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Microgial cells are the resident immune cells of the central
nervous system, comprising 5–10% of the glial cells in the
brain [1]. These cells orchestrate fundamental processes for
the development and function of the CNS. Microglia partic-
ipate in neuronal development, in adult neurogenesis, and
also in the modulation of synaptic transmission [2, 3].
Microglia are constantly surveying the parenchyma, and they
detect changes in their microenvironment, contributing to
the pathophysiology of several neurodegenerative diseases.
This special issue aimed to give an overview of the current
knowledge on the role of microglial cells and processes
mediated by microglia during health and disease.

F. I. Baptista et al. investigated how elevated concentra-
tion of glucose and interleukin-1β (IL-1β) negatively affects
the progression of diabetic retinopathy, the most common
complication of diabetes. In this paper, the exposure to
elevated glucose concentration, to mimic hyperglycemic
conditions, upregulates IL-1β expression in retinal neural cell
cultures, affectingmicroglial andmacroglial cells in the retina.
The authors also observed that IL-1β has an important role in
retinal microglial activation and proliferation under diabetic-
like conditions, and limiting IL-1β-triggered inflammatory

processes may provide a new therapeutic strategy to prevent
the progression of diabetic retinopathy.

The proinflammatory cytokines, such as IL-1β and
tumor necrosis factor (TNF), are important inflammatory
mediators in the CNS. To date, the role of microglial-
derived TNF following spinal cord injury (SCI) is poorly
understood, since the contribution of soluble TNF (solTNF)
versus membrane-anchored TNF (mTNF) to tissue damage
and functional recovery remains to be elucidated. D. G.
Ellman et al. investigated the effect of solTNF and mTNF
on SCI using genetically modified mice that express only
mTNF. They showed that the absence of solTNF in mice does
not affect lesion size and functional outcome after SCI, but
TNF levels are significantly decreased within the lesioned
spinal cord. These findings suggested that genetic ablation
of solTNF does not affect lesion size and functional outcome
after SCI.

After spinal cord injury, inflammatory stimulation and/
or modification greatly improve the regenerative outcome
in rodents. I. Bollaerts et al. revised the current knowledge
on how acute inflammation is intertwined with axonal regen-
eration, an important component of CNS repair.
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Other severe motor neuron disease is amyotrophic lateral
sclerosis (ALS), and C. Parisi et al. reviewed the M1/M2
functional imprinting of primary microglia as a paradigm
of pro-/anti-inflammatory function and the role played by
P2X7 and miR-125b in microglia activation in ALS. The
authors concluded that a subtle equilibrium in the timing
and power of proinflammatory versus anti-inflammatory
agents can imprint microglia to tip the balance toward toxic-
ity or protection, motor neuron survival, or cell death in ALS.

The balance between proinflammatory versus anti-
inflammatory agents is crucial in several neurodegenerative
disorders. Accordingly, D. Leonoudakis et al. explored the
protective mechanisms of securinine, amajor natural alkaloid
product from the root of the plant Securinega suffruticosa,
in glial cells. The authors demonstrated that this natural
product inhibits glial activation and subsequent generation
of proinflammatory factors.

Several agents have been reported to afford neuroprotec-
tion through the control of microglial reactivity. M. H.
Madeira et al. revised the literature regarding the main
effects of caffeine, themajor component of coffee and themost
consumed psychostimulant in the world, in themodulation of
microglial reactivity and neuroinflammation in neurodegen-
erative diseases. Also, L. Carniglia et al. summarized the
current literature on the way several neuropeptides modulate
microglial activity and response to tissue damage and how this
modulation may affect pain sensitivity.

It has been increasingly recognized that glial cells, such as
microglia, and inflammatory signaling play amajor role in the
pathogenesis of chronic pain. T. Berta et al. revised the major
signaling pathways involved in microglial cell activation and
chronic pain with an emphasis on caspases. Overall, they
suggested that caspase-6 released from axonal terminals regu-
latesmicroglial TNF secretion, synaptic plasticity, and chronic
pain. Because of this, they hypothesized that caspase-6 could
be targeted by antibodies to treat chronic pain.

Together, the reviews and research articles that are
included in this special issue help to understand the role of
microglial cells in health and disease.

Ana Raquel Santiago
Liliana Bernardino

Marta Agudo-Barriuso
Joana Gonçalves
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Diabetic retinopathy is considered a neurovascular disorder, hyperglycemia being considered the main risk factor for this
pathology. Diabetic retinopathy also presents features of a low-grade chronic inflammatory disease, including increased levels of
cytokines in the retina, such as interleukin-1 beta (IL-1β). However, how high glucose and IL-1β affect the different retinal cell
types remains to be clarified. In retinal neural cell cultures, we found that IL-1β and IL-1RI are present in microglia, macroglia,
and neurons. Exposure of retinal neural cell cultures to high glucose upregulated both mRNA and protein levels of IL-1β. High
glucose decreased microglial and macroglial cell proliferation, whereas IL-1β increased their proliferation. Interestingly, under
high glucose condition, although the number of microglial cells decreased, they showed a less ramified morphology,
suggesting a more activated state, as supported by the upregulation of the levels of ED-1, a marker of microglia activation.
In conclusion, IL-1β might play a key role in diabetic retinopathy, affecting microglial and macroglial cells and ultimately
contributing to neural changes observed in diabetic patients. Particularly, since IL-1β has an important role in retinal
microglia activation and proliferation under diabetes, limiting IL-1β-triggered inflammatory processes may provide a new
therapeutic strategy to prevent the progression of diabetic retinopathy.

1. Introduction

Diabetic retinopathy is a leading cause of vision loss and
blindness in the western countries and the most common
complication of diabetes. Hyperglycemia is considered the
primary pathogenic factor underlying diabetic retinopathy,
being the breakdown of blood-retinal barrier (BRB), one of
the first alterations clinically evident, and a hallmark of the
disease [1].

In fact, early signs of neural dysfunction in the retina,
namely, alterations in electroretinograms and loss of colour
and contrast sensitivity, occur before the detection of micro-
vascular changes in diabetic patients and animals [2–5].
Despite the progress in understanding the pathogenesis of
diabetic retinopathy, the mechanisms underlying neural
dysfunction are far from being completely understood.

Growing evidence indicates that diabetic retinopathy has
features of a low-grade chronic inflammatory disease. Several

genes involved in inflammatory processes are upregulated
early in the diabetic rat retina [6, 7]. In the vitreous fluid of
diabetic patients, the levels of interleukin-1 beta (IL-1β),
IL-6, and tumor necrosis factor (TNF) are increased [8–10].
In addition, an increase in the production of cytokines, such
as IL-1β and TNF, expression of adhesion molecules, leuko-
cyte adhesion, and vascular permeability [11–13] have been
observed in the retina of diabetic animals. Moreover, in the
retinas of streptozotocin-induced diabetic rats, the levels of
IL-1β are also increased [14–17], and this was correlated with
an increase in BRB permeability [12, 14]. It has been shown
that Müller glial cells isolated from diabetic rats acquire a
reactive phenotype in response to diabetes, increasing the
expression of inflammation-related genes [16]. In cultured
retinal cells exposed to high glucose, an increase in [Ca2+]i
triggered by activation of purinergic receptors was observed
in both retinal neurons and microglial cells [18]. This
enhanced calcium response may also contribute to the
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increase in the release of inflammatory mediators and neu-
rotransmitters in diabetic retinas. Early retinal microglia
activation is a common response in diabetic retinopathy
and is associated with progressive neurodegeneration in
the retina. Activation of microglia leads to an increase in
their proliferation and migration, phagocytosis, and release
of several proinflammatory mediators [19]. The retina has
been viewed as an immune privileged tissue; however,
strong evidence supports a role for microglia activation
and local inflammation in the pathogenesis of diabetic
retinopathy [17, 20, 21].

IL-1β is a proinflammatory cytokine known to upregu-
late a plethora of several inflammatory mediators, including
IL-1β itself, TNF, inducible nitric oxide synthase, and
chemokines [22–25]. IL-1β elicits responses in cells only
through the activation of IL-1 type I receptor (IL-1RI)
although it can also bind to IL-1 type II receptor (IL-1RII),
a decoy receptor. Although an increase in retinal IL-1β levels
has been described in diabetic conditions and correlated with
the pathogenesis of diabetic retinopathy, it is still unclear
which retinal cells express IL-1β and IL-1RI.

In order to better understand how high glucose and IL-1β
impact retinal cells, we evaluated whether high glucose
regulates IL-1β expression and investigated which retinal cell
types produce IL-1β and express its receptor in primary
retinal neural cell cultures. Importantly, we also evaluated
the cell-specific effects of high glucose and IL-1β per se in
retinal neural cell cultures to clarify which cell types are
mainly affected.

2. Experimental Procedure

2.1. Ethics Statement. Procedures involving animals were
conducted in accordance with the guidelines of the European
Community directive for the use of animals in laboratory
(2010/63/EU), translated to the Portuguese law in 2013
(Decreto-lei 113/2013), and in accordance with the Associa-
tion for Research in Vision and Ophthalmology (ARVO)
guidelines for the use of animals in vision research. The
experiments were approved by our Institutional Ethics
Committee (Comissão de Ética da Faculdade de Medicina
da Universidade de Coimbra) (approval ID: FMUC/07/12).

Moreover, people working with animals have received appro-
priate education (Federation of Laboratory Animal Science
Associations (FELASA) course) as required by the Portuguese
authorities, and all efforts were made to minimize animal
suffering. Decapitation with surgical scissors was the method
used to perform euthanasia of the Wistar rat pups (postnatal
days 3–5).

2.2. Primary Cultures of Rat Retinal Neural Cells. Primary rat
retinal neural cell cultures were obtained from the retinas of
3–5-day-old Wistar rats, as previously described [26, 27].
After 2 days in culture, cells were incubated with 25mM D-
glucose (final concentration 30mM) or 25mM D-mannitol
(plus 5mM glucose already present in cell culture media),
which was used as an osmotic control, and maintained for
further 7 days in culture. The concentration of glucose in
control conditions was 5mM. Cells were also exposed to
IL-1β (10 ng/ml) or lipopolysaccharide (LPS; positive control
for inflammation; 1μg/ml) at day in vitro (DIV) 8 for 24 h.

2.3. Western Blot Analysis.Western blotting analysis of cel-
lular lysates of retinal neural cell cultures was performed
as previously described [27] with minor changes. Equal
amounts of protein were separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE),
using 8%–12% gels. After electrophoretic transfer and block-
ing, the membranes were incubated with primary antibodies
(listed in Table 1) overnight at 4°C. The secondary antibodies
used were anti-mouse or anti-rabbit alkaline phosphatase-
linked IgG secondary antibody (1 : 20,000; GE Healthcare,
UK). Protein immunoreactive bands were visualized with
the enhanced chemifluorescence substrate (ECF; GE Health-
care). Fluorescence was detected on an imaging system
(Thyphoon FLA 9000, GE Healthcare), and the digital
quantification of bands’ immunoreactivity was performed
using ImageQuant 5.0 software (Molecular Dynamics Inc.,
Sunnyvale. CA, USA). β-Actin was used as a protein
loading control.

2.4. Immunocytochemistry. Immunocytohemistry was per-
formed as previously described [27]. The primary antibodies
used are listed in Table 1. The secondary antibodies used
were Alexa Fluor 594-conjugated anti-mouse IgG (1 : 250)

Table 1: List of primary antibodies.

Antibody Western blot dilution Immunocytochemistry dilution Company

Mouse anti-TUJ-1 1 : 1000 1 : 1000 Covance

Mouse anti-GFAP 1 : 5000 1 : 500 Sigma

Mouse anti-CD11b — 1 : 100 Serotec

Rabbit anti-Iba-1 — 1 : 200 Wako

Mouse anti-ED-1 1 : 1000 1 : 250 Serotec

Goat anti-IL-1β — 1 : 50 RD

Mouse anti-IL-1RI 1 : 500 1 : 100 RD

Mouse anti-PCNA 1 : 500 — Santa Cruz

Mouse anti-β-actin 1 : 5000 — Sigma

Rabbit anti-Ki-67 — 1 : 100 Abcam
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and Alexa Fluor 488-conjugated anti-rabbit IgG (1 : 250). The
nuclei were stained with DAPI (1 : 5000). Cells were visual-
ized in a laser scanning confocal microscope LSM 710META
(Zeiss, Germany).

2.5. Assessment of Cell Viability. Cell viability of retinal neural
cell cultures was evaluated as described previously [28].

2.6. Terminal Transferase dUTP Nick End Labeling (TUNEL)
Staining. Cells undergoing apoptosis were identified by
TUNEL assay using the DeadEnd Fluorimetric TUNEL sys-
tem (Promega Corporation, USA) as previously described
[29]. Cells were also stained with DAPI to label the nuclei.
The images were acquired with an inverted fluorescence
microscope (DM IRE2, Leica Microsystems, UK). At least a
minimum of 10 random fields in each coverslip were counted.

2.7. Quantitative Real-Time PCR. Isolation of total RNA
from retinal cells, cDNA synthesis, and qPCR was performed
as previously described [30]. The primers for the target rat
genes (IL-1β, NM_031512) and the reference gene (rat
HPRT, NM_012583) were predesigned and validated by
QIAGEN (QuantiTect Primers, QIAGEN).

2.8. ELISA. At DIV 9, the conditioned medium of each well
containing primary retinal neural cells exposed to different
experimental conditions (control, high glucose, mannitol,
and LPS) was removed and stored at −80°C until performing
the ELISA assay. Rat IL-1β ELISA development kit (Pepro-
Tech, UK) was used to measure the levels of IL-1β in retinal
neural cell culture medium. Each sample was assayed in
duplicate using 100μl of culture medium per well.

2.9. Flow Cytometry. The analysis of cells undergoing apopto-
sis was performed using the annexin V-FITC assay kit (BD
Biosciences), following the manufacturer’s instructions and
using PI staining. The stained cells were analyzed with a
FACSCalibur (Becton Dickinson, USA) equipped with a
488nm argon laser and a 635 nm red diode laser. The col-
lected events per sample were 20,000. Flow cytometry data
was analyzed with CellQuest software (Becton Dickinson)
and plotted as a function of fluorescence intensity FL-1
(green) versus FL-3 (red) fluorescence. We used annexin
V-FITC (emission 518nm) versus PI (propidium iodide)
(emission 617nm) to identify viable cells (annexin V−PI−),
early apoptotic cells (annexin V+PI−), necrotic cells (annexin
V−PI+), and late apoptotic cells (annexin V+PI+).

2.10. Statistical Analysis. Results are presented as mean±
SEM. Statistical significance was determined by using
Student’s t test or ANOVA, followed by Dunnett’s post hoc
test. Differences were considered significant for p < 0 05.

3. Results

3.1. Rat Retinal Neurons and Glial and Microglial Cells
Express IL-1β and IL-1RI. IL-1β is a proinflammatory cyto-
kine that can be synthesized by several cell types, such as
leukocytes, endothelial cells, neurons, and glial cells. Since
the retina is composed by different cell types that potentially
may produce IL-1β, we first analyzed whether retinal cells

present in culture (neurons, macroglial and microglial
cells) were able to synthesize IL-1β and identified those
that can be directly affected by IL-1β, that is, cells that
express IL-RI. The expression of IL-1β and the distribution
of IL-1RI in primary rat retinal neural cell cultures were
investigated by double-labeling immunocytochemistry. Spe-
cific cell markers were used to identify the different cell types
present in the cell culture: TUJ-1 (neurons), GFAP (macro-
glial cells), and Iba-1 or CD11b (microglial cells).

As shown in Figure 1(a), IL-1β immunoreactivity is
present in TUJ-1+, CD11b+, and GFAP+ cells. Similarly, IL-
1R1+ cells were also immunoreactive to TUJ-1+, Iba-1+, and
GFAP+ cells (Figure 1(b)). These observations indicate that
retinal neural cells express IL-1β and can be responsive to
it, since they also express IL-1RI.

3.2. High Glucose Increases IL-1β Expression in Rat Retinal
Neural Cells. Since hyperglycemia is considered the main risk
factor for diabetic retinopathy [27, 28] and the levels of IL-1β
are increased in the retinas of diabetic rats [14–17], we
evaluated the effect of elevated glucose on IL-1β expression
in retinal neural cultures in order to evaluate if high glucose
per se is capable of upregulating IL-1β expression.

Firstly, we evaluated IL-1β mRNA expression in these
cultures by qPCR. A significant increase in IL-1βmRNA con-
tent was observed in high glucose-treated cells (283.2± 32.8%
of the control) (Figure 2(a)). No changes were detected in
cells exposed to mannitol, demonstrating that the effect of
glucose was not due to the increase in osmolarity. In addi-
tion, a significant increase in IL-1β mRNA was observed
in cells treated with LPS (increase to 39,868.7± 4043.4%
of the control) (Figure 2(a)), a positive control for IL-1β
gene expression upregulation.

To determine whether the increase in IL-1β mRNA
expression was concomitant with an increase in the pro-
duction of IL-1β, we evaluated its protein levels in the
culture media of retinal neural cells by ELISA assay. A
significant increase in IL-1β levels was detected upon
high glucose treatment (increase to 244.52± 52.2% of the
control) (Figure 2(b)). Again, no changes were detected
in cells exposed to mannitol, demonstrating that the effect
was not due to the increase in osmolarity. As expected, a
significant increase in IL-1β levels was also detected in LPS-
treated cells (333.8± 98.3% of the control) (Figure 2(b)).

3.3. IL-1β Does Not Induce Retinal Neural Cell Death. Previ-
ous studies from our laboratory [29, 30] demonstrated that
exposure of cultured retinal cells for 7 days to high glucose
decreases cell viability, which is concomitant with an increase
in the number of apoptotic nuclei detected by TUNEL assay.
Since IL-1β is an important mediator of the inflammatory
responses, and is involved in a variety of cellular processes,
including cell proliferation, differentiation, and apoptosis
[31, 32], we evaluated whether exposure to IL-1β per se could
increase apoptosis in retinal neural cells.

Retinal cell cultures were exposed to IL-1β for 24 h, and
retinal cell viability was evaluated by TUNEL assay and flow
cytometry. IL-1β did not increase the number of TUNEL+

cells as compared to control conditions (Figure 3(a)). To
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confirm these results, we additionally performed flow cytom-
etry with annexin V and PI, aiming to distinguish the features
of apoptotic versus viable cells. A typical representative dot
plot analysis of retinal cells after exposure to IL-1β is shown
in Figure 3(b). Exposure to IL-1β for 24 h did not increase
cell death in these cultures. Dot plot analysis showed that
94.8± 0.3% of cells exposed to IL-1β are viable, similar to
control conditions (94.5± 0.5% of the cells were viable).

Interestingly, the exposure of retinal neural cells to IL-1β
for 24 h induced an increase in the reduction of MTT
(120.5± 4.4% of the control; Figure 3(c)), which is frequently
used as a viability or proliferative assay. Since IL-1β did not
increase cell death, this observation suggests that IL-1β was
enhancing cell proliferation. In order to verify whether the
increase in the MTT reduction induced by IL-1β was medi-
ated by the activation of IL-1RI, retinal cells were exposed
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Figure 2: High glucose upregulates IL-1β expression in rat retinal cell cultures. Cells were exposed to 30mM glucose or 24.5mM mannitol
(plus 5.5mM glucose; osmotic control) for 7 days and IL-1β or LPS for 24 h. High glucose upregulates both IL-1βmRNA (a) and protein (b)
levels. The results represent the mean± SEM of at least 3 independent experiments and are presented as percentage of control. ∗∗p < 0 01 and
∗∗∗p < 0 001, significantly different from control, using Student’s t-test.
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Figure 1: Rat retinal neurons and glial cells express IL-1β and IL-1RI. IL-1β (a) and IL-1RI (b) immunostaining (both in green) can
be observed in rat retinal neurons (TUJ-1; red) and microglia (CD11b or iba-1; red) and macroglial cells (Müller cells and astrocytes;
GFAP; red), indicating that retinal neural cells express IL-1β and can be responsive to it, since they express IL-1RI. Scale bar: 50μm.
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to IL-1β together with an antibody against IL-1RI. The pres-
ence of the antibody prevented the increase in the MTT
reduction induced by IL-1β (Figure 3(c)).

3.4. High Glucose and IL-1β Differently Impact on Retinal
Microglial Cell Proliferation. Since we have detected an
increase in theMTT reduction and no changes in the number
of TUNEL+ cells in cultures exposed to IL-1β, we hypothe-
sized that IL-1β could be affecting the proliferation of
some cell types in these cultures. To evaluate this hypoth-
esis, the proliferative capacity of retinal neural cells was

assessed by Ki-67 or proliferating cell nuclear antigen
(PCNA) immunoreactivity. Since elevated glucose increases
the levels of IL-1β in retinal cultures, we also evaluated the
effect of high glucose on retinal neural cell proliferation. As
shown in Figure 4(a), a significant decrease in the number
of Ki-67+ cells was observed in cells exposed to elevated
glucose for 7 days (decrease to 49.07± 6.5% of control). No
changes were observed in mannitol-treated cells (data not
shown). Conversely, a significant increase in the number
of Ki-67+ cells (increase to 149.8%± 15.1% of control)
was observed in cells incubated with IL-1β for 24h
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Figure 3: Exposure to IL-1β does not increase retinal neural cell death. Rat retinal neural cell cultures were exposed to IL-1β for 24 h, and cell
death was evaluated by TUNEL assay. Representative images and quantification of the number of TUNEL+ cells upon IL-1β treatment are
shown. Scale bar: 50 μm (a). To further evaluate cell death, retinal cells were labeled with annexin V plus PI and were analyzed by flow
cytometry (b). MTT was used as a cell viability assay (c). The results represent the mean± SEM of, at least, 4 independent experiments.
∗∗∗p < 0 001, significantly different from control as determined by ANOVA followed by Dunnett’s post hoc test.
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(Figure 4(a)). Similar to what was observed with Ki-67
immunoreactivity, PCNA protein content decreased in high
glucose-treated cells and increased in cells exposed to IL-1β
(Figure 4(b)). These results suggest that prolonged exposure
to high glucose and exposure to IL-1β induce opposite
effects in cell proliferation.

