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Abstract

The ability to regrow their axons after an injury is a hallmark of neurons in peripheral nervous system which distinguish
them from central nervous system neurons. This ability is influenced by their intrinsic capacity to regrow and by the extra-
cellular environment which needs to be supportive of regrowth. CXCL1 [Chemokine (C-X-C motif) Ligand 1] and CXCL2
[Chemokine (C-X-C motif) Ligand 2] are two low-molecular-weight chemokines which can influence neuronal proliferation,
differentiation and neurogenesis, but which are also upregulated by injury or inflammation. In this study we investigated
the effects of long-term incubation (24, 48 and 72 h) with different concentrations of CXCL1 (0.4, 4 or 40 nM) or CXCL2
(0.36, 3.6 or 36 nM) on the axon outgrowth of adult rat dorsal root ganglia neurons in culture. The results showed that both
chemokines significantly inhibited the axon outgrowth, with large and medium NF200 (NeuroFilament 200) (+) dorsal root
ganglia neurons affected quicker, compared to small IB4 (Isolectin B4) (+) dorsal root ganglia neurons which were affected
after longer exposure. Blocking CXCR2 (C-X-C motif chemokine receptor 2) which mediates the effects of CXCL1 and
CXCL2 prevented these effects, suggesting that CXCR2 may represent a new therapeutic target for promoting the axon
outgrowth after a peripheral nerve injury.
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neurons

Introduction

After axotomy, neurons in the peripheral nervous system
(PNS) are capable of regeneration [1], whereas neurons in
the central nervous system (CNS) are generally not [2]. In
addition in PNS, even though the axons regeneration can
be quite precise [3], sometimes a loss of specificity can
occur [4] or the number of axons that reach their targets
can be limited [5]. Therefore, understanding which factors
can enhance or limit PNS regeneration is very important for
developing therapies to treat nerve injury.

Regeneration of axons in vivo is not cell autonomous,
rather it is highly influenced by non-neuronal cells, in
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particular Schwann cells and macrophages [1]. Macrophages
act not only locally at the lesion site where they are involved
in Wallerian degeneration, but also distantly, at the DRG
(dorsal root ganglia) level, where, through a number of
secreted molecules they promote the expression of certain
regeneration-associated genes in DRG neurons [6, 7].
CXCL1 [Chemokine (C-X-C motif) Ligand 1] and
CXCL2 [Chemokine (C-X-C motif) Ligand 2] are two
low-molecular-weight members of the ELR (Glu-Leu-
Arg: the ELR motif) (+) CXC chemokine family with 78%
homology of their sequence [8]. They are secreted by mac-
rophages, but also by neutrophils, microglia, astrocytes or
endothelial cells as response to injury or inflammatory sig-
nals [8, 9]. Interestingly, CXCL2 was also localized inside
cortical neurons after a moderate lateral fluid percussion
injury [10], which suggest a neuronal source for this
chemokine, as well. Both of them are known to have pleio-
tropic effects on neurons or immune cells, ranging from
stimulating proliferation to increasing pain [11]. In par-
ticular, CXCL2 has been shown to significantly increase
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axon outgrowth in embryonic hippocampal neurons down-
stream of HGF (hepatocyte growth factor) signaling [12],
with the same signaling pathway being also involved in
the neurite outgrowth in adult rat cultured DRG neurons
[13]. There are no data about a direct influence of CXCL1
on neurites outgrowth in any type of neurons, although a
significant neurite sprouting was noticed in PC12 cell after
treatment with injured intervertebral disc media contain-
ing CXCL1 among other pro-inflammatory factors [14].
In addition, CXCL1 can promote axon myelination in
multiple sclerosis [15, 16] which may suggest a possible
indirect effect on DRG axons as well.

Recently, we have shown that CXCL1 and CXCL2 may
interfere with the functioning of TRPV1 (Transient Receptor
Potential 1) receptors in TRPV1 (+)/IB4 (Isolectin B4) (+)
DRG neurons, either directly or by altering their desensitiza-
tion rate [11, 17, 18]. These effects of CXCL1 and CXCL2
on TRPV1 receptors are important because studies have
shown that TRPV 1 receptors are physically and functionally
present at dynamic neuronal extensions, including growth
cones of embryonic and adult DRG neurons. Activation of
TRPV1 at this level inhibits sensory neuronal extension and
reduces motility by facilitating the disassembly of microtu-
bules [19, 20].

Given all these data, it is conceivable that CXCL1 and
CXCL2 may also influence the neurite/axon outgrowth in
the adult rat DRG neurons. Possibly secreted by the mac-
rophages infiltrated in a DRG after a peripheral lesion,
CXCLI1 and CXCL2 might represent some of the compo-
nents of the extracellular medium which could influence
the regenerative capacity of DRG neurons. In this study we
investigated the effects of long-term incubation (24, 48 and
72 h) with different concentrations of CXCL1 and CXCL2
on the axon outgrowth of adult rat DRG neurons in culture.
The results showed that both chemokines significantly inhib-
ited the axon outgrowth, with large and medium diameter
neurons affected quicker, compared to small diameter neu-
rons which were affected after longer exposure.

Materials and Methods
Animals

For this study, 36 adult male Wistar rats (100-150 g) from
the animal facility of the “Ton Cantacuzino” National Insti-
tute, Bucharest, Romania were used. All procedures were
carried out in accordance with the Directive 2010/63/EU
and the Romanian Law 43/2014 on the use of animals for
scientific purposes, and were approved by the Ethics Com-
mittee of the Faculty of Biology, University of Bucharest
(Approval No. 34/10.07.2019).
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Cell Culture

