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A Critical Role for Macrophages Near Axotomized Neuronal
Cell Bodies in Stimulating Nerve Regeneration

Jon P. Niemi,' Alicia DeFrancesco-Lisowitz,' Lilinete Rolddn-Hernandez,' Jane A. Lindborg,' Daniel Mandell,'
and Richard E. Zigmond'
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Macrophages have been implicated in peripheral nerve regeneration for some time, supposedly through their involvement in Wallerian
degeneration, the process by which the distal nerve degenerates after axotomy and is cleared by phagocytosis. Thus, in several studies in
which macrophage accumulation in the distal nerve was reduced and Wallerian degeneration inhibited, regeneration was delayed.
However, this interpretation ignores the more recent findings that macrophages also accumulate around axotomized cell bodies. The
function of macrophage action at this second site has not been clear. In two mutant strains of mice, the slow Wallerian degeneration
(WId") mouse and the chemokine receptor CCR2 knock-out mouse, we report that macrophage accumulation after axotomy was abol-
ished in both the dorsal root ganglion (DRG) and the distal sciatic nerve. To measure neurite outgrowth, DRG neurons were given a
conditioning lesion, and outgrowth was measured in vitro 7 d later in the absence of the distal nerve segment. The increased growth
normally seen after a conditioning lesion did not occur or was reduced in WId® or CCR2™/" mice. In the superior cervical ganglion (SCG),
particularly in WId® mice, macrophage accumulation was reduced but not abolished after axotomy. In SCG neurons from WId’ mice, the
conditioning lesion response was unchanged; however, in CCR2™/~ mice in which the effect on macrophage accumulation was greater,
SCG neurite outgrowth was significantly reduced. These results indicate that macrophages affect neurite outgrowth by acting at the level

of peripheral ganglia in addition to any effects they might produce by facilitation of Wallerian degeneration.

Introduction

In the peripheral nervous system unlike in the CNS, the axon
segment distal to a lesion degenerates rapidly (Wallerian degenera-
tion), and the proximal segment regenerates. Both degeneration
and regeneration involve the interaction of axons with non-
neuronal cells, including macrophages and Schwann cells.
Wallerian degeneration begins rapidly after axonal damage
and was thought to result from general blockade of axonal
transport (Joseph, 1973); however, this simple view changed
with the discovery of the slow Wallerian degeneration (Wid®)
mouse in which degeneration takes weeks to begin (Lunn et
al., 1989).

Early studies on the role of macrophages in Wallerian degen-
eration, reviewed by Perry (1994), include observations by Ra-
mon y Cajal that blood-borne cells play a role in clearing myelin.
Although peripheral nerves, like other tissues, contain “resident”
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macrophages (Oldfors, 1980), primarily “infiltrating” monocytes
have been implicated in Wallerian degeneration (Beuche and
Friede, 1984; Lunn et al., 1989), and the slow Wallerian degener-
ation in the Wid® mouse is accompanied by delayed monocyte
influx (Lunn et al., 1989; Hall, 1993).

The idea that macrophages also play a role in nerve regenera-
tion and do so by their effects on Wallerian degeneration has been
based on two arguments. First, blockade of macrophage accumu-
lation in the distal nerve and the resulting slow Wallerian degen-
eration have been shown to be associated in several studies with
slow nerve regeneration (Brown et al., 1991b; Dailey et al., 1998;
Barrette et al., 2010). Second, axons do not grow into intact
nerves (Langley and Anderson, 1904; Brown et al., 1991a; Bedi et
al., 1992; Agius and Cochard, 1998; Luk et al., 2003). Proposed
rationales for these effects include physical obstruction of axonal
elongation into the nondegenerating nerve segment, lack of
clearance of growth inhibitory factors, and decreased secretion of
neurotrophic factors by the distal nerve (Bisby and Chen, 1990;
Perry and Brown, 1992; Chen and Bisby, 1993), all three of which
could result from decreased monocyte influx (Lunn et al., 1989;
Brown et al., 1991b; Barrette et al., 2008).

However, these arguments do not take into account the fact
that a second site of macrophage accumulation exists after axonal
injury. Our laboratory and Lu and Richardson demonstrated in
the 1990s that infiltration also occurs around axotomized neuro-
nal cell bodies (Lu and Richardson, 1993; Schreiber et al., 1995),
an effect preceded by expression of the macrophage chemokine
CCL2 by these neurons (Schreiber et al., 2001; Tanaka et al.,
2004). Therefore, we examined this second site of macrophage
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accumulation in two mutant mouse strains in which accumula-
tion in the distal nerve is inhibited. Finding a clear inhibition also
in peripheral ganglia, we tested the hypothesis, which is generally
assumed to be true, that neurite outgrowth from sensory and
sympathetic neurons from these mutant animals would be nor-
mal if they were cultured on a permissive substrate. Our findings
contradict this hypothesis and instead strongly support the novel
proposal that macrophages act within peripheral ganglia to pro-
mote nerve regeneration independent of any effects on Wallerian
degeneration.

