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The primary macrophage chemokine, CCL2, 
is not necessary after a peripheral nerve injury 
for macrophage recruitment and activation 
or for conditioning lesion enhanced peripheral 
regeneration
Aaron D. Talsma1, Jon P. Niemi1, Joel S. Pachter2 and Richard E. Zigmond1* 

Abstract 

Background:  Peripheral nerve injuries stimulate the regenerative capacity of injured neurons through a neuroim-
mune phenomenon termed the conditioning lesion (CL) response. This response depends on macrophage accumula-
tion in affected dorsal root ganglia (DRGs) and peripheral nerves. The macrophage chemokine CCL2 is upregulated 
after injury and is allegedly required for stimulating macrophage recruitment and pro-regenerative signaling through 
its receptor, CCR2. In these tissues, CCL2 is putatively produced by neurons in the DRG and Schwann cells in the distal 
nerve.

Methods:  Ccl2fl/fl mice were crossed with Advillin-Cre, P0-Cre, or both to create conditional Ccl2 knockouts (CKOs) 
in sensory neurons, Schwann cells, or both to hypothetically remove CCL2 and macrophages from DRGs, nerves or 
both. CCL2 was localized using Ccl2–RFPfl/fl mice. CCL2–CCR2 signaling was further examined using global Ccl2 KOs 
and Ccr2gfp knock-in/knock-outs. Unilateral sciatic nerve transection was used as the injury model, and at various 
timepoints, chemokine expression, macrophage accumulation and function, and in vivo regeneration were examined 
using qPCR, immunohistochemistry, and luxol fast blue staining.

Results:  Surprisingly, in all CKOs, DRG Ccl2 gene expression was decreased, while nerve Ccl2 was not. CCL2–RFP 
reporter mice revealed CCL2 expression in several cell types beyond the expected neurons and Schwann cells. 
Furthermore, macrophage accumulation, myelin clearance, and in vivo regeneration were unaffected in all CKOs, 
suggesting CCL2 may not be necessary for the CL response. Indeed, Ccl2 global knockout mice showed normal mac-
rophage accumulation, myelin clearance, and in vivo regeneration, indicating these responses do not require CCL2. 
CCR2 ligands, Ccl7 and Ccl12, were upregulated after nerve injury and perhaps could compensate for the absence of 
Ccl2. Finally, Ccr2gfp knock-in/knock-out animals were used to differentiate resident and recruited macrophages in the 
injured tissues. Ccr2gfp/gfp KOs showed a 50% decrease in macrophages in the distal nerve compared to controls with a 
relative increase in resident macrophages. In the DRG there was a small but insignificant decrease in macrophages.
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Introduction
Extensive research has investigated factors that pro-
mote peripheral nerve regeneration, including Wallerian 
degeneration, activation of neuronal growth programs, 
changes in Schwann cells, and inflammation. Peripheral 
axons, presumably due to a combination of these fac-
tors, have another remarkable ability: if they are injured 
a second time, their regeneration rate is greater than after 
a single injury [1]. This is called the conditioning lesion 
(CL) response, as the first injury “conditions” axonal 
growth.

Inflammation, and particularly macrophages, have 
been implicated in the CL response (e.g., [2]). Mac-
rophages were initially observed in peripheral nerves 
distal to the injury site (distal nerve, DN; [3]). As pro-
fessional phagocytes, they purportedly remove inhibi-
tory molecules to permit axonal regeneration. However, 
macrophages are plastic, capable of creating inflamma-
tory, cytotoxic environments and anti-inflammatory, 
pro-regenerative environments [4, 5]. Within the DN, 
macrophages promote growth factor production, which 
may aid regeneration [6, 7]. Macrophages were also dis-
covered in sensory (i.e., dorsal root ganglia; DRGs) and 
sympathetic ganglia after peripheral nerve injury [8, 9], 
and DRG macrophages can produce CL-like regeneration 
enhancement in the dorsal root [10]. These macrophages 
were hypothesized to produce cytokines, which directly 
or indirectly stimulate DRG somata. Thus, there are two 
macrophage populations, which could be critical for the 
CL response: DRG macrophages and DN macrophages.

Within these two populations there are at least two 
subpopulations: resident and recruited macrophages. 
The presence of recruited macrophages in the DRG [11, 
12] and DN [13, 14] implies the presence of a recruitment 
signal. CCR2 is the primary macrophage chemokine 
receptor responsible for their chemotaxis into tissues [15, 
16], and it seems necessary for recruiting macrophages 
to the injured DRGs and DN. Furthermore, when these 
macrophages are absent, as in the Ccr2 knockout (KO) 
mouse, the CL response is largely abolished in culture 
assays [12]. CCL2 is the primary ligand for CCR2 [17, 
18], and it recruits macrophages to a variety of injury and 
infection sites. It is rapidly upregulated in DRGs and DNs 
after a peripheral nerve injury, suggesting it functions 
in the injury response [19, 20]. Indeed, Kwon et al. [21] 

reported that CCL2 is required for the CL response. In 
Ccl2 KO mice, they found no macrophage recruitment 
to DRGs after sciatic nerve injury. Furthermore, they 
reported that CCL2 is required to stimulate pro-regener-
ative signaling by macrophages in co-culture assays, sug-
gesting dual critical functions for CCL2 in recruitment 
and regeneration.

Given the data suggesting that recruited macrophages 
are necessary for the CL response and that CCL2 is 
required to recruit macrophages, we sought to create 
site-specific Ccl2 KOs to prevent recruitment to either 
DRGs or DNs. Previous reports claimed that CCL2 
is only expressed by neurons in DRGs [19, 22, 23], and 
is primarily expressed by Schwann cells in peripheral 
nerves [24, 25]. We used two Cre drivers to target these 
cell populations: Advillin-Cre, which expresses in most 
sensory neurons [26], and P0-Cre, which expresses in 
Schwann cells [27]. Crossing these drivers to CCL2fl/

fl mice [28], we generated three conditional Ccl2 KOs 
(Ccl2 CKOs): Adv-Cre; CCL2fl/fl mice (ACKOs) to reduce 
DRG CCL2 expression and macrophage recruitment; 
P0-Cre; CCL2fl/fl mice (PCKOs) to reduce DN CCL2 
expression and macrophage recruitment; and a double 
CKO (DCKO) containing both Cre drivers. Instead of 
demonstrating the distinct functions of DRG- and DN-
recruited macrophages, we show that assertions about 
CCL2’s function in a sciatic nerve injury model have to 
be reconsidered.

Materials and methods
Mice
Eight-to-twenty-four-week-old age matched mice were 
used for all studies. As shown in Fig. 1B–M, no sexual 
dimorphism was found after sciatic nerve transec-
tion in macrophage accumulation in either the DRG 
or in the CL response. Therefore, males and females 
were used in approximately equal numbers for all 
groups in all experiments. Mice were housed under 
12:12 light:dark cycle with ad  libitum access to food 
and water. The conditional knockout genotypes used 
for this study were Advillin-Cre; CCL2fl/fl, P0-Cre; 
CCL2fl/fl, and Advillin-Cre; P0-Cre; CCL2fl/fl, with 
CCL2fl/fl used as the control. These strains were bred 
by our lab from CCL2fl/fl (from Joel Pachter; Ge et al., 
[28]), Advillin-Cre (from Paul Heppenstall, European 

Conclusions:  CCL2 is not necessary for macrophage accumulation, myelin clearance, and axon regeneration in the 
peripheral nervous system. Without CCL2, other CCR2 chemokines, resident macrophage proliferation, and CCR2-
independent monocyte recruitment can compensate and allow for normal macrophage accumulation.
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Molecular Biology Lab, Monterotondo, Roma, Italy; 
[26]), and P0-Cre (Jackson Laboratories, Bar Har-
bor, ME, USA; # 017927) strains. The CCL2–RFPfl/

fl mice (Jackson Labs; #016849; [29]) were bred with 
Advillin-Cre and P0-Cre strains to create the CCL2–
RFP DCKO. For the Ccl2 global KO experiments, we 
used WT controls (C57BL/6J; Jackson Labs; #000664) 
and Ccl2−/− (Jackson Labs; #004434) strains [30]. For 
measuring the contribution of CCR2 to macrophages 
accumulation, we bred Ccr2gfp/gfp Knock-in (KI)/KO 
(Jackson Labs; #027619) animals with C57BL6/J to cre-
ate heterozygous Ccr2gfp/+ controls or with themselves 
to make Ccr2gfp/gfp (i.e., Ccr2 KOs) [31].

Surgeries
The following surgical procedures were approved by the 
Case Western Reserve University Institutional Animal 
Care and Use Committee.

Sciatic nerve transection
Mice were anesthetized with isoflurane anesthesia. A 
small incision was made in the thigh distal to the sci-
atic notch, and the sciatic nerves were exposed. The 
nerve was transected unilaterally on the right side in the 
proximal thigh near the greater trochanter, and a piece 
of nerve, the width of #55 forceps (Fine Science Tools, 
Foster City, CA, USA; 11254-20), was removed to impair 

Fig. 1  Male and female B6 (WT) mice have indistinguishable DRG macrophage accumulation and activation, and conditioned and unconditioned 
in vivo regeneration. A Diagram of our in vivo conditioning lesion (CL) and regeneration paradigm. B Macrophage quantification in Naïve, 2 day 
post-crush (Sh CL), and 9 day post-transection plus 2 day post-crush (CL) DRGs from male and female mice. Macrophages were quantified as the 
percent area stained by anti-CD68. Means were compared with a two-way ANOVA followed by Tukey’s post-hoc tests. C–H Representative images 
of macrophages in the cell body area of L4 DRGs from the indicated sex and injury condition. Scale bar is 50 μm. I Axon regeneration expressed as 
the fraction of axons relative to the crush site every 200 µm. Each point is the mean fraction ± SEM. Pairs of curves were compared using non-linear 
regression assuming one phase decay, initial Y = 1, and the plateau = 0 and significance was determined by comparing the decay constants of 
the fitted curves. J–M Representative images of regenerating axons stained for SCG10, a marker of regenerating sensory axons. Unconditioned 
growth (J, K), representing neuron intrinsic regeneration rate, and conditioned growth (L, M) were the same between sexes. Conditioned growth 
was increased compared to unconditioned growth in both sexes. The dotted line indicates the center of the crush site which was considered to 
be 500 μm wide, and the solid line is 3000 μm from the crush site. Scale bar is 500 μm. n = 10 for all groups and * indicates significance differences 
(**p < 0.01, ***p < 0.001) between indicated means
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regeneration. On the left side, the nerve was only exposed 
as a control. The wounds were closed with a wound clip. 
For analgesia, animals were given bupivacaine subcuta-
neously at the incision and carprofen subcutaneously at 
the scruff. The animals were allowed to recover for 1, 2 
or 7 days before they were sacrificed by CO2 inhalation. 
L3 and L4 DRGs and the sciatic nerves were removed for 
immunofluorescence or molecular biological analysis.

