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Abstract

Peripheral nerve regeneration is associated with pain in several preclinical models of neuropathic
pain. Some neuropathic pain conditions and preclinical neuropathic pain behaviors are

improved by sympathetic blockade. In this study we examined the effect of a localized
“microsympathectomy,” i.e., cutting the gray rami containing sympathetic postganglionic axons
where they enter the L4 and L5 spinal nerves, which is more analogous to clinically used
sympathetic blockade compared to chemical or surgical sympathectomy. We also examined
manipulations of CCL2 (monocyte chemoattractant protein 1; MCP-1), a key player in both
regeneration and pain. We used rat tibial nerve crush as a neuropathic pain model in

which peripheral nerve regeneration can occur successfully. CCL2 in the sensory ganglia was
increased by tibial nerve crush and reduced by microsympathectomy. Microsympathectomy

and localized siRNA-mediated knockdown of CCL2 in the lumbar DRG had very similar
effects: partial improvement of mechanical hypersensitivity and guarding behavior; reduction of
regeneration markers growth-associated protein 43 (GAP43) and activating transcription factor

3 (ATF3); and reduction of macrophage density in the sensory ganglia and regenerating nerve.
Microsympathectomy reduced functional regeneration as measured by myelinated action potential
propagation through the injury site and denervation-induced atrophy of the tibial-innervated
gastrocnemius muscle at day 10. Microsympathectomy plus CCL2 knockdown had behavioral
effects similar to microsympathectomy alone. The results show that local sympathetic effects on
neuropathic pain may be mediated in large part by the effects on expression of CCL2, which in
turn regulates the regeneration process.

Introduction

Peripheral nerves can regenerate and reinnervate their target tissues. This process is often
studied in rodents using crush or transection of the entire sciatic nerve. In contrast, many
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rodent models of neuropathic pain use partial sciatic nerve injuries, so that pain behaviors
related to the hindpaw region can still be studied. We previously demonstrated that the
regeneration process was linked to pain behaviors in the rat spared nerve injury (SNI)
model of neuropathic pain®2, in which two branches of the sciatic nerve are ligated and
transected. In this model the peripheral regeneration process cannot lead to successful
reinnervation, and instead results in neuroma formation. We found that interfering with the
regeneration process reduced mechanical and cold hypersensitivity, as well as paw guarding
behavior. Peripheral nerve regeneration is associated with pain in several other preclinical
models14:33:51.67 ' A human study of diabetic neuropathy’ also showed an association
between pain and expression of the nerve regeneration marker growth associated protein
43 (GAP43).

Some pain conditions are maintained or exacerbated by sympathetic nervous system
activity, possibly occurring via direct effects of sympathetic transmitters on sensory
neurons (especially in pathological conditions where sympathetic sprouting occurs),

and via sympathetic effects on immune function®3. In immune organs sympathetic
innervation is often anti-inflammatory, but local effects in other tissues may be pro-
inflammatory18:44.53, We previously described a localized method of sympathectomy,
termed “microsympathectomy” (mSYMPX): the grey rami carrying postganglionic
sympathetic fibers are transected near their entry to the spinal nerves near the L4

and L5 DRG in rats. In a rat pain model induced by locally inflaming the L5 DRG,
mSYMPX markedly reduced both pain behaviors and type | inflammation®? (i.e., classical
inflammation that involves tissue destruction, nitric oxide, reactive oxygen species, M1
polarized macrophages and Thi T cells 246). More recently, we showed that mSYMPX
reduced regeneration processes in the SNI model53. In the present study, we examined the
relationship between sympathetic nerves, pain, and regeneration in a modified version of
this model, in which the tibial nerve was crushed rather than being ligated and transected.
As reported by the original developers of this model?®, simply crushing the nerve results
in a shorter duration of pain behaviors, as the regeneration process can more readily be
completed.

Here we report that mSYMPX reduces pain behaviors and measures of inflammation and
regeneration following tibial nerve crush. One molecule that was upregulated by nerve crush
and downregulated by mSYMPX was CCL2 (monocyte chemoattractant protein 1 /MCP1).
CCL2 upregulation in DRG neurons after peripheral nerve injury has previously been shown
to play a key role in both macrophage infiltration into the DRG and the nerve regeneration
responseB8. It has also been previously implicated in neuropathic pain®. We found that
knocking down CCL2 expression in the DRG could mimic many of the behavioral and
biochemical effects of mSYMPX in the tibial crush model.

The experimental protocol was approved by the University of Cincinnati Institutional
Animal Care and Use Committee. Experiments were conducted in accordance with the
National Institute of Health Guide for the Care and Use of Laboratory Animals. Adult
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Sprague Dawley rats of both sexes (Envigo, Indianapolis, IN) weighing 80 — 100 grams
were used in approximately equal numbers. In the figures, data from both sexes have been
combined; figures with male and female behavioral data shown separately are available as
supplemental data.

Surgical procedure for tibial nerve crush:

The procedure for the tibial nerve crush was modified from the previously described SNI
model in which the tibial and common peroneal nerves are ligated and sectioned!®; these
authors also reported on effects of simply crushing these nerves using methods similar

to those adopted here. The skin on the lateral surface of the right thigh was incised and
blunt dissection through the biceps femoris muscle exposed the sciatic nerve and its three
terminal branches: the sural, common peroneal and tibial nerves. After cleaning off the
connective tissue, the tibial nerve was crushed ~2—-3 mm distal to the trifurcation for 30 s
by a small arterial microclip (0.8mm wide x 5 mm long, catalog number RS-5420, held
with microclip-applying forceps, catalog RS-5440, Roboz, Gaithersburg, MD) with smooth
protective pads formed by silicon tubing placed over the blades. At the end of this procedure
the tibial nerve was completely flattened and transparent. The incision was closed in layers.