Rats were sacrificed by inhalation of 100% CO, followed
by decapitation. DRG from all spinal segments were
removed and prepared for the cell culture as previously
described [21], since this culture model is well established
and suitable for neurite outgrowth studies [22, 23]. Briefly,
neurons were dissociated in 1 mg/ml collagenase IA and
2 mg/ml dispase (Gibco, 17105041) for 1 h at 37 °C, then
plated on pretreated 13-mm glass coverslips and cultured
in a NGF-free 1:1 mixture of 7.4 mM glucose DMEM
(D5523) and Hams’s F10 medium (N6635) with 10% horse
serum, 0.5% Penicillin/Streptomycin and 1% L-glutamine
(Thermo Fisher Scientific, A1286001) for 24 h, at 37 °C,
in 5% CO, in air. In order to increase the adherence to the
substrate and facilitate the neurite growth, the glass cov-
erslips were first treated with H,SO, for 24 h, washed with
distilled water and ethanol 100%, heat-dried in a flame
and kept in ethanol 100% until use. In the day of the cul-
ture, the coverslips were coated first with poly-p-lysine
(0.1 mg/ml, P0899) for 30 min at room temperature, then
with laminin (10 pg/ml, L2020) for 2 h at room tempera-
ture [24] and maintained in phosphate buffer (PBS) until
plating. If not otherwise specified, all reagents were from
Sigma. After 24 h the neurons were treated with 0.4, 4
or 40 nM CXCL1 (Promokine, E-65420) or 0.36, 3.6 or
36 nM CXCL2 (Promokine, E-65430) for 24, 48 or 72 h.
The concentrations were established based on a previ-
ous study in which we identified an ECs, of 4 nM for
CXCL1 and 3.6 nM for CXCL2 as effective on primary
DRG neurons after 4 h of incubation [18]. Consequently,
in this study we tested the effect of long term-incuba-
tion with CXCL1 and CXCL2 at concentrations below,
at or above the ECs, concentration. The contribution of
CXCR2 (C-X-C motif chemokine receptor 2) in mediating
the effects of CXCL1 and CXCL2 on the axon outgrowth
was confirmed using SB265610 (Tocris, 2724), a CXCR2
antagonist.

Cell Viability Assay

Primary DRG culture cells were plated into 96-well
plates (3 x 103 cells/well) in 100 pl of medium and were
allowed to adhere overnight. Then the cells were subjected
to drug treatments for the indicated times. Cell viability
was determined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, which is
based on the cleavage of the yellow tetrazolium salt to
purple formazan crystals by mitochondrial and cytosolic
dehydrogenases of living cells. Briefly, cells were incu-
bated with MTT solution (1 mg/ml, Sigma, M2128,) in
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serum- and antibiotics-free culture medium for 3 h. The
culture medium was then removed, and the formazan prod-
uct was solubilized by DMSO. Absorbance at wavelengths
of 540 and 690 nm (reference) was measured with a micro-
plate reader (FlexStation 3, Molecular Devices, USA). The
values were expressed as percentage of cell survival rela-
tive to the untreated cells.

Immunocytochemistry (1CC)

Cells cultured on coverslips were fixed in 4% paraform-
aldehyde solution (Roth) in 0.01 M PBS for 20 min, per-
meabilized with a 0.3% Triton X-100 solution in PBS for
1 h and incubated for 1 h in blocking solution (0.3% Triton
X-100 and 4% normal goat serum in PBS). After overnight
incubation at 4 °C with the primary antibodies, cells were
washed, incubated for 1 h with the secondary antibodies
and cover-slipped with Prolong Gold antifade reagent (Life
Technologies, P36931). The slides were visualized under an
Olympus IX73 (Carl Zeiss, Germany) fluorescence micro-
scope and processed with Image-J software (Wayne Ras-
band, National Institute of Health, SUA). The primary anti-
bodies were anti-BIII-tubulin (1:1000, mouse monoclonal,
Abcam, ab78078), anti-NF200 (1:400, mouse monoclonal,
Sigma, N0142) and biotinylated isolectin B4 (1:200, Vec-
tor Laboratories, B-1205). The secondary antibodies were
(from Life Technologies): goat anti-mouse Alexa Fluor
568 (1:1500, A11004), goat anti-mouse Alexa Fluor 488
(1:1500, A11001) and Streptavidin-Alexa Fluor 488 Conju-
gate (1:1500, S32354).

Axon length was measured using Image J’s plugin Simple
Neurite Tracer (https://imagej.net/Simple_Neurite_Tracer,
ver 3.1.3), with axon length defined as the distance from
the soma to the end of the longest neurite (if there was more
than one neurite) or to the end of the longest branch at each
branch point for branched neurites. Only the cells with at
least a neurite longer than the diameter of the cell body and
with a constant fluorescence along its length, which were
not in contact with other cells or at the very edge of the
coverslip, were considered. Typically, 15-20 neurons were
measured/condition in >3 independent experiments. Images
were inverted using Photoshop CC 2015 software and are
shown on a white background for a clearer visualization of
their morphology. The average axon length for each group
was calculated to evaluate the extent of neuronal differentia-
tion and compared to the corresponding untreated control.

Statistical Analysis

All data were given as means + SEM, statistical signifi-
cance was tested using a two tailed Student’s t-test and 1
way ANOVA with Bonferonni post-test (GraphPad Prism
5.0 software). A value of P<0.05 was considered to be

statistically significant, with *P <0.05, **P <0.01, and
##%k P <(0.001.

Results

CXCL2, but not CXCL1, had a Cytotoxic Effect
at Higher Concentrations

Before testing the effect of different concentrations of
chemokines on axon outgrowth, we investigated first if any
of them had a cytotoxic effect on cell viability. The MTT
test indicated that CXCL1, at all concentrations (0.4, 4 and
40 nM) and at all time points (24, 48 and 72 h), had no cyto-
toxic effect on cell viability (Fig. 1A). Even more, after 72 h
of incubation, smaller concentrations of CXCL1 seemed
to have a beneficial effect, with cell viability significantly
increased after 0.4 and 4 nM treatment (Fig. 1A). In con-
trast, treatment with CXCL2 showed no cytotoxic effects
only for 0.36 and 3.6 nM concentrations at all time points,
while 36 nM seemed to be cytotoxic as early as one day of
treatment (Fig. 1B). Therefore, for CXCL2 we decided to
go further only with the non-toxic concentrations, 0.36 and
3.6 nM.