To identify which cell types present in culture were
proliferating, we performed double-labeling immunocyto-
chemistry experiments using CD11b+ (microglial) or GFAP+

(macroglial) with Ki-67. Regarding microglial cells, there was
a significant decrease in the number of Ki-67+CD11b+ cells
(32.3%± 20.5% of control) when retinal neural cells were
exposed to elevated glucose, whereas in IL-1β-treated
cells, a significant increase in the number of Ki-67+CD11b+

cells was observed (increase to 193.6%± 41.1% of control)
(Figure 4(c)). Concerning GFAP+Ki-67+ cells, very few or
no positive cells were observed in control condition (average
of 0.1± 0.1 Ki-67+ colocalizing with GFAP+ cells per field),
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Figure 4: High glucose and IL-1β differently affect cell proliferation retinal neural cell cultures. Rat retinal neural cell cultures were exposed to
high glucose for 7 days or IL-1β for 24 h and stained for Ki-67. Representative images and quantification of the number of Ki-67+ cells upon
high glucose and IL-1β treatment are shown. Scale bar: 50 μm (a). PCNA protein levels were evaluated by Western blotting. Representative
Western blots are presented above the graphs, with the respective loading controls (β-actin) (b). To evaluate whether microglial and
macroglial cells are proliferating, colocalization of CD11b+ or GFAP+ cells with Ki-67 was performed. Representative images and
quantification of the number of CD11b+Ki-67+cells or GFAP+Ki-67+cells upon high glucose and IL-1β treatment are shown. Scale bar:
50μm (c). Data represent means± SEM of, at least, 7 independent experiments. ∗p < 0 05, significantly different from control as
determined by ANOVA followed by Dunnett’s post hoc test.
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while in cells exposed to high glucose, we did not detect any
GFAP+Ki-67+ cells. When cells were exposed to IL-1β, the
average number of Ki-67+ cells colocalizing with GFAP+ cells
per field was of 0.5± 0.2, demonstrating an increase in
macroglial cell proliferation (Figure 4(c)).

These results suggest thatwhile high glucose decreases ret-
inal glial cell proliferation, particularly in microglial cells, IL-
1β increases both microglial and macroglial cell proliferation.

To support this observation, we next evaluated the effect
of high glucose and IL-1β in the total number of both Iba-1+

and GFAP+ cells. Microglial cells are very sensitive to alter-
ations in their microenvironment, as well as to changes in cell
culture conditions. They are considered to be major pro-
ducers of IL-1β, which in turn can further activate microglial
cells. High glucose induced a significant decrease in the num-
ber of Iba-1+ cells (49.2± 5.1% of control). However, IL-1β
induced a significant increase in the number of Iba-1+ cells
(144.9± 10.9% of control), as shown in Figures 5(a) and
5(b). The number of GFAP+ cells was significantly decreased
by high glucose (77.3± 1.6% of control), but strongly
increased by IL-1β (153.9± 8.6% of control) (Figures 5(c)
and 5(d)). Accordingly, GFAP protein content decreased in
high glucose-treated cells (74.7± 5.4% of control). Neverthe-
less, no alterations on GFAP protein content were observed
when cells were exposed to IL-1β (Figure 5(e)).

However, we noticed that not only the number but also
the morphology of micro- and macroglial cells was altered.
Microglial cells presented a round-shaped morphology with
less processes, suggesting a more activated state. On the other
hand, in IL-1β-treated cell cultures, microglia cells presented
both round-shaped and ramified morphology (Figure 5(d)).
Regarding macroglial cells, we observed that cells exposed
to high glucose were less ramified (Figure 5(c)). To check
whether microglial cells were activated, we evaluated ED-1
immunoreactivity (marker for activated microglia) by immu-
nocytochemistry and Western blotting. Interestingly, a
significant increase in ED-1 protein levels was detected
in cells exposed to high glucose for 7 days (increase to
127.6± 9.0%) (Figure 5(g)). As expected, in IL-1β-treated
cells, we also observed an increase in ED-1 protein levels
(131.8± 10.9% of control) (Figures 5(f) and 5(g)).

4. Discussion

Hyperglycemia is considered the major risk factor for the
development of diabetic retinopathy. Nevertheless, in the
last decade, growing evidence has shown that diabetic ret-
inopathy has features of a low-grade chronic inflammatory
disease [21]. In fact, it has been shown that microglial and
macroglial cell activation is an important feature of neuro-
inflammation present in the diabetic retina [17, 31–34].
Moreover, increased production of inflammatory mediators,
such as IL-1β [21, 35], TNF-α [35], and NO [12, 21] has been
reported in the retinas of diabetic animals.

The results presented in this work show that a prolonged
exposure to high glucose upregulates IL-1β expression in
retinal neural cell cultures. In the central nervous system,
the main cellular source of IL-1β under stress conditions is
activated microglia, with a consequent upregulation of the

cytokine in macroglia as well [25]. However, a previous
study demonstrated that exposure to high glucose, for 4
days, is not sufficient to upregulate IL-1β expression in
microglial cells [36]. Nevertheless, this study was performed
using brain-derived microglial cells and with less time of
exposure to high glucose (4 days) than in our study (7 days
exposure) in retinal cell cultures.

Our group has previously shown that a long-term expo-
sure (7 days) to high glucose decreases cell viability in retinal
neural cell cultures [30]. Exposure to high glucose increases
[Ca2+]i responses in neurons and microglial cells in retinal
neural cell cultures [18]. These alterations may lead to neuro-
transmitter and proinflammatory mediator release contrib-
uting to retinal cell death. Moreover, we demonstrated that
as early as 3 days of exposure to high glucose also induces a
small, but significant, decrease in cell viability, and a constant
decline in cell viability was found for longer incubation
periods, reaching a minimum at the last time point studied,
7 days [37]. The increase in the number of apoptotic nuclei
detected by TUNEL assay after 7 days of incubation with
high glucose was concomitant with a decrease in cell viability
assessed with the MTT assay [28, 37]. Using several markers
to identify the type of cells undergoing apoptosis in retinal
cultures exposed to high glucose, we showed that very few
TUNEL+ cells were immunoreactive for neuronal (NeuN,
TUJ-1), microglial (CD11b), or macroglial (GFAP, vimentin)
cell markers. A high percentage of apoptotic cells in high
glucose condition were ascribed to be photoreceptors and
bipolar cells [37].

In the present study, exposure to IL-1β did not affect
the number of apoptotic cells in retinal cell cultures. Inter-
estingly, IL-1β increased the reduction of MTT. Despite
being frequently used as a cell viability assay, it is also
used as a proliferative assay. As high glucose decreases
MTT reduction [28] and IL-1β increases it, these results
lead us to hypothesize that exposure to high glucose and
IL-1β have opposite effects on cell proliferation. In line
with this, we further evaluated the effect of high glucose
and IL-1β on cell proliferation by Ki-67 immunostaining.
By cell counting, we detected a significant decrease in
the number of CD11b+Ki-67+ cells and in the number of
CD11b+ cells in retinal cultures exposed to high glucose.
Given that it has not detected an increase in TUNEL+CD11b+

cells in these cultures exposed to high glucose [29], this
observation suggests that the decrease was not due to the
apoptosis of CD11b+ cells.

Since IL-1β increased the number of CD11b+ cells, and
high glucose increased IL-1β production in retinal neural
cell cultures, we were expecting an increase in CD11b+

cells in cultures exposed to high glucose. However, as
mentioned above, high glucose decreased the number of
CD11b+ cells. A possible explanation is that high glucose
might decrease the proliferation of CD11b+ cells due to
cell cycle arrest [38]. Nevertheless, there was an increase
in ED1 levels in cells exposed to high glucose, indicating
microglia activation. In fact, this possibility was supported
by the increase in IL-1β levels when cells were exposed to
high glucose, since activated microglia are prone to release
increased levels of cytokines.
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Figure 5: High glucose and IL-1β have opposite effects on retina microglial and macroglial cell proliferation. Rat retinal neural cell cultures
were exposed to high glucose for 7 days or IL-1β for 24 h. Iba-1 immunoreactivity was assessed by immunocytochemistry (a, b). GFAP
immunoreactivity was assessed by immunocytochemistry (c, d) or Western blotting (e). ED-1 immunoreactivity was assessed by
immunocytochemistry (f) or Western blotting (g). Representative images (insets of higher magnifications images are shown below each
panel) for Iba-1 (a), GFAP (c), or ED-1 (f) upon high glucose and IL-1β treatment are shown. Scale bar: 100μm for (c). Scale bar: 50 μm
for (a) and (f). Data represent means± SEM of at least 4 independent experiments. ∗p < 0 05, ∗∗∗p < 0 001, significantly different from
control as determined by ANOVA followed by Dunnett’s post hoc test.
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Similar to what was observed for microglial cells, IL-1β
increased the number of GFAP+ cells, as well as the number
of GFAP+ cells stained with Ki-67, indicating that glial cells
are also proliferating. After injury, Müller cells become
activated and undergo reactive gliosis, which is characterized
by increased cell proliferation and gene expression alter-
ations [39]. However, when retinal cells were exposed to high
glucose, there was a decrease in GFAP levels and a decrease in
the number of GFAP+ cells, indicating that elevated glucose
per se has an inhibitory effect on glial cell proliferation,
despite upregulating the levels of IL-1β in these cultures.
The reduction in glial cell proliferation is not due to glial
cell death [40]. These observations suggest that the effect
of IL-1β on glial cell proliferation is clearly dependent
on its concentration in the cell culture media. With relatively
low levels of IL-1β, this cytokine is not able to induce glial
cell proliferation.

Continuous stimulation with stress signals can lead to
chronic microglia overstimulation with a consequent loss of
its autoregulatory mechanisms, amplifying inflammation
[41] which may consequently be harmful for neurons. When
retinal cultures were exposed to IL-1β for 24 h, we did not
detect any changes in the levels of TUJ-1 (data not shown),
a neuronal marker. Nevertheless, we cannot exclude the
possibility that for longer periods of exposure to IL-1β,
microglia cells may have detrimental effects in these cul-
tures changing from a protective to a proinflammatory
modus [42, 43].

It was previously demonstrated that exposure to high
glucose increases TNF expression [37]. The blockade of
TNF receptor 1, which is expressed in retinal neurons,
prevents high glucose-induced cell death. Additionally, it
was demonstrated that the secretion of TNF and monocyte
chemotactic protein-1 by rat cortical microglia, triggered by
exposure to high glucose, is mediated by reactive oxygen
species production and NF-κB pathway activation, which
may be mechanisms underlying neuronal injury and the
pathogenesis of diabetic encephalopathy [44]. Moreover,
IL-1RI-deficient mice are protected from diabetes-induced
retinal pathology [45], indicating that IL-1β signalling may
play a key role in the development of diabetic retinopathy.
Taking into account that IL-1RI is a crucial locus of control
of IL-1β activity, blocking IL-1RI activity should be consid-
ered as a possible therapeutic strategy for the treatment of
diabetic retinopathy. In the retina, activated microglia and
Müller cell responses are described not to be independent
but involve bidirectional feedback signals that help initiate
and propagate a coordinated adaptive response [46]. There-
fore, in this study, changes in cell proliferation and expres-
sion of cell-specific markers suggest that there are adaptive
responses that may help to limit neuronal cell death by
directing and amplifying inflammatory processes in order
to restore and maintain homeostasis in neuronal cell cultures.

5. Conclusions

In summary, our findings show that high glucose increases
IL-1β production in retinal cell cultures. Moreover, we found
that high glucose and IL-1β differently affect microglial and

macroglial cells. High glucose decreased microglial and
macroglial proliferation, whereas IL-1β increased their pro-
liferation. These apparently opposing effects might be related
with the levels of IL-1β. When cells are exposed to high
glucose, the levels of IL-1β reached are significantly lower
comparing to the condition when cells are exposed to IL-1β
only. Other possible explanations might be the different
exposure duration to IL-1β (7 days versus 24h exposure) or
the effect of high glucose on cell cycle arrest which may
superimpose the potential proliferative effect of IL-1β.

Since overactivation of microglial cells may have deleteri-
ous effects in the retina, limiting IL-1β-mediated inflam-
matory processes could be a mechanism to prevent the
progression of diabetic retinopathy.
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Glial activation and subsequent release of neurotoxic proinflammatory factors are believed to play an important role in the
pathogenesis of several neurological disorders including Parkinson’s disease (PD). Inhibition of glial activation and inflammatory
processes may represent a therapeutic target to alleviate neurodegeneration. Securinine, a major natural alkaloid product from
the root of the plant Securinega suffruticosa, has been reported to have potent biological activity and is used in the treatment of
neurological conditions such as amyotrophic lateral sclerosis, poliomyelitis, and multiple sclerosis. In this study, we explored the
underlyingmechanisms of neuroprotection elicited by securinine, particularly its anti-inflammatory effects in glial cells. Our results
demonstrate that securinine significantly and dose-dependently suppressed the nitric oxide production in microglia and astrocytic
cultures. In addition, securinine inhibited the activation of the inflammatory mediator NF-𝜅B, as well as mitogen-activated protein
kinases in lipopolysaccharide- (LPS-) stimulated BV2 cells. Additionally, securinine also inhibited interferon-𝛾- (IFN-𝛾-) induced
nitric oxide levels and iNOS mRNA expression. Furthermore, conditioned media (CM) from securinine pretreated BV2 cells
significantly reducedmesencephalic dopaminergic neurotoxicity comparedwithCM fromLPS stimulatedmicroglia.These findings
suggest that securinine may be a potential candidate for the treatment of neurodegenerative diseases related to neuroinflammation.

1. Introduction

Inflammation of the central nervous system (CNS) is a key
contributing factor in several neurodegenerative diseases.
Glial cells, including microglia and astrocytes, are known
to be the major mediators of neuroinflammation. Activated
microglial cells trigger an inflammatory response that is then
maintained and often times amplified by astrocytes. This, in
turn, exposes neurons to inflammatory mediators that can
cause neuronal cell death [1]. Neurodegenerative CNS dis-
eases including Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), amyotrophic lateral scle-
rosis (ALS), and age-related macular degeneration (ARMD)
have all been associatedwith chronic neuroinflammation and
activation of both microglia and astrocytes [2]. This chronic

inflammation can lead to the accumulation of neurotoxic
molecules including proinflammatory cytokines, proteinases,
and reactive oxygen species (ROS), which participate in
the neurodegenerative process and can ultimately lead to
neuronal cell death [3–5]. It is hypothesized that inhibiting
microglial-mediated induction of the neuroinflammatory
process may prove to be neuroprotective and therefore
inhibitory compounds targeting this process are likely to have
therapeutic value.

Medicinal plants and their active components are cur-
rently the subject of extensive biomedical research. Many
of these plant-derived medications have been validated by
traditional usage over the centuries, but the specific bioactive
components have not been identified or are not fully char-
acterized. Traditional herbal medicines with neurotrophic
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and neuroprotective properties have been demonstrated to
prevent neurodegeneration and neuroinflammatory diseases
[6]. This suggests that these traditional medicinal herbs
possess neuroprotective benefits through distinct and mul-
tiple mechanisms, including anti-inflammation [7–10]. Nat-
ural compounds specifically targeted to blocking microglial
activation and therefore blocking the initiation of CNS
inflammation may prove to be an effective therapy to prevent
neurodegenerative and neuroinflammatory diseases.

Securinine, a major natural alkaloid product from the
root of the plant Securinega suffruticosa, has been reported
to have potent biological activity and has been used clinically
in several countries [11]. Securinine has been found to be an
antagonist of the 𝛾-amino butyric acid (GABA) A receptor
and as such is currently used in the treatment of neurological
conditions such as ALS, poliomyelitis, and multiple sclerosis
[12–14]. Additionally, securinine has been shown to be a
macrophage agonist, enhancing bacterial clearance via a
mechanism distinct from toll-like receptors (TLRs) [15].
Securinine appears to stimulate p38 MAPK activity through
antagonism of the GABA A receptor in monocytes [16].
Securinine has also been found to stimulate apoptosis in p53-
null colon cancer cells [1, 17]. However, the potential anti-
inflammatory role of securinine on glial activation and the
mechanisms involved have not been thoroughly explored.

In the present study, to determine whether securinine can
suppress glial inflammatory activation and act as a mediator
of neuroinflammation, we tested the effects of securinine on
lipopolysaccharide- (LPS-) induced activation of microglia
and astrocytes. The results demonstrated that securinine
inhibits the activation of the inflammatory mediator NF-
𝜅B, as well as its upstream MAPK activators including
ERK. Further, securinine also silences iNOS expression and
NO production, both of which are activated by NF-𝜅B.
Importantly, we demonstrate that inhibition of LPS-induced
microglial activation with securinine is neuroprotective in
the context of primarymesencephalic dopaminergic neurons
representing an in vitro model of PD.

2. Experimental Procedures

2.1. Cell Culture. The cell culture reagents used in this study
were purchased from Mediatech, Inc. (Manassas, VA, USA).
BV2 microglial cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) containing 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin mixture (10,000 u/mL)
(Sigma Aldrich, St Louis, MO). RAW 264.7 macrophage
cell lines (ATCC, TBI-71) were grown and maintained in
DMEM supplemented with 10% heat inactivated FBS and 1%
Penicillin-streptomycin mixture (10,000 u/mL) at 37∘C, 5%
CO
2
.
Primary mouse astrocytes and microglia were isolated as

described previously [18]. We used postnatal day 2 pups to
generate primary glial cultures. Briefly, cortical tissues from
C57/BL6 mice were dissected out and the tissue was digested
with papain for 30minutes at 37∘Candplated in poly-L-lysine
coated T75 flasks in DMEM supplemented with 10% FBS. For
astrocytes culture isolation, after 1 week of culture, the flasks
were shaken to remove microglia followed by trypsinization

and plating onto poly-L-lysine coated plates or chambered
slides at 1 × 105 cells/well. The cells were only used for a
maximum of three passages; more than 95% of cells stained
positively for the astrocyte marker GFAP in these cultures.

Primary microglial cultures were prepared from the cor-
tex of C57/BL6 mice as described above. Briefly, mixed glial
cells were cultured for 3-4 weeks in DMEM supplemented
with 10% FBS. The astrocyte monolayer was removed by
incubation for 30min with 0.25% trypsin/2.12mM EDTA
(Mediatech, Inc., Manassas, VA) diluted 1 : 4 with DMEM.
The remaining isolated microglial cells were plated into 96-
well plates at a density of 5 × 104 cells/well and 6-well plates
at 5 × 105 cells/well. The purity of microglia cultures was
assessed using microglial marker CD11b or Iba1; 95% of
cells stained positively for these microglial markers; 1–3%
stained positively for GFAPmarker.Themicroglial cells were
cultured for 2 days before drug treatment.

Primary mesencephalic cultures were isolated as previ-
ously described from our laboratory [19]. Briefly, ventral
mesencephalon was dissected from embryonic day 14 of
C57/BL6 mice. The tissue was dissociated mechanically
and then digested enzymatically with papain solution as
per manufactures instructions (Worthington Biochemical,
Lakewood, NJ). After 4 d in vitro, the neuronal cultures were
taken for conditionmedia exposure from activatedmicroglial
cells.

2.2. Cell Viability Assay. Cell viability was determined by
calorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide) assay as described previously from
our laboratory [20]. BV2 microglial cells were plated into 96-
well culture plates at a density of 1 × 104 cells/mL in 100𝜇L
culture medium per well. The cells were allowed to settle for
24 h before the addition of different concentrations of securi-
nine for 24 h (Sigma Aldrich, USA). After 24 h of treatment,
MTT solution (5mg/mL) was added to each well and plate
was incubated at 37∘C for 2–4 h. The medium was aspirated
and the resulting formazan crystals were dissolved in 200𝜇L
of dimethyl sulfoxide before measuring the absorbance at
570 nm using a spectrophotometer.

2.3. Measurement of Nitrite (NO2−) Levels. The level of
NO2−, a stable downstream product of NO, secreted by
activated glial cells in culture media was measured using
the Griess Reagent assay method as previously described
[21]. The microglia, astrocytes, and macrophages cultures
were exposed to inflammation inducing agents in presence
or absence of different concentration of securinine for 24 h.
Following the treatments, NO levels in the culturemediawere
measured bymixingwith equal volume ofGriess Reagent and
OD was measured at 540 nm on a microplate reader (Molec-
ular Devices, CA). The data are representative of results
obtained from four independent experiments performed in
triplicate (mean ± SD).

2.4. NF𝜅B-Luciferase Activity Assay. BV2 cells stably express-
ing an NF𝜅B-luciferase construct were plated into 96-well
cell culture plates at a density of 10,000 cells/well. The NF𝜅B
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binding reporter plasmid contains three copies of the 𝜅B-
binding sequence fused to the firefly luciferase gene which
was purchased from Clontech (Mountain View, CA, USA).
Cells were preexposed to securinine followed by cotreatment
with LPS for 24 hr treatment. Luciferase activity was mea-
sured using the Dual-Luciferase� Reporter Assay System kit
as per the manufacturer’s instructions (Promega).

2.5. Western Blotting Analysis. Following various treatments,
BV2 cells and astrocytes were collected from Petri dishes
by trypsinization and lysed in cold lysis buffer containing
protease inhibitors as previously described [21]. The whole
cell lysates were sonicated and the protein concentration
was measured using a Bradford protein assay kit (Bio-Rad,
Hercules, CA). Twenty-five to 50 𝜇g of total protein was
subjected to 10% SDS-PAGE and protein was transferred
to a polyvinylidene difluoride membrane. Immunodetection
was carried out by standard procedures using the following
dilutions of antibodies: iNOS (rabbit polyclonal antibody,
1 : 1000), phospho-NFkB (p65) (rabbit polyclonal antibody,
1 : 1000), PARP (rabbit polyclonal antibody, 1 : 1000), the
phospho- or total forms of ERK1/2, p38 MAPK, JNK, and
pSTAT1 (rabbit polyclonal antibodies, 1 : 1000, Cell Signaling
Technology, USA), and beta-actin (mouse monoclonal anti-
body, 1 : 10,000, Sigma Aldrich, USA). Secondary antibodies
were horseradish peroxidase conjugated to either goat anti-
rabbit IgG or anti-mouse IgG (Cell Signaling Technology,
USA). The membranes were developed using an enhanced
chemiluminescence (ECL) detection system (Pierce, USA).
Band intensities were determined using the Image-Pro Plus
6.0 software (Bio-Rad).