Surgical procedure for microsympathectomy (“mSYMPX™):

Cutting of the grey rami was performed as in our previous study®C. Briefly, just prior

to implementing the nerve crush, the proximal L4 and L5 spinal nerves and transverse
processes were exposed. The gray rami entering the L4 and L5 spinal nerves close to the
DRGs (i.e. coming from the L3 and L4 sympathetic paravertebral ganglia according to the
nomenclature of Baron?) were dissected away from nearby blood vessels and cut near their
entry point into the spinal nerve. Around 1 mm of gray ramus was further removed to
make a gap and slow regeneration. Sham controls received similar exposure of the spinal
nerves but the gray rami were not cut. We have previously shown that the mSYMPX
procedure causes loss of sympathetic fibers in the DRG and surrounding capsule, as well as
in the hindpaw, using immunohistochemical staining for tyrosine hydroxylase 7 days after
mSYMPX, and did not show recovery at 28 days®°

Surgical procedure for injecting siRNA into lumbar DRGs:

siRNAs directed against rat CCL2 (NCBI gene ID 24770) and nontargeting control were
designed by and purchased from Dharmacon/ThermoFisher (Lafayette, CO) as in our
previous studies. The siRNA was sSiGENOME™ siRNA consisting of a “smartpool” of
four different sSiRNA constructs combined into one reagent, catalog number M-080146—
01 (CCL2) and D-001210-02 (nontargeting control directed against firefly luciferase,
screened to have minimal off-target effects and least 4 mismatches with all known
human, mouse and rat genes according to the manufacturer). The sequences of the

CCL2 siRNA were: GAACUUGACCCAUAAAUCU, UGAGUCGGCUGGAGAACUA,
GAUCAGAAACUACAGUCUU, and GCUAAUGCAUCCACUCUCU. During the
mSYMPX surgery, just prior to transection of the grey rami, 3 pL aliquots containing 80
pmoles of sSiRNA made up with cationic linear polyethylenimine (PEI)-based transfection
reagent (“in vivo JetPEI”, Polyplus Transfection, distributed by VWR Scientific, USA) were
injected into the L5 and L4 DRGs, through a small glass needle (75 pm o.d.) inserted
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close to the DRG through a small hole cut into the overlying membrane close to the site
where the dorsal ramus exits the spinal nerve, as previously described5l. The injections were
performed just prior to tibial nerve crush, in a single surgery.

Procedures for measuring functional regeneration:

In vivo fiber recording methods were used to estimate the degree of functional regeneration
of myelinated axons through the tibial crush site. On day 10 after tibial crush plus mSYMPX
or sham mSYMPX, rats were anesthetized with pentobarbital (40 mg/kg) with additional
boluses of i.v. pentobarbital as needed. The tibial nerve was exposed around the injury site
and the sciatic nerve was exposed more proximally, near its origins in the junction of the
L4- L6 spinal nerves. At both sites skin flaps were used to form pools filled with warm

light mineral oil for placement of the electrodes. A silver wire ~1mm in diameter was
inserted into the sciatic nerve transversely to serve as the recording electrode. A bipolar
stimulating cuff electrode was placed distal to the crush site and compound action potentials
were elicited with 0.5 and 1.0 mA, 1.0 msec stimuli. The stimulating electrode was then
moved to a tibial nerve site proximal to the crush site and the stimuli repeated. The fast peak
(A-a and A-p fiber) of the compound action potential was measured (average value from 3
stimuli per condition) and the ratio of distal to proximal amplitude was used as a measure
of the fraction of fibers that failed to functionally regenerate (i.e., including remyelination
and normalization of threshold as well as any required regrowth through the injury, of both
sensory and motor fibers) through the crush site. In some animals additional peaks could

be observed after the main peak, presumably due to fibers with incomplete recovery of

the conduction velocity, however, adding these peaks to the primary peak did not change
the experimental conclusions. We relied on the mineral oil to isolate the tibial nerve from
surrounding nerves, but cannot completely rule out some contribution to the CAP from
nearby nerve branches. At the end of the experiment the gastrocnemius muscle (both medial
and lateral) was removed on both sides as described in36, the wet weights obtained, and

the ratio of the ipsilateral to contralateral muscle used as a measure of denervation-induced
muscle atrophy.

Behavior testing:

Static mechanical sensitivity was tested by applying a series of von Frey filaments to the
lateral heel region of the paws, using the up-and-down method?®. This test site in the sural
nerve territory was selected so that hypersensitivity could be measured from early time
points after the tibial crush31°. A cutoff value of 15 grams was assigned to animals that

did not respond to the highest filament strength used. A wisp of cotton pulled up from, but
still attached to a cotton swab was stroked mediolaterally across the plantar surface of the
hindpaws to score the presence or absence of a brisk withdrawal response to a normally
innocuous mechanical stimulus (dynamic tactile allodynia). This stimulus does not evoke

a response in normal animals. Cold sensitivity was scored as withdrawal responses to a
drop of acetone applied to the ventral surface of the hind paw. When observed, responses
to acetone or light brush strokes consisted of several rapid flicks of the paw and/or licking
and shaking of the paw; walking movements were not scored as positive responses. The
stimuli for the dynamic tactile allodynia and cold allodynia tests spread over a wider region
than the von Frey test and included regions outside the tibial territory. Spontaneous guarding
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behavior was scored® as 0 (no guarding, paw flat on floor), 1 (mild shift of weight away
from paw), 2 (unequal weight bearing and some part of the foot not touching the floor), or
3 (foot totally raised or not bearing any weight); these scores were recorded just before each
application of the von Frey filament (6 observations per paw total) and averaged.