CXCL1 and CXCL2 Inhibits Axon Outgrowth in Adult
Rat Dorsal Root Ganglia Neurons

In order to investigate if extended presence of CXCL1 and
CXCL2 chemokines around dorsal root ganglia neurons
might have morphological effects on them, axon length was
measured at 3 different time points (24, 48 and 72 h) after
treatment with different concentrations of CXCL1 (0.4, 4
and 40 nM) or CXCL2 (0.36 and 3.6 nM). The neurons
were stained with anti-pIII-tubulin antibody, a pan-neu-
ronal marker of cell cytoskeleton which can’t distinguish
between the small, medium or large sub-populations of DRG
neurons. The results showed that both CXCL1 (Figs. 2 and
4A) and CXCL2 (Figs. 3 and 4B) significantly decreased
axons outgrowth. In control conditions, all DRG neurons
showed a progressive increase in axons length with the time
in culture. Upon CXCLI1 treatment, starting from the first
day of treatment, all concentrations significantly inhibited
the axon outgrowth which was not compensated by the time
spent in culture: after 72 h the inhibitory effect was even
stronger than after one day of treatment (Fig. 4A). Similarly,
all concentrations of CXCL2 significantly inhibited the axon
outgrowth from the first day of treatment, but in contrast to
CXCLI1 the effect was not as persistent and it was compen-
sated by the time in culture: after 72 h the inhibitory effect
although present was less strong than after one day of treat-
ment (Fig. 4B). Table 1 (first row, 3T (+) neurons) summa-
rizes the mean axons’ length values after CXCL1 treatment,
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and Table 2 (first row, 3T (+) neurons) summarizes the
mean axons’ length values after CXCL2 treatment.

Axons of NF200 (+) DRG Neurons were Affected
Faster by CXCL1 and CXCL2

To distinguish which of the subpopulations of DRG neurons
were more sensitive, the axon outgrowth in large NF200
(+) DRG neurons was evaluated for the same time points
and concentrations of CXCL1 or CXCL2. The neurons were
stained with anti-NF200 antibody to identify the cell type
and measure the axon outgrowth. NF200 is a neurofilament
with high molecular weight (200 kD), particularly abundant
in the axons of large and medium DRG neurons [25].

The results showed that NF200 (+) DRG neurons were
significantly more sensitive to both CXCL1 (Fig. 5) and
CXCL2 (Fig. 6) after 24 and 48 h of treatment, with axon
outgrowth significantly inhibited (Fig. 7A and B). After
48 h mainly the lower concentrations, i.e. 0.4 and 4 nM
for CXCL1 (Fig. 7A) and 0.36 nM for CXCL2 (Fig. 7B)
continued to be inhibitory, while larger concentrations,
i.e. 40 nM for CXCL1 and 3.6 nM for CXCL2 lost their
inhibitory properties. After 72 h of exposure to CXCL1 and
CXCL2, large DRG neurons seemed to become insensitive
to all concentrations of the two chemokines (Fig. 7A and B).
Interestingly, the axon outgrowth in control conditions did
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not show the progressive increase in length with the time in
culture as noticed after staining with anti-pIII-tubulin anti-
body (Fig. 4), as if the large NF200 (+) neurons grow their
axon to their maximum from the very first day in culture,
and after that just maintain them, not extend anymore. This
is most likely the consequence of laminin coating which was
shown to facilitate neurite outgrowth in NF200 (+) cells
[26]. Table 1 (2nd row, NF200 (4+) neurons) summarizes
the mean axons’ length values after CXCL1 treatment, and
Table 2 (2nd row, NF200 (+) neurons) summarizes the mean
axons’ length values after CXCL2 treatment.

Axons of Small IB4 (+) DRG Neurons are Affected
Later by CXCL1 and CXCL2

To understand who is responsible for the inhibitory effect of
CXCL1 and CXCL2 on axon outgrowth after 72 h of incuba-
tion, we investigated the axon outgrowth in small IB4 (4)
DRG neurons for the same time points and concentrations
of CXCL1 (Fig. 8) or CXCL2 (Fig. 9). The neurons were
stained with isolectin B4 and anti-BIII-tubulin antibodies to
identify the cell type and also measure the axon outgrowth.
Isolectin B4 is a lectin from Griffonia simplicifolia, used
as a specific marker for a subpopulation of non-peptidergic
small DRG neurons [27].



Neurochemical Research (2019) 44:2215-2229

2219

Control 0.4nM CXCLA1

4nM CXCLA1 40nM CXCL1

G J

48h
A

72h
'8\

Fig.2 Representative images of PIlI-tubulin (+) adult DRG neurons in control conditions or after treatment with different concentrations of
CXCL1 for 24, 48 or 72 h. Scale bar for images B and C =100 pm; for the rest=20 pm

The results showed that the axon outgrowth in small IB4
(+) DRG neurons was not affected after 24 h of treatment,
but it started to be inhibited after 48 h and it was maintained
after 72 h of continuous treatment (Fig. 10A and B). In con-
trast to NF200 (+) neurons, small IB4 (+) DRG neurons
were significantly inhibited by all concentrations of CXCL1
and CXCL2 after 48 h of treatment and maintained the same
response after 72 h of incubation. The strong inhibitory
effect of CXCL2 at 72 h on IB4 (+) DRG neurons, combined
with a lack of effect on NF200 (+) neurons, could explain
the results in Fig. 4B in which the inhibitory effect although
present, was less strong at 72 h than after one day of treat-
ment. Interestingly, the axon outgrowth in control conditions
showed the same progressive increase in length with the
time in culture, although at a much smaller scale, as noticed
after staining with anti-pIII-tubulin antibody (Fig. 4). This
was somehow in contrast with previous studies in which
laminin coating, without any neurotrophic factors, was una-
ble to support neurite outgrowth in IB4 (+) DRG neurons

[26]. Most probably this response was a consequence of the
pre-coating treatment of the coverslips with H,SO, which
better prepared the surface for cell adherence. Table 1 (3rd
row, IB4 (+) neurons) summarizes the mean axons’ length
values after CXCL1 treatment, and Table 2 (3rd row, IB4 (+)
neurons) summarizes the mean axons’ length values after
CXCL2 treatment.