2.6. Quantitative Polymerase Chain Reaction (qPCR) Analysis.
BV2 cells and primary astrocytes cultured were challenged
with LPS (BV2, 500 ng/mL; primary astrocytes, 1𝜇g/mL +
IFN-𝛾 40U/mL) in the presence or absence of securinine
(10 𝜇M) for 6 h. Total RNA was isolated from the cells via
TRIzol method and cDNA was synthesized using Promega
GoScript� Reverse Transcription System (Madison, WI,
USA). Quantitative PCR was performed using SYBR Green
PCR Master Mix reagent and gene-specific primers. Data
were analyzed by using the comparative threshold cycle (Ct)
method. Altered mRNA expression levels following treat-
ment were calculated following normalization to GAPDH.
The ratios obtained after normalization are expressed as fold
change versus corresponding controls [20].

2.7. Neurotoxicity of BV2 Conditioned Media in Primary Mes-
encephalic Cultures. Primary mesencephalic cultures were
isolated as described above. After 4 days in vitro, dopamin-
ergic neurons were exposed to conditioned media (CM)
from BV2 microglial cells treated with LPS ± securinine.
The CM was prepared as follows: BV2 cells cultured in 6-
well plates were stimulated with LPS (500 ng/mL) in the
presence and absence of securinine (10𝜇M) for 24 h. CM
was collected from all the groups and centrifuged at 2,000 g
for 10min to remove any cell debris. The CM from control,
securinine, and LPS versus LPS + securinine-treated cells
was diluted (1 : 4) in neuronal culture media before adding
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Figure 1: Effects of securinine on the cell viability of the BV2
microglia cell line. BV2 cells were treated with 2.5–20𝜇M of
securinine without LPS treatment or in the presence of 500 ng/mL
LPS treatment for 24 h. Cell viability was measured via the MTT
assay and data was expressed as mean ± SEM for three independent
experiments. ∗∗𝑃 < 0.05, significantly different from the value in
control cells.

to mesencephalic cultures. After 72 h exposure, the cells
were fixed in 4% paraformaldehyde and immunostained with
anti-TH antibody and Alexa Fluor 488 secondary antibody.
Total numbers of TH-positive neurons were counted in 3–5
separate wells for each condition. Experiments were repeated
with cultures isolated from three independent dissections.

2.8. Statistical Analysis. Unless otherwise stated, all experi-
ments were performed in triplicate and repeated at least three
times. The data are presented as mean ± SEM and statistical
comparisons between groups were performed by one-way
ANOVA followed by Student’s 𝑡-test. Multiple comparisons
of data from in vitro experiments were evaluated by two-way
ANOVA followed by Bonferroni post hoc testing. Statistical
significance was set at 𝑃 < 0.05 for all analyses.

3. Results

3.1. Securinine Does Not Elicit Cellular Toxicity in Microglial
BV2 Cells at Concentrations up to 15 𝜇M. To determine
whether securinine displays cytotoxic effects in glial cell
types, we treated BV2 cells, an immortalized murine
microglial cell line, with increasing concentrations of the
compound for 24 h, followed by assessment of cell viabil-
ity using the MTT assay. No significant cytotoxicity was
observed up to 15 𝜇M, whereas 15% toxicity was observed at
20𝜇M (Figure 1).This toxicity may be due to the induction of
apoptosis as previously reported at 30 𝜇M in cancer cell lines
[17]. Based on this data, we chose to use 10 𝜇M securinine
for all subsequent assays. Additionally, the concentration of
LPS (500 ng/mL) used to induce NO production also did not
affect cell viability (data not shown).
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Figure 2: Securinine inhibits LPS-inducedNOproduction in the BV2 cell line and inmouse primarymicroglia challengedwith LPS exposure.
BV2 microglial cells (a) and mouse primary microglia (b) were pretreated with securinine (2, 5, and 10 𝜇M) for 1 h and then stimulated with
LPS (500 ng/mL) for 24 h. NO levels in the medium were determined using the Griess Reagent system.The data are expressed as mean ± SD,
𝑛 = 4. ∗𝑃 < 0.01, significantly different from control samples. ∗∗𝑃 < 0.05 significantly different from the LPS-treated group alone.

3.2. Securinine Inhibits LPS-Induced Inflammatory NO Pro-
duction in Both BV2 Cells and Primary Mouse Microglia. To
examine the potential anti-inflammatory activity of securi-
nine in the context of microglial activation, we initially
studied the effects of securinine on the production of inflam-
matorymediators in BV2 andmouse primarymicroglia, both
challenged with LPS. As part of the inflammatory response,
activated glial cells rapidly induce the expression of inducible
nitric oxide synthase (iNOS), a key enzyme required for
generating nitric oxide (NO), a reactive nitrogen species
(RNS) causing protein and mitochondrial damage leading
to apoptosis [22]. In BV2 cells, LPS markedly induced NO
production as detected by the accumulation of nitrite in the
culture medium after 24 h. In the presence of securinine
however, there was a dose-dependent inhibition of NO
production to almost control levels at the highest drug con-
centration. Securinine alone had no effect on NO production
(Figure 2(a)). Likewise, we observed significant inhibition of
LPS-induced NO production by securinine within primary
microglia cell cultures (Figure 2(b)).

3.3. Securinine Inhibits LPS-Induced Expression of the NO-
Synthesizing Enzyme, iNOS, and Proinflammatory Cytokines.
To examine whether the reduction of NO production by
securinine was due to reducedmRNA and protein expression
of iNOS and also effect of securinine on the expression
of various proinflammatory cytokines, real-time PCR and
Western blot analyses were conducted in LPS-stimulated
BV2 and primary microglial cells. Both primary and BV2
cells were preincubated 1 h with securinine (10𝜇M) and
then stimulated for 6 h with LPS (500 ng/mL). As shown
in Figures 3(A1) and 3(A2), securinine significantly reduced
the expression of proinflammatory molecules such as TNF-
𝛼 and IL-1𝛽 in both BV2 and primary microglial cells, while
the compound alone did not induce any significant changes
in gene expression. Furthermore, as shown by qPCR and

Western blotting (Figures 3(B1) and 3(B2)), securinine dose-
dependently inhibited LPS-induced iNOS expression at the
mRNAandprotein levels in both primary BV2 andmicroglial
cells.

3.4. Securinine Attenuates LPS-Induced NF𝜅B Activation.
LPS and other inflammatory stimuli are known to induce
iNOS expression in glia cells via the activation of the tran-
scription factor NF𝜅B. Therefore, we examined whether the
anti-inflammatory effects of securinine were due to blockade
of NF-𝜅B activation within BV2 cells. NF-𝜅B is normally
activated by phosphorylation of I𝜅B proteins, targeting them
for rapid degradation through the ubiquitin-proteasome
pathway and releasing NF-𝜅B to enter the nucleus where
it regulates gene expression. Western blot analysis demon-
strated LPS-induced phosphorylation of p65 subunit which
was significantly inhibited by pretreatment with securinine
(Figure 4(a)). Furthermore, LPS-induced NF𝜅B-dependent
transcriptional activity was also significantly reduced by
treatment with securinine (10 𝜇M). These data suggest that
securinine can prevent NF𝜅B-mediated induction of inflam-
matory pathways.

3.5. Securinine Reduces LPS-Induced MAPK Phosphorylation.
Inhibitors targeting MAPK signaling pathways have been
known to exhibit anti-inflammatory activity [23]. To deter-
mine whether anti-inflammatory activity of securinine is due
to modulation of MAPKs activity, BV2 cells were pretreated
with securinine (10 𝜇M) for 1 h and then stimulated with LPS
for an additional 1 h incubation period. Based on preliminary
time course studies (data not shown), 1 h treatment of LPS
was determined to be optimal for MAPK phosphorylation.
Western blot analysis was carried out using phosphoantibod-
ies or total antibodies against the three MAPKs, p38 MAPK,
JNK, and ERK1/2. Western blot analysis showed that the
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Figure 3: Securinine represses LPS-induced proinflammatory cytokines and iNOS expression in BV2 and mouse primary microglia. (a)
Securinine inhibits proinflammatory cytokine expression following LPS exposure. BV2 and primary microglial cells were preincubated with
securinine for 1 h before stimulation with LPS (500 ng/mL). After 6 h of stimulation, total RNA was isolated and levels of mRNA expression
of proinflammatory cytokines TNF-𝛼 and IL-1𝛽 analyzed via quantitative real-time PCR ((A1) BV2 cells and (A2) mouse primary microglia).
(b) Securinine represses LPS-induced iNOSmRNA and protein expression in BV2 (B1) and primary microglia cells. After 24 h of stimulation
with LPS (500 ng/mL), the level of iNOS protein was monitored by Western blot analysis ((B1) BV2 cells and (B2) primary microglia cells).
Data are mean ± SD of three different experiments. ∗𝑃 < 0.001 versus control; ∗∗𝑃 < 0.05 versus LPS-treated group alone.

securinine significantly repressed the phosphorylation of p38
MAPK, JNK, and ERK1/2, respectively, but did not affect the
expression levels of ERK1/2, JNK, and p38 MAPK in LPS-
stimulated BV2 microglia (Figure 5).

3.6. Securinine Reduces IFN-𝛾-Induced NO Production, iNOS
mRNA Expression, and STAT1𝛼 Activation. Multiple tran-
scription factors participate in the regulation of iNOS pro-
motor activity. In addition to LPS, IFN-𝛾 is a well-established
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Figure 4: Securinine attenuates LPS-induced activation of NF-𝜅B in BV2 microglia. (a) BV2 microglial cells were treated with securinine for
1 h followed by stimulation with 500 ng/mL LPS. After 30min of LPS stimulation, isolated nuclear lysates were subjected to Western blotting
to assess translocation of phosphor-65 protein to the nucleus. PARP was used as a nuclear loading control. (b) BV2 cells were transiently
transfected with NF-𝜅B-Luc plasmid for 24 h and then treated with 500 ng/mL LPS for 4 h ± securinine. Whole cell lysates were assayed via
the luciferase activity (mean ± SE, 𝑛 = 4); ∗𝑃 < 0.05 versus control. ∗∗𝑃 < 0.05 versus LPS. ∗∗∗𝑃 < 0.05 versus LPS.
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BV2microglia. BV2microglial cells were pretreated with securinine for 1 h and then challenged with IFN-𝛾 (50U/mL) for 24 h (a), 6 h (b), or
30min (c). The expression levels of nitric oxide, iNOS mRNA, and tyrosine phosphorylation of STAT1𝛼 were determined by Griess Reagent
assay (a), real-time PCR analysis (b), orWestern blotting (c), respectively.The data are expressed asmean ± SD, 𝑛 = 4. ∗∗𝑃 < 0.01 significantly
different from control samples. ∗∗∗𝑃 < 0.05, significantly different from the LPS-treated group.

stimulus that promotes the expression of inflammatory
molecules (e.g., iNOS) through STAT1𝛼, but independent
of NF-𝜅B [23]. Thus, the effects of securinine on IFN-𝛾
activation were also investigated. As shown in Figure 6(a),
securinine inhibited IFN-𝛾-induced NO production in a
concentration-dependent manner with maximum inhibition
achieved at 10𝜇M. Securinine also significantly reduced IFN-
𝛾-induced iNOS mRNA expression levels (Figure 6(b)) and
phosphorylation of STAT1𝛼 (Figure 6(c)).

3.7. Securinine Protects Neurons through Inhibition of Micro-
glial Activation. Previous studies from our own laboratory
and others have demonstrated that activatedmicroglia induce
neural cell death and amplify the progression of neuronal
degeneration [20, 24]. Since our data suggested that securi-
nine can suppress microglial activation, we investigated
whether this translated to noncell autonomous neuropro-
tective effects. Conditioned media (CM) from LPS-treated
BV2 cells in the presence or absence of securinine pretreat-
ment were added to primary mesencephalic cultures and
cell viability monitored in the latter via tyrosine hydroxy-
lase (TH) immunocytochemistry and TH-positive neuronal
counting (Figures 7(a) and 7(b)). Results from these studies
demonstrated that CM from LPS-stimulated microglia (LPS-
CM) showed significant toxicity to TH-positive neurons,

presumably as a consequence of toxic factors secreted by the
activatedmicroglia. In addition to cell loss, neuritic processes
were also shortened in surviving TH-positive neurons (Fig-
ure 7(b)). Securinine alone, under normal conditions, did
not influence TH-positive viability. However, pretreatment of
microglial cells with securinine provided significant neuro-
protection against toxicity associated with CM isolated from
the activated microglia (LPS/Scu-CM versus LPS-CM), sug-
gesting that securinine may exert its neuroprotective effects,
at least partly, via reducing the production and secretion of
inflammatory mediators from the microglia (Figure 7(b)).

3.8. Effects of the Securinine on the Inflammatory Activation of
RAW264.7Macrophage Cells and Primary Astrocyte Cultures.
Finally, in order to explore whether securinine can poten-
tially also elicit anti-inflammatory effects in other cell types
beyondmicroglia, we assessed NO production in RAW 264.7
macrophage cells and also in primary astrocyte cultures in the
presence and absence of pretreatment with the compound.
Securinine was found to dose-dependently decrease NO
production in LPS-stimulated RAW264.7 macrophage cells
(Figure 8(a)) and also in primary mouse astrocyte cultures
(Figure 8(b)).When astrocytes were stimulatedwith LPS plus
IFN-𝛾, greater levels of NO production were achieved, which
were similarly inhibited by the securinine (Figure 8(c)).These
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Figure 7: Securinine protects primary mesencephalic dopaminergic neurons through inhibition of BV2 cells activation. BV2 cells were
stimulatedwith LPS (500 ng/mL)± securinine (10 𝜇M) for 24 h. CM from control (BV2-CM), securinine-treated (Sec-CM), LPS-treated (LPS-
CM), and LPS/securinine-treated (5 and 10 𝜇M; LPS + Sec 5𝜇M-CM, LPS + Sec 10𝜇M-CM) BV2 cells was added to primary mesencephalic
cultures. After 72 h, cultures were immunostained for TH+ neurons (a) and the number of TH+ neurons was counted (b). Data are expressed
as mean ± SD, 𝑛 = 4; ∗∗𝑃 < 0.01, compared with control-CM group, ∗𝑃 < 0.05, compared with LPS-CM group.

results indicated that the small molecule securinine also has
anti-inflammatory effects in peripheral macrophages and in
astrocytes.

4. Discussion

In the present study, we examined the anti-inflammatory
properties of the small molecule natural product securinine
in glial populations and in macrophages and have delin-
eated the potential signal transduction pathways involved
in these processes. Our studies demonstrate that securinine
strongly inhibits the inflammatory activation of microglia,
astrocytes, and macrophages. Securinine significantly and
dose-dependently reducedNOproduction in LPS-stimulated
BV2 microglial cells and primary microglia and astrocyte
cultures. NF-𝜅B and MAPK pathways were at least partly
involved in the anti-inflammatory mechanisms of securi-
nine. Furthermore, securinine also inhibited IFN-𝛾-induced
NO production and STAT1𝛼 activation. Finally, conditioned
media from securinine pretreated BV2 microglial cells sig-
nificantly reduced dopaminergic neurotoxicity compared
to LPS-treated group alone. These results suggested that
securinine might have therapeutic potential for various glial-
mediated neuroinflammatory diseases.

Activation of microglial cells, the resident immune
macrophage-like cells in the brain, is beneficial during
acute infection or toxic insult by eliminating “sick” neurons
that are no longer functional. However, in the presence of

ongoing progressive brain damage, they can become chroni-
cally activated, resulting in sustained aberrant inflammatory
response [25]. Glial cell activation and increased production
of proinflammatory products derived from them have been
implicated in the pathophysiology of several neurodegenera-
tive diseases, such as AD, PD, and HD [26]. Recently, much
attention has been paid to therapeutic strategies aimed at
inhibiting neurotoxic microglial activation. Although non-
steroidal anti-inflammatory (NSAIDs) medications demon-
strate neuroprotection in various disease models, such medi-
cations can have serious side effects following their long-term
usage, leading to searches for better alternatives [27]. Recent
studies have demonstrated that natural products and their
components are good alternative candidates for therapeutic
purposes due to their reputation for being safe, inexpensive,
and readily available [28].

Activated microglia secretes proinflammatory mediators
including cytokines such as IL-6 and TNF-𝛼, reactive oxygen
species, and reactive nitrative species such asNO.Nitric oxide
(NO) is a unique biological messenger which mediates sev-
eral physiological functions. However, under conditions of
excessive production, NO appears to be neurotoxic suggest-
ing that NO may play an important role in pathophysiology
of neurodegenerative diseases [29]. In this current study, we
have demonstrated that production of NO by LPS-activated
microglia (both BV2 and primary microglia) is significantly
inhibited in a dose-dependent manner by securinine at both
the mRNA and protein levels.
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Figure 8: Securinine pretreatment inhibits LPS-induced NO production in RAW 264.7 macrophage cells and in primary astrocyte cultures.
RAW 264.7 macrophage cells or primary astrocyte cultures (10 × 104 cells/well in 48-well plates) were incubated with 500 ng/mL of LPS or
LPS/IFN-𝛾 (50 unit/mL) in the presence or absence of securinine (10 𝜇M) for 24 h. The amount of nitrite secreted into the supernatant was
measured using the Griess Reagent assay ((a) RAW 264.7 cells, ∗∗∗𝑃 < 0.05 versus control; (b and c) primary astrocyte cultures). The data
were expressed as the mean ± SD (𝑛 = 3) and are representative of three independent experiments. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01, significantly
different from cells treated with LPS only.

We next examined the effects of securinine on LPS-
induced activation of various MAPKs as well as NF-𝜅B-
mediated pathways. It is well established that MAPKs and
NF-𝜅B transcription factors play an important role in reg-
ulation of expression of proinflammatory cytokines and
enzymes including iNOS, TNF-𝛼, IL-1𝛽, IL-6, and COX-2
[30].Therefore, for a compound to exhibit anti-inflammatory
effects this should require an ability to attenuate the activation
of these pathways. The signaling mechanisms involved in
NF-𝜅B activation have been well established and involve a
cascade of cytoplasmic proteins leading ultimately to the
translocation of the p65 subunit of NF-𝜅B into the nucleus

resulting in transcription of downstream proinflammatory
genes [31, 32].

In this study, we show, as expected, phosphorylation of
all three MAPKs following LPS treatment of BV2 microglia
as well as phosphorylation of NF-𝜅B p65 and increased NF-
𝜅B promotor activity. Securinine dose-dependently inhibited
LPS-induced NF-𝜅B phosphorylation and activation as well
as LPS-induced p38, JNK, and ERK phosphorylation in these
cells.

Earlier studies have demonstrated that the expression
of iNOS is regulated coordinately by the action of several
transcription factors such as NF-𝜅B, AP-1, and STAT1 [33].
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Interestingly, our results demonstrate that, in addition to
attenuating NF-𝜅B activation, securinine also inhibited IFN-
𝛾-induced NO production, iNOS mRNA expression, and
STAT1𝛼 activation (Figure 6). These results indicate that
securinine regulates proinflammatory gene expression in
both NF-𝜅B dependent and independent manner.

Recent studies have emphasized the role of peripheral
macrophages infiltration in reactive gliosis following trau-
matic brain injury (TBI) and also in the case of spinal cord
injuries [34]. Furthermore, when the blood-brain barrier is
compromised during neurological disorders such as multiple
sclerosis andAlzheimer’s and Parkinson’s diseases, peripheral
immune cells including monocytes, neutrophils, T cells, and
B cells can enter the brain where they execute distinct
cell-mediated effects [35]. Our studies with macrophages
and astrocytes further demonstrate that securinine not only
inhibits microglial activation but also inhibits peripheral
macrophages and astrocytes indicating the broad anti-
inflammatory action of securinine.

A recent study reported that securinine can reduce
the glial inflammatory responses induced by beta-amyloid
protein, improving both cognitive deficits and neurodegen-
eration in beta AP (25–35)-treated rats [36] Although the
study suggested that securinine was neuroprotective in this
model, the exact mechanisms involved in this process were
not explored. In the present study, cultured media from
LPS/securinine-treated microglia provided almost complete
dopaminergic neuroprotection compared with CM from
LPS-stimulated microglia. Taken in total, our results sug-
gest that securinine offers neuroprotective effects via reduc-
ing abnormal production of proinflammatory mediators.
Although CM experiments utilizing LPS-stimulated BV2
microglia with primary mesencephalic cultures may not
completely mimic the in vivo situation, it likely, at least in
part, reflects the pathological condition under which acti-
vated microglia can influence the survival of neighboring
neurons in the living brain. Further studies are, however,
required to validate mechanisms underlying the neuro-
protective property of securinine in animalmodels of inflam-
mation-mediated neurodegenerative diseases including PD.

5. Conclusion

In summary, our results demonstrate that the neuroprotective
properties of securinine may be due to inhibition of glial
activation and subsequent generation of proinflammatory
factors. Mechanistically, this appears to involve inhibition of
the p38 MAP kinase-NF-𝜅B pathway resulting in reduced
expression of proinflammatory genes and release of corre-
sponding gene products.
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Chronic pain affects ∼20% of the worldwide population. The clinical management of chronic pain is mostly palliative and results
in limited success. Current treatments mostly target the symptoms or neuronal signaling of chronic pain. It has been increasingly
recognized that glial cells, such as microglia, and inflammatory signaling play a major role in the pathogenesis of chronic pain.
Caspases (CASPs) are a family of protease enzymes involved in apoptosis and inflammation. They are pivotal components in a
variety of neurological diseases. However, little is known about the role of CASPs in microglial modulation as to chronic pain. In
particular, our recent studies have shown that CASP6 regulates chronic pain via microglial inflammatory signaling. Inhibition of
microglia and CASP signaling might provide a new strategy for the prevention and treatment of chronic pain.

1. Introduction

Pain is defined as an unpleasant sensory and emotional
experience associated with actual or potential tissue damage.
Acute pain is transient and serves as a warning of disease or
a threat to the body. In contrast, chronic pain is a persistent
and debilitating condition for which there are few treatment
options. Chronic pain conditions include arthritis-induced
pain, cancer pain, chemotherapy-induced pain, diabetic pain,
migraine, fibromyalgia, and inflammatory and neuropathic
pain [1]. In this review, we will mostly present studies involv-
ing animal models of inflammatory (e.g., injection of proin-
flammatory solutions such as carrageenan and complete Fre-
und’s adjuvant) and neuropathic pain (e.g., peripheral nerve
injury such as spared nerve injury or chronic constriction
injury). Previous reviews have been published with detailed
descriptions and limitations of using these animal models to
study chronic pain [2–5].