Four days after tibial crush (with or without other manipulations as indicated), animals
were anesthetized with 1% pentobarbital sodium i.p., perfused with 0.1M phosphate buffer
until clear fluid was seen, then perfused with 4% paraformaldehyde for 20 minutes. For
immunohistochemistry, tibial nerve cross sections or L4/L5 DRG sections were cut at

12 um, while tibial nerve longitudinal sections were cut at 40 um, on a cryostat after

post fixation in 4% paraformaldehyde, 0.1M Phosphate Buffer, 3% sucrose. The sections
were blocked with 10% serum for 1 h and then incubated with primary antibodies at 4°C
overnight. Afterwards, the sections were incubated with secondary antibodies 2 h at room
temperature. Negative controls lacked the primary antibody. After the incubation, sections
were washed with PBS (0.01 M, pH 7.4) three times for 10 min. The following antibodies
were used for the indicated targets: CCL2 antibody (rabbit, 1:1000; Novus NBP1- 07035
polyclonal, RRID:AB_1625612); growth-associated protein 43 (GAP43) antibody (rabbit;
1:500; Abcam Catalog ab16053, RRID: AB_443303), a marker for nerve regeneration; Iba-1
antibody (goat, 1:500; Abcam, catalog ab5076, RRID: AB_2224402), a general marker for
macrophages and microglia?>26:28): NeuN antibody, neuronal marker, (Abcam ab104224
mouse monoclonal, 1:1000, RRID: AB_10711040); and activating transcription factor 3
(ATF3; Novus NBP1-85816 rabbit polyclonal, 1:100, RRID:AB_11014863). We have
previously validated the GAP43 antibody by demonstrating decreased staining after sSiRNA-
mediated knockdown in the DRG following spinal nerve ligation —induced upregulation®2.
We previously validated the Iba-1 antibody by showing loss of signal when the antibody
was pre-absorbed with the immunizing antigen (Abcam catalog ab23067, used at 20-fold
molar excess) and showing lack of coexpression with markers for DRG satellite glia

cells, in DRG neurons, or in most cell types present in uninjured peripheral nerve83, In

this study we show that siRNA directed against CCL2 mRNA reduces staining by the
CCL2 antibody. This consistency provides evidence for the specificity of these independent
methods of investigating CCL2, since non-specific off-target effects would be expected

to differ between the two methods. (None of the siRNA constructs target the portion of

the reference mMRNA, Reference Sequence: NM_031530.1, that encodes the portion of the
protein used as the antigen to create the antibody). As further confirmation of this antibody,
we confirmed the upregulation of CCL2 in DRG and nerve by tibial crush observed in the
immunohistochemical experiments, by using an Elisa kit (Invitrogen/ThermoFisher, catalog
BMS631INST) according to the manufacturer’s instructions; in DRG CCL2 concentration
increased from 6.9 £ 1.2 in normal and sham operated rats to 18.7 + 1.6 pg/ml, (p <0.001,

t test); in tibial nerve from 1.6 £ 1.0 t0 59.9 + 7.2, p<0.001, test; n = 7-8 rats/group). The
ATF3 antibody showed the previously reported DRG expression pattern (neuronal nuclei)
observed after peripheral nerve injury?436, with low expression in normal DRG, and has
been validated by demonstration of nuclear signal in axotomized DRG neurons in normal
but not Cre-mediated ATF3 conditional knockout mice?2,
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In some experiments, two primary antibodies were used for each section, in order to
examine two targets at once. In general this was done to obtain more information from

a given animal, not to demonstrate co-localization, so in some cases the results from the two
antibodies are presented in two different figures. In some cases the color of the secondary
antibody was transformed after image acquisition to maintain constant colors for a given
antigen.

For quantification of antibody staining, images from 2 — 5 sections of each DRG or

nerve segment, selected at random, were captured using an Olympus BX63F with an

LED light source using cellSens Dimensions software, and intensity of signal in each
channel was summed over the selected area and normalized by the area measured. For
DRG sections, only regions containing predominantly neuronal cell bodies were selected
for analysis. When analyzing nerve sections quantitatively, only regions containing fibers
were selected and analyzed; the staining in the surrounding nerve sheath was not included
in the summed intensities. Signal intensity of the DRG neuronal areas or nerve was
measured using Olympus cellSens Dimension Desktop (Olympus Corp., USA). Background
levels were determined using negative control from tissue sections incubated in the same
secondary antibody but without primary antibody. Image background was then corrected/
subtracted by manually adjusting the left and right scaling of the image histograms in
cellSens. The same values of the fixed scaling were applied to all the images in the
experiment. For quantification of immunohistochemical staining, all image capture and
analysis sessions were performed comparing samples from all experimental groups relevant
to each experiment, prepared at the same time with the same staining solutions, including
samples from all experimental groups on each slide. The images of the slides were then
captured and analyzed all in one imaging session, using identical parameters in a side-by-
side design. The microscope used exhibited enough stability that the acquisition parameters
were kept the same for all the samples in the study.

Statistics and data analysis:

No animals were excluded from analysis. Animals were assigned to experimental groups

at random; for experiments comparing a sham mSYMPX to mSYMPX, one animal per
cage received each treatment. Behavioral time course data were analyzed using two-way
repeated measures ANOVA, with Bonferroni’s multiple comparisons posttest to determine
on which days experimental groups differed if a significant main effect of experimental
group was observed. For these data, the overall F value for the group comparison

(e.g. mSYMPX vs. sham mSYMPX, or CCL2-siRNA vs. control siRNA) is given as

F (degrees freedom in numerator, degrees freedom in denominator)- FOT €xperiments involving behavioral
measurements the experimenter was blinded to the experimental status starting at the time
of surgery. Differences in immunohistochemical staining from sections of DRG or nerve
were analyzed with one-way ANOVA with Newman-Keuls Multiple Comparison posttest
comparing each group to every other group; ANOVA was used because all histochemical
experiments contained 3 groups, namely experimental manipulation, control manipulation,
and naive uninjured rats. For all immunohistochemical experiments, data from 2 — 5 sections
in each animal were averaged to obtain a single value for that animal, which was used

for the analysis. The statistical test used in each case is indicated in the text, or figure
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legend. Two-sided tests were used throughout. Significance was ascribed for p<0.05. Levels
of significance are indicated by the number of symbols, e.g., *, p = 0.01 to <0.05; **, p =
0.001 to 0.01; *** p < 0.001. Data are presented as average + S.E.M.