Blocking CXCR2 Prevented CXCL1 and CXCI2
Inhibitory Effects of Axon Outgrowth

To confirm that the inhibitory effects of CXCL1 and CXCL2
on axon outgrowth were mediated by CXCR2, additional
experiments using SB265610 (a specific CXCR2 antago-
nist) have been performed. The effect on large NF200 (+)
DRG neurons was tested after 24 h co-treatment with 1 uM
SB265610 and 4 nM CXCL1 or 3.6 nM CXCL2, while the
effect on small IB4 (+) DRG neurons was tested after 48 h
co-treatment with 1 uM SB265610 and 4 nM CXCLI or
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Fig.3 Representative images
of pIII-tubulin (4) adult DRG
neurons in control conditions
or after treatment with different
concentrations of CXCL2 for
24, 48 or 72 h. Scale bar for
images B and C=100 pm;

for F and I=50 pm; for the
rest=20 um

Fig.4 Both CXCL1 and
CXCL2 inhibited axon out-
growth starting from the first
day of treatment. A Graph bar
representing mean PIII-tubulin
(+) axon lenght in control
conditions or after treatment
with different concentrations of
CXCLI1 for different time inter-
vals. B Graph bar representing
mean PIII-tubulin (+) axon
lenght in control conditions or
after treatment with differ-

ent concentrations of CXCL2
for different time intervals. In
both cases, the inhibition was
significant compared to the
control conditions for all time
points (*P<0.05, **P<0.01,
and ***P <0.001)
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Table 1 Axon outgrowth after treatment with CXCL1 chemokine
Population type Control 0.4 nM CXCL1 4 nM CXCL1 40 nM CXCL1
Mean (um) SEM N Mean (um) SEM N Mean (um) SEM N Mean (um) SEM N
B3T (+) neurons 228 21.66 20 1449 2125 20 1553 22.07 20 2128 26.64 20
462.3 61.3 20  166.8 36.04 20 1452 2177 20 1771 2332 20
709.1 98.3 17 180.6 2426 20 153 2745 20 1723 19.5 20
NF200 (+) neurons  366.5 4695 20 184.1 2519 20 144 1528 20 2219 40.07 20
381.5 5934 20 209.5 35.61 20 220.6 52.65 20 292.6 4401 20
399.6 68.79 17  267.1 4476 20 273.6 40.26 20 3822 63.72 20
1B4 (+) neurons 87.89 10.79 20 75.49 9.181 20 85.52 799 20 81.28 9.17 20
168.1 19.81 17 91.36 14.02 20 1024 15.65 20 98.97 11.18 20
286.7 6296 15 140.2 2695 17 8142 8.03 20 96.8 16.54 16
Table2 Axon outgrowth Population type Control 0.36 nM CXCL2 3.6 1M CXCL2
after treatment with CXCL2
chemokine Mean (um) SEM N Mean(um) SEM N Mean(um) SEM N
B3T (+) neurons 228.00 21.66 20 140.10 2574 20 162.70 19.57 19
462.30 61.30 20 168.50 4432 20 22640 47.05 20
709.10 98.30 17 353.10 61.73 20 417.90 68.81 20
NF200 (+) neurons  366.50 46.95 20 150.70 31.54 18 180.70 20.66 20
381.50 59.34 20 231.10 33,19 20 303.10 36.15 20
399.60 68.79 17 284.50 4536 20 31340 3945 20
1B4 (+) neurons 87.89 10.79 20 93.91 1242 20 79.87 12.61 20
168.10 19.81 17 100.40 11.64 20 106.40 1699 15
286.70 6296 15 122.70 16.73 20 89.29 13.56 17

3.6 nM CXCL2. Only one time point was chosen for these
experiments because for NF200 (+) DRG neurons the effect
was the strongest after 24 h exposure to the two chemokines,
while for IB4 (+) DRG neurons the inhibitory effects were
as strong at 48 h as after 72 h of chemokine treatment. Only
one concentration was selected for the two chemokines (i.e.:
4 nM for CXCL1 and 3.6 nM for CXCL2) because it repre-
sents the ECy, for CXCL1 or CXCL2 established as effective
on primary DRG neurons in a previous study [18], and we
considered them as the most representative.

The results showed that 1 uM SB265610 prevented
the inhibitory effects of both CXCL1 and CXCL2 on
NF200 (+) DRG neurons, with the axon length not sta-
tistically different compared to control conditions:
for CXCL1 treatment, axon length in control condi-
tions =366.50+46.95 um (n=20), and after 4 nM
CXCL1+1 uM SB265610=308.20+23.99 um (n=20),
P>0.05 (Fig. 11A and B); for CXCL2 treatment, axon length
in control conditions =366.50 +46.95 um (n=20), and after
3.6 nM CXCL2+1 uM SB265610=250.70 +34.10 pm
(n=20), P>0.05 (Fig. 11C and D).

Similarly, on IB4 (+) DRG neurons 1 uM SB265610 pre-
vented the inhibitory effects of both CXCL1 and CXCL2,
with the axon length not statistically different compared to

control conditions: for CXCL1 treatment, axon length in con-
trol conditions =168.10+ 19.81 um (n=17), and after 4 nM
CXCL1+1 uM SB265610=196.70420.22 um (n=20),
P>0.05 (Fig. 12A and B); for CXCL2 treatment, axon length
in control conditions=168.10+19.81 pm (n=17), and
after 3.6 nM CXCL2 + 1 uM SB265610=247.2 +40.45 pm
(n=15), P>0.05 (Fig. 12C and D).

Discussion

In this study we showed that long-term treatment with
CXCL1 or CXCL2 chemokines had an inhibitory effect on
axon outgrowth of the adult rat DRG neurons, with large and
medium neurons responding faster than small DRG neurons.

The ability to regrow their axons after an injury is a hall-
mark of neurons in PNS which distinguish them from CNS
neurons [1, 2]. This ability is influenced by their intrinsic
capacity to regrow, which is better for PNS neurons than
for CNS neurons [28], and by the extracellular environment
which needs to be supportive of regrowth. Previous studies
on rats have showed that adult CNS neurons can regrow
their severed axon if the non-permissive CNS environment is
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Fig.5 Representative images of NF200 (4) adult DRG neurons in control conditions or after treatment with different concentrations of CXCL1
for 24, 48 or 72 h. Scale bar for images B, E, F and 1=50 um; for the rest=20 um

manipulated to induce regeneration [29, 30], suggesting that
the environment is a key player in the regeneration process.