Inflammatory pain and neuropathic pain are character-
ized by spontaneous and evoked pain. Typical evoked pains
include hyperalgesia (increased response to painful stimuli)
and allodynia (painful response to normally innocuous stim-
uli). In particular, mechanical or tactile allodynia is probably

the most commonly observed symptom in inflammatory
and neuropathic pain animal models. Two major neuronal
mechanisms underlie this symptom: central sensitization and
disinhibition [6]. Central sensitization denotes a state of
hyperexcitability of the neurons of the dorsal horn such
that their responsiveness to synaptic inputs is increased and
involves the modulation of NMDA and AMPA receptors in
spinal neurons. The spinal injection of NMDA directly acti-
vates dorsal horn NMDA receptors and results in mechanical
allodynia [7]. Disinhibition is characterized by a reduction
in the effectiveness of the spinal inhibitory GABA and
glycine neurons. Pharmacological blockade of GABA or
glycine-mediated spinal inhibition also produces mechanical
allodynia [8]. The balance between excitatory and inhibitory
influences on spinal neuronal circuits plays a crucial role in
maintaining physiological pain response. Inflammation or
nerve injury leads to an increase in excitation and/or decrease
in inhibition resulting in augmented neuronal excitability,
which can manifest as chronic pain.

Current treatments of chronic pain include antidepres-
sants, anticonvulsants, sodium channel blockers, NMDA
antagonists, and opioids. However, these drugs only target
neuronal pathways or symptoms and are limited by their
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side effects. For instance, opioids are often accompanied by
side effects such as respiratory depression, sedation, nausea,
vomiting, constipation, dependence, tolerance, and addiction
[9]. Therefore, there is an urgent need for new therapeutic
targets. Recently, several studies have highlighted the role
of nonneuronal mechanisms, such as immune and glial
regulation, in chronic pain. Indeed, it is now widely accepted
to consider chronic pain as a neuroimmune disease [10–
13]. In particular, nerve injury induces significant activation
of glial cells in the spinal cord, and the activated glial
cells contribute to central sensitization and disinhibition via
proinflammatory mediators [14]. Inhibitors of glial cells are
able to attenuate chronic pain [15, 16] and may offer new
therapeutic avenues.

Microglia are prominent glial cells in the spinal cord
and contribute to chronic pain [17, 18]. As of this writing
(29 July 2016), a PubMed search for “Microglia Chronic
Pain” retrieves 509 articles, of which ∼20% were published
within the preceding 12 months. Clearly, microglial cells in
chronic pain are a hot topic and fast growing area of research.
Naturally, in such diverse and rapidly developing research, we
cannot possibly cover all of the work that has been carried
over the last two decades and we certainly expect additional
progress will have been made by the time this review is
published. We apologize to authors whose work we have not
discussed.

In this review, we summarize the major signaling path-
ways involved in microglial activation and chronic pain with
an emphasis on caspases (CASPs). In particular, potential
microglial mechanisms and therapeutic approaches for the
modulation of CASP6 in chronic pain are also described.

2. Microglia Signaling and Chronic Pain

Microglia are innate immune cells in the central nervous
system constantly scavenging their environment using their
ramified branches for the maintenance of hemostasis [18].
In animal models with nerve injury, microglia proliferate,
change shapes (e.g., larger cell bodies and fewer ramifica-
tions), and increase the expression ofmicroglialmarkers such
asCD11b, ionized calcium-binding adaptermolecule 1 (IBA1),
and CX3C chemokine receptor 1 (CX3CR1) (Figure 1(a)).
However, changes in the morphology and expression of these
markers are not indicative of microglial activation and par-
ticipation to pain symptoms. Notably, microglia proliferation
and IBA1 expression increased are very limited after tissue
inflammation or bone cancer, but pain in these animalmodels
is still efficiently attenuated by the inhibition of microglial
signaling [19, 20]. Several studies have reported themicroglial
phosphorylation of p38 (p-p38) in several animal models
of pain involving nerve injury, spinal cord injury, formalin-
induced acute inflammatory pain, postoperative pain, and
chronic exposure to opioids [21–27]. Furthermore, these
studies have also shown that microglial p-p38 leads to the
production of proinflammatory cytokines that can alter pain
pathways and p38 inhibition significantly attenuates pain.
Therefore, the spinal phosphorylation of p38 might represent
a better marker for microglial activation and participation

in pain compared with classical microglial markers such as
IBA1.

Considerable effort has been devoted to understanding
the mechanisms by which microglial cells are activated and
how they contribute to chronic pain. In recent years, many
neuron-microglia pathways have emerged in chronic pain,
including the chemokine receptor signaling (e.g., CX3CR1)
[28], toll-like receptor signaling (e.g., TLR2 and TLR4) [29,
30], purinergic receptor signaling (e.g., P2Y12R and P2X4R)
[31, 32], and tyrosine-protein kinase receptor signaling (e.g.,
CSF1R) [33] (Figure 1(b)).

Adenosine triphosphate (ATP), chemokines (CX3CL1
and INF𝛾), and proteases (MMP9 and CASP6) are released
from the spinal projections of the primary sensory neurons
following peripheral tissue or nerve injury. ATP, chemokines,
and proteases induce signaling via ligand-gated ion channels
and G protein-coupled receptors (GPCRs). These mediators
are not unique to primary sensory neurons and may be sec-
ondary tomicroglial activation. For instance, CX3CL1 release
requires the production of cathepsin S (CatS, a lysosomal
protein), which is induced by the stimulation of themicroglial
receptors P2X7R or CSF1R [33–35]. Stimulation of the P2X7R
also elicits the production of IL-1𝛽 and itsmaturation viaCatS
and CASP1 [36], which can further increase microglia activa-
tion via the interleukin receptor IL1R [37] and it is also a key
contributor in the hyperexcitability of the nociceptive dorsal
horn neurons [14]. IL-1𝛽 and IL-18 can also be processed
by microglial CatB and CASP1/11 in inflammatory pain [38],
suggesting a major role for the microglial Cat and CASP
signaling in chronic pain.

Probably the most studied and well-characterized
microglial signaling pathway is the TLR4 signaling pathway.
Toll-like receptors are known to regulate innate immunity
and respond to diverse invading pathogens and damage-
associated molecular patterns. For example, TLR4 associates
lipopolysaccharide (LPS) from the walls of Gram-negative
bacteria. TLR4 is predominantly expressed in microglia
and spinal injection of LPS-induced pain behaviors [39].
Increased TLR4 expression correlates with the development
of pain after nerve injury and its inhibition significantly atten-
uates nerve injury-induced pain [40–42]. Notably, TLR4-
and TLR2-deficient mice demonstrate decreased microglial
reactivity and attenuated pain after nerve injury [30, 40].
TLRs have also been proposed to sense endogenous injury
signals including fibronectin and heat shock proteins. After
nerve injury, HSP90 is upregulated in the spinal cord and its
inhibition attenuates TLR4 mediated pain [43].

TLR signaling, such as most of the aforementioned
signaling, converges in the phosphorylation/activation of the
mitogen-activated protein kinases (MAPK), ERK, and p38
[15]. In particular, p38 is persistently activated exclusively
in microglia, whereas ERK is only activated in microglia
in the first week after nerve injury [44]. Microglial MAPK
phosphorylation usually results in the rapid activation of
signal-dependent transcription factors, including members
of the nuclear factor-kB (NF-kB) and interferon regulatory
factor (IRF) families [23, 45, 46]. These factors can then
work in combinatorialmanner to rapidly express hundreds of



Mediators of Inflammation 3

Nerve injury or
tissue damage

After nerve injuryBefore nerve injury

Cx3Cr1-GFP

(a)

ERK, p38

TLR4

CX3CR1

IL-1R1

LPS

CX3CL1

ATP

CSF1R
CSF1

MYD88

CASP1

CatS

Microglia
P2Y12R

P2X4R
P2X7R

NF-𝜅B

TNF𝛼, PGE2, BDNF IL-1𝛽

(b)

Excitatory
synapses

Inhibitory
synapses

Chronic pain

NMDAR
AMPAR

GLYR
GABAR

TNF𝛼, PGE2,
BDNF, IL-1𝛽

IL-1𝛽, PGE2,
BDNF, IL-6

GLU
GLY

GABA

(c)

Figure 1: Microglial reactivity to nerve injury and signaling in chronic pain. (a) Nerve injury induces CX3CR1 expression in spinal microglia
of mice expressing GFP under the control of CX3CR1 promoter. (b) Tissue and nerve injury results in the release of ATP, CX3CL1, and
CSF1 leading to the activation of microglia shown by the phosphorylation of p38 and pERK and the production of prostaglandins, cytokines,
and growth factors (e.g., TNF𝛼 and BDNF). Microglial cells also produce the cytokine IL-1b via the cathepsin/caspase-1 pathway, which can
be further activated by binding to IL-1R1. (c) Microglial cytokines, prostaglandins, and growth factors modulate excitatory (glutamatergic
synapses—GLU/NMDA and AMPA receptors) and inhibitory (GABAergic and glycinergic synapses—GABA/GABAR and GLY/GLYR)
synaptic transmission. For instance, BDNF produces disinhibition of GABAergic lamina I neurons leading to chronic pain.

genes known to increase pain sensitivity, including the proin-
flammatory cytokines TNF𝛼, inducible nitric oxide synthase
(iNOS), and brain-derived neurotrophic factor (BDNF) as
well as the purinergic receptors P2X4R and P2Y12R [19, 47,
48]. In particular, the microglial production of proinflamma-
tory cytokines and neurotrophic factors can further recruit
microglia, activate surrounding astrocytes, and promote the
sensitization of central nervous system nociceptive circuits
(Figure 1(c)).

Proinflammatory cytokines such as TNF𝛼, prostaglandin
PGE
2
, and IL-1𝛽 can increase the excitatory synaptic trans-

mission by both pre- and postmechanisms of the excita-
tory synapses by enhancing the release of glutamate and
increasing the trafficking andmodulatingAMPA andNMDA
receptors. In parallel these cytokines, including IL-1𝛽, PGE

2
,

and IL-6, can also reduce or promote the loss of the
inhibitory synaptic transmission (i.e., disinhibition). Further-
more, inhibitory synaptic transmission can also be reversed.
Microglial release of growth factor BDNF downregulates the
potassium-chloride cotransporter KCC2 in lamina I GABA

positive neurons leading to the accumulation of the intra-
cellular chloride, such as these inhibitory neurons changing
phenotype and becoming excitatory [49]. Previous reviews
have been published and are available with further details
about these mechanisms [15, 18, 50].

3. Caspase Signaling and Chronic Pain

CASPs are cysteinyl-aspartate-specific proteases and best
known for triggering apoptotic cell death [51]. CASPs are
generally present in cells as inactive precursor enzymes with
little or no proteases activity. Two major pathways regulate
the activation of CASPs. The extrinsic pathway is elicited by
the biding of extracellular death ligands (such as TNF𝛼) to
transmembrane death receptors, whereas the intrinsic path-
ways are induced by cell stress (such as oxidative stress) or
damage. Both pathways can lead to apoptosis by the activa-
tion of the initiator CASP2, 8, 9, and 10 and the executioner
CASP3, 6, and 7, or neuroinflammation via CASP1, 4, 5, and
11 [52].
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Figure 2: Caspases inmicroglial activation and chronic pain and schematic representation of the CASP6 neuroinflammatorymechanism. (a)
Regulation of apoptotic and inflammatory caspases in microglia activation and chronic pain. (b) Tissue and nerve injury leads to the release
of CASP6 from the central afferents of primary sensory neurons [1]; this leads to the microglial activation shown by the phosphorylation of
p38 and production of TNF𝛼 [2]; consequently TNF𝛼 binds to the presynaptic TNFR increasing the release of glutamate and the excitatory
synaptic transmission [3], which ultimately results in chronic pain [4].

Several chronic pain syndromes are associated with
increase in TNF𝛼 and oxidative stress in the both peripheral
and central nervous systems, which may lead to CASP
activation and neuroinflammation [11]. Indeed several CASPs
that regulate microglial activation also participate in chronic
pain [19, 36, 38, 53–57] (Figure 2(a)). Although peripheral
inhibition of CASP1, 2, 3, 8, and 9 significantly attenuated
inflammatory and neuropathic pain behaviors [56], the
peripheral mechanisms of CASPs remain elusive. Here, we
focus on the central mechanisms of CASP signaling in
chronic pain and microglial activation for which we have
a better understanding. In chronic pain conditions, CASP
activation in the spinal cord leads to both apoptosis and
neuroinflammatory responses (e.g., microglia activation).

After peripheral nerve injury, apoptotic cells are observed
in the dorsal horn of the spinal cord [57]. This apoptosis
is driven by the activation of CASP3 in the inhibitory
GABAergic interneurons of the superficial dorsal horn and
causes the loss of these neurons, the decrease of the spinal
inhibition, and the appearance of neuropathic pain. Spinal
injection of pan caspase inhibitor Z-VAD-FMK to block the
CASP3 activation prevents the number of apoptotic cells and
decrease of spinal inhibition and alleviates neuropathic pain.
Interestingly, the alleviation of neuropathic pain by Z-VAD-
FMK outlasts its discontinuation, suggesting that degenera-
tion of inhibitory interneurons contributes to the chronicity
of pain. However, the neuronal activation of CASP3 and the
apoptosis of GABAergic interneurons in animal models of
neuropathic pain are controversial [58]. In particular, CASP3
and apoptotic signaling have been shown to occur also in glial
cells after the same peripheral injury [58].

Little is known about the potential contribution of CASPs
to glial cell functions and chronic pain. However, it has
been recently reported that intracranial injection of LPS

induces microglial activation of CASP3/7 without leading
to apoptosis but instead to the release of proinflammatory
mediators and neuroinflammation [55]. As further proof of
the central role of CASP3/7 in microglial activation, the use
of Z-DEVD-FMK (a specific CASP3 inhibitor) significantly
reduced the LPS-induced release of proinflammatory medi-
ators by microglial cells. Interestingly, the spinal delivery of
same inhibitor Z-DEVD-FMK or CASP3 siRNA attenuates
neuropathic pain after peripheral nerve injury [59]. Whether
these treatments attenuate neuropathic pain via the inhibition
of apoptosis and/or neuroinflammation remains to be inves-
tigated.

CASP1 and CASP11 certainly play a critical role in regu-
lating neuroinflammation and are increased in chronic pain
conditions [4, 38]. As briefly mentioned above, the activation
of CASP1 and CASP11 plays a role in the maturation of
proinflammatory cytokines, such as IL-1𝛽 and IL-18.The best
known activator of CASP1 is the inflammasome, a complex
of proteins (such as nucleotide-binding domain leucine-
rich repeat containing proteins NLRP1 and NPLR3, NLR
family CARD domain-containing protein NLRC4, and the
apoptosis-associated speck-like protein containing a CASP
recruitment domain or in short ASC) that are aggregated by
various inflammatory conditions in immune and glial cells
and lead to the CASP1 cleavage [60]. Although several mech-
anisms can contribute to allodynia after spinal injection of
LPS, it has been observed that this treatment enhances CASP1
and ASC secretion providing evidence of the involvement
of the inflammasome complex [36]. Furthermore, inhibition
of CASP1 by Z-VAD-FMK both prevents IL-1𝛽 release and
attenuates LPS-induced allodynia. However, how and to
which extent the inflammasome complex is activated in
microglia and chronic pain is still unclear.
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There are several variants of inflammasome complexes,
but the best know complex involves the activation of NLRP3
[60]. However, a recent study using NLRP3-deficient mice
show no defects in regulating the transcriptional expression
of ASC, CASP1, and IL-1𝛽 after spinal injections of LPS or
after intraplantar formalin injection or after nerve injury [61].
In a peripheral inflammatory pain model, NLRC4 inflam-
masome complex but not NLRP3 was implicated in IL-1𝛽
increase in the skin and behavioral responses [62]. Similarly,
NLRC4 and not NLRP3 may be involved in processing
spinal IL-1𝛽 after LPS injection or nerve injury. In contrast,
microglial NLRP3/CASP1 seems to be involved in chronic
pain arising from the combination of nerve injury and
prolonged exposure to opioids [63], suggesting the different
pathways and contributions of CASP1 and inflammasome
signaling to various neuroinflammatory and chronic pain
conditions.

4. Caspase-6 in Neuron-Microglia Signaling
and Chronic Pain

CASP6 is widely expressed in the brain and in the peripheral
nervous system. CASP6 is well known as an executioner
CASP and can cleave nuclear structural proteins (e.g.,
lamin) leading to apoptosis and neurodegeneration. CASP6
is involved in neurodegenerative diseases such as Huntington
and Alzheimer diseases [64]. Our recent research suggests
that CASP6 has an important and nonapoptotic role in
the development of chronic pain in both inflammatory and
neuropathic animal models (Berta CASP6).

Several lines of evidence suggest a unique role for this
CASP in microglia activation and pain control: (1) CASP6 is
highly expressed in the neuronal axons of primary sensory
neurons that terminate in the superficial dorsal horn (laminae
I-II) of the spinal cord [19, 65], (2) CASP6 is coexpressed
with the calcitonin gene related peptide (CGRP), a well-
known peptide involved in inflammation and pain [66],
(3) CASP6 surrounds microglial cell bodies and processes,
and (4) CASP6 levels in the cerebrospinal fluid significantly
increase after inflammation [19]. To define the specific role of
CASP6 in pain, we employed in vivo and in vitro approaches.

In vivo results in various animal models are very consis-
tent, showing that the CASP6 inhibition by Z-VEID-FMK (a
specific CASP6 inhibitor) or deletion can attenuate inflam-
matory and neuropathic pain (Berta 2014, 2016). Notably, the
intrathecal injection of a specific antibody against the active
form of CASP6 was effective in blocking formalin-induced
pain. Because antibodies with few exception do not penetrate
cells [67], this result further proved the presence and role
of extracellular CASP6 in pain. In line with an extracellular
action of CASP6, intrathecal injection of recombinant CASP6
(rCASP6) is sufficient to induce pain symptoms, such as
mechanical allodynia. Importantly, spinal rCASP6 treatment
did not produce signs of axonal degeneration, as we found
no loss of peptidergic axons (CGRP+) or nonpeptidergic
axons labeled with IB4 (an isolectin glycoprotein) in the
dorsal horn. However pretreatment with minocycline, a
microglial inhibitor that has been shown to attenuate pain

[68], significantly reduced the rCASP6-evoked mechanical
allodynia, which suggested an action of CASP6 onmicroglia.

In vitro experiments have demonstrated that stimulation
of primary microglial culture with rCASP6 elicited a sig-
nificant and dose-dependent release of TNF-𝛼, but minimal
or no release of other proinflammatory cytokines, including
IL-6 and IL-1𝛽 [19]. The treatment of microglia with an
inhibitor of p38 suppressed the rCASP6-induced TNF-𝛼
release, suggesting an important role of p38 in CASP6-
triggered TNF-𝛼 release. Impairment of spinal TNF-𝛼 was
also observed in mice with CASP6 deficiency compared to
their wild-type controls after tissue injury and damage [19,
69].

Mechanistically, rCASP6 was also sufficient to enhance
spontaneous excitatory postsynaptic currents (sEPSCs fre-
quency) in spinal cord slices via microglial and TNF-𝛼
signaling [19]. Finally, rCASP6-activated microglial culture
medium increased sEPSC frequency in spinal cord slices via
TNF-𝛼. Together, these data suggest that CASP6 released
from axonal terminals regulates microglial TNF-𝛼 secretion,
synaptic plasticity, and chronic pain (Figure 2(b)).

5. Conclusions and Future Directions

Millions of people suffer from chronic pain, which is now
widely recognized as a neuroimmune disease. However, cur-
rent treatments are limited to symptomatic palliation mostly
focusing on blocking neurotransmission. Targeting neu-
roinflammation and, in particular, microglial signaling may
offer new therapeutic strategies for a better treatment of
chronic pain [11].

Spinal microglia contribute to the generation of inflam-
matory and neuropathic pain, postoperative pain, and
opioid-induced tolerance in rodents. Although human stud-
ies have established glial activation in chronic pain states
using functional magnetic resonance imaging [70] and in
postmortem spinal cords [71], clinical trial with inhibitors
targeting microglia, such as minocycline (a tetracycline anti-
biotic) and propentofylline (a CNS glial modulator), has
shown no or limited promise in chronic pain [15]. These
generic microglia inhibitors are undesirable, since it is well
documented that microglia in neuroinflammatory diseases
can have multiple phenotypes with pathological and protec-
tive functions [18]. Furthermore, nonpathological microglia
have an important role within the immune system and are
pivotal in maintaining and restoring physiological home-
ostasis [72]. Therefore, we should target specific pathological
microglial signaling.

Among several microglial signaling, CASPs are promis-
ing targets to reduce neuroinflammation and chronic pain.
Following tissue and nerve injury, CASPs play an important
role not only in apoptosis, but also inmounting neuroinflam-
matory responses including microglia activation. There is
increasing evidence that CASP1, CASP6, and CASP11 activa-
tion is involved in microglia activation and the maturation of
proinflammatory cytokines in inflammatory andneuropathic
pain conditions [19, 38, 53, 63]. Inhibition of these caspases
has shown extraordinary promise in various disease models
including painful conditions. For example, a blockade of
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CASP6 by the peptide Z-VEID-FMK reduces inflammation
andneuropathic-inducedmechanical allodynia inmicemod-
els [19]. Unfortunately, the vast majority of CASP inhibitors
are peptides that often lack selectivity [73].

Our data suggest that CASP6 released from axonal
terminals regulates microglial TNF-𝛼 secretion, synaptic
plasticity, and chronic pain (Figure 2(b)). Because of this
unique presence of CASP6 in the extracellular milieu, we
hypothesized that CASP6 could be targeted by antibodies.
Indeed, formalin-induced second-phase pain was suppressed
by spinal injection of a neutralizing antibody against the
activated form of CASP6 [19]. The use of this antibody
can confer many therapeutic advantages over the peptide
inhibitor, including selectivity and accessibility. Furthermore,
new technologies are available to enable antibodies to cross
the blood-brain barrier [74].