RESULTS

mSYMPX reduces mechanical pain behavior induced by tibial nerve crush

After tibial nerve crush, mechanical hypersensitivity was observed with von Frey filaments
(testing in the spared sural region of the paw), along with dynamic allodynia (responses

to light strokes with a cotton wisp), and cold allodynia (withdrawal responses to acetone
stimuli). Guarding behavior, a measure of spontaneous pain®® was also increased. In contrast
to the prolonged behaviors observed in the original SNI model (cutting and ligation of

tibial and common peroneal nerve)1562, these tibial crush-induced behaviors resolved within
20 — 30 days (Fig. 1). When mSYMPX was performed just prior to the tibial crush, the

von Frey and dynamic allodynia responses were significantly reduced throughout the entire
time course. However, mSYMPX did not have any effect on cold allodynia. Results were
generally similar in males compared to females, except that guarding was overall higher

in females and reduced by mSYMPX, while the spike in guarding at day 4 in the sham +
crush group was driven by males, as shown in Supplemental Figs. 1 and 2. Contralateral
guarding and dynamic mechanical allodynia responses were never observed in either group,
and the contralateral von Frey responses remained near baseline. Some acetone responses
were observed at baseline and on the contralateral paw, but these were much lower than

the responses observed on the ipsilateral side and were not affected by the (ipsilateral)
mSYMPX (Supplemental Figs. 1 and 2).

mMSYMPX reduces regeneration-associated molecules

We previously showed that the peripheral nerve regeneration process is associated with

pain behaviors in the both the spinal nerve ligation model and the SNI model, and that
knockdown of GAP43 reduces pain behaviors in the spinal nerve ligation model52. More
recently, we reported that mSYMPX reduces pain behaviors, regeneration, and GAP43
expression in both of these models®3. In the tibial crush model, we also observed the
expected upregulation of GAP43 in both the DRG and the distal nerve segment (just distal to
the crush site), as observed on day 4 when behavioral responses are near their peak (Fig. 2).
This upregulation was reduced by mSYMPX performed at the time of tibial crush. GAP43
is transported by fast axonal transport3%; since this can reach speeds of 200 — 400 mm per
day52 and the nerve injury site is ~70 — 90 mm distal to the DRG cell bodies, some of the
observed changes in tibial nerve expression at day 4 could plausibly result from increased
expression in DRG neurons. However, the nerve injury site likely has other cellular sources
of GAP43, such as Schwann cells 12:50; our analysis did not distinguish between axonal and
non-axonal GAP43. The reduction in tibial GAP43 after mSYMPX (66%) was greater than
could be accounted for just by the loss of sympathetic fibers, which are (by fiber count)
~39% of tibial axons in normal rats*e.

We also examined the effect of nerve crush on expression of activating transcription factor
3 (ATF3). This transcription factor is upregulated early after axotomy of peripheral axons,
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and plays a central role in the process of neurite outgrowth®24:49.56 though it may not be the
transcription factor directly responsible for the increase in GAP432049. As shown in Fig. 3,
ATF3 -positive neurons were observed in the lumbar DRGs 4 days after nerve crush, and the
intensity of the ATF-3 signal was attenuated by mSYMPX.

mSYMPX reduces functional measures of regeneration

The observed reduction in GAP43 and ATF3 suggested that mSYMPX might be acting to
reduce regeneration of the tibial axons after tibial nerve crush. To confirm this, in vivo

fiber recording was used to measure functional regeneration on day 10 after tibial nerve
crush plus mSYMPX or tibial nerve crush plus sham mSYMPX. A stimulating electrode
(stimulating at A-fiber strength; hence measuring the degree to which sensory and motor
fibers had not only regenerated, but remyelinated) was placed on the tibial nerve distal to
the nerve crush site and compound action potentials were measured on the sciatic nerve
near its origin where the L4 — L6 spinal nerves converge. Then the stimulating electrode
was moved to a point on the tibial nerve proximal to the crush site and the compound

action potential measured again (Fig. 4A, B). To estimate the fraction of axons that had
failed to completely regenerate and remyelinate through the injury site to the distal, the

ratio of the peak of the compound action potential from the distal stimulation to that of

the proximal stimulation was analyzed. As shown in Fig. 4C, this ratio was significantly
lower in the rats that received mSYMPX. At the end of the fiber recording session, the
ipsilateral and contralateral gastrocnemius muscles (that are innervated by the tibial nerve)
were removed and weighed. The ratio was analyzed as a measure of denervation-induced
atrophy of the muscle; in the short term this atrophy is reversible with reinnervation29:66, As
shown in Fig. 4D, the atrophy of the muscle 10 days after tibial crush was greater in rats that
received mSYMPX, consistent with a reduction in functional reinnervation. This atrophy

is generally taken as a measure of functional motor reinnervation although it can also be
somewhat affected by sensory denervation, albeit on a slower time course®6. A mouse study
detected some loss of gastrocnemius muscle weight within a week following tibial nerve
transection®. The rapid recovery we observed of various functional and behavioral measures
including muscle atrophy at day 10 likely reflects the mildness of the crush injury we
employed; functional recovery in most nerve crush models that use much longer crush times
is generally slower, but improvement of various functional recovery measures between days
7 and 14 in rats has also been shown in some other rat studies using a mild tibial crush
similar to that employed here 3642, Peripheral nerve regeneration rates up to 4 mm/day have
been reported in rats 4; for reference, in our study the crush site was ~10 mm from the site
of the tibial nerve insertions into the gastrocnemius muscles. Both the CAP measurements
and the muscle weight measurements may also depend on the rate of remyelination.