Chemokines are small proteins classified into four sub-
groups referred to as CXC/a, CC/B, CX3C/d or C/d families
[31]. They are mostly known for their role in immunesurveil-
lance and inflammatory responses, but they have been also
implicated in proliferation, neurogenesis and neuronal dif-
ferentiation of neural precursors [32]. In particular, CXCL1
promotes neurogenesis in the developing rat ventral mid-
brain [33] and in the adult hippocampal dentate gyrus of
mouse [34], it facilitates the adoption of a neuronal fate in
human embryonic stem cells [35] and regulates differen-
tiation of adult murine neural precursor towards oligoden-
drocyte [36]. There are no data about a direct influence on
neurites outgrowth in any type of neurons, but it may pro-
mote neurites sprouting in PC12 cell upon treatment with an
injury-conditioned medium containing CXCL1 among other
pro-inflammatory factors [14]. On the other hand, CXCL2
was not directly involved in neurogenesis, but it was shown
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to promote olfactory ensheathing cells proliferation which
remove by phagocytosis degenerated and apoptotic neural
tissue debris [37] and to be neuroprotective against amy-
loid beta-induced neurotoxicity in mice [38]. In contrast to
CXCLI1, CXCL2 has been shown to significantly increase
axon outgrowth in embryonic hippocampal neurons down-
stream of HGF signaling [12], with the same signaling path-
way being also involved in the neurite outgrowth in adult rat
cultured DRG neurons [13].

Usually, CXCL1 and CXCL2 are not part of a normal
environment inside a dorsal root ganglia, but their expres-
sion can be upregulated after an inflammatory reaction or a
peripheral nerve lesion. Thus, CXCL1 shows strong, rapid
upregulation in dorsal root ganglion in both nerve injury
and inflammatory models [39—41], but the data for CXCL2
are not very clear and may strongly depend of the type of
lesion [42, 43]. The source of CXCL1 and CXCL2 in the
DRG neurons could be the macrophages, which after an
inflammatory reaction or a peripheral nerve lesion strongly
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Fig.8 Representative images of IB4 (4)/BIII-tubulin (+) adult DRG neurons in control conditions or after treatment with different concentra-
tions of CXCL1 for 24, 48 or 72 h. Scale bar for image C =50 um; for the rest=20 pm

infiltrate inside DRG and through a number of secreted
molecules influence DRG neurons functioning [7].

In our study, both CXCL1 and CXCL2 proved to signifi-
cantly inhibit the axon outgrowth in adult DRG neurons
starting with 24 h and maintained up to 72 h, strongly
reducing the progressive increase of axon length directly
proportional with the time in culture noticed in control
conditions (Fig. 4). This was not a cytotoxic effect, since
the MTT assay showed no effect on cell viability (Fig. 1),
and no dose—effect since different concentrations in nM
range showed the same effect. These results came as a sur-
prise, because according to the data in the literature both
chemokines have beneficial effect on neuronal survival,
differentiation and even on axon outgrowth as in the case
of CXCL2 [12]. However, the data on CXCL2 and axon
growth were obtained on embryonic hippocampal neurons,
which have a different genetic profile and intracellular
signaling pathways compared to an adult DRG neuron.

@ Springer

In order to understand where this inhibitory effect came
from, we separately investigated the axon ourgrowth in large
and medium NF200 (+) DRG neurons and small IB4 (+)
DRG neurons with the same concentrations of CXCL1 and
CXCL2 and for the same time points. The results showed
that all DRG sub-populations were affected, but in a sec-
quential manner: for the first 24 h only NF200 (+) DRG
neurons were affected, with the inhibitory effect fading away
after 48 of exposure to both chemokines (Fig. 7), while IB4
(+) DRG neurons started to be strongly inhibited by both
chemokines after 48 h and maintained the response up to
72 h (Fig. 10).

DRG neurons are highly heterogenous. Large and medium
DRG neurons transmit mechanoreceptive and proprioceptive
signals via thickly myelinated afferents (Ap-fibers) to spinal
lamina III-V and express neurofilament 200 (NF200) [25],
while small diameter DRG neurons give rise to unmyelinated
axons (C-fibers) and thinly myelinated axons (Ad-fibers)
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Fig. 11 Blocking CXCR2 prevented inhibitory effects of CXCL1 and
CXCL2 on NF200 (+) DRG neurons’ axon outgrowth. A Graph bar
representing mean axons’ lenght in control conditions, after treat-
ment with 4 nM CXCL1 or with 4 nM CXCL1+1 uM SB265610
for 24 h. Blocking of CXCR2 allowed axon outgowth. B Representa-
tive images of NF200 (+) adult DRG neurons in control conditions,
after treatment with 4 nM CXCL1 or with 4 nM CXCL1+1 uM

that convey the nociceptive, thermal and mechanorecep-
tive signals to neurons in lamina I-II of the spinal cord
[44]. Traditionally, small neurons have been classified into
non-peptidergic/IB4 (4) and peptidergic/IB4 (—) express-
ing neuropeptide substance P and calcitonin gene-related
peptide (CGRP) [27]. Recenty, by integrating single-cell
techniques such as high-coverage RNA-seq, in vivo patch
clamp recording and single-cell PCR, DRG neurons were
further classified into 10 types and 14 subordinate subtypes
with distinct transcriptional patterns, molecular markers and
functional properties [25, 45]. Such a high heterogeneity of
DRG neurons may explain why the responses to CXCL1
and CXCL2 were cell type-dependent. In addition, CXCR2
which mediate the effects of both CXCL1 and CXCL2 and
are expressed by all DRG neurons [18], may also contrib-
ute. CXCR2 have a very complex functioning: usually they
form dynamic and temporal assembly with different adap-
tor signaling proteins called “chemosynapses” and subse-
quently activate various intracellular pathways, making its
responses to specific ligands to be highly variable [46]. In
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SB265610 for 24 h. Scale bar=20 um. C Graph bar representing
mean axons’ lenght in control conditions, after treatment with 3.6 nM
CXCL2 or with 3.6 nM CXCL2+1 uM SB265610 for 24 h. Blocking
CXCR?2 allowed axon outgowth. D Representative images of NF200
(+) adult DRG neurons in control conditions, after treatment with
3.6 nM CXCL2 or with 3.6 nM CXCL2+1 uM SB265610 for 24 h.
Scale bar for image Db=50 pm; for the rest=20 pm

our experiments, blocking CXCR2 prevented the inhibitory
effects of CXCL1 and CXCL2 on the axon growth, con-
firming thus their implications. Therefore, a combination of
cell-type and CXCR?2 specificities could be responsible for
the cell type- and time-dependent effects we have noticed in
our experiments.