In vivo conditioning lesion
Mice were anesthetized with isoflurane, and a small inci-
sion was made in the mid-thigh. On the right side, the 
sciatic nerve was exposed and transected at the trifur-
cation, and a forceps-width of nerve was removed. On 
the left, the trifurcation was only exposed as a control. 
Wounds were closed with a wound clip, and the mice 
were allowed to recover for 7 days. At the end of this 
period, mice were again anesthetized. The original inci-
sion was reopened, and the sciatic nerve was exposed at 
the level of the greater trochanter of the femur. The sci-
atic nerves were crushed bilaterally using ultrafine hemo-
stats (Fine Science Tools; 13006-12) for 45  s just distal 
to the greater trochanter. The wounds were closed with 
wound clips. The mice recovered for 2 days before they 
were sacrificed by CO2 inhalation. The sciatic nerves 
were removed, pinned in a 35 mm petri dish with dental 
wax in the bottom so they were straight, and fixed over-
night in 4% paraformaldehyde in PBS. After both surger-
ies, animals were given bupivacaine subcutaneously at 
the incision and carprofen subcutaneously at the scruff.

RT‑qPCR
One or two days after sciatic nerve transection, condi-
tional KO animals were sacrificed. The L3 and L4 DRGs 
from each side (i.e., axotomized and sham sides) were 
removed, pooled and flash frozen with liquid nitrogen. 
The right sciatic nerve distal to the transection and an 
equivalent length of the left sciatic nerve were removed 
and flash frozen. The tissue was stored on dry ice or 
at −  80  °C. For the DRGs, RNA was extracted using 
the RNAqueous Micro kit (Thermo Fisher Scientific, 
Waltham, MA, USA; AM1931). For the sciatic nerves, 
RNA was extracted using the TRIzol Plus RNA Purifi-
cation kit (Thermo Fisher; 12183-555) as described in 
the Thermo Fisher protocol. RNA was made into cDNA 
using the qScript cDNA Synthesis kit (Quanta Bio, Bev-
erly, MA, USA; 95047-100). qPCR was done in triplicate 
in an Applied Biosystems Step-One Plus (Thermo Fisher; 
4376600) using pre-validated Taqman expression assays 
(Thermo Fisher; 4331182) for Gapdh (Mm99999915_
g1), Ccl2 (Mm00441242_m1) Ccl7 (Mm00443113_m1), 
and Ccl12 (Mm01617100_m1). Relative expression was 

quantified using the ddCT method with Gapdh as the 
housekeeping gene.

Luxol fast blue (LFB) for myelin visualization
Sciatic nerves were drop fixed in 4% paraformaldehyde 
(PFA) in phosphate-buffered saline (PBS), washed, cryo-
protected in 30% sucrose in PBS, mounted in Tissue-
Tek O.C.T. compound (Electron Microscopy Sciences, 
Hatfield, PA, USA; 62550-01), sectioned with a cryostat 
and direct mounted onto Superfrost Plus slides (Thermo 
Fisher; 12-550-15). LFB staining was done on 20 μm sec-
tions. Slides were rehydrated in water for 5  min then 
moved to 35% ethanol for 5 min then to 70% for 5 min 
before being placed in sealed slide containers with fil-
tered 0.1% LFB solution (Electron Microscopy Sciences; 
26681-01) and incubated at 60–65  °C overnight. Slides 
were rinsed briefly by dipping first in 95% ethanol and 
then in distilled water. Slides were destained by incubat-
ing in 0.05% lithium carbonate (w/v) in ddH2O for 30  s 
and then immediately quenched by rinsing and incubat-
ing in 70% ethanol for 5 min. Slides were dehydrated by 
incubating in 95% ethanol and then 100% ethanol for 
5 min each, soaked in xylenes for 5 min, and then cover-
slipped with VectaMount Mounting Medium (Vector 
Laboratories, Burlingame, CA, USA; H-5000). Slides 
were imaged blinded at ×20 magnification under a light 
microscope with constant settings. Three images were 
taken per nerve or six total per animal. Images were 
quantified blind as the LFB stained area as a percentage 
of the section area. Percent LFB area of the three images 
per nerve were averaged to give a measure of myelin 
clearance per nerve per animal.

Immunofluorescence and imaging
Sciatic nerves and L4  DRGs were harvested, cleaned 
briefly, and drop fixed in 4% PFA overnight before cry-
oprotection in 30% sucrose in PBS for at least 2 days. 
Pairs of sham and manipulated DRGs or sciatic nerves 
from each animal were embedded in Tissue-Tek O.C.T 
compound (Electron Microscopy Sciences), sectioned at 
10, 20 and 40  μm using a cryostat, and direct mounted 
onto Superfrost Plus slides (Thermo Fisher; 12-550-15). 
Tissue was stained on the slides, using a PAP pen ring to 
contain the staining solutions. Sections were incubated 
with primary antibodies overnight at 4  °C, and subse-
quently incubated in secondary antibodies for either 1 h, 
for 10 μm sections, or 2 h, for 20 and 40 μm sections, at 
room temperature. The following primary antibodies 
were used at the following dilutions in blocking buffer: 
rat anti-CD68 1:200 (Bio-Rad Laboratories, Hercules, 
CA, USA; MCA1957), rabbit anti-Iba1  1:500 (Fujifilm 
Wako Chemicals, Richmond, VA, USA; 019-19741), rab-
bit anti-SCG10 1:4000 (Novus Biologicals, Centennial, 
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CO, USA; NBP1-49461), rabbit anti-RFP 1:800 (Rockland 
Immunochemicals, Limerick, PA, USA; 600-401-379), 
rat anti-mCherry 1:1000 (Thermo Fisher; M11217), rat 
anti-F4/80 1:1000 (Bio-Rad; MCA497), rabbit anti-ΒIII-
tubulin 1:1000 (Abcam, Waltham, MA,USA; ab18207) 
and sheep anti-green fluorescent protein (GFP; Bio-Rad; 
4745-1051). The following secondary antibodies were 
used at a 1:400 dilution in blocking buffer: Cy3 donkey 
anti-rat (Jackson ImmunoResearch, West Grove, PA, 
USA; 712-165-153), AF555 donkey anti-rat (Abcam; 
ab150154), AF594 donkey anti-rat (Jackson ImmunoRe-
search; 712-585-153), AF594 donkey anti-rabbit (Jack-
son ImmunoResearch; 711-585-152), AF488 donkey 
anti-rabbit (Jackson ImmunoResearch; 711-545-152), 
AF647 donkey anti-rat (Jackson ImmunoResearch; 712-
605-153), and AF488 donkey anti-sheep (Jackson Immu-
noResearch; 713-546-147). DAPI 1:1000 in PBS (Thermo 
Fisher; D1306) was used to label cell nuclei. Ten μm sec-
tions were stained to examine macrophages in the Ccl2 
CKOs and Ccl2 KOs, and CCL2-RFP localization in the 
sciatic nerve (Figs.  3, 4, 8, 9). Twenty μm sections were 
stained to examine CCL2–RFP DRG localization in the 
Ccl2–RFPfl/fl controls and Ccl2–RFP DCKOs (Fig.  7). 
Forty μm sections were stained to examine in vivo axon 
regeneration (Figs. 5, 10).

To quantify macrophage accumulation in the DRG 
and sciatic nerve (Figs. 1, 3, 4, 9), images were captured 
at ×25 magnification using SimplePCI software (Hama-
matsu) and constant exposure settings. Three images per 
nerve or DRG were captured and used for quantification 
giving a total of 12 images per animal. The area of the 
section that was stained is expressed as a percentage of 
the total area examined. The three values from each tis-
sue and condition (e.g. sham DRG) were averaged to give 
a single value for each tissue and condition in each ani-
mal. Images to quantify nerve regeneration and CCL2–
RFP localization were taken using a Zeiss LSM 800 with 
constant settings (laser powers, scan speed, resolution 
and PMT voltages; Figs. 1, 5, 7, 8, 10). All confocal stacks 
were run through a 3 by 3 median filter to remove noise 
before they were maximum projected for quantifica-
tion. The investigator was blinded to the groups before 
quantification. Quantification of nerve regeneration is 
described below. Images were quantified using ImageJ 
software (1.53).

In vivo conditioning lesion regeneration analyses
Nerve regeneration was visualized by staining 40  μm 
nerve sections with an antibody against SCG10. The 
most straightforward way to quantify these images 
would be to identify and measure the length from the 
crush of each regenerating axon. However, there were 
several challenges in quantifying these images. The first 

major problem is that the sections are never exactly 
parallel to the growth of the regenerating axons. This 
means that along the length of the nerve some axons 
are leaving the section and others are entering. Sec-
ond, there are many regenerating axons within a 40 μm 
section, and they are often packed tightly, particularly 
within and near the test lesion (i.e. Crush Site). These 
facts mean that it is extremely rare to be able to iden-
tify single axons or even their tips, and thus, measur-
ing all regenerating axons individually was not possible. 
Therefore, we devised another indirect method for 
quantifying regeneration.