Tibial nerve crush-induced increases in CCL2 and macrophage density are reduced by

MSYMPX

The type 1 cytokine CCL2 is increased in the DRG in a variety of pain models®-, and we
showed it was reduced by mSYMPX in a DRG inflammation model®9. We examined the
effect of mSYMPX and nerve crush on CCL2 levels on day 4. As shown in Fig. 5, tibial

nerve crush increased levels of CCL2 in DRG neurons as well as in the distal tibial nerve
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segment, and these increased levels were reduced by mSYMPX performed at the time of
nerve crush although in nerve the effect of mSYMPX did not reach significance.

One primary function of CCL2 is to attract macrophages. As expected from the reduction
of CCL2, mSYMPX also mitigated the crush-induced increase in macrophage levels (Iba-1
signal) in the DRG. Iba-1 levels in the distal nerve were increased by the tibial crush but
again the effect of mSYMPX did not reach significance (Fig. 6).

The more robust effect of mSYMPX on CCL2 and macrophage density in the DRG
compared to the tibial nerve may reflect the fact that there are additional nonneuronal
sources of CCL2 at the distal nerve site, such as Schwann cells®8. However, some of the
CCL2 measured in the tibial nerve was likely transported from the DRG; staining in the
nerve fibers was evident (Fig. 5B), and like GAP43, CCL2 is likely transported by the

fast axonal transport system (since it is processed into large dense core vesicles via the
trans-Golgi network?7), and hence could plausibly reach the site by day 4 after nerve crush.

CCL2 knockdown reduces pain behaviors

In addition to its roles in various pain models, CCL2 also plays a central role in
regeneration®. Therefore we were interested in determining whether localized knockdown
of CCL2 in the DRG could mimic most aspects of mSYMPX in the tibial crush model. We
injected siRNA directed against CCL2, or control nontargeting siRNA, into the L4 and L5
DRGs just prior to tibial nerve crush. As shown in supplemental Fig. 3, the siRNA directed
against CCL2 completely mitigated the crush-induced increase of CCL2 in the DRG as
measured 4 days later, validating the effectiveness of the siRNA constructs. As shown in
Fig. 7 and supplemental Fig. 4, the CCL2 knockdown led to large but incomplete reduction
of mechanical hypersensitivity (both static and dynamic), very similar to the effects of
mSYMPX. Overall guarding scores appeared somewhat higher and more prolonged in

this group of animals (compare to Fig. 1), but, as for mSYMPX, the effect of CCL2
knockdown on guarding was more modest. The main difference between CCL2 knockdown
and mSYMPX was that only the former had a marked effect on cold allodynia. Effects on
mechanical sensitivity were very similar.

CCL2 knockdown reduces macrophage density

As expected given its role as a key attractant for macrophages, CCL2 knockdown at the time
of tibial nerve crush also reduced the Iba-1 signal in the DRG and in the proximal segment
of the crushed nerve (Fig. 8).

CCL2 knockdown reduced regeneration-related molecules in the DRG.

Next, we examined the effect of CCL2 knockdown on regeneration-associated molecules
in the DRG. As shown in Fig. 9, CCL2 knockdown abrogated the crush-induced increase
in GAP43, and partially ameliorated the crush-induced increase in ATF3. In experiments
in which ATF3 and the neuronal marker NeuN were co-labeled, the percentage of ATF3-
positive neurons was 0 + 0 (normal DRG), 23.9 + 3.2 (tibial crush plus non-targeting
SiRNA), and 7.4 + 3.1 (tibial crush plus CCL2-targetting siRNA); the nontargeting group
was significantly higher than the other two groups (one-way ANOVA with Newman-Keuls
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posttest, F(2,9) = 1.85, n = 4 rats/group). This is consistent with previous studies showing
that in the rat L4 DRG ~27% of neurons project in the tibial nervel®:54 and with studies
showing that ATF3 expression is low in normal DRG neurons and is primarily upregulated
in cells with injured axons in peripheral nerve injury models?4. However, we cannot rule out
the possibility that some of the ATF3- or GAP43-expressing neurons did not project in the
tibial nerve, in particular, that in some neurons upregulation may have been related to injury
responses to the mSYMPX or sham mSYMPX surgery.

After mSYMPX, no further behavioral effects of CCL2 knock-down are observed

The many similarities between effects of mMSYMPX and effects of CCL2 knockdown
suggest that the reduction of CCL2 by mSYMPX may account for many of the other
observed effects of mSYMPX. If this is the case, then CCL2 knockdown should have
little additional effect in animals that have received mSYMPX. This hypothesis was tested
by comparing the behavioral effects of CCL2 siRNA vs. nontargeting control siRNA in
animals that had all received mSYMPX. Since most behavioral effects of mSYMPX were
incomplete, it would have been feasible to detect further improvement in pain behaviors.
However, in general additional improvement in behavior measures could not be observed
by knocking down CCL2 in animals that had also received mSYMPX (Fig. 10 and
supplemental Fig. 5). There was no overall effect of sSiRNA type in mSYMPX animals

on the von Frey threshold, dynamic allodynia test, or guarding scores. Both groups had
near maximal cold allodynia scores after tibial crush, similar to those seen with mSYMPX
alone. Taken as a whole, the data were consistent with the idea that many mSYMPX
effects on mechanical and spontaneous pain can be accounted for by the blockade of tibial
crush-induced CCL2 upregulation.