Materials and Methods

Animal surgeries. Eight- to 12-week-old male and female wild-type (WT)
mice [C57BL/6NHsd (Harlan Laboratories) or C57BL/6] (The Jackson Lab-
oratory)] and mutant mice [C57BL/60laHsd- Wid* (WId’; Harlan Laborato-
ries) or C57B6.129S4-Ccr2 ™/ (CCR2™/~; The Jackson Laboratory)]
were used for this study. The animals were housed under a 12 h light/dark
cycle with ad libitum access to food and water. The superior cervical ganglia
(SCGs) and the fifth lumbar dorsal root ganglia (L5 DRGs) were axotomized
unilaterally under isoflurane anesthesia by transecting the postganglionic
axons of the SCG (the internal and external carotid nerves) near their exits
from the ganglion and the sciatic nerve at midthigh level. For the sciatic
nerve, a 2 mm piece of the distal nerve segment was then removed. The
contralateral sciatic nerve and ganglia served as internal controls. Six, 24, or
48 h or 7 d later, the animals were killed by CO, inhalation, and the SCG, L5
DRG, sciatic nerves, and submandibular glands were removed for immuno-
histochemical or molecular biological analysis. All surgical procedures were
approved by the Case Western Reserve University Institutional Animal Care
and Use Committee.

Immunohistochemistry. Axotomized and contralateral SCG, L5 DRG,
and sciatic nerves from WId*, CCR2™/~, and WT mice were removed 7 d
after unilateral axotomy, and the ganglia were desheathed and fixed by
immersion in 4% paraformaldehyde. The tissues were cryoprotected in
30% sucrose and embedded in Tissue-Tek O.C.T. compound (Electron
Microscopy Sciences). Immunohistochemistry (IHC) was performed on
10 wm cryostat sections. For quantification of macrophages, a rat mono-
clonal antibody to CD11b (also known as Mac1, CR3, and integrin a,,;
1:100; Millipore) was incubated with tissue sections overnight at 4°C.
Although CD11b can stain both macrophages and neutrophils, few neu-
trophils are found in the peripheral nervous system 7 d after nerve injury
(Perry, 1994; Nadeau etal., 2011;J.A.L., A.D.-L.,and R.E.Z., unpublished
observations). After washing, the sections were incubated in DyLight 549
secondary antibody (1:400; Jackson ImmunoResearch) for 1 h. To assess
Wallerian degeneration in the sympathetic system, submandibular
glands were dissected 7 d after SCG axotomy and prepared for IHC as
described above. Submandibular gland sections were incubated with a
rabbit polyclonal antibody to tyrosine hydroxylase (TH; 1:500; Pel-
Freez) for 2 h at room temperature. After washing, the sections were
incubated with a Cy3 secondary antibody (1:400; Jackson ImmunoRe-
search) for 45 min. In all experiments, sections not exposed to the pri-
mary antiserum were included for each experimental group. Images were
captured at 25X magnification using SimplePCI software (Hamamatsu)
and then quantified using MetaMorph software (version 7.6.3.0; Molec-
ular Devices). The area of the section that was stained is expressed as a
percentage of the total area examined. The CD11b data were further
analyzed by expressing each ipsilateral ganglion as a percentage increase
over the contralateral ganglion in the same animal.

Real-time PCR. The expression of CCL2 mRNA was analyzed by real-time
RT-PCR. The procedures followed have been described previously by Ha-
becker etal. (2009). Six, 24, and 48 h after unilateral axotomy, ipsilateral and
contralateral ganglia from WId* and WT mice were removed and stored in
RNAlater (Invitrogen) at 4°C. RNA was extracted from pairs of ipsilateral
and contralateral ganglia using the Ambion RNAqueous micro kit. Three to
six samples were included for each time point. Total RNA was quantified,
and 400 ng were reverse transcribed using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). RT-PCR was performed in an ABI
Step-One Plus, using prevalidated TaqgMan expression assays [CCL2,
MmO00441242_m1; glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
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Mm99999915_g1; Applied Biosystems], and samples were assayed in tripli-
cate. CCL2 mRNA values were normalized for each sample to the mRNA for
GAPDH, which served as an internal control.

Ganglion explants. To assess the outgrowth of peripheral neurons in
response to injury, we evaluated neurite outgrowth in explanted ganglia
after a conditioning lesion (Shoemaker et al., 2005). Seven days after
unilateral axotomy, the ipsilateral and contralateral SCGs and L5 DRGs
from Wid*, CCR2™’~, and WT mice were removed, desheathed, placed
on coverslips, and overlaid with 7.5 ul of Matrigel (Becton Dickinson).
Culture plates were placed in a 37°C incubator for 5 min to allow gelling
of the Matrigel before adding 1 ml of F-12 medium with the additives
described previously by Hyatt Sachs et al. (2010). Phase-contrast images
of neurite outgrowth from each SCG and each DRG were captured at 24
and 48 h after explantation using a Zeiss Axiovert 405 M microscope at
10X magnification. Neurite outgrowth was assessed using MetaMorph
software by measuring the distance between the edge of the ganglion and
the leading tip of the longest 20 processes in each explant.