This quantification method relies on five assump-
tions. (1) The number of axons leaving and entering a 
section at any particular point is equal. (2) The axons 
located within the crush site are the maximum number 
of axons that can regenerate within the section and do 
not terminate within the crush site. (3) The diameter 
of a particular regenerating axon is constant along its 
length. (4) All axonal subtypes of differing calibers have 
the same capacity to regenerate, or expressed math-
ematically, the fraction of axons of a particular caliber 
is constant along the length of the nerve. (5) Each sec-
tion is approximately straight and has the same width 
(i.e. diameter) at the proximal and distal ends, so that 
the number of axons that could grow is the same in the 
proximal and distal ends of the segment. This assump-
tion was met by pinning the nerve straight during fixa-
tion. Using the first 4 assumptions, we can show that 
the number of SCG10 positive pixels can be counted 
to measure both the fraction of regenerating axons at 
a given distance from the crush as well as the average 
length of all regenerating axons.

From assumptions 3 and 4, let there be k axon sub-
types, where ci is the caliber of each subtype, Fi is the 
fraction of each subtype, and where k , ci , and Fi are 
constants. Let ni(x) be the number of axons of caliber 
ci at a distance x from the crush site and nT (x) be the 
total number of axons at a distance x. By these defini-
tions, Fi = ni/nT  at every distance. The total width 
of all axons of caliber ci is wi = ci ∗ ni and the total 
width of all axons is wT =

k

i=1 ci ∗ ni at given dis-
tance. Substituting for ni , wi = ci ∗ Fi ∗ nT (x) , and 
wT =

∑

k

i=1 ci ∗ Fi ∗ nT (x) or wT = nT (x) ∗
∑

k

i=1 ci ∗ Fi . 
Thus, the fractional width, Wi , of all ci caliber axons at a 
given distance is

Since ci and Fi are constants, Wi is also a con-
stant. ni(x) can be expressed in terms of axon width: 
ni(x) =

wi(x)
ci

=
Wi∗wT (x)

ci
 and thus

Wi(x) =
wi(x)

/

wT (x)
=

ci ∗ Fi ∗ nT (x)

nT (x) ∗
∑

k

i=1 ci ∗ Fi

=

ci ∗ Fi
∑

k

i=1 ci ∗ Fi

.
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This relationship is critical, because it means that the 
total number of axons at a given distance is directly pro-
portional to the total width of all axons multiplied by a 
constant ratio, and furthermore, the total width of all 
SCG10 positive axons can easily be measured using FIJI.

Fractional outgrowth
To measure the widths of all axons at distances along 
the regenerating nerve, we wrote an ImageJ macro. The 
macro uses rectangular ROIs placed on the crush site 
and at various distances along the nerve to quantify the 
SCG10 staining. The user sets a threshold for positive 
SCG10 staining and then the macro records the Per-
cent Area of positive staining, or PAS, along with the 
length (or X length) and width (or Y length) of the ROI 
among other parameters. By the definition of percent 
area, PAS =

Positive Pixels
ROIArea

∗ 100 , or for a rectangular ROI, 
PAS =

Pixel number
X∗Y

∗ 100 , so Positive Pixels = PAS∗X∗Y
100  . 

However, Positive Pixels is proportional to an area of 
axons, and we need to know the total width to find the 
number of axons.

From assumption 2, because we assume that no axons 
terminate within the crush site, the length of all axons 
should be a constant, L or the X dimension of the ROI, 
and the total width of all axons (stacked in the Y dimen-
sion) should be constant along the length of the crush site, 
and we will call the width: wT (0) . From above, the total 
area of axons in pixels within the crush is the number 
of Positive Pixels and thus, Positive Pixels = L ∗ wT (0) . 
Therefore, wT (0) = Positive Pixels/L =

PAS∗Y
100  and this is 

also proportional to nT (0) as demonstrated above.
To determine wT (x) at other points along the nerve is 

more difficult. If the ROI were infinitesimally small, or 
in the case of digital images, a pixel wide, then we would 
know that any axon in that ROI has the length of a pixel. 
With a constant axon length, wT (x) can be determined 
as above. However, imaging is inherently noisy and using 
single pixel wide ROIs would increase the variability of 
the quantification. Instead, we used a running average 
of the axon widths centered on each distance of inter-
est. This was measured in a similar way to the axon width 
in the crush site. If we make an ROI of length L, then it 
can be considered to be L sequential ROIs of width 1. 
As above, wT (x) = Positive Pixels/X = Positive Pixels , 
since X = 1. The average wT (x) is the sum of wT (x) 

nT (x) =

k
∑

i=1

ni(x) =

k
∑

i=1

Wi ∗ wT (x)

ci
= wT (x) ∗

k
∑

i=1

Wi

ci
.

for all L sequential ROIs divided by the number of 
terms, or L. Since the sum of all the widths is the same 
as the total number of pixels within the length L ROI, 
averagewT (x) = Positive Pixels/L =

PAS∗Y
100  which is pro-

portional to nT (x).
Finally, the fraction of axons regenerating to a given 

distance is F(x) = nT (x)/nT (0) . Expressing the number 
of axons in terms of their widths:

To quantify the regeneration images, we wrote a FIJI 
macro to use this relationship. It requires the user to 
place a rectangular ROI on the crush site and then trace 
the upper and lower borders of the nerve distal to the 
crush. It will then place ROIs at intervals distal to the 
crush to measure outgrowth. The macro can be adjusted 
to use any width for the crush site, any distance inter-
val for the outgrowth ROIs, and any width for the out-
growth ROIs. For this paper, the crush width was 500 μm, 
the interval was 100 μm, and the ROI width was 25 μm. 
Images were blinded in pairs so that the sham oper-
ated nerve and the conditioned nerve were quantified 
together, which allowed us to use the sham fluorescence 
intensity as a reference for the conditioned nerve on the 
same slide.

Average axon length
The best measure of regeneration is the average axon 
length, which is calculated from the sum of all axon 
lengths divided by the number of axons. However, 
since individual axon lengths could not be reliably 
measured, we needed to indirectly derive their length 
from the area of SCG10 staining. First, the total area, 
Ai , of axons of caliber ci in a given region is the sum of 
width of each axon times the length of each axon, la , or 
Ai =

∑ni
a=1la ∗ ci . Since we cannot measure the length 

of axons within an arbitrary area, we will constrain the 
length of the area to be infinitely small (i.e. 1 pixel). Thus, 
if an axon is contained in this area, then we know its 
length to be dx and thus

Since the axons are all the same caliber, their 
summed length is their area divided by their caliber or 
Li(x) = Ai(x)/ci =

wi(x)
ci

∗ dx . Substituting Wi ∗ wT (x) 
for wi(x) and summing the lengths of axons of all calibers 
gives

F(x) =
averagew

T
(x) ∗

∑

k

i=1
Wi

ci

wT (0) ∗
∑

k

i=1
Wi

ci

=

averagewT (x)

wT (0)
=

PASROI ∗ YROI/100

PAScrush ∗ Ycrush/100

Ai =

∑ni

a=1
ci ∗ dx = ni(x) ∗ ci ∗ dx = wi(x) ∗ dx
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for the length of all axons at distance x. Thus, to find 
the total length of all axons we simply need to sum each 
infinitesimal length along the entire length of nerve:

Using this relationship for total axon length, and the 
relationship above for the total number of axons in the 
crush site, which we assume to be the total number of 
axons, we can calculate the average axon regeneration 
length:

As described above, the total area of axons within 
an ROI is the total number of positive pixels: 
Positive Pixels = PAS∗X∗Y

100  and thus the total width of 
the axons is Positive Pixels/X =

PAS∗Y

100
= wT (x) . This 

is the true length of the axons, since all the axons in 
these ROIs are the same length: 1 pixel. dx is a constant 
and equal to the scale in microns of the pixels. Finally, 
wT (0) = Positive Pixels/Lcrush =

PAScrush∗Ycrush
100  as shown 

above. Substituting these values in

To measure these values, we expanded the macro used 
to find the fractional outgrowth. After it collects the val-
ues for outgrowth at various distances, it then draws pixel 
wide ROIs between the upper and lower bounds until one 
of them ends. It records the percent area stained and the 
dimensions of all these ROIs. We then created an Excel 
macro to pull the relevant values and plug them into the 
equation above to calculate the average axon length for 
each nerve. Because the macro performs both quantifica-
tions at once, the crush site was 500 μm, and the images 
were blinded and quantified in pairs.

While this analysis theoretically measures the exact 
average regeneration length, there are two caveats to 
its practical application. First, the analysis assumes that 
pixels can be counted along an infinite length of nerve. 
This is obviously not possible as the nerve segments are 
finite which implies an underestimate of average regen-
eration. However, this underestimate is empirically small. 

L(x) =
∑k

i=1

Wi ∗ wT (x)

ci
∗ dx

LTotal =

∞
∑

x=1

∑k

i=1

Wi ∗ wT (x)

ci
∗ dx =

∞
∑

x=1

wT (x) ∗ dx ∗
∑k

i=1

Wi

ci

AvgLength =

total length of all axons

total number of axons
=

∑

∞

x=1 wT (x) ∗ dx ∗
∑

k

i=1
Wi

ci

wT (0) ∗
∑

k

i=1
Wi

ci

=

∑

∞

x=1 wT (x) ∗ dx

wT (0)

Avg Axon Regen Length =

∑

∞

x=1 wT (x) ∗ dx

wT (0)
=

scale ∗
∑

∞

x=1
PAS(x)∗Y (x)

100
PAScrush∗Ycrush

100

In long nerve segments, only a few of the longest axons 
terminate beyond 3000  μm from the crush, and when 
the analysis was constrained to a sum ending at 3000 μm, 
the decrease in the average length value was less than a 
micron. Second, the analyzed images are created from a 
maximum projection of a Z-stack. If two axons overlap 

at all, some of the pixels representing those axons will 
be lost in the projection. This again would cause a small 
underestimate but should be comparable across all sec-
tions. Thus, this analysis gives an approximate value for 
average axon regeneration length that approaches the 

true value.