A possible connection between the CXCL1 and CXCL2
and neuronal cytoskeleton are TRPV1 receptors. Recently
we have shown that both CXCL1 and CXCL2 may alter
the functioning of TRPV1 receptors in TRPV1 (+)/1B4
(+) DRG neurons. The results showed that in an itch-sen-
sitive TRPV1 (+)/IB4 (+) sub-population of DRG neurons
CXCL1 either directly activated TRPV1 receptors (upon
acute application) or it reduced their desensitization rate
(upon short-term incubation) and thus it mediated itch, while
in the rest of the TRPV1 (+)/IB4 (+) population CXCL1
only reduced TRPV1 desensitization (upon short-term incu-
bation) with other possible consequences [17, 18]. Reduced
desensitization is associated with increased neuronal excita-
bility, because under this condition TRPV1 receptors are still
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Fig. 12 Blocking CXCR2 prevents inhibitory effects of CXCL1 and
CXCL2 on IB4 (+) DRG neurons’ axon outgrowth. A Graph bar
representing mean axons’ lenght in control conditions, after treat-
ment with 4 nM CXCL1 or with 4 nM CXCL1+1 uM SB265610
for 48 h. Blocking of CXCR?2 allowed axon outgowth. B Representa-
tive images of IB4 (+) adult DRG neurons in control conditions,
after treatment with 4 nM CXCL1 or with 4 nM CXCL1+1 uM
SB265610 for 48 h. Scale bar for image Bc=50 um, for the

able to open to new/repetitive stimuli. In contrast to CXCL1,
CXCL2 activated the non-itch sensitive TRPV1 (+)/IB4 (+)
DRG neurons, more by reducing TRPV1 desensitization and
a lot less by directly activating TRPV1 receptors [18]. If
maintained for long-term (24 h), CXCL1 had no longer any
effect on TRPV1 functioning, while CXCL2 became inhibi-
tory by reducing TRPV1 current density and increasing its
desensitization rate [11].

Studies have shown that TRPV1 receptors are physically
and functionally located at the dynamic neuronal extensions,
including growth cones of embryonic and adult DRG neu-
rons, and that their prolonged activation results in shortening
of neurites in the majority of IB4 (+) DRG neurons due to a
Ca2+-independent disassembly of microtubules [19, 20, 47].
These consequences of TRPV1 activation were seen after
resiniferatoxin (RTX) application (~ 1 min at 100 nM con-
centrations), an ultra-potent agonist of TRPV1 which acti-
vates the current as strongly as capsaicin and does not deac-
tivate even after prolonged washout [48]. In our previous
experiments, CXCL1 induced an~ 11% activation of TRPV1

rest=20 um. C Graph bar representing mean axons’ lenght in con-
trol conditions, after treatment with 3.6 nM CXCL2 or with 3.6 nM
CXCL2+1 uM SB265610 for 48 h. Blocking of CXCR2 allowed
axon outgowth. D Representative images of IB4 (+) adult DRG neu-
rons in control conditions, after treatment with 3.6 nM CXCL2 or
with 3.6 nM CXCL2+ 1 uM SB265610 for 48 h. Scale bar for image
Dc =50 um, for the rest=20 um

receptors compared to a response to capsaicin, after 12 min
of application and only in the itch-sensitive TRPV1 (4)/IB4
(+) DRG neurons, while CXCL2 activated much less the
non-itch sensitive TRPV1 (+)/IB4 (+) DRG neurons [17,
18]. It is not clear if this reduced, but extended activation of
TRPV1 by CXCL1 or CXCL2 would be the equivalent of
RTX application, so that a shortening of the neurites to be
initiated from the very first moments of CXCL1 or CXCL2
application, and maintained for 24, 48 or 72 h. To compli-
cate the situation even more, in a previous study we showed
that 24 h incubation with CXCL1 had no effect on TRPV1
functioning, while CXCL2 inhibited TRPV1 currents [11].

Considering all these data and the complex network
of signaling pathways that may be activated downstream
CXCR?2 after CXCL1 and CXCL2 binding, we may specu-
late that in TRPV1 (+)/IB4 (+) DRG neurons, during the
first few hours of incubation, the shortening of axon is
initiated because of some TRPV1-associated CXCL1- or
CXCL2-dependent mechanisms, while later on the shorten-
ing is maintained by some CXCL1- or CXCL2-independent
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mechanism. The same mechanisms might also apply for the
IB4 (-)/CGRP (+)/substance P (+) DRG neurons, which
were not investigated in this study, but which equally express
TRPV1 receptors [49]. Other CXCL1- or CXCL2-depend-
ent, but TRPV1-independent mechanisms could be respon-
sible for the axon shortening effect we have noticed in the
NF200 (+) neurons since they express very little TRPV1
receptors [49].

In conclusion, in our study we have shown that extended
presence of CXCL1 and CXCL2 around DRG neurons did
not stimulate the regenerative capacities of the neurons, but
exerted the oposite effects in a time- and cell-type-depend-
ent manner. Blocking their specific receptor, CXCR2, pre-
vented this effect, suggesting that CXCR2 may represent a
new therapeutic target for promoting the axon outgrowth
after a peripheral nerve injury associated with an increase
in CXCL1 and CXCL2 concentration.

Acknowledgements We greatly appreciate Cornelia Dragomir, Gean-
ina Haralambie and Andreea-Diana Lungu from University of Bucha-
rest for technical support. This research was funded by the Romanian
Government via UEFISCDI (Executive Unit for Higher Education,
Research, Development and Innovation Funding) Grant 65/2018.

Compliance with Ethical Standards

Conflict of interest The authors declare no competing or financial in-
terests.