Ganglion dissociated cell cultures. To assess neurite outgrowth by iso-
lated sensory neurons, we dissociated and cultured neurons from DRGs
(Sachs et al., 2007). Seven days after unilateral transection of the sciatic
nerve, ipsilateral and contralateral L5 DRGs from WId’, CCR27/~, and
WT mice were removed and desheathed. Except when noted, all reagents
used in the DRG and SCG dissociations and culture were from Sigma-
Aldrich. Ganglia were incubated in 0.125% collagenase A at 37°C for
1.5 h. The cells were then dissociated by gentle trituration using a P200
pipette in Neurobasal A medium containing 2% B-27 serum-free supple-
ment, 2 mM glutamine (both from Invitrogen), 10 U/ml penicillin, and
10 pg/ml streptomycin. The dissociated cells were purified following the
procedure of Gavazzi et al. (1999) by centrifugation through 15% BSA at
600 rpm for 6 min. Neurons were resuspended in Neurobasal A contain-
ing 50 pg/ml DNase (type I) and centrifuged at 1000 rpm for 2 min.
Supernatant was removed, and cells were resuspended in Neurobasal A.
Cells were gently plated (one DRG per coverslip) onto 22 mm coverslips
coated with 0.01% poly-L-lysine and 10 ug/ml laminin in a six-well cul-
ture plate. Cells were allowed to adhere undisturbed for 20 min. Each
coverslip was then overlaid with 2 ml of Neurobasal A and cultured for
24 h at 37°C in 95% air/5% CO,.

To assess neurite outgrowth by isolated sympathetic neurons, we cul-
tured dissociated SCGs (Hyatt Sachs et al., 2010). Seven days after uni-
lateral axotomy, ipsilateral and contralateral SCGs were removed,
desheathed, cut into six pieces, and incubated in 0.1% collagenase A at
37°C for 40 min. After washing, SCG were incubated in 0.1% trypsin at
37°C for 10 min. Cells were then dissociated in F-12/Coon’s medium
containing 340 ng/ml tri-iodo thyronine, 60 ng/ml progesterone, 400
ng/ml L-thyroxine, 38 ng/ml sodium selenite, 16 ug/ml putrescine,10
U/ml penicillin, 10 pg/ml streptomycin, and 3.5% Path-4 BSA (MP Bio-
medicals) by gentle trituration using a P200 pipette. Cells were gently
plated (half of a SCG per coverslip) onto 22 mm coverslips as described
above for DRG neurons and allowed to adhere. Each coverslip was then
overlaid with 2 ml of F-12/Coon’s medium and cultured for 24 h at 37°C
in 95% air/5% CO.,.

Analysis of neurite outgrowth in cultured neurons. Cells were fixed in 4%
paraformaldehyde for 20 min at room temperature, washed in PBS, and
labeled with a mouse monoclonal antibody to BIII-tubulin (1:900 for
DRG and 1:800 for SCG; Promega), followed by a 45 min incubation in
an Alexa Fluor-488-labeled secondary antibody (1:400; Invitrogen).
Coverslips were placed onto slides with FluoroGel (Electron Microscopy
Sciences). Neurons were visualized with a Leitz epifluorescence micro-
scope (Leica) at 10X or 25X, and images were captured with a
Hamamatsu ORCA 100 cooled CCD camera interfaced with SimplePCI
software. MetaMorph was used to measure the longest neurite from each
BIII-tubulin-positive neuron with a process of at least 1.5 times the di-
ameter of the cell body.

Myelin visualization. To assess Wallerian degeneration in the sciatic
nerve, myelin was visualized 7 d after unilateral axotomy. Cryostat sec-
tions were rehydrated in distilled water for 5 min and dehydrated in 35%
and 70% ethanol for 5 min each. They were then incubated in 0.1% Luxol
fast blue (LFB) overnight at 60°C, followed by washes in 95% ethanol and
distilled water. The sections were then destained in 0.05% lithium car-
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bonate for 30 s, rinsed in 70% ethanol, and incubated in 70, 95, and 100%
ethanol for 5 min each. Finally, the sections were transferred to xylene for
5 min and examined under a light microscope. The extent of staining was
quantified as described above for TH.

Statistics. Data are expressed as the means = SEM and were analyzed
by one-way ANOVA (PCR data and comparisons of the ratio of CD11b
staining between axotomized and contralateral tissues) or two-way
ANOVA, followed by Tukey’s post hoc test. p values <0.05 were consid-
ered statistically significant.

Results

Decreased axotomy-induced macrophage influx into sensory
and sympathetic ganglia in the Wid° mouse

As indicated previously, the Wid° mouse exhibits little macro-
phage accumulation in the distal sciatic nerve segment 1 week
after nerve transection (Lunn et al., 1989; Brown et al., 1991b).
Later, it was shown that this effect represented a delay, rather than
a block, in macrophage accumulation (Sommer and Schifers,
1998). As a positive control for our immunohistochemical exper-
iments in peripheral ganglia, we also examined the accumulation
of macrophages in the distal segment of the sciatic nerve 7 d after
nerve transection in WT and WId*® mice. Whereas a large increase
in macrophages was found in the nerves of WT animals, no sig-
nificant increase was found in the Wid® mouse, confirming these
earlier studies (Fig. 1la—f).