Image analysis and presentation
All images were blinded for quantification. For each 
immunofluorescence experiment, “no primary” stain-
ing controls were run and images of the no primary con-
trol slides were used to choose a minimum threshold 
for the experiment. For quantification of macrophages 
in the Ccl2 CKOs and Ccl2 KOs (Figs.  2, 3, 8), thresh-

olds were set independently for all images and the pix-
els at or above the threshold were used to measure the 
percent area stained value for each image. For quantifica-
tion of CCL2–RFP+ cells, no-primary controls were used 
to determine the minimum threshold, signal below the 
threshold was removed, and then RFP signals associated 
with a DAPI-stained nucleus were counted (Figs.  6, 7). 
For quantification of SCG10 signal, thresholds were set 
for pairs of images as described in the in vivo Condition-
ing Lesion Regeneration Analysis section.

Representative images were adjusted to best represent 
the quantification. Background was removed near to the 
level of the threshold for the analysis, leaving 5–10 more 
grey values than the threshold. The same grey level was 
used to remove background from all the images repre-
senting a single experiment. Images were then bright-
ened to best show the positive staining. These steps were 
necessary, because there was variability in the average 
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staining intensity among slides within the same staining 
run.

Statistics and experimental design
Statistical tests were performed in Prism 9 (GraphPad, 
San Diego, CA). All bar graphs show the mean ± SEM. 
Data were assumed to be sampled from a normal dis-
tribution, and means were compared using a two-way 
ANOVA with Tukey’s multiple comparisons post hoc 
tests, α = 0.05. Only comparisons within genotypes and 
within injury conditions were considered relevant and 
reported. Other comparisons (e.g. Flox Sh vs. ACKO 
Ax or PCKO Sh vs. ACKO Ax) are not meaningful and 
were not reported, although they were calculated in the 
post-hoc test. For each experiment approximately equal 
numbers of male and female mice were used. At least 
three animals of each sex were slated for an experimen-
tal group when planning, depending on the availability of 
the genotype, and four of each sex was considered ideal 
in case a sample was lost. If a cage slated for an experi-
ment contained extra mice those mice were added to 
their corresponding experimental group. Each animal 
was considered to be an experimental unit. Accordingly, 
the n for the following experiments is 6–10, and the n for 
each sex is 3–5.

For the qPCR experiments, six animals per genotype 
per timepoint (three males and three females) were 
planned to be used and extra animals in the selected 
cages were included. However, there were several prob-
lems when extracting RNA and some samples were lost 
due to contamination and poor yields. In addition, the 
amplification results, especially for the sciatic nerves, had 
a high degree of variability. We used ROUT (Q = 0.5%) in 
Prism to conservatively remove outliers. The resulting n 
for the qPCR experiments are in Table 1 with the number 
excluded in parentheses.

Results
CCL2 CKOs suggest broad expression of CCL2
After breeding our three CKO strains, we first looked 
at Ccl2 expression in the DRG and DN in response to a 
unilateral sciatic nerve injury to confirm that the CKO 
strains decreased Ccl2 as expected. Ccl2 expression 
increases within hours of sciatic nerve transection [12, 
19, 32] and peaks 1–2 days post-injury (DPI) [19]. We 
used Taqman qPCR assays to measure the level of Ccl2 
expression at both 1 and 2 DPI in the three CKOs rela-
tive to Flox controls. In the DRG, as expected, ACKOs 
showed a significant decrease in expression in both 
injured (i.e., axotomized) and contralateral non-injured 
(i.e., sham surgery) tissue relative to controls (Fig.  2A, 
B). Somewhat surprisingly, PCKOs also showed a sig-
nificant decrease in both injured and uninjured DRG 

Ccl2 expression suggesting that there are Schwann cell-
related cells within the DRG that also make a significant 
amount of Ccl2 (Fig. 2A, B). We examined P0-dependent 
reporter expression in the DRG (data not shown) and 
saw what appeared to be satellite glial cells expressing 
the reporter. After an injury, these cells, as well as neu-
rons, are likely making Ccl2, and they may account for 
the small (though not statistically significant) injury-
induced increases in Ccl2 in the ACKOs. Finally, DCKOs 
also showed a significant reduction in Ccl2 in the injured 
and non-injured tissue, although there is still detectable 
Ccl2, which leaves the possibility that still other cells 
produce the chemokine. In the DN, surprisingly, none of 
the CKOs showed reductions of Ccl2, most notably the 
PCKOs (Fig.  2C, D). This suggests that Schwann cells 
make a minor contribution to Ccl2 expression in the DN 
after injury.

At the same time, we examined macrophage recruit-
ment to the DRG (Fig.  3) and DN (Fig.  4) after injury. 
Macrophage numbers reach their maximum between 
3 and 7 DPI [33]; therefore, we examined recruitment 
at 7 DPI. Based on the paper by Kwon et al. [21], which 
shows a complete abolition of macrophage accumula-
tion in Ccl2 KOs 7 DPI, we expected to see reductions in 
DRG macrophages, since Ccl2 is significantly reduced in 
all CKOs. However, there was no change in macrophage 
accumulation in L4 DRGs in any of the CKOs relative to 
Flox controls (Fig.  3I). We also looked at accumulation 
in the sciatic nerve, although since we did not observe a 
knockdown of Ccl2 in our qPCR assays we did not expect 
to see a reduction in macrophages. Indeed, accumulation 
in the DN was unchanged in the CKOs (Fig. 4I).

Macrophage function and peripheral axon regeneration 
are apparently normal in the CCL2 CKOs
Although macrophage accumulation was normal in 
all CKOs, it was possible that these immune cells were 
not functionally normal. Kwon et al. [21] showed, using 
function blocking antibodies, that CCL2 signaling is 
required for macrophages to enter a growth-promot-
ing state, which stimulates CL-enhanced growth. Given 
the large reduction in Ccl2 in the CKO DRGs, the mac-
rophages may be present but not able to promote growth. 
To that end, we tested if peripheral axon regeneration 
and CL-enhanced growth were altered in  vivo (Fig.  5). 
In these assays, we transected the right sciatic nerve 
distally (the CL) and waited 7 days, at which point we 
crushed both sciatic nerves proximally (the test lesion) 
and allowed 2 days for regeneration (Fig.  1A). Using 
this paradigm, we can measure both unconditioned and 
conditioned peripheral axon regeneration in the Sham 
and CL groups, respectively. When we measured regen-
eration in the CKOs, we found that neither conditioned 
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(See figure on next page.)
Fig. 3  DRG macrophage accumulation and activation is unaffected in the DRG-targeted ACKOs and DCKOs 7 days after injury. A–H Representative 
images showing macrophages marked by anti-CD68 in L4 DRGs ipsilateral (B, D, F, H) and contralateral (A, C, E, G) to a sciatic nerve transection. All 
genotypes have an increase in macrophages after injury (A vs. B; C vs. D; E vs. F; and G vs. H) and no differences in macrophages among genotypes 
either before (A, C, E, G) or after (B, D, F, H) injury. Scale bar is 50 μm. I Macrophages were quantified as the percent area stained by anti-CD68 and 
plotted as mean ± SEM, n = 10 per group. # Indicates a significant (p < 0.05) difference between Sh and Ax within a genotype

Fig. 2  Ccl2 expression is decreased in the DRG but not the sciatic nerve in the Cre dependent conditional knockouts. A, B Ccl2 is upregulated 1 day 
(A) and 2 days (B) after injury in Flox control DRGs but not in any of the CKOs. C, D Ccl2 is upregulated in the distal sciatic nerves of all genotypes 
1 day (C) and 2 days (D) after injury. # Indicates a significant (p < 0.05) difference between sham (Sh) and axotomized (Ax) within a genotype and * 
indicates a significant difference between indicated genotypes within an injury condition (*p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 3  (See legend on previous page.)
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nor unconditioned regeneration is altered (Fig.  5A, B). 
We also examined myelin clearance in the distal nerves, 
another process assisted by macrophages, and found 
that it is also unaltered in the CKOs (Fig. 6). From these 
results, it seems that the remaining CCL2 or other mac-
rophage chemokines are sufficient to promote mac-
rophage accumulation and the CL response. This CCL2 
must be coming from as yet unidentified cells in both the 
DRG and DN. We next sought to identify its additional 
sources with the hope that we could create complete site-
specific KOs in the DRG and DN.

CCL2 is expressed in many cell types in DRGs and the DN
Our lab has tried unsuccessfully over several years to vis-
ualize and localize CCL2 in DRGs and DNs with several 
different antibodies. In previous mouse studies, in  situ 
hybridization was used to detect CCL2 in the DRG and 
DN without counterstains to definitively prove that the 
detected CCL2 was restricted to a particular cell type(s) 
[24, 34]. Fortunately, there is a new transgene encoding 
CCL2 fused to a viral 2A cleavage sequence and the fluoro-
phore mCherry [29]. The 2A sequence causes the mCherry 

to be “cleaved” co-translationally from CCL2 and thus 
marks CCL2 expressing cells with mCherry. This allowed 
us to detect sources of CCL2 without a CCL2 antibody, and 
furthermore, the signal could be amplified using antibodies 
that bind mCherry. In addition, the entire CCL2–2A-RFP 
coding sequence is flanked by loxP sites which allowed us 
to detect the remaining sources of CCL2 in the presence of 
both Cre drivers (i.e., the DCKOs). Using these CCL2–RFP 
and CCL2–RFP DCKO mice, we labeled CCL2-expressing 
cells with one of two antibodies against RFP (see “Materials 
and methods”) and co-labeled with various cell type spe-
cific markers. The half-life of fluorescent proteins is about 
1 day, and since Ccl2 mRNA expression peaks 1–2 DPI, we 
looked for RFP labeled cells 24 h later at 2 and 3 DPI.