It is worth noting that CASP6 inhibition attenuates
mechanical allodynia in male, but not in female, mice [69].
Although microglial proliferation occurs similarly in male
and female rodents, it has been reported that ablation of
microglia and inhibition of microglial signaling attenuate
inflammatory and neuropathic pain only in males, but not
females [75]. These findings highlight the importance of
including both sexes in basic research and they should be
considered for future human trials and clinical practice.
However, microglia may play different roles in different
phases of chronic pain development as well as in different
chronic pain conditions. Notably, it has been shown that
inhibition of microglial signaling in animal models of bone
cancer pain and spinal cord injury effectively attenuated
chronic pain also in females [30, 76].

In conclusion, given the pace of recent advances in our
appreciation of chronic pain as a neuroimmune disease and
in our understanding of the reciprocal signaling between
neurons and microglia (i.e. CASP6 signaling), it is at last
realistic to expect that new and improved treatments will
become available for a more successful management of
clinical chronic pain.
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Caffeine is the major component of coffee and the most consumed psychostimulant in the world and at nontoxic doses acts as a
nonselective adenosine receptor antagonist. Epidemiological evidence suggests that caffeine consumption reduces the risk of several
neurological and neurodegenerative diseases. However, despite the beneficial effects of caffeine consumption in human health and
behaviour, the mechanisms by which it impacts the pathophysiology of neurodegenerative diseases still remain to be clarified. A
promising hypothesis is that caffeine controls microglia-mediated neuroinflammatory response associated with the majority of
neurodegenerative conditions. Accordingly, it has been already described that the modulation of adenosine receptors, namely, the
A
2A receptor, affords neuroprotection through the control of microglia reactivity and neuroinflammation. In this review, we will

summarize the main effects of caffeine in the modulation of neuroinflammation in neurodegenerative diseases.

1. Microglial Cells Play Crucial Roles in
Neurodegenerative Diseases

The multitaskers microglial cells are active effectors and
regulators of homeostasis in the central nervous system
(CNS). Microglial cells constantly survey the surrounding
environment, and as primary resident immune cells in the
CNS, they respond to the presence of pathogens, stress,
or injury [1]. In fact, for decades, it was believed that in
homeostatic conditions microglial cells were in a nonreactive
resting state, which could be transformed into a reactive state
under pathological conditions. Nevertheless, the crucial role
of microglial cells in the noninjured CNS has become more
evident in recent years, and these cells not only are involved in
immune pathological response but are essential during CNS
development, participating in crucial processes such as in
synaptic pruning [2, 3] and synaptic plasticity [4, 5].Thus, the
so-called resting phenotype should also reflect an active state
and should be replaced by surveillance state [6].

Contrasting to the highly ramified organization presented
by microglia in the surveillance state, reactive microglial cells
are characterized by amoeboid morphology, which favours
phagocytosis [7, 8]. This shift to a more activated phenotype
results in increased release of proinflammatory and cytotoxic
factors, such as tumour necrosis factor (TNF), interleukin-
1𝛽 (IL-1𝛽), nitric oxide (NO), and reactive oxygen species
(ROS) [9], as well as in increased expression of surface
molecules related to the innate immune response, as major
histocompatibility complex (MHC) proteins and antigen-
presenting receptors [10].

When studying microglial cell reactivity in the context
of pathology, one major point is the dichotomy between
their contribution to neuroprotection and neurodegenera-
tion. Microglia activation and production of inflammatory
mediators are known to be a response to neuronal dysfunc-
tion anddeath to control the damage and to promote recovery
(reviewed in [11, 12]). Nevertheless, sustained reactivity of
microglial cells has a detrimental role and contributes to
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neurodegeneration, in which neuronal loss is accompanied
by increased neuroinflammatory conditions [13–16].

In the two last decades, significant advances have been
made in the understanding of the contribution of microglial
cells to CNS diseases. The activation of these cells is recog-
nized as a hallmark of a wide variety of neurodegenerative
diseases, such as Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), andmultiple sclerosis (MS), and in retinal diseases,
such glaucoma, diabetic retinopathy, and age-relatedmacular
degeneration (reviewed in [9, 17]). Hence, suppression of
microglial-associated deleterious effects has emerged as a
potential therapeutic strategy to prevent neurodegeneration
[18, 19].

2. The Modulation of the Adenosinergic
System for Therapeutic Intervention in
Neurodegenerative Diseases

Adenosine is a ubiquitously expressed purine nucleoside that
acts as a homeostatic factor and a crucial neuromodulator
in the CNS. In physiological conditions, the concentration
of adenosine in the extracellular fluids is low (30–300 nM),
but its levels increase to 10 𝜇M or higher during enhanced
nerve activity, hypoxia, ischemia, or CNS damage [20]. At
high concentrations, adenosine is able tomodulate the release
of excitotoxic mediators, limit calcium influx, hyperpolarize
neurons, and exert modulatory effects on glial cells [21].

Four types of G-coupled receptors coordinate cellular
responses to extracellular adenosine: the inhibitory A

1
and

A
3
receptors and the facilitatory A

2A and A
2B receptors [22].

These receptors are expressed on astrocytes, microglia, and
infiltrating immune cells and regulate the immune response
of these cells in the CNS [23–31]. The actions mediated by
adenosine in the immune cells may be towards neuronal pro-
tection, but adenosine may also promote proinflammatory
response, leading to neuronal damage (reviewed [32]).

In the last decades, the neuroprotective properties of
adenosine in the CNS have been extensively documented
[33–41].The neuromodulatory effects mediated by adenosine
rely on a balanced activation of the inhibitory A

1
receptor

(A
1
R) and excitatory A

2A receptor (A
2AR) [41]. A large body

of evidence points to a neuroprotective role of A
1
R activation,

but this receptor is prone to rapid desensitization, limiting
the time-lapse of action of possible neuroprotective therapies
[41].

Concerning A
2AR, there is an apparent paradox on the

rolemediated by this receptor in inflammation. In the periph-
ery, activation of A

2AR signaling suppresses inflammation
[42], attenuates pulmonary ischemic injury [43, 44], and
improves cardiac dysfunction [45]. In theCNS,A

2AR controls
the release of BDNF from activated microglia [46], and
its blockade prevents hippocampal LPS-induced neuroin-
flammation [47] and prevents IL-1𝛽-induced exacerbation
of neuronal toxicity [48]. Antagonists A

2AR prevent retinal
microglia reactivity, affording protection to retinal neuronal
cells [26, 27]. Importantly, blockade of A

2AR has been shown
to confer neuroprotection against a broad spectrum of CNS
insults [49, 50].

While in the periphery, the activation of A
2AR halts a

rapid immune response (acute), in the CNS the activation
of A
2AR aggravates the inflammatory response (chronic

conditions) (reviewed in [51]). This dual role of A
2AR might

reflect the complexity of actions in distinct cell types present
in the CNS, which may lead to distinct effects upon CNS
injury [41, 52]. The mechanisms by which the blockade
of A
2AR is able to impact neuroprotection remains to be

clarified, but two leading hypotheses have been explored:
the control of glutamate excitotoxicity and the control of
microglia-mediated neuroinflammation [40, 41].

The blockade of A
2AR has emerged as a potential thera-

peutic strategy, based on its ability to regulate proliferation,
chemotaxis, and reactivity of glial cells, affording protection
in several brain diseases (reviewed in [40, 50]).

Although less expressed, A
2BR andA

3
Rmay alsomediate

protective effects in the CNS. By acting on A
2BR, adeno-

sine has been shown to augment the production of IL-10
by microglial and macrophages cells, while preventing the
release of proinflammatory cytokines [53]. The activation of
A
3
R has been shown to afford protective effects, namely, after

brain ischemia [54] and in retinal neurodegeneration [55].

3. Caffeine: An Antagonist of
Adenosine Receptors with Protective
Functions in the CNS

Caffeine (1,3,7-trimethylxanthine) is the most widely con-
sumed psychostimulant substance in theworld,mainly found
in dietary sources, such coffee, tea, and energy drinks [56].
Caffeine has been described as aCNS stimulant that promotes
wakefulness, enhances mood and cognition, and produces
stimulatory effects [57, 58]. In fact, caffeine exerts beneficial
effects on human behaviour, which were notmimicked by the
consumption of decaffeinated drinks [59].

Worldwide, it is estimated that caffeine consumption,
from all sources, is around 70 to 76mg/person/day. A
single cup of coffee provides a dose of 0.4 to 2.5mg/kg of
caffeine, leading to a peak serum concentration of 0.25 to
2mg/L or approximately 1 to 10 𝜇M. In humans, 99% of
caffeine is absorbed from the gastrointestinal tract in about
45min after ingestion [56]. The first metabolic step, which
represents on average 80% of the total process, is via N-3
demethylation to paraxanthine (1,7-dimethylxanthine) by the
cytochrome P450 1A2 enzyme [60] and was recently found
to be associated with the variability of caffeine consumption
between individuals [61]. Other two important products of
caffeinemetabolism are theobromine (3,7-dimethylxanthine)
and theophylline (1,3-dimethylxanthine), which represent
about 16% of the total metabolites [62]. After long-term
consumption of high doses of caffeine, these metabolites
can also contribute to its pharmacological actions, since it
can result in an accumulation of methylxanthines in the
body, due to end-product inhibition of demethylation, and
thereby should be also considered when investigating the
pharmacological actions of caffeine [63].
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Most of the studies about the beneficial effects of cof-
fee have been focused largely on caffeine, but coffee con-
tains over 1,000 components that may have neuroprotec-
tive effects [64–67]. Interestingly, decaffeinated coffee is
protective in Drosophila models of PD [68], suggesting
that other coffee constituents may provide neuroprotection.
Eicosanoyl-5-hydroxytryptamide, a constituent of coffee, has
been demonstrated to ameliorate the phenotype of a PD
model associated with decreased protein aggregation and
phosphorylation, improved neuronal integrity, and reduced
neuroinflammation [69]. Also, chlorogenic acid, trigonelline,
and melanoidins are also able to impact gene transcription
and regulation of body fat percentage [70, 71].

The biochemical mechanisms that underlie the actions of
caffeine are dependent on the dose. In the brain, the molec-
ular targets of caffeine at nontoxic doses are the adenosine
receptors A

1
and A

2A [56].
One of the most recognized actions of caffeine is its

ability to reduce sleep and sleepiness. Caffeine, acting on
A
2AR, promotes wakefulness, as demonstrated by genetic

manipulation of the A
2AR in the nucleus accumbens [72].

Ethanol and caffeinated beverages are frequently con-
sumed in combination, a fact that might be due to the
popular belief that caffeine can offset the acute intoxicating
actions of ethanol. In fact, it has been shown that caffeine
is able to attenuate ethanol-induced motor incoordination
in rats [73], an effect that was also observed with A

1
R

antagonists, but not with antagonists of A
2AR. Interestingly,

caffeine administration also prevents the hypnotic effects
induced by ethanol, an effect suggested to be mediated by
A
2AR antagonism, since knockout (KO)mice for this receptor

display similar behaviour [74].
Caffeine is also associated with alterations in neurotrans-

mitter release and increase neuronal firing (via A
1
R), as well

as enhancing dopaminergic transmission (viaA
2AR), globally

affecting neuronal processes associated with mood and cog-
nition (reviewed in [56]). Caffeine has been shown to control
synaptic plasticity [75], to revert memory impairments [76,
77], and to prevent mood alteration triggered by chronic
stress [78]. Importantly, these effects were also observed
in the presence of selective A

2AR antagonists prompting
the critical role of this receptor to the actions of caffeine.
Indeed, using A

2AR-KO mice, it was recently shown that the
neuroprotective effects of caffeine in a PD model rely on the
presence of A

2AR [79].
Several studies have been demonstrating protective

effects of caffeine in patients and animal models of neu-
rodegenerative diseases, mainly by reducing excitotoxicity,
apoptosis, and neuroinflammation (reviewed in [80]).

4. Modulation of Microglia Reactivity and
Neuroinflammation with Caffeine

Since the late 1990s, several studies have shown that caf-
feine reduces neuroinflammation in models of AD and PD
(reviewed in [80]). Additionally, epidemiological studies have
shown that caffeine might exert neuroprotective effects in
humans [56, 81, 82].

Several studies have also focused their attention on the
ability of caffeine to reduce microglia reactivity. In an in vitro
system, using the murine BV-2 microglia cell line, it was
demonstrated that 2mM caffeine attenuates the expression
of proinflammatory mediators, such as NO and TNF, and
their regulatory genes, elicited by lipopolysaccharide (LPS)
[83], widely known to induce potent neuroinflammatory
responses in the brain [84]. The same study suggests the
modulation of extracellular signal-regulated kinase (ERK)
signaling cascade and consequent NF-𝜅B activation as a
main pathway for caffeine actions [83], which has been
also related to the A

2AR activation-induced macroglial cell
reactivity [85]. In an animal model of inflammation, in
which LPS was infused over a period of two or four weeks
in the brain, caffeine administration (daily intraperitoneal
injection) reduces LPS-induced microglia activation in three
regions of the hippocampus, in a dose-dependent manner
[86].

Importantly, caffeine alters neuronal functioning in phys-
iological brain conditions, increasing the spontaneous firing
(reviewed in [56]). The effects of caffeine in nonneuronal
cells in nonpathological conditions have not been extensively
studied. It was already described that brain sections of
animals administered with caffeine ad libitum in the drink-
ing water have altered microglia density and morphology,
as observed by process retraction and enlargement of the
cell soma, indicating a more reactive phenotype [87]. The
authors suggested that caffeine might prime microglial cells,
impacting the transition from the surveillance to the reactive
state [88]. Notably, in the retina, caffeine intake does not
change microglia reactivity and expression of proinflamma-
tory markers [87].

5. Beneficial Effects of Caffeine in
Alzheimer’s Disease: Neuroinflammation
and Neuroprotection

Alzheimer’s disease is the most common type of dementia
worldwide, clinically characterized by a progressive decline
of cognitive functions and memory deficits [89]. The main
neuropathological hallmarks of AD are extraneuronal depo-
sition of amyloid-beta (A𝛽) protein in the form of plaques
and intraneuronal aggregation of the hyperphosphorylated
microtubule-associated protein tau in the form of filaments,
mainly in the cortex, hippocampus, and amygdala [90].
Furthermore, a strong neuroinflammatory component has
been associated with AD pathology, with increased glial cell
reactivity (microgliosis and astrogliosis), activation of both
classic and alternate pathways of the complement system,
upregulation of inflammatorymarkers, and increased phago-
cytic activity [91, 92].

The presence of A𝛽 oligomers has been described to
lead to microglia-mediated neuroinflammatory response,
with alterations in the phagocytic efficiency and sustained
overproduction of inflammatory mediators, which may con-
tribute to neurotoxicity and neuronal loss [93]. Indeed,
microglia reactivity has been described not only in the
brain, but also in the retinas of AD animal models [94] and
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patients [95]. It remains to be elucidated whether microglia
activation is a cause or a consequence of AD, but the role
of microglia reactivity in the progression of the disease
is unquestionable. Hence, interventions targeted to control
microglial cell reactivity might delay the progression of AD.

Consumption of caffeine has been associated with reduc-
tion in the cognitive decline in healthy subjects (with
advanced age) and also AD patients [96–99]. In AD animal
models the beneficial effects of caffeine intake include amelio-
ration of cognitive impairments [100, 101] and dementia [102].

It has been described that increased caffeine levels in the
plasma are associated with reduced inflammatory cytokine
levels in the hippocampus [103]. Remarkably, chronic admin-
istration of caffeine to a transgenic mouse model of progres-
sive AD-like tau pathology mitigates several proinflamma-
tory and oxidative stress markers in the hippocampus and
prevents the development of spatial memory deficits [104].

Disruption of the blood-brain barrier (BBB) is an early
pathological event in AD [105, 106] and may potentiate the
accumulation of A𝛽 in the brain by allowing the transport
of A𝛽 produced in the periphery [107]. Caffeine admin-
istration protects against AD-associated BBB dysfunction
[106, 108] and reduces glial cell reactivity at sites of BBB
leakage [106]. The effects of caffeine in the control of BBB
integrity have been associated with its antagonistic actions
on adenosine receptors and consequent inhibition of cyclic
adenosine monophosphate (cAMP) activity and control of
calcium intracellular stores [108]. Caffeinemight control AD-
associated increase on inflammatory mediators by reducing
glial cell reactivity on the BBB leakage site [106] through a
reduction in infiltration of immune cells from the periphery
[109].

Moreover, using an animal model showing age-related
CNS alterations that includes cognitive impairment, in-
creased neuroinflammatory markers, and neurodegenera-
tion, chronic administration of caffeine improves memory
deficits and reduces the expression of ROS and proin-
flammatory cytokines TNF and IL-1𝛽, further conferring
antiapoptotic effects [110]. Similarly, the effects of caffeine are
mimicked by selective antagonists of A

2AR [111], suggesting
that the actions of caffeine are mediated by the blockade of
A
2AR. In accordance, both pharmacological blockade and

genetic inactivation of A
2AR afford neuroprotection against

A𝛽 toxicity [112].
These reports reinforce the crucial importance of A

2AR
in A𝛽 toxicity and in the associated microglia reactivity and
neuroinflammatory response in the context of AD, demon-
strating also prophylactic properties of caffeine and the
therapeutic potential of A

2AR antagonists for the treatment
of AD [113].

6. Caffeine Modulates Neuroinflammation
in Parkinson’s Disease: Possible Strategy
for Neuroprotection?

Parkinson’s disease (PD) is the second most common pro-
gressive neurodegenerative disorder. It is characterized by a
progressive loss of dopaminergic neurons of the nigrostriatal

pathway with the occurrence of Lewy bodies (abnormal
deposits of𝛼-synuclein), which clinically translates inmuscu-
lar rigidity, resting tremor, bradykinesia, and postural insta-
bility [114]. The pathogenesis of PD has been also associated
with chronic neuroinflammation [115] and oxidative stress
[116], both contributing to BBB disruption [116, 117].

The brain is particularly susceptible to oxidative stress
due to the high consumption of oxygen [116]. Oxidative stress
has been associated with several neurodegenerative diseases,
including PD. Indeed, there is evidence from postmortem
human samples that oxidative stressmight be a primary insult
that leads to neuronal damage in PD [118, 119]. In substantia
nigra, microglial cells have been proposed to be the main
cells producing oxidative stress products [120], suggesting
the involvement of these cells in the pathophysiology of
PD. The involvement of neuroinflammation in PD was
suggested after observation of increased number of reactive
microglial cells and an upregulation of major histocom-
patibility complex class II (MHC-II) in PD patients [121].
Indeed, reactive microglia and neuroinflammatory response
have been strongly associated with dopaminergic cell loss in
PD (reviewed in [122–124]). Furthermore, elevated levels of
proinflammatory cytokines such as TNF [125], IL-1𝛽, and IL-
6 [126] have been described in the striatum of PD patients.
In the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
animal model of PD there is evidence demonstrating the
neurotoxic contribution of microglia-produced TNF [127],
IL-1𝛽 [128], IL-6, and NO [129] to the loss of dopaminer-
gic neurons. These proinflammatory cytokines, along with
factors released from the dying dopaminergic cells, seem
to increase and sustain neuroinflammation, leading to an
irreversible loss of dopaminergic neurons (reviewed in [130]).
Hence, future therapeutic strategies should consider inhibi-
tion of microglia-mediated neuroinflammation, possibly in
combination with neurotropic factors, aiming to delay the
progression of PD.

Epidemiological studies have been associating the con-
sumption of caffeine with reduced risk of developing PD
[131–134]. Using the MPTP mouse model, it was shown that
daily intraperitoneal administration of caffeine attenuates
microglia reactivity and prevents BBB dysregulation, leading
to decreased dopaminergic neuronal loss [135, 136]. Accord-
ingly, even when introduced in the later phases of the neu-
rodegenerative process, caffeine is also able to attenuate the
inflammatory process andmicroglial cell expression of CD68
(a marker of reactive microglia), which suggests its ability
to arrest or delay neuroinflammation and neurodegeneration
[135]. Likewise, caffeine, even in low doses, is able to reverse
functional motor deficits in PD animal models [137, 138].

Although the mechanisms underlying neuroprotection
by caffeine remain a matter of debate, it has been widely
suggested that the neuroprotective effects of caffeine involve
the antagonism of A

2AR [79, 139, 140]. Notably, pharmaco-
logical blockade of A

2AR presents similar protective effects
to the ones observed with caffeine in several experimental
models of PD [35, 140–142]. Indeed, the critical contribution
of A
2AR to caffeine-mediated neuroprotection was recently

demonstrated in mice lacking the A
2AR gene (KO mice) and

exposed to MPTP. In these animals, caffeine had no effect on
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MPTP toxicity, namely, in striatal neuronal loss and motor
activity impairment [79].

The selective A
2AR antagonists istradefylline (KW 6002)

[143] and preladenant (SCH 420814) [144] have been inves-
tigated in the past years in clinical trials for PD. The A

2AR
antagonists significant ameliorate the motor symptoms, but
more studies are required to establish the clinical utility of
these drugs [143, 144].

Taking into account the contribution of microglia-
mediated neuroinflammation in the pathophysiology of PD
and the beneficial effects of caffeine and A

2AR antagonists,
one can hypothesize that pharmacologic blockade of A

2AR
might offer potential therapeutic benefit in PD at the level of
motor alterations, neuroinflammatory response, and neuro-
protection.

7. The Effects of Caffeine in Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune, inflammatory
disease of the CNS and the most common cause of chronic
neurologic disability beginning in early to middle adult
life [145]. The major pathological hallmarks of MS include
dysregulation of BBB, which promotes macrophage and
lymphocyte infiltration, and the presence of sclerotic plaques
in the CNS [146]. In more advanced stages, the degenerative
phase is characterized by demyelination and axonal damage
that results in neuronal functional impairment in the brain
and in the spinal cord. The demyelination process is associ-
ated with inflammation, which can occur through activation
of resident astrocytes and microglia and by the inflammatory
cytokine products of infiltrating immune cells (lymphocytes
or macrophages) [147].

Although the exact role of microglial cells in MS is not
completely elucidated, it is recognized that these cells are
able to sustain and propagate the inflammatory response
during autoimmune inflammation [148]. Reactive microglia,
expressing MHC-II, exert functions of antigen-presenting
cells during MS, therefore promoting the propagation of
the inflammatory process and secretion of cytokine or
chemokine [149]. Indeed, the detrimental role of microglia
activation in MS models has been demonstrated, with the
inhibition of these cells leading to a reduction in the myelin
and axonal damage, and also in neurodegeneration [148, 150–
152].