If the phenotype of the WId" mouse after axotomy was entirely
restricted to the distal nerve segment, as has generally been assumed,
there would be no reason to expect a change in monocyte entry into
the L5 DRG, which is ~2 cm away from the injury site. Nevertheless,
whereas a fourfold increase in macrophage accumulation was seen
in the DRGs of WT mice 7 d after axotomy (Fig. 2a—d), no significant
increase was seen in Wid® mice (Fig. 2a,b,e,f).

We next explored this phenomenon in a sympathetic gan-
glion, the SCG. Here, as in the DRGs, the increase in macrophage
influx into the ganglia in WT mice was substantial (3.6-fold; Fig.
2g). There was also a significant increase in SCGs from Wid* mice
(Fig. 2g), but the density of macrophages was significantly less
than in WT ganglia (Fig. 2g,i~I). Thus, similar to the reduced
accumulation of macrophages in the distal nerve stump after
axonal transection, there is a reduced accumulation in regions of
axotomized neuronal cell bodies in Wid* mice. The difference
between the results in DRGs and SCGs can be seen most dramat-
ically by considering the percentage increases in macrophage
staining between the WT and WId® mice (Fig. 2b,h).

Regulation of CCL2 mRNA in peripheral ganglia

after axotomy

What might account for the decreased macrophage accumula-
tion in these ganglia? As already noted, CCL2 mRNA is increased
in neurons in both sensory and sympathetic ganglia within hours
after axotomy, and therefore can be considered a regeneration-
associated gene (RAG; Schreiber et al., 2001; Costigan et al., 2002;
Boeshore et al., 2004; Tanaka et al., 2004). We sought to deter-
mine whether expression of this gene differed in WT and Wid*
mice. L5 DRGs were examined 6, 24, and 48 h after the sciatic
nerve was transected unilaterally. CCL2 mRNA was not detected
in contralateral ganglia from either genotype at any of the three
time points examined. In the axotomized DRGs, CCL2 mRNA
was detected in both genotypes at all time points; however, the
levels in the ganglia from WT mice were significantly higher than
in WId® mice at 24 and 48 h, and the difference was very close to
significance at 6 h (Fig. 3a).
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CCL2 mRNA was also undetected in contralateral SCGs of
both genotypes. The elevation of this chemokine after axotomy
was significantly greater in SCGs from WT animals compared
with those from WId® animals at all time points examined (Fig.
3b). These data indicate that the difference in CCL2 expression is
likely to be the cause of the reduced accumulation of macro-
phages in axotomized ganglia in the Wid* mouse.

Macrophage accumulation in sensory and sympathetic
ganglia in the CCR2™/~ mouse

CCL2 produces its chemotactic effect on circulating monocytes
via the CCR2 receptor (Deshmane et al., 2009). For example, this

receptor has been shown to be important for monocyte infiltra-
tion into the lesioned sciatic nerve (Siebert et al., 2000). Never-
theless, there are no data available on whether monocyte entry
into peripheral ganglia after axotomy is dependent on CCL2,
CCR2, or both of them. We examined this question in WT mice
and in mice in which CCR2 had been knocked out.

As a starting point, we examined macrophage accumulation
in the distal segment of the sciatic nerve 7 d after nerve transec-
tion in WT and CCR2™/~ mice. In our hands, the increase in
macrophage accumulation after axotomy was totally abolished in
the knock-out animals (Fig. 4a—e). Furthermore, as shown pre-
viously, in WT animals 7 d after unilateral nerve transection,
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macrophage accumulation in the ipsilateral L5 DRG is dramati-
cally increased (Fig. 4/—h); however, no significant increase was
seen under the same conditions in the CCR2™~ mouse (Fig.
4f,1,5). In the SCG, although there was an increase in macrophage
accumulation in ganglia from CCR2™/™ mice (Fig. 4k,n,0), the
density of macrophages was significantly smaller than that seen in
ganglia from WT animals (Fig. 4k—m). These data raise the pos-
sibility that, in the SCG, a second chemokine in addition to CCL2
might be involved in bringing monocytes into the ganglion after
axotomy.

The level of CCL2 mRNA was also determined in DRGs and
SCGs in CCR2™/~ mice 24 h after axotomy. No differences were
found between WT and CCR2 ™/~ mice (Fig. 3c).

Wallerian degeneration in Wld° and CCR2™/~ mice

Wallerian degeneration in the mutant mice was compared with
that in WT mice. As originally shown by Lunn et al. (1989) and
replicated by others, little Wallerian degeneration was seen in
WId® mice 1 week after transection of the sciatic nerve (Fig.
5a,c,f), measured in our experiments by the disappearance of
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staining for myelin proteins. Because it is widely believed that
normal Wallerian degeneration is dependent on infiltrating
monocytes into the distal nerve (Briick, 1997; Dailey et al., 1998;
Luk et al., 2003; Barrette et al., 2008; Vargas et al., 2010; Gaudet et
al., 2011; Rotshenker, 2011) and because there was no significant
influx of macrophages in the sciatic nerves of the CCR2™"~ mice
7 d after transection (Fig. 4a), we assumed that Wallerian degen-
eration would be slow in these animals. However, the clearance of
myelin proteins in CCR2™/~ mice at 7 d was similar to thatin WT
mice and dramatically different from that in the Wid* mice (Fig.
5a,d,9).