In the DRG, we identified neurons by co-labeling with 
βIII-tubulin, DAPI, and RFP. We also identified CCL2 
expressing non-neuronal cells, which were nuclei associ-
ated with an extra-neuronal RFP signal (Fig. 7). The num-
ber of non-neuronal RFP+ cells was increased relative to 
sham at both 2 and 3 DPI (Fig. 7K, L), while the number 
of RFP+ neurons did not increase until 3 DPI in the Flox 
controls (Fig.  7I, J). This implies that non-neuronal cells 

Table 1  n for the qPCR experiments

The number of outlier values excluded are in parentheses

1 DPI DRG 2 DPI DRG 1 DPI Sci 2 DPI Sci

CCL2 Sh Ax Sh Ax Sh Ax Sh Ax

Flox 7 7 6 6 6 5(2) 6 6

ACKO 7 6 7 7 7 7 6(1) 7

PCKO 5 8 7 7 7 7 6 7

DCKO 5 6 6 6 6 6 6 6

CCL7 Sh Ax Sh Ax Sh Ax Sh Ax

Flox 7 7 6 6 6 7 6 6

ACKO 7 6 7 7 7 7 7 7

PCKO 5 8 7 7 6(1) 7 5(1) 7

DCKO 5 6 6 6 6 6 6 5(1)

CCL12 Sh Ax Sh Ax Sh Ax Sh Ax

Flox 6(1) 7 6 6 6 7 6 6

ACKO 7 6 7 7 6(1) 7 7 7

PCKO 5 7(1) 7 7 7 7 6 7

DCKO 5 6 6 6 6 6 6 6

Fig. 4  Distal sciatic macrophage accumulation and activation is unaffected in the nerve-targeted PCKO and DCKO 7 days after injury. A–H 
Representative images showing macrophages marked by CD68 immunostaining in the distal sciatic nerve ipsilateral (B, D, F, H) and contralateral 
(A, C, E, G) to a sciatic nerve transection. All genotypes have an increase in macrophages after injury (A vs. B; C vs. D; E vs. F; and G vs. H) and no 
differences in macrophages among genotypes either before (A, C, E, and G) or after (B, D, F, and H) injury. Scale bar is 50 μm. I Macrophages were 
quantified by CD68 area and plotted as mean ± SEM, n = 10 per group. # Indicates a significant (p < 0.05) difference between Sh and Ax within a 
genotype

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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such as macrophages, satellite glial cells, and other stro-
mal cells are the first producers of CCL2. There was also 
a small decrease in the number of RFP+ non-neuronal 
cells (Fig.  7K, L) and a qualitative decrease in RFP signal 
intensity (Fig. 7: arrowheads in B vs. D and F vs. H) in the 
DCKOs relative to Flox controls. When considered with 
our observations that P0-Cre expresses in satellite glial cells 
and that PCKOs have decreased DRG CCL2 expression 
(Fig. 2), it suggests that the RFP decrease in non-neuronal 
cells in DCKOs is due to a loss of expression in satellite glial 
cells. It also implies that there are at least three cell types 
that express CCL2 in the DRG. The remaining cells in the 
DCKOs are most likely macrophages and possibly stromal 
cells, such as fibroblasts or endothelia [16, 35]. Finally, we 
often observed RFP signal in a thin membrane surround-
ing the DRG (e.g., Fig. 7C, D gray arrows), which is likely a 
layer of the meninges also making CCL2. The diverse cells 
expressing CCL2 in the DRG makes creating a site-spe-
cific knockout by targeting particular cell types extremely 
difficult.

In the sciatic nerve, we identified CCL2 expressing mac-
rophages with F4/80, DAPI, and RFP. We attempted to label 
Schwann cells with a Sox10 antibody as well but the signal 
to noise ratio was never high enough to allow for confident 
quantification. Thus, we quantified macrophages and non-
macrophages expressing CCL2–RFP (Fig. 8). Surprisingly, 
macrophages were the majority of CCL2 expressing cells 
at both 2 (Fig. 8I vs. J) and 3 (Fig. 8K vs. L) DPI. In both 
Flox controls and DCKOs, macrophages were two-thirds 
to three-fourths of the CCL2–RFP+ cells. Furthermore, 
there was no decrease in CCL2–RFP+ non-macrophages in 
the DCKOs which suggests that Schwann cells make only a 
minor contribution to Ccl2 expression, if any, in the injured 
DN. This supports our finding that neither PCKOs nor 
DCKOs have decreased Ccl2 expression in the sciatic nerve 
after injury (Fig. 2C, D). It is likely that the other CCL2–
RFP+ cells are again stromal cells, such as fibroblasts and 
endothelia.

Macrophage function and peripheral axon regeneration 
are normal in the absence of CCL2
Our finding that macrophages are a significant source 
of CCL2 in both the DRG and DN also complicated our 
original goal of inhibiting macrophage recruitment to 
specific sites by removing tissue specific CCL2 sources. 
Furthermore, our finding that macrophage recruitment 
in the DRG is unchanged in all CKOs was confounding. 
We were perplexed by the normal recruitment to DCKO 
DRGs (Fig. 3G–I), where the amount of Ccl2 mRNA after 
injury is less than in the uninjured Flox control DRGs 
(Fig.  2A, B), which contain relatively few macrophages 
(Fig.  3A). On the other hand, the result in Kwon et  al., 
[21] was clear cut: there was not the slightest increase in 
macrophage numbers in Ccl2 KO DRGs relative to unin-
jured controls. It was difficult for us to reconcile their 
finding that CCL2 was essential for macrophage recruit-
ment with our finding that recruitment was unperturbed 
in a nearly complete DRG knockdown. Therefore, we 
decided to re-examine macrophage recruitment in global 
Ccl2 KOs to confirm that knocking out Ccl2 was a viable 
strategy to prevent macrophage recruitment.

To confirm the results from Kwon et al. [21], we repli-
cated their methods as faithfully as possible. We acquired 
the same Ccl2 KO strain from Jackson Laboratories, we 
performed a sciatic nerve transection as they did, and we 
used two different antibodies to label macrophages: an 
anti-CD68 used regularly by our laboratory and the anti-
Iba1 clone from the same company used in their paper. 
We looked at macrophage recruitment 7 DPI in both L4 
DRGs and the DN and found no deficit in macrophage 
recruitment in either tissue using either antibody in the 
Ccl2 KOs (Fig. 9). This result extends our CKO findings 
and suggests that CCL2 is not required for macrophage 
recruitment after nerve injury.

As described above, Kwon et  al. also suggested 
that CCL2 was necessary for stimulating a growth 
promoting macrophage phenotype and thus CL-
enhanced regeneration. Therefore, despite the fact 

(See figure on next page.)
Fig. 5  Conditioned and unconditioned in vivo regeneration is unaffected in all the conditional Ccl2 knockouts. Conditioned nerves (CL) were 
transected 7 days prior to the test lesion crush and allowed to regenerate for 2 days. Unconditioned nerves (Sh CL) were given a sham surgery on 
the day of the conditioning lesion and were then crushed 7 days later and allowed to regenerate for 2 days. A Axon regeneration expressed as the 
fraction of axons relative to the crush site every 100 μm. Each point is the mean fraction ± SEM. B Mean regeneration determined by integrating 
regenerating axon fluorescence to find the average axon length for each nerve. # Indicates a significant (p < 0.05) difference between the Sh CL 
(unconditioned) and CL (conditioned) regeneration within a genotype. There were no significant differences between genotypes within an injury 
condition. For A and B, the analysis ends at 3000 μm from the crush because that is the length of the shortest nerve segment. For A and B, the n 
are: Flox Sh = 9, Flox CL = 8, ACKO Sh = 10, ACKO CL = 9, PCKO Sh = 10, PCKO CL = 10, DCKO Sh = 10, DCKO CL = 8. One CL nerve was excluded 
from analysis of each of the Flox CL, ACKO CL, and DCKO CL groups for violating assumption 5 (see “Materials and methods”). C–G Representative 
images of regenerating nerves stained with SCG10. Unconditioned growth (C), representing neuron intrinsic regeneration rate, was the same 
amongst all genotypes. Conditioned growth (D–G) was also the same across genotypes and increased compared to unconditioned controls 
(compare to C). The dotted line indicates the center of the crush site which was considered to be 500 μm wide, and the solid line is 3000 μm from 
the crush. Scale bar is 500 μm
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Fig. 5  (See legend on previous page.)
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that we observed normal macrophage accumulation, 
the possibility remained that the macrophages were 
dysfunctional. We tested this by examining in  vivo 
regeneration and myelin clearance in Ccl2 KOs. We 
found that 7 DPI myelin clearance is normal in Ccl2 
KOs (Fig.  10F–I), and more importantly, we found 
that in vivo peripheral regeneration and CL-enhanced 
regeneration are both normal in these KO mice 
(Fig.  10A–E). Therefore, our data indicate that CCL2 
is not necessary for inducing the CL response in vivo.

Two other CCR2 chemokines are expressed in the DRG 
and DN after injury
Finally, since we find that CCL2 is not necessary 
for macrophage recruitment, we hypothesized that 
other factors compensate for the loss of CCL2. The 
macrophage chemokine receptor CCR2 seems to be 
required for recruitment of circulating monocytes 
after nerve injury [12, 13, 36], so we looked for other 
chemokines that signal through this receptor. CCL7, 
CCL8, and CCL12 are three chemokines that might 
compensate for loss of CCL2 as they all have the abil-
ity to bind CCR2 and stimulate chemotaxis in  vitro 
[18, 37–39]. Indeed, there are a few reports that have 
detected expression of these chemokines in the DRG 
up to 1 day after nerve injury [40, 41], and our lab has 
previously reported that CCL8 is upregulated in the 
DRG after injury [11]. In addition, CCL2, CCL7, and 
CCL12 have been found in areas of the brain after 
traumatic brain injury [42]. Thus, we used qPCR to 
measure the expression of Ccl7 (also known as MCP-
3) and Ccl12 (also known as MCP-5) in the DRG and 
DN 1 and 2 DPI. We found that both chemokines 
are upregulated in response to injury in both tissues 
(Fig. 11). This confirms and extends what others have 
observed and could explain why macrophages are still 
recruited and activated in the absence of CCL2.