Discussion

CCL2 has been well studied for its roles in both pain'! and peripheral nerve regeneration®s,
but few studies have linked these two roles. Like many other type 1 cytokines, it is
upregulated in the DRG in several neuropathic pain models involving peripheral nerve
injury32, where in addition to its ability to summon macrophages, it may have direct
pro-nociceptive effects due to its direct excitatory effects on sensory neurons (that become
more sensitive to CCL2 after injury), and its release from sensory terminals in spinal

cord dorsal horn10:55.57.58,68 CCL 2 receptor knockout mice lack mechanical allodynia
behaviors in a neuropathic pain modell. CCL2 is identified as a key player in peripheral
nerve regeneration, acting at both DRG and peripheral nerve sites®8. These regeneration
studies often use either the sciatic nerve transection model, which does allow pain behavior
measurements, or on enhancement of the sensory neuron regeneration response a by a

prior “conditioning” peripheral injury, due to the induction of regeneration associated genes
(“RAGs”) by the conditioning injury. Studies of conditioning usually focus on neurite or
axon growth in vitro or in vivo, not pain behaviors. CCL2 has been identified as a RAG,
upregulated very early after peripheral but not dorsal root injury of sensory neuron axons. It
has been implicated in the conditioning response!. Kwon et al.3! demonstrated that CCL2
plays a role in this response by promoting an M2 phenotype of macrophages in the DRG

to promote regeneration. This effect was also observed with intra-DRG injection of CCL2,
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but not of 2 other chemokines, CX3CL1 or MIP1a, though these also increased macrophage
density in the DRG as measured by Ibal staining. Thus, although the latter two type 1
cytokines have also been implicated in neuropathic pain and also have excitatory effects

on sensory neurons9:35 CCL2 seems to have a distinct role in promoting regeneration.

In mice, CCL2 genetic knock-out reduces the conditioning response®8 as well as reducing
mechanical allodynia behaviors in a neuropathic pain model®. Knockout of CCR2, the
primary receptor for CCL2, also reduces the immune response in DRG after peripheral
injury34, while overexpression of CCL2 in the DRG is sufficient to enhance the regenerative
capacity of DRG neurons??,

The DRG is one likely site of action for both mSYMPX and CCL2 knock-down effects,

but peripheral sites of mMSYMPX action may contribute, since mSYMPX also reduces
sympathetic innervation in the sciatic nerve, local lymph nodes, and paw. Behavioral effects
of both procedures were evident at the earliest time point tested (1 day after nerve crush),
and at day 4 when the immunohistochemical observations were performed. This makes

it unlikely that these effects could be due to reduction of sympathetic sprouting around
DRG neurons, as this occurs much more slowly after peripheral nerve injury38:43:45.53,
However, we previously found that the mSYMPX procedure rapidly modulated the density
of macrophages in the DRG, even in the absence of any injury or inflammatory stimulus®3.
In a model in which the DRG was directly inflamed, reduction of the inflammation-induced
type 1 cytokines in the DRG (including CCL2) by mSYMPX could be observed even

one day after DRG inflammation89. Although CCL2 has multiple cellular sources and also
plays a role in the distal segment in peripheral nerve regeneration models®8, the sSiRNA
injected within the DRG just prior to the crush would at early time points presumably
primarily affect CCL2 expression in DRG neurons. The importance of neuro-immune
interactions within the DRG in both pain and regeneration has been highlighted by several
studies?3:27:3041.68 including a study showing that surgical lumbar sympathectomy reduced
macrophage infiltration in the DRG after sciatic nerve transection3”.

Further studies are needed to elucidate the relationship between regeneration, pain, and
sympathetic nerves. In the DRG, some possible explanations for our findings are: The
marked mSYMPX-induced shift from type 1 towards type 2 cytokines®®, may reduce both
sensory neuron excitability (since many type 1 cytokines including CCL2 are excitatory

for sensory neurons) and CCL2 release in the spinal cord, and hence pain behaviors. The
mSYMPX-induced reduction of regeneration is harder to explain, since type 2 inflammation
generally promotes regeneration and repair; however, regeneration may require an initial
period of type 1 inflammation, or these effects may be explained by the special role of
CCL2 in regeneration. In addition, not only nerve injury but activation of the innate immune
system can increase expression of ATF324 and Gap4321, so perhaps regeneration is less
effective when mSYMPX reduces type 1 inflammation. Since behavior effects are observed
at early time points, behavioral effects of mMSYMPX must rely on effects on intact neurons
and/or the reduction of crush-induced excitation in the spinal cord.

We showed that DRG expression of two key regeneration-associated molecules, GAP43
and ATF3, was reduced by mSYMPX and by CCL2 knockdown in the tibial crush
model. In various models, altering expression of either of these two molecules can reduce
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peripheral regenerationl?.20-22.24.49 Concurring with these studies, we observed reduction
in several functional regeneration measures by mSYMPX. In combination with our previous
studies in other neuropathic pain models, we have consistently shown an association of
reduced mechanical hypersensitivity with procedures that reduce peripheral regeneration or
regeneration associated molecules (not only mSYMPX but also GAP43 knockdown and
application of semaphorin 3A, an inhibitor of axonal outgrowth)89:63, In this study, we
chose the tibial crush model as one in which the regeneration process was likely to result

in successful reinnervation, as compared to the SNI model in which reinnervation is not
possible and the regeneration process results in neuroma formation. Interestingly, in the SNI
model we were able to demonstrate that both mSYMPX and semaphorin 3A application
were still able to reduce pain behaviors when applied 14 days after the original injury, when
pain behaviors were well established®%:63, We also found that mSYMPX could still reduce
GAP43 expression at this time point, agreeing with original studies suggesting its expression
is maintained until target reinnervation can occur®®. In the present study, the duration of
mechanical hypersensitivity was short enough that repeating the experiment of performing
mSYMPX on day 14 was not very practical.