As of yet, there have been no reports of the relative speed of
Wallerian degeneration in the sympathetic nervous system among
WT, WId, and CCR2’~ mice. Therefore, we determined whether
sympathetic axons from WId* and CCR2 ™/~ mice in fact exhibit slow
Wallerian degeneration. For this purpose, we examined the sympa-
thetic innervation of one of the main targets of the SCG, the subman-
dibular gland (Flett and Bell, 1991), using IHC for TH, the
cytoplasmic enzyme that catalyzes the rate-limiting step in catechol-
amine biosynthesis. This approach was chosen because TH is local-
ized specifically in sympathetic neurons. Seven days after the internal
and external carotid nerves were severed, TH immunoreactivity was
no longer detectable in the submandibular glands of WT mice (Fig.
6a,b,e); however, considerable staining persisted in the glands from
WId' mice (Fig. 6a,c,f). In contrast, the disappearance of TH immu-
noreactivity in CCR2™/~ mice was similar to that seen in WT mice
(Fig. 6a,d,g).

These data on Wallerian degeneration in the sciatic nerve and
submandibular gland are of considerable interest in the interpreta-
tion of the results on neurite outgrowth presented in the following
sections because although both WId* and CCR2 ™/~ mice have no
significant increase in macrophage accumulation in the distal nerve
segment; only the WId" mice have slow Wallerian degeneration.

The conditioning lesion effect in DRG and SCG explants from
WId' mice

It has been established that regeneration of the sciatic nerve after
nerve crush is decreased, or perhaps delayed, in WId® mice. As
noted previously, this decrease has been attributed to the slow
Wallerian degeneration that occurs in these animals. Based on
this universally accepted view, neurite outgrowth from periph-
eral ganglia placed in a permissive growth environment would be
expected to be normal. Nevertheless, given our finding of a de-
creased expression of an RAG in WId® neurons in sensory and
sympathetic ganglia and a change in the non-neuronal cellular
environment of the axotomized neurons, we wondered whether
these neurons might also exhibit a smaller increase in outgrowth
in vitro in response to axotomy. To examine this possibility, we
first looked at neurite outgrowth in explant cultures (i.e., in the
absence of the distal nerve stump) 7 d after a conditioning lesion.
Both DRGs and SCGs from WT animals have been shown to have
increased outgrowth under these conditions (Ekstrom et al.,
2003; Shoemaker et al., 2005; Hyatt Sachs et al., 2010).

As expected, DRG neurons from WT animals 7 d after a con-
ditioning lesion exhibited an increase in neurite outgrowth both
24 and 48 h after explantation (Fig. 7a—c); however, in ganglia
from WId® mice, there was no significant effect of the condition-
ing lesion at either time (Fig. 7a,b,d). In striking contrast, in the
SCG, comparable conditioning lesion responses were observed in
ganglia from both WT (2.3-fold increase) and Wid® (2.3-fold in-
crease) mice at 48 h, and the magnitudes of these responses were
not significantly different (Fig. 7e—h).
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animals (f). Micrographs are shown from contralateral (g, /) and axotomized (h, j) DRGs from WT (g, h) and R~ (i,j) animals. Axotomy-induced macrophage accumulation s lessened, but not
abolished, in the SCGs from CCR2™/~ mice (k). Micrographs are shown from contralateral (/, n) and axotomized (m, 0) SCGs from WT (/, m) and (CR2~"~ (n, 0) animals. *p << 0.05, **p < 0.001.
Scale bars, 20 m.
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in both Wid* and CCR2™/~ mice and that T o
the conditioning lesion response is abol- % 40 4
ished in explants of the DRGs from Wid"* 5 20
mice. Therefore, we examined the growth .
response to a conditioning lesion in the o ol k4
CCR2™'~ mice. As expected, there was an a1 5 4 4 1
increase in outgrowth in response to a . ! :
conditioning lesion in both the DRG (Fig. WT Wid* CCR2-/-

8a—c) and the SCG (Fig. 8e—g) explants in
ganglia taken from WT animals. Strik-
ingly, however, this conditioning lesion
effect was abolished in both types of gan-
glia taken from CCR2™/™ mice (Fig. 8a,b,d
and e,f,h). These results indicate a strong
relationship between macrophage accu-
mulation in ganglia and the conditioning
lesion response, and they provide a case in
which inhibition of the response can be
completely dissociated from changes in
the rate of Wallerian degeneration.