Resident macrophages and alternative recruitment 
mechanisms compensate for loss of CCR2 signaling
These findings suggest three possible mechanisms for the 
unaltered inflammatory response we observe in the Ccl2 
KOs: one, a combination of other CCR2 chemokines, 
specifically CCL7, CCL8, and CCL12, compensate for 
CCL2 and are able to recruit WT numbers of monocytes 

from circulation; two, recruited macrophages require 
CCL2 signaling but residents are able to proliferate and 
compensate for the loss of CCL2 and recruited mac-
rophages; and three, both compensatory chemokines and 
resident macrophage proliferation lead to normal mac-
rophage accumulation in the absence of CCL2. To fur-
ther investigate the role of CCR2 ligands in DRG and DN 
inflammation after PNI, we used a new Ccr2gfp knock-in/
knockout strain, which has an eGFP allele knocked into 
the endogenous CCR2 locus. In heterozygotes (CCR2gfp 
het), CCR2 expressing cells will be marked by GFP and 
function normally. However, in homozygotes (CCR2gfp 
KO) CCR2 expressing cells will still be marked by GFP 
but will not have CCR2 function [31]. In theory the GFP 
signal will distinguish recruited macrophages (derived 
from circulating Ly6Chi, CCR2+ monocytes [43, 44]) 
from resident macrophages, which are CCR2− [45], 
in WT and CCR2 KO backgrounds. It should be noted 
that there is another subset of circulating “nonclassical” 
monocytes which are Ly6Clo, CX3CR1hi, and CCR2lo or 
CCR2−. These hematogenous monocytes may lack a GFP 
signal and could be mistaken for resident derived cells if 
they were recruited after injury. However, this monocytic 
subtype responds poorly or not at all to inflamed loca-
tions, and thus the vast majority of GFP− macrophages 
will be resident derived [43, 44]. This will allow us to 
distinguish between the three possible compensatory 
mechanisms.

One possible confound is that resident macrophages 
in both the DRG and sciatic nerve can be replenished by 
CCR2+ circulating monocytes and thus may express GFP, 
while they differentiate into CCR2− tissue resident mac-
rophages [44, 46, 47]. To control for this, we quantified 
GFP+, CD68+ cells as a percentage of the CD68 population 
in both uninjured (i.e., sham) and injured tissue. Double 
positive residents should not proliferate faster or slower 
than CD68 only residents and thus the percentage should 
remain the same (or decrease if GFP is diluted by cell divi-
sions) if no new CCR2+ monocytes are recruited. Impor-
tantly, an increase in the percentage is a definite indication 
that circulating monocytes are being recruited. Thus, we 
used CCR2gfp het and KO animals to examine how CCR2 
signaling affects the recruited macrophage response 7 DPI.

In the sciatic nerve, we observe 50% fewer macrophages 
in the injured CCR2gfp KOs compared to the hets both 
by CD68 percent area stained and by CD68 cell counts 

Fig. 6  Myelin clearance in the distal sciatic nerve is unaffected in all the conditional Ccl2 knockouts 7 days after injury. A–H Representative images 
of myelin stained with Luxol Fast Blue (LFB) in uninjured (A, C, E, G) and injured (B, D, F, H) sciatic nerves. In all genotypes, myelin has almost 
completely degenerated and been cleared by 7 DPI. Scale bar is 50 µm. I Myelin clearance was quantified by LFB area and plotted as mean ± SEM. # 
Indicates a significant (p < 0.05) difference between Sh and Ax within a genotype. n = 10 for all genotypes except DCKO n = 9

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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Fig. 7  CCL2 is expressed in both neurons and perineuronal cells in the DRG after injury. A–H Representative images of uninjured (A, C, E, G) 
and injured (B, D, F, H) DRGs stained for the co-translated RFP to localize CCL2 expression at 2 (B, D) and 3 (F, H) DPI. Very little CCL2 is present 
at baseline (A, C, E, G). CCL2 is rapidly upregulated in various perineuronal cells (arrowheads) in both the Flox control (B, F) and DCKO (D, H). 
Expression in neurons lags behind perineuronal expression in Flox controls (arrows, B, F), and little to no neuronal expression is seen in DCKOs 
(D, H). Large gray arrows indicate the likely meningeal expression. Scale bar is 50 μm. I–L Quantification of cells making CCL2 at 2 (I, K) and 3 (J, 
L) DPI in the cell body area of the DRGs. There is an apparent delayed onset of CCL2 expression in neurons (Flox Ax, I vs. J) when compared to 
perineuronal cells (K, L). The DCKOs show a strong CCL2 KO in neurons (I, J) and a trend toward fewer CCL2 expressing perineuronal cells (K, L). 
Individual images for the BIII-Tubulin and RFP channels are also displayed below each merged image (A–H). Data are the mean ± SEM, n = 5 for all 
groups except DCKO 2 DPI, where n = 4. One pair of 3 DPI Flox and one pair of 3 DPI DCKOs stained too badly to quantify and were excluded, and 
one 2 DPI DCKO Ax DRG was lost in sectioning. # Indicates a significant (p < 0.05) difference between Sh and Ax within a genotype and * indicates a 
significant difference between indicated genotypes within an injury condition (*p < 0.05, *** p < 0.001)
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Fig. 8  CCL2 is expressed primarily in macrophages in the distal sciatic nerve after injury. A–H Representative images of uninjured (A, C, E, G) and 
injured (B, D, F, H) distal nerves stained for the co-translated RFP to localize CCL2 expression at 2 (B, D) and 3 (F, H) DPI. Very little CCL2 is present at 
baseline (A, C, E, G). Many F4/80+ cells express CCL2 at both 2 (B, D; arrowheads) and 3 (F, H; arrowheads) DPI. Other cells that are likely Schwann 
cells and other stromal cells (arrows; B, D, F, H) also express CCL2 after injury. I–L Quantification of cells making CCL2 at 2 (I, J) and 3 (K, L) DPI. The 
majority of CCL2+ cells are F4/80+ macrophages at both 2 (I vs. J) and 3 (K vs. L) DPI, and CCL2+ macrophages increase over the course of the injury 
response (I vs. K). The lack of a decrease in non-macrophage CCL2+ cells in the DCKOs compared to controls (J, L) suggests Schwann cells make 
little contribution to CCL2 expression. Individual images for the F4/80 and RFP channels are also displayed below each merged image (A–H). Data 
are the mean ± SEM, n = 5 for the 2 DPI groups and n = 6 for the 3 DPI groups. # Indicates a significant (p < 0.05) difference between Sh and Ax 
within a genotype
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(Fig.  12E–H, K, L) although there is still a significant 
increase relative to sham controls in both genotypes. We 
also observe that 70–80% of macrophages in injured het 
DNs are recruited from circulating monocytes (Fig. 12N). 
These findings are in line with previous reports [11, 36]. 
Interestingly, there is a significant increase in recruited 
macrophages in the injured KOs as well as a relative expan-
sion of GFP− resident macrophages. Yet, these mechanisms 
are unable to recruit and activate macrophages to the level 
of the het controls. These findings show that residents 
are likely able to increase their proliferation to compen-
sate for deficits in recruited macrophages up to a certain 
limit, and that there are CCR2 independent mechanisms 
to recruit macrophages to the DN after injury. Although, 
some of the increase in GFP− macrophages could be due to 
recruitment of nonclassical Ly6Clo circulating monocytes. 
Furthermore, in the context of the unaltered macrophage 
response in CCL2 KOs, both CCR2 and non-CCR2 
chemokines are likely compensating for the loss of CCL2 
along with increased resident macrophage proliferation. In 
addition, since there are still recruited macrophages in the 
CCR2gfp KO DNs, loss of any single CCR2 ligand cannot 
abolish macrophage recruitment in the nerve. This con-
firms that CCL2 is not required for the DN injury response.

In the DRG, we observed no significant change in the 
macrophage injury response in the CCR2gfp KOs compared 
to het controls (Fig. 12A–D, I, J) within the cell body area 
of the DRG (outlined in Fig. 12A–D). This is surprising as 
it disagrees with previous reports that see a decrease in 
macrophages in CCR2 KO DRGs [11, 12]. However, we do 
observe a trend toward a ~ 10% decrease in macrophages 
in the CCR2gfp KOs. Supporting the finding that the mac-
rophage response is mostly unaffected in recruitment defi-
cient CCR2gfp KOs, as many as 95% of macrophages in the 
DRG after injury are resident derived (Fig. 12M). However, 
there is still an increase in GFP+ macrophages, though not 
significant, of ~ 10% in the injured hets compared to their 
sham control which suggests that while the majority of 

injury induced DRG macrophages are derived from resi-
dents, a small percentage may be derived from circulat-
ing monocytes. Indeed, a recent model using parabiosis 
to study resident vs. infiltrating macrophages in the DRG 
reported similar findings (Kalinski et  al., [14]). The fact 
that most injury induced DRG macrophages are derived 
from residents and are activated in a Ccr2 KO model, also 
implies that CCL2 is not necessary for macrophage recruit-
ment or activation in the DRG.