Nonetheless, microglial cells not only contribute to the
neurodegenerative process, but also play an important role
in the promotion of neuroprotection, downregulation of
inflammatory process, and stimulation of tissue repair. This
complex and dual role might be due to the high hetero-
geneity of myeloid populations (microglia, monocytes, and
infiltrating T-cells), with distinct subtypes and distinct states
of microglia reactivity (M1 and M2) associated with different
pathologic or protective roles [153–155].

As previously mentioned, several reports have implicated
the modulation of adenosine receptors in immune cells to
a suppression of the inflammatory response (reviewed by
[156]). Indeed, the levels of adenosine are reduced in the
plasma of MS patients and the expression of A

2AR and A
1
R

is up- and downregulated, respectively [157, 158]. Studies in

animal models of MS confirmed the decreased expression
of A
1
R in microglial cells and an increase in both pro- and

anti-inflammatory mediators [159, 160]. The administration
of caffeine to these animals restores the levels of A

1
R and

attenuates the neuroinflammatory process and demyelination
[160]. In accordance with studies in animal models of MS,
high consumption of coffee may decrease the risk of devel-
oping MS [65, 161]. The authors suggest the suppression of
the neuroinflammatory process and consequent production
of proinflammatory cytokines as the mechanism underlying
the observed association [65].

Similar to other brain conditions, the levels of A
2AR have

been shown to be upregulated in the brain [162] and in
lymphocytes of MS patients [163]. Activation of A

2AR has
been associated with a strong anti-inflammatory response by
immune cells [156, 164]. Correspondingly, genetic inactiva-
tion of A

2AR has been reported to enhance the inflammatory
cell infiltration and microglial cell activation in cortex,
brainstem, and spinal cord in a MS animal model, also
increasing demyelination and axonal damage [165]. These
results suggest that adenosine acting on A

2AR triggers neuro-
protective effects. Intriguingly, the use of antagonists of A

2AR
also affords neuroprotection in a model of MS by reducing
lymphocyte infiltration [166]. Indeed, a dual role for A

2AR in
autoimmune inflammation has been already described, with
activation of A

2AR leading to prevention of the disease in
the early stages, whereas A

2AR blockade affords protection
in later stages by reducing neuroinflammation [167]. These
results suggest that A

2AR activity can impact the progression
of the disease in multiple cellular and molecular targets,
but we must keep in mind the possibility that the genetic
deletion and pharmacological inactivation of the receptor
produce opposite effects in the pathology. Global genetic
deletion of A

2AR occurs in all cellular elements, whereas
the pharmacological blockade is suggested to target prefer-
entially neutrophils and lymphocytes [168], reducing their
infiltration and therefore exerting neuroprotective effects, as
well as reducing microglia activation [40, 165].Therefore, the
A
2AR has been considered a potential target for therapeutic

approaches in MS. Still, chronic treatment with caffeine
during the degenerative phase of MS animal model provides
neuroprotection regardless of the A

2AR genotype, implying
that, in this disease, caffeine acts in a non-A

2AR-dependent
manner [169].

8. Beneficial Properties of Caffeine
beyond Brain Neurodegenerative Diseases:
A Look into the Retina

Despite the extensive evidence regarding the effects of caf-
feine consumption in the brain, very little is known about
the effects of caffeine consumption in retinal degeneration
[170]. We have shown that caffeine administration reduces
retinal neuroinflammation and microglial reactivity in an
animal model of retinal degeneration induced by ischemia
reperfusion (I-R). Notably, caffeine treatment is also able to
prevent retinal neuronal cell apoptosis in these animals [171].
Accordingly, in animals subjected to I-R, pharmacological
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Figure 1: Caffeine reduces microglia-mediated inflammatory environment on CNS degenerative diseases. Schematic summary of the effects
of caffeine intake on microglia reactivity and the associated CNS degenerative diseases.

blockade of A
2AR prevents microglia reactivity and neuroin-

flammatory response [26]. Using retinal organotypic cultures
and an I-R animal model we demonstrated that blockade
of A
2AR confers neuroprotection in the retinal through

the control of microglia-mediated neuroinflammation [26,
87]. Hence, taking into account the antagonistic effects of
caffeine in the A

2AR, one can hypothesize that protection
against neuronal apoptosis in the retina afforded by caffeine
might also be due to a reduction in microglia reactivity and
neuroinflammatory response.

In addition, very recently, we demonstrated that caffeine
intake prevents microglia-mediated neuroinflammation and
increases the survival of retinal ganglion cells in an animal
model of glaucoma [87], suggesting that caffeine may have
a prophylactic effect in glaucoma. Still, the understanding
of the effects of caffeine and A

2AR antagonists in retinal
neuroinflammation and neurodegeneration is still in a very
early stage, but it appears as a promising therapeutic strategy
for retinal neurodegenerative diseases [170].

9. Conclusions

Coffee is one of themost consumed beverages worldwide and
its consumption has been demonstrated to impact human

health. Taking in account the beneficial properties of caffeine
in neurological and neurodegenerative diseases and the
molecular targets of caffeine in the CNS, it is very important
to elucidate the effects of caffeine to neuroinflammation.

Antagonists of adenosine receptors, namely, of A
2AR,

have been vastly studied in neurodegenerative diseases. One
hypothesis that has been gaining attention to explain the
protective properties of caffeine and A

2AR antagonists is the
control of microglia-mediated neuroinflammation (Figure 1).
Caffeine may block A

2AR in microglial cells thus controlling
exacerbated microglia reactivity and noxious inflammation,
providing neuroprotection. Nevertheless, more studies are
required to elucidate the cellular and molecular mechanisms
of caffeine and itsmetabolites in themodulation ofmicroglia-
mediated neuroinflammation in neurodegenerative disor-
ders.
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Damage to the central nervous system (CNS) is one of the leading causes ofmorbidity andmortality in elderly, as repair after lesions
or neurodegenerative disease usually fails because of the limited capacity of CNS regeneration. The causes underlying this limited
regenerative potential are multifactorial, but one critical aspect is neuroinflammation. Although classically considered as harmful,
it is now becoming increasingly clear that inflammation can also promote regeneration, if the appropriate context is provided. Here,
we review the current knowledge on how acute inflammation is intertwined with axonal regeneration, an important component of
CNS repair. After optic nerve or spinal cord injury, inflammatory stimulation and/or modification greatly improve the regenerative
outcome in rodents. Moreover, the hypothesis of a beneficial role of inflammation is further supported by evidence from adult
zebrafish, which possess the remarkable capability to repair CNS lesions and even restore functionality. Lastly, we shed light on the
impact of aging processes on the regenerative capacity in the CNS of mammals and zebrafish. As aging not only affects the CNS,
but also the immune system, the regeneration potential is expected to further decline in aged individuals, an element that should
definitely be considered in the search for novel therapeutic strategies.

1. Introduction

Brain injuries and neurodegenerative disorders, such as Alz-
heimer’s and Parkinson’s disease, multiple sclerosis, or glau-
coma, represent a growing social and economic burden and
affect an increasing number of people in our aging society.
Traumatic lesions and neurodegeneration drastically reduce
life quality and lead to severe and often fatal impairments,
largely because the central nervous system (CNS) of adult
mammals retains only little capacity for regeneration into
adulthood, which comprises the replacement of lost neurons
(de novo neurogenesis) and/or the repair of damaged axons
(axonal regeneration) [1, 2]. The lack of long-distance axonal
regeneration in the mature mammalian CNS, on which will
be focused here, has been attributed to an insufficient intrin-
sic growth capacity of its neurons and an inhibitory extrinsic
environment [3, 4]. Our current knowledge of the underlying
molecules and pathways mainly comes from two well
characterized rodent injury models: optic nerve and spinal
cord lesions. Damage to the optic nerve, which solely consists

of axons originating from the retinal ganglion cells (RGC)
located in the inner retina, results in apoptotic RGCdeath and
consequently in vision loss [5–7]. Preservation of injured cells
followed by axonal regeneration can be stimulated, both by
intrinsic and by extrinsic factors, but full functional recovery
has not yet been achieved [8–10]. Spinal cord injuries lead
to death of the damaged cells at the epicenter of the lesion,
including neurons, oligodendrocytes, and astrocytes. After
the primary insult, secondary processes (excitotoxicity, oxi-
dative stress, etc.) may cause additional loss of neurons and
supporting cells. Furthermore, interrupted descending and
ascending axonal tracts have debilitating consequences, and
although proximal segments typically survive, they do not
regenerate spontaneously [11–13]. Restoration of motor and
sensory tracts via axonal regeneration is believed to be the
most promising way to reverse paralysis after spinal cord
injury [14]. Regenerative strategies known thus far, as well
as identified intracellular pathways and growth-inhibiting
factors, are largely similar to those characterised in optic
nerve regeneration [15, 16].
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In mammals, the acute inflammatory response that takes
place rapidly after traumatic CNS lesions is put forward as
one of the major elements affecting the regenerative outcome
[17]. Microglia, the main mediators of inflammation in the
CNS, are among the first cells to respond to damage. They
become activated, thereby changing their morphology from
ramified to amoeboid, proliferate, migrate to the injury site,
and start to produce a variety of pro- and anti-inflammatory
cytokines [18]. Furthermore, neutrophils and macrophages
from the periphery are recruited to the injured area, and,
togetherwith reactive astrocytes,microglia/macrophageswill
contribute to the formation of a regeneration-inhibiting glial
scar [4, 19]. Traditionally, the acute inflammatory response
has been viewed as a detrimental orchestrator inCNSdamage
and pathology. After spinal cord injury, depletion of
peripheral macrophages enhances axonal regeneration and
improves functional recovery [20]. Administration of the
anti-inflammatory drug minocycline gives similar results
[21]. However, more recent evidence suggests that the inflam-
matory response can also positively contribute to regenera-
tion [22, 23], as is exemplified by an improved behavioural
outcome after spinal cord injury resulting from an increased
number of monocyte-derived macrophages via adoptive
transfer [24]. These conflicting results have led to substantial
controversy regarding the negative or positive effect of acute
inflammation in CNS regeneration. Ongoing and future
investigations of its mediator cells and their key regulatory
switches thus seem to be essential for a better understanding
of how successful regeneration can be induced.

In sharp contrast to mammals, adult zebrafish are capable
of extensive and successful regeneration throughout their
body, including their fins, heart, liver, and CNS [25, 26].
This has sparked the interest of many neuroscientists, who
turned to this small laboratory animal to understand the
crucial molecules underlying successful CNS repair. Adult
zebrafish retain the capacity of robust axonal regeneration
and canmorphologically and functionally recover from optic
nerve and spinal cord injuries [27]. Moreover, similar to
the situation in mammals, an acute inflammatory response
occurs after CNS injury in zebrafish, which has recently been
suggested to positively contribute to the regenerative process
[28, 29]. Given the high degree of conservation between
teleosts andmammals at both themolecular and genetic level,
research in zebrafish can help to overcome the limitations of
nonregenerative mammalian models, in which the regener-
ative outcome is always suboptimal, even when stimulated
[25]. A thorough understanding of how zebrafish can couple
acute inflammation to successful regeneration after injury
may thus contribute to the development of regenerative
therapies.

Since neurodegenerative diseases are age-related, regen-
erative therapies will often need to be achieved in the senes-
cent CNS. Therefore, the effect of aging on the regenerative
potential should not be overlooked. Indeed, aging processes
affect CNS functioning, as is evidenced by, for instance, a
reduced synaptic efficacy and neuronal loss in the senescent
CNS [30, 31], and may further deteriorate the already poor

regenerative outcome. Notably, also the immune system
is subjected to aging [32–34], which may complicate its
functioning during regeneration after CNS injuries. Despite
its relevance, the impact of immune senescence on the regen-
erative capacity in the aged CNS remains poorly understood.
Also in zebrafish, which has recently been established as a
valuable model for human CNS aging [35], in-depth charac-
terization of the interplay between acute inflammation and
axonal regeneration in an aging context is still lacking.

This review aims at providing an overview of the current
understanding of how inflammatory factors modify the
regenerative outcome after damage in the adult CNS, in both
mammals and zebrafish, thereby focusing on microglia and
macrophages. Moreover, the effect of aging on inflammatory
cell physiology and the implications this may have on the
regenerative capacity will be discussed.

2. Acute Inflammation Promotes Axonal
Regeneration in Mammals

Over the past decades, intensive research efforts have focused
on the discovery of novel targets of whichmanipulation could
enable regeneration after CNS trauma. Modulation of the
acute inflammatory response has been proposed as promising
strategy to induce axonal regeneration. Compelling evidence
for a beneficial influence of different aspects of neuroinflam-
mation has been gathered in various brain injury models [17,
36, 37].Here, wewill focus on the role of inflammation during
axonal regeneration after optic nerve and spinal cord injuries.

2.1. Inflammatory Stimulation Improves the Regenerative Out-
come. Stimulation of inflammation has proven to be one
of the pivotal factors to induce a regenerative response in
mammalian axonal regeneration models. For optic nerve
injury, early studies have shown that a peripheral nerve graft,
lens injury, or intravitreal injection of zymosan, a proinflam-
matory glucan molecule derived from the yeast cell wall, can
induce RGC axon growth in rodents [38–41]. More recently,
the smaller molecule Pam

3
Cys, which acts on the Toll-like

receptor 2 (TLR2), is shown to stimulate axonal regeneration
as well [42, 43]. All these experimental procedures induce
activation of retinal micro- and macroglia and are accompa-
nied by an influx of neutrophils andmacrophages to the vitre-
ous.Therefore, these treatments can collectively be referred to
as “inflammatory stimulation” [4, 43].

Similarly, inflammatory stimulation improves the regen-
erative outcome after spinal cord injury. For example,
intraspinal injection of zymosan increases axon growth [44],
and stimulation with Pam2CSK4, another TLR2 agonist, was
found to reduce axonal loss after spinal cord injury. This
neuroprotection is a prerequisite for growth cone formation
and subsequent axonal regeneration [45].Thus,multiple lines
of evidence point towards a positive effect of inflammation
on (neuroprotection and) axonal regeneration of damaged
neurons. However, in order to gain a better understanding
of this process, detailed characterization of the nature of
inflammatory mediators is indispensable.



Mediators of Inflammation 3

2.2. Mediators of Inflammation in Optic Nerve Regeneration

2.2.1. Inflammatory Events at the Injury Site. Similar to other
CNS lesions, acute damage to the optic nerve causes changes
in the microenvironment directly surrounding the site of
the injury. Myelin, which is normally wrapped around the
axons, becomes fragmented, leaving the axon tips exposed to
myelin-derived inhibitory molecules such as Nogo, myelin-
associated glycoprotein (MAG), and oligodendrocyte-myelin
glycoprotein (OMgp) [4, 7]. Very soon after the injury, res-
ident microglia become reactivated and monocyte-derived
macrophages are recruited to the lesion site. Microglia are
involved in the reactivation of astrocytes, as they start
secreting various cytokines and other factors [46]. Eventually,
these glial cells all contribute to the formation of scar tissue,
which represents an important barrier to regenerating axons
[4, 47]. Furthermore, the actions of microglia/macrophages
as well as astrocytes have been suggested to lead to the
propagation of secondary degeneration, which contributes to
spreading of damage beyond the initial (primary) lesion site
[48, 49]. Alternatively,microglia/macrophages have also been
suggested to exert beneficial functions at the lesion site, such
as phagocytosis of myelin debris or protection against gluta-
mate excitotoxicity. The outcome of microglial/macrophage
activation, whether positive or negative, is supposed to be
highly dependent on the timing and the precise pathological
conditions [49, 50] and thus needs further elucidation.

2.2.2. Inflammatory Events in the Retina. Injury to the optic
nerve induces acute inflammatory processes not only at the
epicenter of the lesion, but also in the retina, where the RGC
cell somata reside. Since stimulation of inflammation in the
optic nerve as well as in the eye can protect RGCs, but only
the latter promotes axonal regeneration [51], paradigms of
inflammatory stimulation focus on altering retinal events.

After optic nerve injury, the resident retinal microglia
respond rapidly, which can be considered a primary event
resulting from the injury. However, microglial reactivation in
the retina has also been linked to secondary degeneration of
RGCs, although its exact role is unclear [49]. Yet, microglial
reactivation does not occur uniformly across the retina. In
the naive adult retina, surveying microglia are mainly found
in four layers: the nerve fibre layer (NFL), the ganglion
cell layer (GCL), and the inner and outer plexiform layers
(IPL and OPL, resp.) [52, 53]. Upon injury, microglia in
the OPL remain almost unaffected, while their cell number
is increased and morphology is switched from ramified to
amoeboid in the inner retinal layers, and most prominently
in the GCL [53, 54]. In adult rats, microglial cell numbers
augment dramatically from 3 days to 3 weeks after injury and
return to almost normal levels by 6 weeks [53]. This increase
coincides with the period during which RGC death occurs
in response to the injury [5, 52, 53], and microglia actively
phagocytize the debris from these RGCs and their axons [52–
54]. Notably, the increase in glial cell number after optic
nerve injury may either originate from local proliferation
or from infiltration of blood-derived macrophages [53], but
as it is very difficult to discriminate between these two cell

populations [24], the relative contribution of both processes
remains unclear.

Interestingly, microglial activation is also observed in
the contralateral, uninjured eye. Although the increase in
microglial density is not as high as in the ipsilateral retina and
is mostly confined to the central retina, clear morphological
changes can be observed [52, 53]. This suggests microglial
activation in both eyes upon unilateral optic nerve damage,
pointing towards cross-talk between both eyes, whichmay be
orchestrated via the optic chiasm or hematogenous transfer-
ence [53, 55]. Yet, its physiological function remains to be elu-
cidated. Of note, this finding then also clearly indicates that
the use of the contralateral eye as an internal control in retinal
de- and regeneration studies should be reconsidered [53].

Next to the reactivated amoeboid microglia, another
unique, so-called rod microglial morphology has recently
been described in the mouse retina after optic nerve injury
[56]. Rod microglia are first discovered after injury in the
brain cortex [57] and are also described in the retina in a laser-
induced ocular hypertension model for glaucoma [58, 59].
After optic nerve injury, the rod microglia are present from
day 7 and are completely gone by 6 weeks.They are suggested
to form the major group of phagocytic cells in the retina
during this time [56].

The functional role of resident microglia in neuropro-
tection and axonal regeneration after optic nerve injury has
not yet been studied in detail. Instead, most attention has
been given to the role of retinal macroglia (mostly astrocytes)
on the one hand and infiltrating leukocytes (neutrophils and
macrophages) on the other hand. Nevertheless, some debate
exists on their relative importance. Firstly, axonal regenera-
tion can be stimulated via intravitreal injection of zymosan,
which causes the infiltration of neutrophils andmacrophages.
These cells may in turn serve as a source for oncomodulin, a
small calcium-binding protein that has been suggested to
be one of the major mediators of the beneficial effect of
the intraocular inflammation on axonal regeneration (Fig-
ure 1(a)). Its function is dependent on the presence of cAMP
and mannose [60–62] and thought to result from its binding
to a high-affinity receptor on RGCs [60, 63]. Administration
of a peptide competing for oncomodulin receptor binding
was found to prohibit axon growth after optic nerve injury
in mice [16, 61, 63]. Furthermore, combined deletion of
dectin-1 and TLR2, both coding for pattern recognition
receptors expressed by inflammatory cells and necessary to
respond to inflammatory stimulation, completely abolishes
the regeneration-promoting effect of zymosan, again point-
ing towards the importance of immune mediators in axonal
regeneration [64].

Second, inflammatory stimulation also induces the
release of cytokines from activated retinal macroglia. Three
cytokines from the IL-6 superfamily, namely, ciliary neu-
rotrophic factor (CNTF), leukemia inhibitory factor (LIF),
and IL-6, have been proposed as key mediators of the stim-
ulating effect of inflammation on optic nerve regeneration
[4, 65, 66] (Figure 1(a)). Indeed, the neuroprotective and
axon growth stimulating effects of inflammatory stimulation
are diminished in CNTF knock-out mice and abolished
in CNTF/LIF double knock-out mice, thereby ascribing a
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Figure 1: Summary of the current knowledge of the role of acute inflammation in axonal regeneration, in mammals and zebrafish. (a)
After optic nerve injury in mammals, surveying retinal microglia become reactivated, proliferate, and transform into amoeboid microglia.
Inflammatory stimulation (green arrows), which can be achieved via administration of TLR2 agonists or lens injury, further induces micro-
and macroglial cell activation and an influx of neutrophils and blood-borne macrophages to the vitreous. Infiltrating macrophages and
neutrophils secrete oncomodulin (Ocm), an inflammatory mediator that is thought to act on RGCs directly. Moreover, inflammatory
stimulation elicits the secretion of IL-6 family cytokines from reactive astrocytes. Signal transduction of these cytokines is primarily mediated
via the JAK/STAT3 and mTOR pathways in RGCs. Thus, inflammatory stimulation activates the intrinsic growth state of RGCs, and when
combined with SOCS3 and/or PTEN deletion, feedback inhibitors of the JAK/STAT3 and mTOR pathway, respectively, axon regeneration
beyond the glial scar can be obtained. (b) After an injury in the mammalian spinal cord microglia are activated, and neutrophils and
blood-borne macrophages are recruited to the lesion site. Microglia/macrophages mostly adopt the proinflammatory phenotype and secrete
proinflammatory cytokines such as TNF-𝛼 and IL-1𝛽, while anti-inflammatory microglia/macrophages, which produce anti-inflammatory
cytokines including IL-4 and IL-10, only represent a small percentage. Since the proinflammatory type is associated with adverse effects on
regeneration, while anti-inflammatory cells are assumed to be protective and growth-promoting, treatments that stimulate anti-inflammatory
activation at the expense of the proinflammatory type (green arrows) improve axonal growth beyond the glial scar and coincide with a better
regenerative outcome. (c) Stimulation of acute inflammation after optic nerve injury in zebrafish activates microglia and induces recruitment
of neutrophils and blood-borne macrophages, mirroring the situation in mammals. This results in an acceleration of the spontaneous
regenerative process. Although it has already been shown that LIF and the JAK/STAT3 and mTOR pathways are implicated in optic nerve
regeneration in zebrafish as well, the precise mechanism of how the positive effects of acute inflammation is mediated remains elusive. (d)
After a spinal cord injury in zebrafish,microglia are activated and neutrophils and blood-bornemacrophages infiltrate the lesion site, although
their precise contribution to axonal regeneration is still unknown. Despite pro- and anti-inflammatory macrophages have been described
in zebrafish injury models outside the CNS, the polarization of microglia/macrophages after spinal cord injury has not yet been studied.
Strikingly, a growth-permissive glial bridge is formed at the lesion site, while glial scar is absent in zebrafish.

principal role toCNTF,with LIF as an additional contributing
factor [65]. Of note, direct intravitreal administration of
CNTFhas only limited effects on axonal regeneration, yet this
might be explained by the short half-life of the protein in the
vitreous [40, 67, 68]. The continuous release of CNTF and
LIF by astrocytes after inflammatory stimulation, ensuring

prolonged supply to RGCs, can be mimicked via AAV-
mediated expression of CNTF in RGCs [69–71] or in Müller
glia [72]. This viral CNTF expression has stronger effects on
neuroprotection and axonal regeneration than those achieved
via intravitreal injection, eliciting long-distance regrowth of
axons up to the optic chiasm, but rarely beyond [1, 72].
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Altogether, these studies clearly indicate that this group of
cytokines plays a determining role in optic nerve regenera-
tion. To date, however, the relative importance of oncomodu-
lin, CNTF, LIF, IL-6, and other inflammatory factors has not
yet been fully elucidated.