Examination of the conditioning lesion

effect in dissociated neurons from both

Wid* and CCR2™'™ mice

To determine whether the decreased neurite
outgrowth seen in explants represented, at
least in part, a neuron-autonomous effect,
we examined the conditioning lesion re-
sponse in dissociated neuronal cultures.
Demonstration that a conditioning lesion
response in WT neurons can be seen in dis-
sociated DRG and SCG cultures was first
observed by Hu-Tsai et al. (1994) and Shoe-
maker et al. (2005), respectively.

The longest neurite was measured
from every BIII-tubulin immunostained neuron that had a neu-
rite at least 1.5 times the diameter of the cell body. As we reported
previously (Shoemaker et al., 2005; Sachs et al., 2007), 7 d after a
conditioning lesion, there was a substantial increase in neurite
outgrowth from both sensory and sympathetic neurons from WT
animals (Fig. 9a,b,e and h,i,], respectively). In dissociated neurons
from DRGs of both WId* and CCR2™/~ mice, this conditioning
lesion effect was significantly reduced; nevertheless, the effect was
not abolished (Fig. 9a). In neurons from SCGs of WId® mice, no
change in the conditioning lesion effect was seen compared with
that in WT mice (Fig. 9h,,m). In sympathetic neurons from
CCR2™’~ mice, the conditioning lesion effect was significantly
reduced but again not abolished (Fig. 9h,k,n). Thus, under con-
ditions in which macrophage accumulation in peripheral ganglia
is substantially reduced, the conditioning lesion response in neu-
rons dissociated from those ganglia is reduced.

Figure 5.

Scale bar, 20 pum.

Discussion

Macrophages are known to foster nerve regeneration; however,
virtually all previous studies have assumed that they do so by
accumulating in the distal nerve segment, promoting Wallerian
degeneration, and perhaps triggering growth factor expression.
Such studies include investigations of the WId* mouse (Brown et

Seven days after the sciatic nerve was unilaterally transected, changes in reactivity for myelin proteins were deter-
mined in nerves from WT, Wie, and CCR2™~ mice by staining with LFB. The distal nerve segments from WT and CCR2™"™ mice
showed significantly less myelin staining compared with contralateral nerves, whereas axotomized nerves from Wid® mice re-
tained >80% of myelin reactivity compared with contralateral nerves (a). The micrographs represent sections from the
ipsilateral (e~ g) and contralateral (b— d) nerves from WT, Wid*, and CCR2~/~ mice, respectively. *p < 0.05, **p < 0.001.

al., 1991b) and of blockade of monocyte infiltration into the dis-
tal nerve, for example, by means of complement depletion
(Dailey et al., 1998) or insertion of a thymidine kinase transgene
on the CD11b promoter (Barrette et al., 2008). Under these con-
ditions, both Wallerian degeneration and nerve regeneration are
inhibited. Although it has been known for ~20 years that mac-
rophages also accumulate in axotomized sympathetic and sen-
sory ganglia after axotomy (Lu and Richardson, 1993; Schreiber
et al., 1995), no consideration has been given to the possibility
that such accumulation was also blocked in these studies.
Macrophage accumulation in the lesioned sciatic nerve de-
pends on CCL2 expression by Schwann cells (Perrin et al., 2005)
and by the expression of its receptor CCR2 on monocytes (Siebert
et al., 2000; Abbadie et al., 2003). In addition, in peripheral gan-
glia, macrophage accumulation is preceded by CCL2 expression
by the axotomized neurons (Schreiber et al., 2001; Tanaka et al.,
2004). We report here that axotomy-induced macrophage accu-
mulation is totally absent in the L5 DRG in the Wid® mouse and
that this is accompanied by a substantially smaller increase in
CCL2 mRNA compared with that seen in WT ganglia. In the WId*
SCG, macrophage accumulation is also reduced, but it is not
abolished despite a reduced upregulation of CCL2 mRNA similar
to that in the DRG. These results suggest that a second chemo-
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the SCG. This relationship between the
extent of macrophage accumulation in
these two peripheral ganglia and subse-
quent neurite outgrowth supports our hy-
pothesis that monocyte infiltration into
peripheral ganglia plays a crucial role
in triggering the conditioning lesion
response.

The results of neurite outgrowth ob-
tained in dissociated cell cultures bear
both similarities to and differences from

Figure 6.  Sympathetic nerve fibers in an autonomic target in the Wid® mouse, but not the CCR2 "~ mouse, exhibit slow
Wallerian degeneration (a). To determine whether sympathetic neurons in vivo in the Wid* and CCR2~"~ mouse exhibit slow
Wallerian degeneration, the internal and external carotid nerves were transected, and, 7 d later, the ipsilateral and contralateral
submandibular glands were stained for THin WT, Wid*, and CCR2~/~ mice. The micrographs represent sections from the
ipsilateral (e— g) and contralateral (b— d) nerves from WT, Wid*, and (CR2™"~ mice, respectively. *p << 0.05, **p < 0.001.

Scale bar, 20 wm.

kine, in addition to CCL2, operates in the SCG and a number of
candidates exist for this molecule (Surmi and Hasty, 2010; Inger-
soll etal., 2011). When we tested the importance of CCL2/CCR2
signaling further by looking at CCR2™"~ mice, we again found a
total blockade of macrophage accumulation in the DRG and a
less robust but significant increase in the SCG.