Discussion
This study has reexamined and expanded what is known 
about CCL2 in peripheral nerve injury and regenera-
tion. CCL2 was thought to be essential for injury induced 
macrophage accumulation in  vivo based on Fig.  4 from 
Kwon et al., [21]. From this finding, we hypothesized that 
macrophage accumulation could be prevented in either 
the DRG or DN by knocking out CCL2 from the cells 
producing it in each location. These cells were putatively 
neurons in the DRG and Schwann cells in the DN, so we 
created CKOs targeting neurons (ACKOs), Schwann cells 
(PCKOs), or both (DCKOs). Surprisingly, both ACKOs and 
PCKOs had decreased Ccl2 mRNA in the DRG, suggest-
ing that both neurons and satellite glia produce CCL2. We 
confirmed this finding with immunofluorescent staining in 
CCL2–RFP animals, which revealed RFP in both neurons 
and perineuronal cells. In DCKOs, neuronal staining was 
lost and perineuronal staining was decreased, support-
ing the interpretation that both neurons and glia produce 
CCL2. Furthermore, the residual Ccl2 mRNA and RFP seen 
in the DCKOs is from another perineuronal cell type [16, 
34] which are likely macrophages, since macrophages are a 
major source of CCL2 [35], and the remaining CCL2–RFP 
signal in DCKO DRGs is morphologically similar to DRG 
macrophages (compare arrowheads in Fig. 7D, H to Iba1+ 
macrophages in Fig. 9F, H). A CCL2–RFP signal was also in 
a membranous layer surrounding the DRG, which is most 
likely the meninges (Fig.  7). Macrophage and meningeal 

(See figure on next page.)
Fig. 9  CCL2 is not required for macrophage recruitment either to the DRG or distal sciatic nerve 7 DPI. A–D Representative images showing 
macrophages marked by CD68 immunostaining in L4 DRGs ipsilateral (B, D) and contralateral (A, C) to a sciatic nerve transection. Ccl2 KOs 
show an increase in macrophages after injury comparable to WT controls (B vs. D). E Macrophages were quantified by CD68 area and plotted 
as mean ± SEM. There are no differences between genotypes before or after injury. WT n = 6, Ccl2 KO n = 8. F–I Representative images showing 
macrophages marked by Iba1 immunostaining in L4 DRGs ipsilateral (G, I) and contralateral (F, H) to a sciatic nerve transection. Again, Ccl2 KOs 
show an increase in macrophages after injury comparable to WT controls (G vs. I). J Macrophages were quantified by Iba1 area and plotted as 
mean ± SEM. There are no differences between genotypes before or after injury. WT n = 7, Ccl2 KO n = 8. K–N Representative images showing 
macrophages marked by CD68 immunostaining in distal sciatic nerves ipsilateral (L, N) and contralateral (K, M) to a sciatic nerve transection. 
Ccl2 KOs show an increase in macrophages after injury comparable to WT controls (L vs. N). O Macrophages were quantified by CD68 area and 
plotted as mean ± SEM. There are no differences between genotypes before or after injury. WT n = 9, Ccl2 KO n = 8. P–S Representative images 
showing macrophages marked by Iba1 immunostaining in distal sciatic nerves ipsilateral (Q, S) and contralateral (P, R) to a sciatic nerve transection. 
Again, Ccl2 KOs show an increase in macrophages after injury comparable to WT controls (Q vs. S). T Macrophages were quantified by Iba1 area and 
plotted as mean ± SEM. There are no differences between genotypes before or after injury. WT n = 8, Ccl2 KO n = 8. # Indicates a significant (p < 0.05) 
difference between Sh and Ax within a genotype. Scale bar is 50 μm
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Fig. 9  (See legend on previous page.)
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Ccl2 could explain the residual expression in DCKO DRGs 
(Figs. 2, 7), but fibroblasts and endothelia can express Ccl2 
as well, and without co-labeling, we cannot rule out their 
contribution.

In another surprise, P0-Cre+ strains did not show 
a detectable decrease in DN Ccl2 mRNA, suggesting 

Schwann cells contribute little to Ccl2 expression. We con-
firmed this using CCL2–RFP animals. In these animals, 
most CCL2 expressing cells were macrophages, and there 
was no detectable decrease in CCL2 expressing cells in the 
DCKOs. This also implies that Schwann cells produce a rel-
atively small amount of CCL2 and shows macrophages are 

Fig. 10  Degeneration and regeneration are functionally normal in the absence of CCL2. Conditioning and in vivo regeneration were done as 
in Fig. 4. A Axon regeneration expressed as the fraction of axons relative to the crush site every 100 μm. Each point is the mean fraction ± SEM. 
B Mean regeneration determined by integrating regenerating axon fluorescence to find the average axon length for each nerve. Average axon 
lengths are plotted as mean ± SEM. For A and B, the analysis ends at 3000 μm from the crush, because that is the length of the shortest nerve 
segment. n = 7 nerves per injury condition per genotype, except WT Sh CL n = 8. One WT CL nerve was excluded from analysis for violating 
assumption 5 (see “Materials and methods”). C–E Representative images of regenerating nerves stained for SCG10. Unconditioned growth (C), 
representing neuron intrinsic regeneration rate, was the same in both genotypes. Conditioned growth (D, E) was also the same in Ccl2 KOs as in 
WT and increased compared to unconditioned controls (compare to C). The dotted line indicates the center of the crush site which was considered 
to be 500 μm wide, and the solid line is 3000 μm from the crush. Scale bar is 500 μm. F Myelin clearance, quantified by LFB area and plotted as 
mean ± SEM. WT n = 8, Ccl2 KO n = 9. G–I Representative images of myelin stained with LFB in uninjured (G) and injured (H, I) sciatic nerves. In both 
genotypes, myelin has almost completely degenerated and been cleared by 7 DPI. # Indicates a significant (p < 0.05) difference between the Sh CL 
(unconditioned) and CL (conditioned) regeneration within a genotype
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the primary CCL2 source. This agrees with some of the ear-
liest speculation about the source of DN CCL2 [20]. How-
ever, some F4/80− CCL2–RFP+ cells resembled Schwann 
cells, and other studies have shown they can express CCL2 
in culture, so they cannot be ruled out as a source [48, 49]. 
We also observed F4/80− CCL2–RFP+ cells in the DCKOs 
without the typical “cigar-shaped” nucleus of Schwann 
cells, which implies a third cell type, possibly fibroblasts, 
expresses CCL2. Finally, there was strong CCL2 expression 
in the epi- and perineurium localized to macrophages and 
epithelial cells (upper nerve borders in Fig. 8D, F, H) which 
could also contribute to macrophage recruitment. These 
three alternative CCL2 sources explain the persistent Ccl2 
mRNA in all CKOs.

We next addressed the important claim made in 
Kwon et  al., [21] that CCL2 is absolutely required for 
macrophage accumulation and macrophage induced 
enhancement of axon regeneration. We first expected 
that since Ccl2 was substantially decreased in the DCKO 
DRGs, they at least would have impaired macrophage 
recruitment and subsequently a loss of CL-enhanced 
regeneration. However, in all CKOs macrophage accu-
mulation was unaffected, and macrophages appeared 
functionally normally as there were no defects in myelin 
clearance or regeneration. We further examined CCL2 in 
the CL response by repeating these experiments in global 
Ccl2 KO animals. Surprisingly, and in direct conflict with 
Kwon et  al., [21], macrophage recruitment to the DRG 
and DN was unaffected in the KOs. The experiments 
from Kwon et  al., [21] were replicated using the same 
Ccl2 KO strain from Jackson, two macrophage labels, 
and the timepoint when they observed the largest differ-
ence between genotypes. With such similar methods, we 
cannot explain this discrepancy. Since CCL2 may help 
induce a pro-regenerative macrophage phenotype, we 
also tested regeneration and myelin clearance in the Ccl2 
KOs. Again, we found regeneration, CL-enhanced regen-
eration, and myelin clearance were unaffected in Ccl2 
KOs. Together, this shows that CCL2 is not required for 
macrophage recruitment or activation after a peripheral 
nerve injury and that these macrophages have no deficits 
in their ability to assist in myelin clearance and periph-
eral nerve regeneration in  vivo. It remains possible that 
the phenotype and gene expression profile of these mac-
rophages is altered in the absence of CCL2 (e.g., [50]). 

However, our results indicate that whatever changes 
occur they do not affect regeneration.

While we did not observe any deficits in macrophages 
using our peripheral nervous system injury model in Ccl2 
KO mice, full recovery after a nerve transection requires 
that the gap between the proximal and distal nerves be 
closed [51]. For small gaps, an endogenous bridge can 
form and for larger gaps, nerve grafts or artificial bridges 
can be used to allow for regeneration into the distal nerve. 
In both cases, macrophages are critical due in large part 
to their ability to stimulate angiogenesis and revasculari-
zation [52]. Bridge formation is also a length dependent 
process. A gap of about 3.5 mm or larger is thought to be 
the “critical gap” in that the proximal and distal stumps 
are unable to reconnect even after 14 days [53, 54]. Our 
transection model intentionally creates a large nerve gap 
and, it is important to note, that we do not observe any 
bridge formation even across the 9-day-old CL transec-
tions in WT animals. We do this so that axons do not 
reach the distal nerve and by their presence alter the 
signaling environment of the DN and DRG. However, it 
also means that we could not directly evaluate the func-
tion of CCL2/CCR2 signaling in bridge formation. In our 
experiments, we examined nerve regeneration from the 
site where the sciatic nerve was crushed (Fig. 1A). In the 
experiments of Pan et al. [50], in an effort to mirror the 
situation often faced by a neurosurgeon, they transected 
the sciatic nerve and introduced an acellular nerve graft 
to bridge the resulting gap. They found that macrophage 
recruitment into the graft was significantly reduced in 
Ccl2 KO animals, as was angiogenesis and Schwann cell 
migration. Interestingly, NF200+ axon entry into the 
allograft was not reduced in Ccl2 KO mice when exam-
ined 2 or 6  weeks after an injury, but functional recov-
ery was inhibited at 6 week post-injury. Based on work by 
Cattin et al. [55], hypoxia is the initial signal that recruits 
macrophages and fibroblasts into the gap between 
nerves. In addition, as this gap is completely acellular, it 
follows that there would be nothing to produce CCL2 to 
recruit macrophages initially. As we have shown, mac-
rophages in the nerve produce CCL2 (Fig.  8), and thus, 
it is likely that they could be the source of CCL2 for 
recruiting additional macrophages to a nerve bridge or 
allograft. Thus, while we did not observe any deficits in 
macrophages in Ccl2 KO animals in the DRG or DN in 

(See figure on next page.)
Fig. 11  Other CCR2 chemokines are upregulated in response to injury in both the DRG and sciatic nerve. A–D Ccl7 mRNA is upregulated within 1 
day after injury in both the DRG (A, B) and distal sciatic nerve (C, D). E–H Ccl12 mRNA is also upregulated within 1 day after injury in both the DRG 
(E, F) and distal sciatic nerve (G, H). # Indicates a significant (p < 0.05) difference between Sh and Axwithin a genotype and * indicates a significant 
difference between indicated genotypes within an injury condition (*p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 11  (See legend on previous page.)
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our injury paradigm, it seems that CCL2 is involved after 
nerve transection when a nerve gap must be repaired.

