In
all cases, p<0.05 was used to indicate significance.

Results

Histological outcomes

All QUIS injected animals showed evidence of neuronal loss
in the deep dorsal gray matter, primarily restricted to Lamina
llI-VI. Representative examples of damage seen in QUIS and
SHAM animals are shown in Figure 1.
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Figure 1 Representative pattern of neuronal loss caused by
intramedullary injection of quisqualate. Cresyl violet
staining shows normal morphology of spinal gray matter in
sham animal. In QUIS-injected spinal cord, the gray matter
below the superficial dorsal horn is significantly narrowed
as a result of neuronal death.
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Behavioral outcomes

Excitotoxic SClI led to significantly reduced thermal
withdrawal latencies over time compared to baseline,
indicative of hyperalgesia (10.2 + 0.69 sec. at baseline vs. 8.3 +
0.38 sec. at 21 days; mean difference= -1.86; p=0.02; 95%
Cl=0.41-3.3). In contrast, thresholds from SHAM animals
remained constant over time (10.8 + 1.12 sec. at baseline vs.
10.3 + 1.13 sec. at 21 days; mean difference=0.49; p=0.77; 95%
Cl=-3.2-4.2; Figure 2).
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Figure 2 The effects of intramedullary injection of
quisqualate or sham surgery on time to withdraw from a
thermal stimulus delivered to the hind paw. Each point
represents the mean + SEM of all trials (n=3) for all animals
on each day of testing. Thermal thresholds to heat
remained stable over the 21 days survival period in sham
animals with no significant change from baseline (mean
difference=0.5 sec; p=0.76). In contrast, withdrawal
latencies from a thermal stimulus significantly declined
from baseline to 21 days post-injury in QUIS-injected
animals (mean difference=1.9 sec; p=0.02).
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Let-7 microRNA levels in QUIS vs. SHAM animals. MicroRNA
from the Let-7 family was analyzed using PCR techniques on
spinal cord tissue caudal to injury site. Let-7 a, c, and g were
chosen as representatives of the Let-7 microRNA family due to
their highly conserved sequences. When normalized to
GAPDH, the mean fold-change (+ SEM) in SHAM animals for
the miRNAs studied were 0.23 + 0.1 (Let-7a), 0.28 + 0.1
(Let-7c) and 0.48 + 0.3 (Let-7g). At 7 days post-surgery, Let-7c
was significantly increased in SCI animals compared to sham
animals (p<0.05). At 14 and 21 days post-surgery, each of the
miRNAs studied were significantly increased in SCI animals
compared to SHAM animals. (p<0.05; Figure 3) indicating that
the changes seen in Let-7 levels were not a general response
to surgery.

Let-7 microRNA levels in QUIS animals across time points.
There were no significant differences between the 3 family
members of Let-7 studied at any time point (p>0.05). Mean
levels for all 3 miRNAs studied increased with time after injury
with the lowest levels seen at 7 days after injury (Let 7a=1.1
0.2; Let 7¢=1.6 + 0.2; Let 7g=1.2 £ 0.1) and highest at 21 days
after injury (Let 7a=2.3 + 0.6; Let 7c=2.2 + 0.2; Let 7g=2.8 +
0.5) (Figure 3). The largest increase for each miRNA studies
occurred between 7 and 14 days after injury which preceded
the development of hyperalgesia.
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Figure 3 Fold changes of the 3 Let-7 family members of
interest in QUIS-injected animals (SCI) over time. Fold
changes are relative to normalized miRNA levels in
measured in SHAM animals. Let-7c was increased in QUIS-
injected animals compared to SHAM animals at 7 (p=0.03)
14 (p=0.01) and 21 (p<0.01) day time points. Let-7a and
Let-7g were increased in QUIS vs. SHAM animals at 14 and
21 days post-surgery (p<0.01). All miRNAs studied showed a
non-statistically significant trend toward increasing over
time with levels being highest at the time corresponding to
the presence of hyperalgesia after injury (p>0.05 for all
comparisons).
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Discussion

Consistent with earlier studies [24], our data demonstrates
that excitotoxic SCI induces hyperalgesia in rodent models and
causes neuronal loss in the dorsal horn region. The novel
finding is that all members of the Let-7 family of miRNAs
studied were increased as much as 3-fold in a time course
parallel to the emergence of pain-related behaviors developed
after SCI. While several studies have analyzed miRNA
expression and functional changes with SCI, many are
microarray studies providing conflicting information regarding
overall patterns of these changes [25-27]. It has been
suggested that many of these discrepancies may be
attributable to model and severity of injury or even statistical
analyses employed [19]. The Let-7 family of miRNAs has been
shown to be up-regulated in response to SCI and has been
linked to disruption in homeostatic cellular processes, such as
apoptosis and cellular proliferation [21,28]. Through mRNA
degradation and translational repression associated with these
miRNAs, there is potential for their up-regulation to cause
functional deficits in pain related structures [28]. One known
effect of increased levels of the Let-7 family is repression of
translation of the mu-opioid receptor, resulting in the loss of
analgesic effect of opioids [20]. In animal models, SCI has been
shown to reduce the expression levels of the mu opioid
receptor (MOR) in the spinal cord [12,29]. The current data
suggests that one mechanism behind the reduced number of
MORs in the spinal cord after injury may be linked to
upregulation of the Let-7 family of miRNAs. This reduction in
MOR expression is likely to have significant impacts on the
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development of chronic pain as well as the diminished
response to opioidergic drugs [30]. Importantly, in humans
with SCI, it has been shown that opioids are not universally
effective in providing relief from SCl-related pain syndromes
[10,31,32], suggesting that there may be an underlying change
in the availability of functional state of the opioid receptors.

While we are able to recognize temporal associations
between Let-7 miRNA levels and the development of pain after
SCI, current evidence does not allow us to directly link these
two events. The degree of miRNA change needed to induce a
behavioral response is unknown. Future studies should
employee inhibitors of these specific miRNAs to determine if
the behavioral outcomes, development of pain and response
to opioids, can be modified after injury. This will help elucidate
if changes in the Let-7 miRNAs are part of a general response
to injury, or have functional implications that manifest as
secondary complications of SCI.
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