A limitation of the study is use of immunohistochemistry methods to quantify expression of
CCL2, GAP43, and ATF3; while we took care to minimize confounds by keeping immuno
staining conditions and image acquisition parameters constant, other confounds such as
condition-based epitope masking may be present. The immunohistochemistry method was
selected for the study because we wished to view and analyze the cellular localization of
the molecules; their upregulation in DRG neurons and/or axons after peripheral nerve injury
was already well established, but we did not know what effect local sympathectomy might
have on the cell types expressing these molecules. Although we detected reduced intensity
of GAP43 and ATF3 with immunohistochemistry, we cannot be certain these changes had
meaningful effects on regeneration. In addition, the immunohistochemistry method used
may not be sensitive enough to detect all neurons expressing GAP43, as some studies show
higher basal expression than we observed.

In this study, mSYMPX markedly reduced mechanical hypersensitivity, but the effect was
only partial. We also observed partial behavioral effects of mSYMPX in other neuropathic
pain models (SN, spinal nerve ligation), and a DRG compression model of low back pain.
In these various models the von Frey threshold was restored from very low values (<1

gram) in sham or naive rats to 7 — 9 grams in mSYMPX animals (as measured on day

3 or 4 after implementing the model), compared to baseline values in uninjured animals
having values near the cutoff of 15 grams (see %3:64 and Fig. 1). The largest observed

effects of mSYMPX were in the model in which the DRG is directly inflamed by local
application of the immune activator zymosan (12 gram von Frey threshold in mSYMPX
animals) and the model in which the paw is inflamed with complete Freund’s adjuvant (11
grams)80. These results are also consistent with the idea that the primary effect of mSYMPX
is on local immune processes; the neuropathic models perhaps include both an immune
component and additional components related to non-immune aspects of the axotomy or
axonal damage cell body response. More specifically, our results are also consistent with the
idea that blockade of CCL2 increases can account for many observed effects of mSYMPX.
In a comprehensive bioinformatics study of gene expression changes involved with sensory
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neuron regeneration, incorporating data from multiple nerve injury models, it was noted that
overexpression of a single RAG alone, even those transcription factors that represented core
“hubs” of the regeneration network such as ATF3, was not sufficient to completely effect
successful regeneration®. Several studies suggest that the molecules we found to be regulated
by mSYMPX in the nerve crush model (CCL2, GAP43, and ATF3) are not always regulated
concordantly132049.68 |nsofar as the regeneration process and pain behaviors are linked, a
further understanding of the network properties may be essential to understanding whether

it is possible to block development of neuropathic pain without blocking peripheral nerve
regeneration, in conditions in which such regeneration is possible and desirable.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1:

Effect of microsympathectomy (“mSYMPX”) on pain behaviors after tibial nerve crush.
Baseline behaviors were measured twice prior to surgery, and the average value is plotted
on day 0. On day 0, in one surgery, the tibial nerve was exposed and crushed, and the
sympathetic grey rami entering L4 and L5 spinal nerves were exposed (sham mSYMPX) or
exposed and cut (MSYMPX). ###, p<0.001; significant overall effect of mSYMPX factor
(2 way repeated measures ANOVA); F(q 14) = 54.4 (A); 25.9 (B); 0.104, p = 0.75, not
significant (n.s.) (C); and 2.1, p = 0.17, not significant (D). In panel A and B the interaction
effect was also significant. **, p<0.01; ***,p<0.001; significant difference between the
groups at the indicated time point (Bonferroni’s multiple comparisons posttest). N = 8 rats/
group, 4 of each sex. Data for individual sexes including contralateral data can be observed
in Supplemental Figs. 1 and 2.
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Effect of mSYMPX on growth-associated protein 43 (GAP43) expression in dorsal root
ganglion (DRG) and distal nerve after tibial nerve crush. Four days after tibial nerve

crush and mSYMPX or sham mSYMPX, sections of the L4/L5 DRG (A) and longitudinal
sections of tibial nerve distal to the nerve crush site (B) were obtained and examined with
immunostaining for GAP43. Normal DRG and tibial nerve from unoperated rats were also
examined. Example sections are shown for each of the three groups. Scale bar = 200um.
Summary data: *, p<0.05; **, p<0.01; significant difference between indicated groups, one-
way ANOVA with Newman-Keuls Multiple Comparison posttest, F(; )=11.78 (A), 3.049

(B). N = 4 rats per group (both sexes).
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Fig. 3:

Efgfect of mSYMPX on activating transcription factor 3 (ATF3) expression in dorsal root
ganglion (DRG) after tibial nerve crush. Four days after tibial nerve crush and mSYMPX
or sham mSYMPX, sections of the L4/L5 DRG were obtained and examined with
immunostaining for ATF3. Normal DRG were also examined. ***, p<0.001; significant
difference between the indicated groups, one-way ANOVA with Newman-Keuls Multiple
Comparison posttest, F(2,9)=30.95. N = 4 animals per group (both sexes). n.s., not
significant.
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Fig. 4.

Efgfect of mSYMPX on functional measures of nerve regeneration. Ten days after tibial
crush injury, with or without concomitant mSYMPX, compound action potentials (CAP)
were measured in response to stimulation distal to the crush site, then proximal to the
crush site. A. In vivo recording setup. The recording electrode was on the sciatic nerve
just after its formation from the merging L4, L5, and L6 (not shown) spinal nerves. The
stimulating electrode was placed on the tibial nerve, just distal to the crush, and CAP
evoked. Then the stimulating electrode was moved proximal to the crush site. Stimuli were
1 msec, ImA pulses (A-fiber strength). B. Examples of CAP evoked with distal (left) and
proximal (right) stimuli. The early peaks (corresponding to the number of A-a and A-p
fibers) were measured (blue, distal peak; red, proximal peak) and their ratio is plotted in C;
a value of 1 would be expected in a normal nerve, and a value of 0 would indicate no fibers
had regenerated through the injury site. D. The lateral and medial gastrocnemius muscle
(innervated by the crushed tibial nerve) and its contralateral counterpart were dissected out
on day 10, immediately after the CAP recording, and weighed. The ratio of the ipsilateral
to contralateral weight is plotted; a value of 1 is expected in normal animals and smaller
numbers indicate greater denervation-induced muscle atrophy. N = 5 rats per group. *,
p<0.05, significantly different from tibial crush group, t-test.
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Fig. 5:

Efgfect of mSYMPX on expression of CCL2 expression in dorsal root ganglion (DRG) and
distal nerve after tibial nerve crush. Four days after tibial nerve crush and mSYMPX or
sham mSYMPX, sections of the L4 DRG (A) and tibial nerve distal to the nerve crush
site (B) were obtained and examined with immunostaining for CCL2 (red). Normal DRG
and tibial nerve from unoperated rats were also examined. Example sections are shown
for each of the three groups. Scale bar=200um. Summary data (C): *, p<0.05; **, p<0.01;
significant difference between indicated groups, one-way ANOVA with Newman-Keuls
Multiple Comparison posttest. F(, g)= 3.55 (A), 4.46 (B). N = 3—4 animals per group (both
SEXES).
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Fig. 6:

Efgfect of mSYMPX on expression of pan macrophage marker ionized calcium-binding
adapter molecule 1 (Iba-1) in dorsal root ganglion (DRG) and distal nerve after tibial nerve
crush. Four days after tibial nerve crush and mSYMPX or sham mSYMPX, sections of the
L4 DRG (A) and tibial nerve distal to the nerve crush site (B) were obtained and examined
with immunostaining for Iba-1 (red). Normal DRG and tibial nerve from unoperated rats
were also examined. Same animals and DRG sections as Fig. 2. Example sections are shown
for each of the three groups. Scale bar = 200um. Summary data graphs: *, p<0.05; **,
p<0.01; significant difference between indicated groups, one-way ANOVA with Newman-
Keuls Multiple Comparison posttest, F(; 8y=10.03 (A), 2.95 (B). N = 4 animals per group.
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Fig. 7.

Effect of CCL2 knockdown on pain behaviors after tibial nerve crush. Baseline behaviors
were measured twice prior to surgery, and the average value plotted on day 0. On day 0, in
one surgery, the tibial nerve was exposed and crushed, and siRNA directed against CCL2 or
nontargeting control was injected into the L4 and L5 DRGs. A, Paw withdrawal threshold
(PWT), von Frey test. B. Dynamic allodynia (cotton wisp test). C. Cold allodynia (acetone
test). D. Guarding score (maximum score = 3). ##, p<0.01; ###, p<0.001; significant overall
effect of the sSiRNA type (2 way repeated measures ANOVA); F(1 14) = 36.9 (A), 9.55 (B),
11.7 (C), and 28.5 (D). In each panel the interaction effect was also significant. *, p<0.05;
** p<0.01; *** p<0.001; significant difference between the groups at the indicated time
point (Bonferroni’s multiple comparisons posttest). Data for individual sexes can be found in
Supplemental Fig. 4.
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Fig. 8:

Efgfject of CCL2 knockdown on expression of pan macrophage marker ionized calcium-
binding adapter molecule 1 (Iba-1) in the DRG and proximal nerve. In one surgery, the tibial
nerve was exposed and crushed, and siRNA directed against CCL2 or nontargeting (n.t.)
control was injected into the L4 and L5 DRGs. Four days later, L4/L5 DRG sections (A) and
nerve sections proximal to the nerve crush (B) were obtained and stained for Ibal. Normal
L4/L5 DRG and nerve sections from uninjured rats were also collected. Example sections
from each of the 3 experimental groups are shown. Summary data: *, p<0.05; **, p<0.01;
significant difference between the indicated groups, one-way ANOVA with Newman-Keuls
Multiple Comparison posttest, F(; gy = 6.65 (A); 12.27 (B). N = 3 - 4 rats/group (A) and a
different set of 4 rats/group (B).
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Fig. 9:

Efgfect of CCL2 knockdown on regeneration associated molecules in the DRG. In one
surgery, the tibial nerve was exposed and crushed, and siRNA directed against CCL2 or
nontargeting control was injected into the L4 and L5 DRGs. Four days later, L4/L5 DRG
sections were stained for (A) growth associated protein 43 (GAP43) or (B) activating
transcription factor 3 (ATF3) 4 days later. Normal L4/L5 DRG from uninjured rats were also
collected. Example sections from each of the 3 experimental groups are shown. Summary
data: ***, p<0.001; **, p<0.01; *, p<0.05; significant difference between the indicated
groups, one-way ANOVA with Newman-Keuls Multiple Comparison posttest, F(, g) = 46.3
(A); F2,9) = 27.45 (B). N = 3—4 rats/group (A) and a different set of 4 rats/group (B).
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Fig. 10.

Effect of CCL2 knockdown on pain behaviors after tibial nerve crush plus mSYMPX.
Baseline behaviors were measured twice prior to surgery, and the average value plotted on
day 0. On day 0, in one surgery, the tibial nerve was exposed and crushed, mSYMPX was
performed, and siRNA directed against CCL2 or nontargeting control was injected into the
L4 and L5 DRGs. A, Paw withdrawal threshold (PWT), von Frey test. B. Dynamic allodynia
(cotton wisp test). C. Cold allodynia (acetone test). D. Guarding score (maximum score = 3).
n.s., not significant; no overall effect of the siRNA type (2 way repeated measures ANOVA);
F,14)=8.9,p=0.20,ns. (A), 1.8,p=0.2,ns. (B), 4.7 (C), and 1.25, p = 0.28, n.s.

(D). In each panel the interaction effect was not significant. *, p<0.05; significant difference
between the groups at the indicated time point (Bonferroni’s multiple comparisons posttest).
Data for individual sexes can be found in Supplemental Fig. 5.
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