A role for CCL2 in promoting CNS regeneration is 
still possible. Our assays tested CCL2 function in  vivo 
in the PNS and demonstrated that CCL2 is not required 
for physiologic macrophage recruitment or regenera-
tion. However, many previous regeneration assays have 
been done with DRGs in  vitro or ex  vivo, or in  vivo in 
the CNS. Virally induced Ccl2 expression in sensory neu-
rons can recruit and activate macrophages in the DRG 
leading to enhanced regeneration in in vitro, ex vivo, or 
in vivo CNS assays [12, 21, 56, 57]. Culture systems lack 
many non-neuronal cells (i.e. macrophages, Schwann 
cells, etc.) and the close proximity they share with sen-
sory neuron cell bodies in vivo. The CNS is also a more 
hostile environment and thus both systems may allow for, 
or require, an additional macrophage factor to enhance 
regeneration, and this factor may require CCL2 signaling. 
If true, CL-enhanced regeneration in the PNS and CNS 
are separable biological processes. Two early studies on 
CL-enhanced regeneration found that either a peripheral 
cut or crush injury could stimulate enhanced periph-
eral nerve regeneration, but only a cut injury enhanced 
regeneration in the dorsal root [58, 59]. If the processes 
enhancing peripheral and central regeneration could 
be used in combination, it may be possible to further 
enhance regeneration in the PNS and CNS.

As we have shown, CCL2 is not required for mac-
rophage recruitment or activation but its receptor, 
CCR2, seemed necessary [11, 12]. Thus, we measured 
the expression of other CCR2 chemokines which could 
compensate for CCL2. We found Ccl7 and Ccl12 are 
also upregulated by nerve injury, and, in another report, 
CCL8 protein was shown to increase [11]. The role of 
these other, lower affinity, CCR2 chemokines is var-
ied in other inflammatory models. In most models, loss 
of CCL2 causes a substantial reduction in leukocyte 

recruitment or pathogen clearance, which makes our 
finding more surprising [18, 30]. However, T-cells also 
use CCR2 to traffic to inflamed and infected locations, 
where they are a major cytokine source [60, 61]. Thus, 
loss of CCL2 can have compounding effects by disrupt-
ing signaling between macrophages, T-cells, and other 
immune cells. In homeostatic monocyte emigration from 
bone marrow, CCR2 signals are required [62], and CCL2 
contributes to emigration, but CCL7 is more potent and 
both chemokines act additively [63]. CCL2 and CCL7 act 
additively in some inflammatory models as well [64, 65]. 
Finally, CCL2 is not required in some infection models 
[30], nor is CCL2 required for macrophages to invade 
and clear thrombi [66], or invade adipose tissue in obe-
sity [67]. Thus, other CCR2 chemokines could be suffi-
cient for the nerve injury response.

For CCL2 signaling to be required for the macrophage 
response to nerve injury, CCR2 signaling must also be 
required. To confirm our Ccl2 KO finding, we reexam-
ined the role of CCR2 in nerve injury using CCR2gfp KI/
KO animals which allowed us to distinguish recruited 
macrophages from residents. In the DN, we found most 
macrophages are derived from the circulation, and 
CCR2 signaling is required for a maximal macrophage 
response. Interestingly, even though there is a marked 
reduction in recruited DN macrophages in CCR2gfp 
KOs, they are not completely absent which implies an 
additional CCR2-independent recruitment mechanism. 
These recruited cells could be patrolling CX3CR1hi, 
CCR2lo monocytes or a CCR5+, CCR2+ monocyte subset 
using CX3CR1 or CCR5, respectively [43, 68]. The pres-
ence of recruited macrophages implies neither CCR2 nor 
CCL2 are absolutely necessary for some DN macrophage 
recruitment. In addition, there is an expansion of resi-
dent macrophages [46, 69]. Since the DN macrophage 
response is unaltered in Ccl2 KOs, both alternative 
recruitment mechanisms, and resident macrophages are 

Fig. 12  Resident macrophages and alternative signaling mechanisms compensate for the loss of CCR2. A–D Representative images of CCR2gfp het 
and CCR2gfp KO DRGs contralateral (A, B) and ipsilateral (C, D) to a sciatic nerve transection. All macrophages are marked by CD68 immunostaining 
and monocyte derived macrophages are marked by GFP immunostaining. Injured DRGs in both genotypes show an increase in CD68 macrophages 
compared to the contralateral control (C, D vs. A, B). The CCR2gfp het DRGs have more GFP+ cells and show a small increase after injury (C). Dotted 
tracings indicate the cell body area and are representative of the area quantified. Dotted squares indicate the location of the insets and are 200 
by 200 µm. Scale bar is 100 µm. E–H Representative images of CCR2gfp het and CCR2gfp KO DNs contralateral (E, F) and ipsilateral (G, H) to a sciatic 
nerve transection. All macrophages are marked by CD68 immunostaining and recruited macrophages are marked by GFP immunostaining. 
Injured DNs in both genotypes show an increase in CD68 macrophages compared to their contralateral control (G, H vs. E, F) but macrophages 
are significantly reduced in CCR2gfp KO DNs (G vs. H). The CCR2gfp het DNs have more GFP+ cells and show a substantial increase after injury (G), 
while the CCR2gfp KO DNs have a relative increase in resident CD68 only macrophages as well as a smaller increase in the double positive recruited 
macrophages (H). Scale bar is 100 µm. I–L Quantification of CD68 macrophages in the DRG cell body area (I, J) or the DN (K, L) by the percent area 
positively stained (I, K) and by cell counts (J, L). M, N Quantification of the percentage of recruited macrophages in the DRG cell body area (M) and 
in the DN (N). Percentages were calculated as the number of double positive cells over the CD68 positive cells. # Indicates a significant (p < 0.05) 
difference between Sh and Ax within a genotype and * indicates a significant difference between indicated genotypes within an injury condition 
(*p < 0.05, **p < 0.01, ***p < 0.001). All data are the mean ± SEM and n = 6 per injury condition per genotype

(See figure on next page.)
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compensating for the deficiency confirming CCL2 is not 
required.

In the DRG we observed no statistically significant 
deficit in the macrophage response in the CCR2gfp KOs. 

This differs from our laboratory’s previous CCR2 KO 
study, which reported that a significant number of DRG 
macrophages are recruited via CCR2 [11]. On closer 
examination, the differences might not be so great. We 

Fig. 12  (See legend on previous page.)
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observe here a small decrease (~ 10%) in injury induced 
macrophages in the CCR2gfp KOs compared to controls 
and this corresponds to the small increase (~ 10%) in 
recruited macrophages we observe in het controls rela-
tive to their sham. Theoretically, both numbers repre-
sent the contribution of recruited macrophages to DRG 
inflammation, and because they are similar, we specu-
late that there may be a small population of monocytes 
recruited to the DRG after injury. Flow cytometry 
results from our previous study showed that there were 
fewer macrophages in the axotomized Ccr2 KO rela-
tive to WT, but there was also always an increase in the 
KO relative to its sham control [11]. Depending on the 
markers used, the CCR2 KO had ~ 10 to 30% reduction 
in macrophages compared to WT. The small additional 
decrease in macrophages could be due to loss of mac-
rophages in the meninges or nerve area of the DRG, 
which both were excluded from the analysis in the pre-
sent paper. Using a parabiosis approach, Kalinski et al. 
[14] also reported that most injury-induced DRG mac-
rophages are residents and only a small number are 
recruited from circulation. Since DRGs rely primarily 
on a resident macrophage response and their response 
is unaltered in both Ccl2 KOs and CCR2gfp KOs, it is 
likely that CCL2 and CCR2 are only responsible for a 
small portion of the DRG injury response.

Conclusions
In summary, the present study showed that CCL2 is 
not required for macrophage accumulation or axon 
regeneration after a sciatic nerve injury. Knocking out 
Ccl2 specifically in sensory neurons, Schwann cells, 
or both, or using a global Ccl2 KO is not sufficient to 
reduce macrophage accumulation, myelin clearance, or 
axon regeneration following a sciatic nerve injury. We 
found CCL2 is expressed broadly in both the DRG and 
distal nerve after injury, and in addition to Ccl2, other 
CCR2 ligands, Ccl7 and Ccl12, are highly expressed in 
both tissues. Finally,  Ccr2gfp  knock-in/knock-out ani-
mals were used to differentiate resident and recruited 
macrophages in the injured tissues. We found a signif-
icant decrease in all macrophages in the distal sciatic 
nerve in CCR2gfp  KO mice compared to CCR2gfp hets. 
Importantly, there were still some GFP+ recruited mac-
rophages as well as a relative expansion of CD68+ GFP− 
resident macrophages in the KOs. In the DRG, we saw a 
small but insignificant decrease in CD68+ macrophages 
between CCR2Gfp KO mice compared to CCR2Gfp 
hets  and interestingly, most DRG macrophages seem 
to be GFP− residents. The findings from the knock-
in/knock-out mice suggest that in the absence of 
CCL2, other CCR2 chemokines, resident macrophage 

proliferation, and CCR2-independent monocyte 
recruitment can compensate and allow for normal 
macrophage accumulation. Recognition of the rela-
tive contribution of resident and infiltrating cells to the 
totality of injury-induced macrophage accumulation in 
the DRG and sciatic nerve and understanding the com-
plexity of signaling for monocyte recruitment from the 
blood into the injured peripheral nervous system will 
greatly aid the study of the immune system’s reaction to 
and involvement in peripheral nerve injuries.
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