The importance of acute inflammation as a positive deter-
minant in optic nerve regeneration is also reflected in some
of the downstream molecular mechanisms and pathways
identified thus far. Signal transduction of IL-6 superfamily
cytokines is primarily mediated via the Janus Kinase/Signal
Transducers and Activators of Transcription (JAK/STAT)
pathway, which has been identified as an important positive
player in optic nerve regeneration. The protein suppressor of
cytokine signaling 3 (SOCS3), a feedback inhibitor of the
JAK/STAT pathway, has counteracting effects on axon regen-
eration after optic nerve injury. Accordingly, deletion of the
SOCS3 gene markedly enhances axon growth and improves
the regenerative outcome of intravitreal CNTF administra-
tion [4, 10, 73]. Consistently, AAV-mediated overexpression
of SOCS3 in RGCs almost completely abolishes RGC regen-
eration and suppresses the otherwise neurotrophic effect
of intravitreal CNTF administration [74]. Of note, it has
been shown that SOCS3 expression can be counteracted be
delivering cAMP [75], whichmight explain the positive effect
of elevating cAMP levels on axonal regeneration induced
by inflammatory stimulation [4, 76]. Deletion of SOCS3,
combinedwith a deletion of phosphatase and tensin homolog
(PTEN), an upstream inhibitor of the mammalian target of
rapamycin (mTOR) pathway that is also repeatedly shown to
inhibit axonal regeneration, whether or not in combination
with inflammatory stimulation [76–78], has been reported to
induce a remarkable regenerative response [8–10, 76]. One
study that uses PTEN deletion in combination with zymosan
and a cAMP analog even reports scanty reinnervation of
visual brain areas, including the lateral geniculate nucleus
and the superior colliculus, and partial visual recovery [8].
Recently, it has also been shown that enhancing neural activ-
ity of RGCs via visual stimulation or chemogenetics, in com-
bination with stimulation of mTOR activity by overexpress-
ing the positive regulator Ras homolog enriched in brain
1 (Rheb1), enables long-distance and target-specific RGC
axonal regeneration. This is accompanied by partial restora-
tion of visual function [79]. Furthermore, continuous AAV-
driven expression of hyper IL-6 cytokine (hIL-6), a designer
cytokine that consist of the covalently linked bioactive parts
of IL-6 and IL-6R𝛼, in RGCs has been recently described
as the most potent unifactorial treatment to promote axonal
regeneration known thus far. When combined with PTEN
deletion, hIL-6 improves optic nerve regeneration even
more, with some axons reaching the chiasm within 3 weeks
after optic nerve injury [78]. Conclusively, novel therapeutic
approaches based on recent insights in the beneficial role
of inflammatory mediators in regenerative processes hold
exciting promise.

2.3. Mediators of Inflammation in Spinal Cord Regeneration

2.3.1. Inflammatory Events at the Injury Site. Similar to
other CNS injuries, damage to the spinal cord is followed

by an acute inflammatory response. Resident microglia are
activated, and neutrophils, macrophages, and lymphocytes
infiltrate the lesion site. Also here, this inflammatory reaction
eventually becomes chronic, and reactive astrocytes form a
regeneration-inhibiting glial scar [19, 80, 81]. In the search
for the exact contribution of inflammation to the regenerative
potential, most studies in the field of spinal cord regeneration
have focused on the role of microglia and blood-borne
macrophages. Resident microglia are the first to respond to
the injury, and infiltrating macrophages reach the injury site
during the following days [82–86]. Most of these monocyte-
derived macrophages originate from the spleen, while only a
minority is mobilized from the bone marrow reservoir [86].

It has been proposed that different states of microglia/
macrophage activation may influence the repair process
[87]. Indeed, monocyte-derived macrophages polarize into
different phenotypes, which are determined by the microen-
vironment and may change in response to new stimuli [88].
These functional states are generally divided into two main
classes, based on the activation pathway, known as the “clas-
sically activated” proinflammatory M1 macrophages and the
“alternatively activated” anti-inflammatoryM2macrophages.
Later, additional subtypes of M2 (M2a, M2b, and M2c) have
been described. However, macrophage activation is far more
diverse than these simple categories. As such, theM1/M2phe-
notypes rather represent two extreme poles, with in between
a whole spectrum of activation states with overlapping prop-
erties [89–92]. A similar polarization has also been described
for microglia [18]. Although there is now a general consen-
sus that this M1/M2 classification of microglia/macrophage
activation is an oversimplification, it nevertheless persists as
a conceptual framework to facilitate our understanding of
microglia/macrophage function [93].

After spinal cord injury, proinflammatory,M1-likemacro-
phages are associated with secondary tissue damage, neu-
ronal loss, axon retraction and demyelination, while anti-
inflammatory, M2-like macrophages are assumed to be
protective and promoting axon growth. In this regard, the
balance between pro- and anti-inflammatory macrophages
could be a major factor determining the regenerative out-
come [19, 23]. Indeed, it has been demonstrated that most
microglia/macrophages in the injured spinal cord display an
M1-like activation state, with only a limited and transient
presence of M2-like cells. Moreover, evidence suggests that
lesion-derived factors (cytokines, chemokines, etc.) affect
the microglial/macrophage phenotype, thereby favouring the
proinflammatory state [94]. Therefore, it has been hypothe-
sized that shifting macrophage activation towards the anti-
inflammatory state may improve the regenerative outcome,
mirroring successful tissue repair responses such as those
occurring after skin or muscle injuries [87]. Some recent
studies have indeed provided evidence for the beneficial
effect of an augmented number of M2-like macrophages. For
example, transfer of in vitro polarized M2-like macrophages
to the damaged spinal cord improves functional recovery.
Notably, this transfer of M2-like cells is suggested to alter
the local microenvironment, thereby promoting the anti-
inflammatory state [95]. Moreover, blocking of the IL-6 sig-
naling pathway, via inhibition of the IL-6 receptor, results in
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an increase inM2-likemicroglia/macrophages at the expense
of the M1-like type. Indeed, this treatment inhibits classical
activation and promotes the alternative pathway and is
accompanied by an improved functional recovery [96]. Taken
together, these studies suggest that promoting alternative
microglial/macrophage activation is a promising strategy to
induce spinal cord regeneration (Figure 1(b)). Of note, it has
been argued that activated microglia and monocyte-derived
macrophages form functionally distinct, nonredundant cell
populations after spinal cord injury and do not contribute
equally to the repair process. As such, it has been suggested
that microglia rather than infiltrating macrophages unequiv-
ocally express markers for the pro- or anti-inflammatory
phenotype [86].Moreover, the beneficial secretion of the anti-
inflammatory cytokine IL-10 is attributed to (a subset of)
infiltrating macrophages but cannot be provided by the acti-
vated resident microglia [24]. Yet, the relative contribution of
microglia and macrophages still needs further clarification.

2.3.2. Inflammatory Events at the Cell Soma of the Injured
Neurons. Similar to the visual system, one should not only
consider acute inflammation at the injury site itself but also
turn to the cell soma of the axotomised neurons. However,
the spinal cord is a much more complex structure than the
optic nerve. While the latter only consists of RGC axons, the
spinal cord is a well organised structure comprising neurons
and axons of different types [97]. The cell bodies of the axo-
tomised axons after spinal cord injury thus reside at different
locations, challenging an unequivocal study of the inflamma-
tory events that are provoked there. It has been repeatedly
shown that spinal cord injuries induce widespread microglial
activation in different brain areas, also outside the regions
where the cell bodies of descending axon tracts are located
[98–100]. However, this has mostly been associated with
cognitive impairments and neuropathic pain as a result of the
injury and not yet to regenerative processes. Thus, whether
modification of these inflammatory responses would con-
tribute to enhanced regeneration of the spinal cord remains
elusive.

3. Successful Coupling of Neuroinflammation
and CNS Regeneration in Zebrafish

Since adult zebrafish are capable of functional recovery after
many CNS injuries, including optic nerve and spinal cord
damage [27], they provide an attractive approach to study
the interplay of inflammatory processes and CNS repair in
a regenerative-supporting setting. Research inmammalsmay
benefit from comparative studies in zebrafish. Amongst other
advantages, this species provides an example of how acute
inflammation can be linked to successful axonal regeneration.
Importantly, the zebrafish immune system is highly com-
parable to its mammalian counterpart. The major immune
cell lineages have been identified in zebrafish, and many
of the immune receptor classes, signaling pathways, and
inflammatory mediators are conserved as well [101].

3.1. Acute Inflammation in Zebrafish Optic Nerve Regenera-
tion. Also in zebrafish, optic nerve injury models are well

established.However, in contrast tomammals, inwhich a vast
number of RGCs undergo apoptosis after optic nerve injury
[5, 102], the large majority of their zebrafish counterparts
seem protected and do survive the lesion [103, 104]. In a
subsequent regenerative process, the damaged RGCs regrow
their axons and reinnervate the target areas in the brain, of
which the optic tectum is by far themost important [105–107].
The reestablished synaptic contacts are remarkably accurate
and visual function eventually recovers, as shown by means
of various vision-guided behavioural assays [27, 104].

Although the flawless regenerative responses after optic
nerve injury in zebrafish are well known, the underlying
cellular and molecular bases are less well understood. Never-
theless, analysis of gene expression patterns after optic nerve
injury has already provided a framework for further func-
tional studies [108, 109], and recent efforts have started to
uncover the regulating mechanisms (recently reviewed by
[110]). Noteworthy, no glial scar tissue is formed at the injury
site. This may be attributed to the presumed absence of
astrocytes in zebrafish. Instead, radial glial cells are assumed
to take over at least part of the functions ofmammalian astro-
cytes throughout the zebrafish CNS. Thus, the absence of a
regeneration-inhibiting glial upon injury, may to some extent
be explained by the functional differences between mam-
malian astrocytes and zebrafish radial glia [111].

Of importance, there is evidence to support the hypothe-
sis that acute retinal neuroinflammation might provide the
right context for the initiation of a regenerative response.
Firstly, an acute inflammatory response is observed after optic
nerve crush in fish, which has been suggested to positively
contribute to regeneration. More specifically, the number of
microglia/macrophages in the retina increases significantly
from 3 days after optic nerve crush onwards but is resolved
around 3 weeks after the injury [103]. Furthermore, intravit-
real application of zymosan, which results in a massive num-
ber of neutrophils and microglia/macrophages in the retina,
efficiently stimulates optic nerve regeneration in zebrafish-
[103] (Figure 1(c)). Of note, application of zymosan has been
associated with folding and retinal detachment of the mouse
retina [112]. Although this cannot completely be ruled out,
these effects have not been reported in zebrafish. In our
laboratory, we have been able to confirm the positive effect
of intravitreal zymosan injection on the regenerative process.
Zymosan administration 3 days prior to optic nerve injury
highly stimulated RGC axonal regeneration, assessed at 7
days after injury via anterograde biocytin tracing as described
previously [113, 114]. Indeed, reinnervation of the optic tec-
tum was found to be significantly increased in the zymosan-
treated group, indicating that inflammatory stimulation
accelerated the regenerative response after optic nerve injury
in zebrafish (Figure 2). Thus, also in zebrafish inflammatory
cells seem to have extensive effects on regeneration.

Second, recent evidence indicates that also in zebrafish
the IL-6 cytokine superfamily stimulates axonal regeneration
in an autocrine/paracrine manner, where especially LIF,
rather than CNTF or IL-6, seems to be involved. LIF is upreg-
ulated upon injury in the fish retina and suggested to play a
beneficial role in the early phase of the regenerative process
[115, 116]. Strikingly and similar to mammals, endogenous
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Figure 2: Intravitreal injection of zymosan accelerates axonal regeneration in zebrafish. (a) Representative images of biocytin-labeled axons
in the contralateral optic tectum of naive fish (left) and fish treated with vehicle or zymosan, at 7 days after optic nerve injury (middle and
right, resp.). The stratum opticum (SO), the layer through which the RGC axons innervate the tectum, is indicated. Scale bar = 50𝜇m. (b)
Quantification of the reinnervated area of the optic tectum in fish treated with vehicle or zymosan at 7 days after injury, relative to naive
fish. Intravitreal injection of zymosan significantly accelerates reinnervation, which is already close to naive levels in zymosan treated fish as
compared to vehicle-injected fish. Data represent mean ± SEM (𝑛 ≥ 3 animals per group, ∗𝑝 < 0.05, and ∗∗𝑝 < 0.01).

expression of zebrafish Socs3a also counteracts regenera-
tion after optic nerve injury, as is evidenced by enhanced
RGC axonal regeneration after Socs3a knockdown. However,
despite the activation of this inhibitory pathway, zebrafish
still possess the ability of robust axonal regeneration [115].
Furthermore, inhibiting mTOR activity compromises optic
nerve regeneration. This indicates a supportive role for
mTOR, although it seems ancillary rather than essential for
zebrafish axonal regeneration [117]. Clearly, factors counter-
acting regeneration are not absent in zebrafish, yet evolution
seems to have provided them with a way to overcome these
inhibitory mechanisms. The key to successful regeneration
in mammals may thus reside in finding a proper balance
between growth inhibition and stimulation [1, 110].

3.2. Acute Inflammation in Zebrafish Spinal Cord Regenera-
tion. Models to study spinal cord regeneration are well devel-
oped in adult zebrafish, where, again, damage to the spinal
cord is followed by a spontaneous regeneration process. After
a complete spinal cord transection, a growth-permissive glial
cell bridge is formed between the rostral and caudal lesion site
[118] and, by two weeks after injury, cerebrospinal axons have
started to regenerate beyond the transection site. This axonal
regeneration correlates with functional recovery, and most
fish regain their swimming abilities by five to eight weeks
after injury [27, 119]. Of note, the regenerative potential is not
equal for all axons in the spinal cord, as some axon types show
only poor regrowth [27]. Apart from axonal regeneration,
regenerative neurogenesis has also been described after spinal
cord injury in zebrafish. Motor neurons and different types of
interneurons are generated from radial glial cells in the region
adjacent to the injury site [120]. It has been demonstrated that
some newly generated motor neurons may even be capable
of connecting with their peripheral muscle targets, indicative
of effective integration into the existing spinal network [121].

However, since this only applies to a small number of new-
born motor neurons, it remains uncertain whether regen-
erative neurogenesis significantly contributes to functional
recovery [122].

Damage to the zebrafish spinal cord induces an acute
inflammatory response, including the activation of microglia
and monocyte-derived macrophages [123, 124]. However, its
functional contribution to the regenerative process remains
largely unexplored [125] (Figure 1(d)). One study reports that
lysophosphatidic acid has proinflammatory but antiregener-
ative effects after spinal cord injury, in zebrafish as well as
in mice [126]. However, this does not completely rule out
the possibility of a beneficial role of inflammatory cells, since
their phenotype can differ upondifferent types of stimulation,
as described above. Besides, it has been demonstrated that
zebrafish Ptena negatively affects regeneration after spinal
cord injury, a finding that mirrors the observations in
mammals [127] and can be linked to inflammatory pathways,
as described above. Lastly, in a model of motor neuron abla-
tion in larval zebrafish, in which motor neurons regenerate
from spinal progenitor cells, the microglia/macrophages that
gather at the lesion site are suggested to play a beneficial
role during regeneration. Indeed, suppressing the immune
response via treatment with dexamethasone, a synthetic glu-
cocorticoid with anti-inflammatory effects [128] significantly
suppresses motor neuron regeneration [129]. Yet, in-depth
characterization of the role of acute inflammation in zebrafish
spinal cord regeneration is lacking.

3.3. Acute Inflammation in Other Zebrafish Regenerative
Models. Neuroinflammation has been put forward as an
important underpinning of successful regeneration in other
zebrafish CNS injurymodels as well. In contrast tomammals,
in which a stab injury in the CNS is followed by massive neu-
ronal cell death, reactive gliosis, and the eventual formation
of a growth-inhibiting glial scar [28, 130–132], zebrafish can
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recover from such a lesion. Although cell death and reactive
proliferation of microglia, oligodendrocytes, and other cells
are observed in zebrafish as well, this resolves quickly and no
evidence of glial scar tissue can be found [28, 29, 132]. Fur-
thermore, zebrafish are able to initiate massive regenerative
neurogenesis to compensate for the lost neurons.These newly
generated neurons derive from proliferating radial glia cells
[133]. Importantly, it has been proposed that acute neuroin-
flammation acts as a beneficial regulator of de novo neuro-
genesis in zebrafish. Systemic treatment with dexamethasone
reduces the number of microglia/macrophages at the lesion
site, coinciding with a diminished proliferation of radial
glia and less newborn neurons, thus preventing regeneration
after stab injury to the telencephalon [29]. Furthermore,
the leukotriene signaling pathway appears to be a pivotal
component of the inflammatory reaction and leukotriene
C4 (LTC4), which signals through the cysteinyl leukotriene
receptor 1 (CysLT1), is found to be necessary and sufficient
for the initiation of neural progenitor proliferation and sub-
sequent neurogenesis. Conclusively, inflammation appears to
positively affect the reparative capacities in the zebrafish CNS
[28, 29, 134, 135].

3.4. Macrophage Polarization in Zebrafish. Recently, M1- and
M2-like macrophage subsets have also been observed in
zebrafish. They express some of the markers that are typical
for their mammalian counterparts. After caudal fin ampu-
tation or bacterial infection in larval fish, these macrophage
phenotypes are activated in a time-dependent manner. Mir-
roring successful wound healing in mammals, monocyte-
derived macrophages are recruited to the site of injury, where
they first adopt a proinflammatory M1-like phenotype. In a
later stage, this phenotype is progressively converted to M2-
like, encompassing intermediate phenotypes in which both
M1 and M2 markers are expressed [136]. This sequential M1-
M2 response is supposed to be optimal for regeneration and
contrasts the overwhelming presence of proinflammatory
M1 microglia/macrophages observed after CNS injuries
in mammals. Although supporting evidence from other
zebrafish regeneration models is still needed, this study pro-
vides a first indication of functional similarities of microglia/
macrophages in zebrafish and mammals.

4. The Impact of Inflammaging

To date, most studies aiming at the induction of CNS
regeneration in mammals have been performed in young
adult animals.However, the effect of aging on the regenerative
mechanisms should not be overlooked. The limited regener-
ative capacity of the adult mammalian CNS further declines
upon aging, and aging processes compromise the implemen-
tation of therapeutic strategies [137]. This is a major concern,
especially since aging is one of themost important risk factors
for many neurodegenerative diseases, and regenerative ther-
apies are therefore most needed in elderly. Importantly, the
immune system is subjected to aging as well, adding another
level of complexity to this issue. Here, we will focus on the
physiology of microglia and blood-borne macrophages in an

aging context, and the consequences for repair after CNS
injury.

4.1. Inflammaging in Mammals. It is well recognized that
mammalian aging is accompanied by a low-grade, chronic
proinflammatory state, which is also referred to as “inflam-
maging” and can be considered as amanifestation of immun-
osenescence [34, 138, 139]. Inflammaging is a systemic phe-
nomenon that also affects the CNS. In the rodent retina,
it is associated with morphological changes and functional
impairments of microglia [32, 140]. This includes a slight but
significant increase in microglial cell density, which is also
observed in some other brain regions [141, 142], but not in
all [143, 144]. One explanation for this phenomenonmight be
a reduced functionality of individual microglia, resulting in
the necessity for more cells [32, 145]. Secondly, the ordered
distribution of microglia throughout the retina seems to be
deteriorating upon aging: they migrate from the inner retina
towards the periphery and accumulate in the subretinal space,
which is normally devoid of microglia [141, 142]. In addition,
aged retinal microglia show reduced arborisation and slower
process motilities, which likely compromise their dynamic
surveying behaviour, further suggesting functional defects
[141]. As similar observations are made in other brain regions
as well [146, 147], there is increasing evidence for an age-
related decline in the ability of microglia to perform their
normal tasks in the CNS.

In addition, microglia develop age-related changes in
their immune physiology. Evidence suggests that they
adopt an altered, more inflammatory status, associated with
increased expression of activationmarkers and proinflamma-
tory cytokines [32]. This phenomenon has also been referred
to as microglial sensitization or “priming.” Indeed, the
microglial responsiveness to stressors or damage cues from
the local environment or the periphery is increased in aged
individuals, and the resulting inflammatory reaction is more
pronounced than in young adults [148, 149]. Thus, although
seemingly contradictory, the functional impairments associ-
ated with microglial senescence may be accompanied by an
exaggerated response to stress or injury because of microglial
priming [149]. Of importance, these age-related changes in
microglial function may render the CNS more vulnerable to
neurodegeneration, but may also highly impact regenerative
abilities [33, 150].