To test whether these changes in macrophage accumulation in
ganglia affect neurite outgrowth, we used the conditioning lesion
response. In this response, a previous lesion to a nerve stimulates
the regenerative response to a subsequent lesion in vivo
(McQuarrie and Grafstein, 1973). The conditioning lesion also
increases neurite outgrowth in sensory and sympathetic neurons
in explant or dissociated cultures (Hu-Tsai et al., 1994; Edstrom
et al., 1996; White et al., 1996; Shoemaker et al., 2005). We used
these in vitro approaches with the WId* mice because interpreta-
tion of in vivo experiments would be complicated by the influence
of the nondegenerating distal nerve segment, which as noted is
assumed to inhibit regeneration.

In the WId® DRG explants, neurite outgrowth does not in-
crease after a conditioning lesion. Conversely, in the SCG, no
difference was seen in the conditioning lesion response between
WT and Wid® mice. A likely explanation is that, whereas macro-
phage accumulation in the DRG after axotomy was completely
abolished in the WId® mouse, it was only somewhat diminished in

those from explants. For example, in both
explants and cell cultures, WId* DRG neu-
rons, but not SCG neurons, exhibited less
neurite outgrowth after a conditioning le-
sion compared with WT animals. Never-
theless, the conditioning lesion effect was
not abolished in cell cultures from DRGs
as it was in explants.

Inboth DRG and SCG explant cultures
from CCR2™/~ mice, no conditioning le-
sion effect was seen. In dissociated sensory
and sympathetic CCR2™/~ neurons, the
conditioning lesion effect was signifi-
cantly reduced, but it was not abolished.
Presumably, the differences between ex-
plant and cell cultures reflect the disrup-
tion of the cellular relationships between
neurons and non-neuronal cells and a re-
duction in the presence of non-neuronal
cells (e.g., satellite/Schwann cells, macro-
phages and other leukocytes, endothelial
cells, and fibroblasts). Based on these re-
sults, we hypothesize that the effect of
macrophages on the conditioning lesion
response results in part from a stimulatory
neuron-autonomous event and in part
from an effect on a non-neuronal cell
type, perhaps inhibitory in nature.

A peripheral conditioning lesion also promotes regeneration
of the lesioned central processes of DRG neurons (Richardson
and Verge, 1987; Chonget al., 1999; Neumann and Woolf, 1999).
In a recent article, Salegio et al. (2011) showed that this effect is
blocked after intravenous injections of clodronate liposomes, a
treatment that decreases the number of circulating monocytes.
However, given the systemic effect of these liposomes, macro-
phages would be decreased at both the CNS and PNS injury sites
along with a decrease in the DRGs. Thus, no conclusion can be
drawn from the study as to the importance of monocyte entry
specifically into the DRG. Lu and Richardson (1991) did report
that producing inflammation within the DRG or injecting peri-
toneal macrophages directly into these ganglia stimulated regenera-
tion of the central, although not the peripheral, process of DRG
neurons.

With few exceptions, studies on the Wid* mouse have focused
on understanding the mechanism of the ~10-fold slower degen-
eration of the distal axonal segment that occurs after axotomy
compared with that in WT axons. The expectation from early
studies on regeneration in the Wid* mouse has been that delayed
regeneration is the direct result of delayed degeneration and that
no effects should be seen on neurite outgrowth of Wid* neurons
in culture. Another argument against the idea that the delayed
regeneration represents a change in the growth response of Wid*
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Figure7. The conditioning lesion effect is abolished in DRG, but not SCG, explants from Wid* mice. Seven days after unilateral sciatic nerve transection, DRGs were placed in explant culture, and
neurite outgrowth was measured after 24 h (a) and 48 h (b). The phase micrographs are of individual conditioned DRG explants from WT (c) and Wid* (d) mice at 48 h. The arrows point to the endings
of individual neurites. SCGs were examined 7 d after transection of the internal and external carotid nerves. Phase micrographs are shown for conditioned SCG explants from WT (g) and Wid* (h) mice
after 48 h. In the SCG, no significant difference in neurite outgrowth was seen between the two genotypes (e, f). *p << 0.05, **p << 0.001. Scale bars, 100 wm.
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Figure8.  The conditioning lesion effect is abolished in DRG and SCG explants from CCR2~~ mice. Seven days after unilateral sciatic nerve transection, DRGs were placed in explant culture, and
neurite outgrowth was measured after 24 h (@) and 48 h (b). The representative phase micrographs are of individual conditioned DRG explants from WT (c) and CCR2~~ (d) mice at 48 h. The arrows
point to the endings of individual neurites. Examination of SCG explants from CCR2 "~ mice 7 d after transection of the internal and external carotid nerves revealed no conditioning lesion effect
at 24 h (e) or 48 h (f). Representative micrographs of individual conditioned SCGs are shown for WT (g) and CCR2 "~ (h) mice at 48 h. *p << 0.05, **p < 0.001. Scale bars, 100 m.
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the DRGs and SCGs were removed, dissociated, and cultured for 24 h. Neurite outgrowth was measured and expressed as mean
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neurons was the finding that expression of
three RAGs (c-JUN, growth-associated
protein-43, and the medium neurofila-
ment protein) did not differ between mu-
tant and WT animals (Brown et al., 1994;
Gold et al., 1994; Bisby et al., 1995). Of
course, these are only three of the hun-
dreds of genes whose expression is altered
after axotomy (Costigan et al., 2002; Boe-
shore et al., 2004). Our finding that the
injury-induced upregulation of CCL2 is
lessened in the Wid° mouse in sensory and
sympathetic neurons is the first demon-
stration of a change in expression of a
RAG in neurons in these mutants.