References

1. Scheib J, Hoke A (2013) Advances in peripheral nerve regenera-
tion. Nat Rev Neurol 9:668-676

2. Curcio M, Bradke F (2018) Axon regeneration in the central nerv-
ous system: facing the challenges from the inside. Annu Rev Cell
Devl Biol 34:495-521

3. Nguyen QT, Sanes JR, Lichtman JW (2002) Pre-existing pathways
promote precise projection patterns. Nat Neurosci 5:861-867

4. Lingappa JR, Zigmond RE (2013) Limited recovery of pineal
function after regeneration of preganglionic sympathetic axons:
evidence for loss of ganglionic synaptic specificity. J Neurosci
33:4867-4874

5. Gordon T, Chan KM, Sulaiman OA, Udina E, Amirjani N, Brush-
art TM (2009) Accelerating axon growth to overcome limitations
in functional recovery after peripheral nerve injury. Neurosurgery
65:A132-144

6. Kwon MJ, Kim J, Shin H, Jeong SR, Kang YM, Choi JY, Hwang
DH, Kim BG (2013) Contribution of macrophages to enhanced
regenerative capacity of dorsal root ganglia sensory neurons by
conditioning injury. J Neurosci 33:15095-15108

7. DeFrancesco-Lisowitz A, Lindborg JA, Niemi JP, Zigmond RE
(2015) The neuroimmunology of degeneration and regeneration
in the peripheral nervous system. Neuroscience 302:174-203

8. Semple BD, Kossmann T, Morganti-Kossmann MC (2010) Role
of chemokines in CNS health and pathology: a focus on the CCL2/
CCRS8 and CXCL8/CXCRS networks. J Cereb Blood Flow Metab
30:459-473

9. Call DR, Nemzek JA, Ebong SJ, Bolgos GR, Newcomb DE,
Wollenberg GK, Remick DG (2001) Differential local and

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

systemic regulation of the murine chemokines KC and MIP2.
Shock 15:278-284

Rhodes JK, Sharkey J, Andrews PJ (2009) The temporal expres-
sion, cellular localization, and inhibition of the chemokines
MIP-2 and MCP-1 after traumatic brain injury in the rat. J Neu-
rotrauma 26:507-525

Deftu A, Deftu A, Ristoiu V (2016) Long-term incubation with
CXCL2, but not with CXCL1, alters the kinetics of TRPV1
receptors in cultured DRG neurons. Arch Biol Sci 69:53-59
Bhardwaj D, Nager M, Camats J, David M, Benguria A, Dopazo
A, Canti C, Herreros J (2013) Chemokines induce axon out-
growth downstream of hepatocyte growth factor and TCF/beta-
catenin signaling. Front Cell Neurosci 7:52

Hobara N, Yoshida N, Goda M, Yokomizo A, Kitamura Y,
Sendou T, Kawasaki H (2008) Neurotrophic effect of hepatic
growth factor (HGF) on reinnervation of perivascular calci-
tonin gene-related peptide (CGRP)-containing nerves follow-
ing phenol-induced nerve injury in the rat mesenteric artery. J
Pharmacol Sci 108:495-504

Alkhatib B, Rosenzweig DH, Krock E, Roughley PJ, Beckman
L, Steffen T, Weber MH, Ouellet JA, Haglund L (2014) Acute
mechanical injury of the human intervertebral disc: link to
degeneration and pain. Eur Cells Mater 28:98-110; discussion
110-111

Omari KM, John G, Lango R, Raine CS (2006) Role for CXCR15
and CXCL1 on glia in multiple sclerosis. Glia 53:24-31

Karim H, Kim SH, Lapato AS, Yasui N, Katzenellenbogen JA,
Tiwari-Woodruff SK (2018) Increase in chemokine CXCL1 by
ERbeta ligand treatment is a key mediator in promoting axon
myelination. Proc Natl Acad Sci USA 115:6291-6296

Deftu AF, Filippi A, Gheorghe RO, Ristoiu V (2018) CXCL1
activates TRPV1 via Gi/o protein and actin filaments. Life Sci
193:282-291

Deftu AF, Filippi A, Shibsaki K, Gheorghe RO, Chiritoiu M, Ris-
toiu V (2017) Chemokine (C-X-C motif) ligand 1 (CXCL1) and
chemokine (C-X-C motif) ligand 2 (CXCL2) modulate the activity
of TRPV1+4/1B4+ cultured rat dorsal root ganglia neurons upon
short-term and acute application. J Physiol Pharmacol 68:385-395

. Goswami C, Dreger M, Otto H, Schwappach B, Hucho F (2006)

Rapid disassembly of dynamic microtubules upon activation of
the capsaicin receptor TRPV1. J Neurochem 96:254-266
Goswami C, Schmidt H, Hucho F (2007) TRPV1 at nerve end-
ings regulates growth cone morphology and movement through
cytoskeleton reorganization. FEBS J 274:760-772

Ristoiu V, Shibasaki K, Uchida K, Zhou Y, Ton BH, Flonta ML,
Tominaga M (2011) Hypoxia-induced sensitization of transient
receptor potential vanilloid 1 involves activation of hypoxia-
inducible factor-1 alpha and PKC. Pain 152:936-945

Dahlstrom M, Nordvall G, Sundstrom E, Akesson E, Tegerstedt
G, Eriksdotter M, Forsell P (2019) Identification of amino acid
residues of nerve growth factor important for neurite outgrowth
in human dorsal root ganglion neurons. Eur J Neurosci. https://
doi.org/10.1111/ejn.14513

Endo T, Kadoya K, Kawamura D, Iwasaki N (2019) Evidence
for cell-contact factor involvement in neurite outgrowth of DRG
neurons stimulated by Schwann cells. Exp Physiol. https://doi.
org/10.1113/EP087634

Rangappa N, Romero A, Nelson KD, Eberhart RC, Smith GM
(2000) Laminin-coated poly(L-lactide) filaments induce robust
neurite growth while providing directional orientation. J Biomed
Mater Res 51:625-634

Li CL, Li KC, Wu D, Chen Y, Luo H, Zhao JR, Wang SS, Sun
MM, Lu YJ, Zhong YQ, Hu XY, Hou R, Zhou BB, Bao L, Xiao
HS, Zhang X (2016) Somatosensory neuron types identified by
high-coverage single-cell RNA-sequencing and functional hetero-
geneity. Cell Res 26:967


https://doi.org/10.1111/ejn.14513
https://doi.org/10.1111/ejn.14513
https://doi.org/10.1113/EP087634
https://doi.org/10.1113/EP087634

Neurochemical Research (2019) 44:2215-2229

2229

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tucker BA, Rahimtula M, Mearow KM (2006) Laminin and
growth factor receptor activation stimulates differential growth
responses in subpopulations of adult DRG neurons. Eur J Neurosci
24:676-690

Stucky CL, Lewin GR (1999) Isolectin B(4)-positive and -negative
nociceptors are functionally distinct. J Neurosci 19:6497-6505
Liu K, Tedeschi A, Park KK, He Z (2011) Neuronal intrin-
sic mechanisms of axon regeneration. Annu Rev Neurosci
34:131-152

Richardson PM, McGuinness UM, Aguayo AJ (1980) Axons from
CNS neurons regenerate into PNS grafts. Nature 284:264-265
David S, Aguayo AJ (1981) Axonal elongation into peripheral
nervous system "bridges" after central nervous system injury in
adult rats. Science 214:931-933

Zlotnik A, Yoshie O (2000) Chemokines: a new classification
system and their role in immunity. Immunity 12:121-127

Tran PB, Miller RJ (2003) Chemokine receptors: signposts to
brain development and disease. Nat Rev Neurosci 4:444-455
Edman LC, Mira H, Erices A, Malmersjo S, Andersson E, Uhlen
P, Arenas E (2008) Alpha-chemokines regulate proliferation, neu-
rogenesis, and dopaminergic differentiation of ventral midbrain
precursors and neurospheres. Stem Cells 26:1891-1900

Huang F, Lan Y, Qin L, Dong H, Shi H, Wu H, Zou Q, Hu Z,
Wu X (2018) Astragaloside IV promotes adult neurogenesis in
hippocampal dentate gyrus of mouse through CXCL1/CXCR34
signaling. Molecules 23(9):2178

Kirtolica A, Larocque N, Genbacev O, Ilic D, Coppe JP, Patil CK,
Zdravkovic T, McMaster M, Campisi J, Fisher SJ (2011) GROal-
pha regulates human embryonic stem cell self-renewal or adoption
of a neuronal fate. Differentiation 81:222-232

Turbic A, Leong SY, Turnley AM (2011) Chemokines and inflam-
matory mediators interact to regulate adult murine neural pre-
cursor cell proliferation, survival and differentiation. PLoS ONE
6:25406

Hao DJ, Liu C, Zhang L, Chen B, Zhang Q, Zhang R, An J, Zhao
J, Wu M, Wang Y, Simental A, He B, Yang H (2017) Lipopoly-
saccharide and curcumin co-stimulation potentiates olfactory
ensheathing cell phagocytosis via enhancing their activation.
Neurotherapeutics 14:502-518

Raman D, Milatovic SZ, Milatovic D, Splittgerber R, Fan GH,
Richmond A (2011) Chemokines, macrophage inflammatory pro-
tein-2 and stromal cell-derived factor-1alpha, suppress amyloid
beta-induced neurotoxicity. Toxicol Appl Pharmacol 256:300-313
Cao DL, Qian B, Zhang ZJ, Gao YJ, Wu XB (2016) Chemokine
receptor CXCR39 in dorsal root ganglion contributes to the main-
tenance of inflammatory pain. Brain Res Bull 127:219-225

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wang JG, Strong JA, Xie W, Yang RH, Coyle DE, Wick DM,
Dorsey ED, Zhang JM (2008) The chemokine CXCL1/growth
related oncogene increases sodium currents and neuronal excit-
ability in small diameter sensory neurons. Mol Pain 4:38
Rodrigues DH, Leles BP, Costa VV, Miranda AS, Cisalpino
D, Gomes DA, de Souza DG, Teixeira AL (2016) IL-1beta Is
Involved with the generation of pain in experimental autoimmune
encephalomyelitis. Mol Neurobiol 53:6540-6547

Dawes JM, Antunes-Martins A, Perkins JR, Paterson KJ, Sisig-
nano M, Schmid R, Rust W, Hildebrandt T, Geisslinger G, Orengo
C, Bennett DL, McMahon SB (2014) Genome-wide transcrip-
tional profiling of skin and dorsal root ganglia after ultraviolet-B-
induced inflammation. PLoS ONE 9:€93338

Morin N, Owolabi SA, Harty MW, Papa EF, Tracy TF Jr, Shaw
SK, Kim M, Saab CY (2007) Neutrophils invade lumbar dorsal
root ganglia after chronic constriction injury of the sciatic nerve.
J Neuroimmunol 184:164-171

Woolf CJ, Ma Q (2007) Nociceptors—noxious stimulus detectors.
Neuron 55:353-364

Usoskin D, Furlan A, Islam S, Abdo H, Lonnerberg P, Lou D,
Hjerling-Leffler J, Haeggstrom J, Kharchenko O, Kharchenko PV,
Linnarsson S, Ernfors P (2015) Unbiased classification of sensory
neuron types by large-scale single-cell RNA sequencing. Nat Neu-
rosci 18:145-153

Raman D, Neel NF, Sai J, Mernaugh RL, Ham AJ, Richmond AJ
(2009) Characterization of chemokine receptor CXCR46 interact-
ing proteins using a proteomics approach to define the CXCR46
"chemosynapse". Methods Enzymol 460:315-330

Goswami C (2010) Structural and functional regulation of growth
cone, filopodia and synaptic sites by TRPV 1. Commun Integr Biol
3:614-618

Raisinghani M, Pabbidi RM, Premkumar LS (2005) Activation
of transient receptor potential vanilloid 1 (TRPV1) by resinifera-
toxin. J Physiol 567:771-786

Ma QP (2001) Vanilloid receptor homologue, VRLI1, is
expressed by both A- and C-fiber sensory neurons. NeuroReport
12:3693-3695

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	CXCL1 and CXCL2 Inhibit the Axon Outgrowth in a Time- and Cell-Type-Dependent Manner in Adult Rat Dorsal Root Ganglia Neurons
	Abstract
	Introduction
	Materials and Methods
	Animals
	Cell Culture
	Cell Viability Assay
	Immunocytochemistry (ICC)
	Statistical Analysis

	Results
	CXCL2, but not CXCL1, had a Cytotoxic Effect at Higher Concentrations
	CXCL1 and CXCL2 Inhibits Axon Outgrowth in Adult Rat Dorsal Root Ganglia Neurons
	Axons of NF200 (+) DRG Neurons were Affected Faster by CXCL1 and CXCL2
	Axons of Small IB4 (+) DRG Neurons are Affected Later by CXCL1 and CXCL2
	Blocking CXCR2 Prevented CXCL1 and CXCl2 Inhibitory Effects of Axon Outgrowth

	Discussion
	Acknowledgements 
	References