Our data also strongly suggest that
CCL2 acting via CCR2 expressed on
monocytes is involved in monocyte entry
into peripheral ganglia. However, there
are two caveats in interpreting our
CCR2™/" data. First, it is known that
CCR2 is involved in the exit of monocytes
from the bone marrow (Ingersoll et al.,
2011). Therefore, the extent that knocking
out this receptor diminishes monocyte
entry into the bloodstream and the extent
to which it blocks entry from the blood-
stream into particular tissues must be re-
solved with additional experiments.
Second, it has been demonstrated that
CCR2 receptors are present on DRG neu-
rons in addition to being present on mac-
rophages (White et al., 2009), and, in a
single study, CCL2 was shown to promote
neurite outgrowth from neurons of the
statoacoustic ganglion of the inner ear
(Bianchi et al., 2005). Thus, CCL2 might
have a direct growth-promoting effect on
SEeNnsory neurons.

In the CCR2™/~ mice, no conditioning
lesion effect was seen in either the ex-
planted DRG or SCG. The importance of
macrophage action in axotomized ganglia
is perhaps most directly demonstrated in
these animals in which Wallerian degen-

<«

length of the longest neurite from each neuron. Greater than
50 neurons were measured for each group, with the exception
of the (CR2~"~ sham DRG group in which 21 neurons were
measured. A conditioning lesion response was observed in all
three genotypes, but in DRGs, the response was significantly
less than WT in both mutants (a). In SCGs, the magnitude of
conditioning lesion response was similar in W/d* and WT mice
butwas significantly lessin CCR2 /"~ mice (h). Representative
micrographs of single DRG neurons from contralateral (b- d)
and conditioned (e- g) ganglia from WT (b, e), Wid* (c, f), and
(CR2~/~ (d, g) mice. Representative micrographs of single
SCG neurons from contralateral (i- k) and conditioned (I~n)
ganglia from WT (7, I), Wie® (j, m), and CCR2~"~ (k, n) mice.
*%p < 0,001. # indicates that the mean length of C(R2™
contralateral SCG neurons was significantly longer than WT
(p = 0.04). Scale bars, 100 um.
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eration appears to be similar to that in WT animals. Although all
of our outgrowth experiments were designed to minimize any
possible inhibition of regeneration produced by the distal nerve
stump, we found, in addition and to our surprise, normal Walle-
rian degeneration in the CCR2™/"~ mice despite the fact that we
found no accumulation of macrophages in the distal nerve. This
finding that infiltrating monocytes are not required for normal
Wallerian degeneration is contrary to the view presented in two
recent reviews (Gaudet etal., 2011; Wangetal., 2012); however, it
is supported by a single older study of Perry et al. (1995) in which
mice were subjected to whole-body irradiation. Our results also
seem in conflict with those reported by Barrette et al. (2008, their
Fig. 6), in which the clearance of LFB staining in their thymidine
kinase mutants was substantially reduced. Additional studies are
required to determine the basis of these differences.

Many questions remain concerning macrophage action
within ganglia. For example, we do not know the phenotype of
the hematogenous macrophages in these ganglia (e.g., M1 or
M2), what these cells might be releasing that stimulates neurite
outgrowth, and whether other immune cells participate in this
stimulation (Gordon and Martinez, 2010; Gaudet et al., 2011;
Gensel et al, 2012; Kurimoto et al., 2013). The growth-
promoting effect of lens injury on retinal ganglion cells thought
initially to be attributed to macrophages is now thought to be
mediated by either neutrophils or astrocytes (Leon et al., 2000;
Leibinger et al., 2009; Kurimoto et al., 2013). Another question of
interest is whether microglia could play a similar role in the CNS
as macrophages do in the PNS, a possibility raised by the recent
findings of Shokoubhi et al. (2010).

In summary, our study involves four key findings. First, it is
highly likely that CCL2/CCR?2 signaling is important in the infil-
tration of monocytes into peripheral ganglia after axotomy. Sec-
ond, the decreased sensory nerve regeneration seen by others in
WId® mice involves both a decrease in the growth response of the
neurons, as well as probably the long-hypothesized influence of
extrinsic factors. Third, Wallerian degeneration can proceed in
the absence of infiltrating monocytes. Fourth, macrophage accu-
mulation in peripheral ganglia after injury plays an essential role
in the response of neurons to a conditioning lesion. Together,
these findings establish an important new site of macrophage
action in promoting nerve regeneration.
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