4.2. The Impact of Inflammaging on Mammalian CNS Regen-
eration. As a result of microglial priming, detrimental effects
of the immune response upon injury may be promoted in
aged individuals, thereby suppressing the beneficial aspects of
inflammation and further restricting regenerative capacities.
Some studies have already provided evidence for this hypoth-
esis in different injury models. Firstly, after traumatic brain
injury, the microglial response was indeed found to be more
pronounced and prolonged in aged mice compared to young
adults [151]. Another study shows that traumatic brain injury
results in larger lesions in aged mice. Alongside, the immune
activation is exaggerated, and an increased ratio of pro- to
anti-inflammatory microglia/macrophages has been demon-
strated [152]. Secondly, reduced functional recovery upon
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aging is also observed after spinal cord injury in mice and
has been correlated with impairments in the induction of IL-
4 receptor 𝛼 (IL-4R𝛼) expression in microglia. The authors
suggest that the impaired recovery in aged mice is related to
a reduced responsiveness of microglia/macrophages to IL-4
and thus a shift towards a proinflammatory cytokine activa-
tion [153]. Recently, this research group also demonstrated
an age-related decline in macrophage IL-10 expression after
spinal cord injury. Since IL-10 is a key indicator of M2-like
activation, this points to a reduction in the number of anti-
inflammatory macrophages, and thus a disrupted balance
between macrophage phenotypes, which presumably under-
lies the observed impairment in functional recovery with age
[154]. Lastly, age-related deteriorations of microglia have also
been found after damage to the retina. In a laser-induced
injury model, senescent microglia respond more slowly; that
is, their process motility and migration rate are reduced. In
addition, senescentmicroglia remain present at the injury site
for a longer time period than in their young adult counter-
parts, indicating that resolution of the inflammatory reaction
is retarded upon aging. Unfortunately, age-related differences
in injury severity and functional recovery were not addressed
in this study [141]. Conclusively, aging of microglia and
blood-derivedmacrophages undoubtedly affects the regener-
ative capacity after CNS injuries.

4.3. The Effect of Inflammaging on the Zebrafish Regenerative
Potential. Recently, the zebrafish has emerged as a valuable
model for human aging. Substantial evidence points towards
the presence of aging hallmarks in zebrafish, also in the CNS
(reviewed by [35]). Therefore, it is an attractive model organ-
ism to shed light on the relationship between aging and regen-
erative capacities. An age-dependent decline in the regener-
ative capacity of the spinal cord has already been suggested
[155], based on early findings in goldfish [156]. However, a
comprehensive study of the effect of aging on axonal regen-
eration in the zebrafish CNS is still lacking, and the impact of
inflammation herein has not yet been investigated. Currently,
the only evidence that age-related alterations in the immune
system may potentially underlie a diminished regenerative
capacity in senescent fish comes from a model of optic
nerve remyelination. Of note, in both rodents and zebra-
fish, the ability to restore myelin sheaths is high in young
individuals but decreases upon aging. It has been suggested
that after optic nerve demyelination in aged zebrafish,
the reduced remyelination is a result of an impaired
response ofmicroglia/macrophages. Indeed, whilemicroglia/
macrophages are recruited to the lesion site in young adults
at four days after injury, their number at this time point is
not significantly different from the naive condition in aged
fish [157]. Overall, although an association between altered
inflammation and attenuated regeneration upon aging has
already been put forward, the impact of (inflamm)aging on
the normally flawless regenerative process in the zebrafish
CNS is scarcely studied and awaits further in-depth charac-
terization.

5. Conclusion

Over the past years, neurodegenerative diseases and CNS
trauma have been a major focus on neuroscience research,
with many studies dedicated to the elucidation of the cel-
lular and molecular changes that underlie their pathology.
The innate immune system is undoubtedly involved in the
pathogenesis of many of these CNS conditions, yet increasing
evidence suggests that it can also beneficially contribute
to the regenerative process. Indeed, a balanced activity of
inflammatory cell types, of which microglia and blood-
borne macrophages are the most studied, has been shown to
improve morphological and functional recovery after injury
in optic nerve and spinal cord injury models.

Unlike mammals, zebrafish possess a powerful regener-
ative capacity after CNS lesions, which leads to successful
repair and seems to coincide with a favourable inflammatory
state. Further uncovering of the mechanisms that control
inflammatory and regenerative processes might provide
fruitful insights that may lead to the identification of innova-
tive therapeutic targets for human patients.

Noteworthy, we foresee that an important hurdlewill have
to be taken in the development of novel CNS regenerative
strategies from bench to bedside, being the fact that aging
processes affect the already limited regenerative potential in
mammals. Since the innate immune system is subjected to
aging as well, it is assumed to react differently to injuries in
aged individuals. Increasing evidence for a detrimental effect
of inflammaging on the regenerative outcome is emerging,
but further in-depth characterization in both mammals and
zebrafish is highly warranted.
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Microglial cells are responsible for immune surveillancewithin theCNS.They respond to noxious stimuli by releasing inflammatory
mediators and mounting an effective inflammatory response. This is followed by release of anti-inflammatory mediators and
resolution of the inflammatory response. Alterations to this delicate process may lead to tissue damage, neuroinflammation, and
neurodegeneration. Chronic pain, such as inflammatory or neuropathic pain, is accompanied by neuroimmune activation, and the
role of glial cells in the initiation and maintenance of chronic pain has been the subject of increasing research over the last two
decades. Neuropeptides are small amino acidic molecules with the ability to regulate neuronal activity and thereby affect various
functions such as thermoregulation, reproductive behavior, food and water intake, and circadian rhythms. Neuropeptides can also
affect inflammatory responses and pain sensitivity by modulating the activity of glial cells. The last decade has witnessed growing
interest in the study of microglial activation and its modulation by neuropeptides in the hope of developing new therapeutics for
treating neurodegenerative diseases and chronic pain. This review summarizes the current literature on the way in which several
neuropeptides modulate microglial activity and response to tissue damage and how this modulation may affect pain sensitivity.

1. Introduction

Microglial cells are the resident macrophage-like cells of
the central nervous system (CNS). They are in charge of
immune surveillance and of sampling the microenvironment
through their numerous cellular processes. When faced
with an insult or pathogenic agent they rapidly respond by
developing a classic proinflammatory program (termed M1),
releasing inflammatory mediators such as tumour necrosis
factor- (TNF-) 𝛼, Interleukin- (IL-) 1𝛽, IL-12, reactive oxygen
species (ROS), nitric oxide (NO), prostaglandins (PGs), and
chemokines that help recruit other immune cells to the
injured zone and amplify the inflammatory response. Once
the noxious stimulus has been dealt with, it is crucial that
the inflammatory response be dampened and resolved; this
is achieved by active redirection of microglial phenotype

towards an alternative immunomodulatory or acquired deac-
tivation profile (termedM2), characterized by release of anti-
inflammatory cytokines such as transforming growth factor-
(TGF-) 𝛽 and IL-10, and expression of Arginase-1 (AG1)
[1]. These immunomodulatory mediators inhibit the release
of proinflammatory factors from immune and nonimmune
cells and promote tissue regeneration, thereby facilitating the
return to homeostasis. When the resolution phase of the
inflammatory response is altered, excessive damage to the
affected tissue may ensue, potentially leading to cell death
and neurodegeneration. In fact, microglial proinflammatory
activation has been implicated in the pathology of many
neurodegenerative disorders such as Parkinson’s disease (PD)
[2], Alzheimer’s disease (AD) [3], multiple sclerosis (MS),
and AIDS dementia [4] where neuronal damage occurs as
a consequence of a prolonged proinflammatory response
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and more recently, in several neuropsychiatric conditions
[5]. Thus, the modulation of microglial activation is of great
importance in the context of inflammatory and degenerative
diseases of the CNS.

Over the last two decades, increasing attention has been
brought to the role of glial cells in the development and
maintenance of chronic pain, cumulative evidence suggesting
that chronic pain could be the result of dysregulated glial
activity [6]. Mediators such as proinflammatory cytokines,
chemokines, PGE2, and NO produced mainly by microglial
cells and by other nonneuronal cells of the nervous and
immune systems are known to contribute to pain hypersensi-
tivity by activating nociceptive neurons in the CNS and in the
peripheral nervous system (PNS) [7]. Concordantly, changes
inmorphological features and expression of molecular mark-
ers characteristic of an activated microglial phenotype have
been observed in different animal models of nerve injury
and pain [8], strongly suggesting reactive microglia might
be involved in these pathological processes of the nervous
system. In particular, many studies have demonstrated a cen-
tral role for microglial p38 mitogen-activated protein kinase
(MAPK) activation in the pathogenesis of neuropathic pain
[7]. The role of this kinase in microglial signaling is pivotal
since it can be activated by multiple microglial receptors, and
it also regulates the synthesis of many inflammatory media-
tors associated with pain facilitation. Moreover, p38 MAPK
is selectively activated in spinal microglial cells after spinal
nerve ligation (SNL), and administration of a p38 MAPK
inhibitor significantly attenuates allodynia [7], underscoring
its role in nociception. Another well-recognized mediator
of microglial-neuron communication in neuropathic pain
transmission is brain-derived neurotrophic factor (BDNF),
which is induced and released from microglial cells upon
ATP stimulation, and mediates the depolarizing shift in the
anion reversal potential in spinal neurons underlying neuro-
pathic pain [9]. To further underscore the role of microglia
in nociception, administration of the microglial inhibitor
minocycline has been shown to attenuate pain hypersensitiv-
ity in models of pain facilitation [10], spinal cord injury (SCI)
[11], burn injury-induced pain [12], SNL [13], inflammation-
evoked hyperalgesia [14], and chronic constriction injury
(CCI) [15], among others. Altogether, evidence suggests that
modulators of microglial activation could potentially be
employed as antinociceptive agents in pain management.

Neuropeptides are small amino acidic molecules pro-
duced mainly, though not exclusively, by cells of the nervous
system. Typically, they have the capacity to regulate neu-
ronal activity and may affect a great variety of central and
peripheral functions, such as thermoregulation, reproductive
behavior, food and water intake, and circadian rhythms [16].
Neuropeptides are also major regulators of immune and
inflammatory responses; they affect pain sensitivity and are
known to play an important role in neurogenesis, acting
not only on neuronal cells but also on glial cells. Microglial
cells express a variety of neuropeptide and neurotransmitter
receptors which modulate microglial function [17], and the
last decade has witnessed growing interest in the study of
microglial activation, their role in neuroinflammation and
neurodegeneration, and their modulation by neuropeptides.

Here, we review the role of neuropeptides in the mod-
ulation of microglial function (Figure 1). We have selected
neuropeptides for which microglial cells are known to
express specific receptors (Table 1), which might therefore
directly affectmicroglial activity and influence processes such
as inflammation, neurodegeneration, and pain sensitivity.
Although the main focus is set on microglial cells, some
data obtained in macrophages is provided in order to discuss
similarities and differences between these cell types. It is
important to bear in mind that microglial cells comprise a
very heterogeneous population, and this heterogeneity also
applies to their ability to respond to neuropeptides; in vitro
studies using isolated microglia have demonstrated that only
a fraction of the whole population actually responds to a
certain neuropeptide and that this fraction can be altered
depending on the activation state of the cells [18]. Conse-
quently, caution should be taken when interpreting data from
isolated microglia, and more importantly, when comparing
the behavior of primary microglia to that of peripheral
macrophages or to that of a microglia/macrophage cell line.

2. POMC-Derived Peptides

Within the CNS, the proopiomelanocortin (POMC) gene
is mainly expressed in neurons from the arcuate nucleus
(ARC) of the hypothalamus which project into the paraven-
tricular nucleus, lateral hypothalamus, and other regions of
the brain such as amygdala, cortex, hippocampus, medulla,
mesencephalon, and spinal cord [19]. Through the action
of tissue-specific prohormone convertases, it is posttrans-
lationally processed to yield adrenocorticotropic hormone
(ACTH), 𝛼-melanocyte-stimulating hormone (𝛼-MSH), 𝛽-
MSH, and 𝛾-MSH, collectively known as melanocortins,
and the endogenous opioid 𝛽-endorphin (𝛽-END). The
melanocortin system is involved in the regulation of a
great variety of functions such as food intake and energy
expenditure, sexual behavior, exocrine gland secretion, fever
control, pigmentation, learning, and memory [20, 21]. This
system is also tightly linked to control of inflammation, both
centrally and peripherally, by exerting anti-inflammatory
actions on cells of the immune system including lymphocytes,
monocytes, and macrophages, as well as nonimmune cells
such as melanocytes, keratinocytes, and adipocytes, among
others [22]. Melanocortins may also regulate macrophage
differentiation into tissue-specific cells such as osteoclasts,
Kupffer cells, andmicroglia [23], further highlighting the role
of these neuropeptides as modulators of immunity.

Despite the long recognized anti-inflammatory prop-
erties of melanocortins, little is known about their direct
influence on microglial cells, which are the main component
of innate immunity in the CNS. In addition, most of the
studies on the influence of POMC products on microglia
used cell lines instead of primary microglia and focused on
the effect of ACTH and 𝛼-MSH, along with several synthetic
analogs of these peptides, whereas the effects of 𝛾-MSH, 𝛽-
MSH, and𝛽-ENDhave been studied less. Almost twodecades
ago, 𝛼-MSHwas demonstrated to inhibit brain production of
TNF-𝛼 in a mouse model of brain inflammation caused by
bacterial lipopolysaccharide (LPS) injection [24].The authors
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Figure 1: Neuropeptide modulation of microglial activation. In the presence of noxious stimuli such as LPS, A𝛽, and IFN-𝛾 or in the context
of neuroinflammation or tissue damage, microglial cells produce a plethora of inflammatory mediators that promote and perpetuate the
inflammatory response, potentially leading to neurodegeneration. Neuropeptides, acting through specific receptors present in microglial
cells, are able tomodulate microglial response and inhibit the release of inflammatorymediators while favoring development of an alternative
activation program. On the other hand, neuropeptides such as SP, 𝛽-END, and leptin exert proinflammatory actions on microglial cells and
may even potentiate the response to noxious stimuli. In experimental models of pain, certain neuropeptides such as SP, CGRP, and AM have
been suggested to increase pain hypersensitivity partly by promoting proinflammatory activation of spinal cord microglia.

suggested that 𝛼-MSH was acting through the activation
of MC1R present on astrocytes and microglia, the main
producers of TNF-𝛼 within the brain. A year later, ACTH, 𝛼-
MSH, and 𝛼-MSH COOH-terminal tripeptide (𝛼-MSH11–13)
were shown to inhibit LPS + Interferon- (IFN-) 𝛾-induced
TNF-𝛼, IL-6, and NO release in N9 microglial cells, most
likely by a mechanism involving cAMP production [25]. The
authors also demonstrated that microglial cells release 𝛼-
MSH upon stimulation with LPS + IFN-𝛾, thereby creating
an autocrine anti-inflammatory loop. This finding placed
microglial cells in the group of nonneuronal immune cells
expressing POMC mRNA and producing 𝛼-MSH as an
autoregulatory factor, similar to what had been previously
demonstrated in RAW 264.7 murine macrophages [26] and
in humanTHP-1myelomonocytic cells [27]. Subsequently, 𝛼-
MSH and 𝛼-MSH11–13 were also demonstrated to reduce the
release of TNF-𝛼 and NO and the expression of TNF-𝛼 and
inducible nitric oxide synthase (iNOS) induced by costimula-
tion of N9 cells with Amyloid-𝛽 (A𝛽) and IFN-𝛾 [28], further
supporting its role as an anti-inflammatory agent. Since then,
melanocortins have proven to be anti-inflammatory and
neuroprotective in vivo in several experimental models of
nervous tissue damage, including brain ischemia [29–31] and

traumatic brain injury, where neuroprotection exerted by 𝛼-
MSH(11–13) was associated with decreased microglial activa-
tion [32], suggesting a contribution of local immunomodula-
tion to the overall neuroprotective effect.

Melanocortins exert their actions through MCRs of
which five subtypes have been described up to now (MCR1
to MCR5). These are G protein-coupled receptors (GPCRs)
with seven transmembrane domains, all positively cou-
pled with adenylate cyclase (AC) [33]. Nonetheless, cAMP-
independent pathways have also been shown tomediateMCR
signaling (reviewed in [34]). In the brain, the most abundant
MCR subtypes are MC3R and MC4R [35, 36]. Expression of
MC1R has been detected in RAW 264.7 cells [26], human
monocytes [37], and murine macrophages [38]. MC3R
expressionwas found inmurine and ratmacrophages [39, 40]
and in RAW 264.7 cells [41] and expression of MC1R, MC3R,
and MC5R was detected in THP-1 cells [27, 42]. Human
monocytes express mRNA for MC1R, MC2R, MC3R, and
MC5R [43]. MC4R, however, does not appear to be expressed
in mouse macrophages [39] and RAW 264.7 cells [44]. On
the other hand, MCR expression in microglial cells has not
been thoroughly examined. Lindberg et al. showed that the
human microglial cell line CHME-3 expresses MC1, MC3,
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Table 1: Expression of neuropeptide receptors in microglial cells.

Receptor Detection level Microglial cell system References

Melanocortin receptors
MC1R mRNA CHME-3 cells [45]
MC3R mRNA CHME-3 cells [45]
MC4R mRNA, protein CHME-3 cells, rat microglia [45, 47]
MC5R mRNA CHME-3 cells [45]

Opioid receptors
𝜇-receptors mRNA, protein Human fetal microglia, rat microglia [55, 56]
𝜅-receptors mRNA, protein Human fetal microglia, rat microglia [56, 57]

NPY receptors
Y1R mRNA, protein N9 cells, rat retinal microglia [58, 59]
Y2R mRNA, protein N9 cells, rat retinal microglia [58, 59]
Y5R mRNA N9 cells [58]

VIP/PACAP receptors

VPAC1 mRNA Rat microglia, murine microglia, BV-2, and
EOC13 microglial cell lines [60, 61]

PAC1 mRNA Rat microglia, murine microglia, BV-2, and
EOC13 microglial cell lines [60, 61]

STT/CST receptors

sst2 mRNA, protein Rat microglia, BV-2, N9, and murine
microglia [62, 63]

sst3 mRNA, protein Rat microglia, BV-2, N9, and murine
microglia [62, 63]

sst4 mRNA, protein Rat microglia, BV-2, N9, and murine
microglia [62, 63]

Tachykinin receptors

NK-1R mRNA, protein Human fetal microglia, M4T.4, EOC13, and
murine microglia [64, 65]

NK-2R mRNA M4T.4 cells [65]
NK-3R Functional evidence Rat microglia [66]

CGRP/AM receptor
CGRP/AM-R Functional evidence Rat microglia [67–69]

Leptin receptors
LepR Protein Rat microglia, BV-2 cells [70, 71]
LepRa mRNA Rat microglia, BV-2 cells [70, 71]
LepRb mRNA Rat microglia, BV-2 cells [70, 71]

Ghrelin receptors

CD36 (unacylated ghrelin receptor) mRNA, Protein N9 cells, human fetal microglia, and
neonatal and adult murine microglia [72–74]

MC4, andMC5 receptors and that 𝛼-MSH increases basal IL-
6 secretion in these cells [45]. The authors suggested that this
effect is mediated by either MC3R or MC5R, since agouti, an
endogenous antagonist of themelanocortin systemwhich has
greater affinity for MC1R and MC4R than for other MCRs
[46], did not block 𝛼-MSH induction of IL-6 but instead
enhanced it. Contrary towhat was described inmacrophages,
our group found MC4R expression in rat primary microglia,

whereas expression of MC1R, MC3R, and MC5R was not
detected by RT-PCR in these cells [47]. These data suggest
that a certain degree of heterogeneity exists regarding MCR
expression between microglia and peripheral macrophages
and when comparing primary and transformed cell systems.

In RAW 264.7 macrophages, ACTH and melanotan II
(MTII, a MC3/4R agonist) induce rapid cAMP accumulation
and p38MAPKphosphorylation but do not alter extracellular
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signal-regulated kinases (ERK)1/2 and c-Jun N-terminal
kinase (JNK) phosphorylation [41]. ACTH and MTII also
stimulate IL-10 production through a protein kinase A-
(PKA-) dependent mechanism [41]. The rapid increase in
cAMP has also been observed in N9 cells and was proposed
to mediate anti-inflammatory actions of melanocortins
[25]. In CHME3 cells Lindberg and colleagues found that
PKA was not involved in 𝛼-MSH-induced IL-6 release,
but when 𝛼-MSH was combined with a PKA inhibitor,
this led to a decrease in cell viability [45], indicating that
certain mechanisms triggered by 𝛼-MSH do involve PKA
activity in microglia. Our group found that [Nle4, D-
Phe7]-𝛼-MSH (NDP-MSH), a synthetic analog of 𝛼-MSH,
induced a marked decrease in peroxisome proliferator-
activated receptor- (PPAR-) 𝛽 protein expression, which
was prevented by inhibition of ERK1/2, thereby indicating
a role for this kinase in melanocortin signaling in primary
microglial cells [47].
𝛼-MSH was shown to suppress Toll-like receptor (TLR)

4-induced (but not TLR2-induced) NO production in the
macrophage cell line J774, where it also promoted IL-1
receptor associated kinase- (IRAK-) M binding to IRAK-1,
thereby suppressing TLR4-dependent response to LPS at a
very proximal stage in the signaling cascade [48]. NDP-MSH
reduces TLR4 gene expression in rat microglial cells [49],
and 𝛼-MSH reduces expression of the LPS coreceptor CD14
in THP-1-derived macrophages [50]. Evidence also indicates
that melanocortins inhibit NF-𝜅B activity by preventing I𝜅B
degradation and p65 nuclear translocation [51]. In the U-937
monocytic cell line these effects appear to be mediated by the
cAMP-PKA pathway [51], whereas in RAW 264.7 cells inhi-
bition of NF-𝜅B by 𝛼-MSH seems to be a cAMP-independent
mechanism [52]. Concordantly, NDP-MSH prevented LPS-
induced p65 and c-Rel translocation to the nucleus in primary
cultured rat microglial cells [49].

The importance of 𝛼-MSH in maintaining immuno-
suppression in the ocular microenvironment was identified
long ago [53]. More recently, a study showed that 𝛼-MSH
produced in the healthy retina is necessary for induction
of AG1 expression in retinal microglial cells [54]. Since
AG1 is a marker of alternatively activated M2 microglia and
macrophages [1], 𝛼-MSH, in cooperation with neuropeptide
Y (NPY) and other local neuropeptides, might be responsible
for maintaining ocular immune privilege by alternatively
activating local macrophages and microglia towards an
immunosuppressive or tolerogenic phenotype [54]. On a
similar note, our group studied the effects of NDP-MSH on
rat microglial cells and found that it induces release of the
anti-inflammatory cytokine IL-10 and expression of PPAR-𝛾
[47] and of AG1 [49], all markers of alternative activation [1],
further reinforcing a role for this neuropeptide in promoting
an alternative activation program in microglial cells.

Phagocytosis of debris, pathogens, or apoptotic cells is
an important part of the resolutory phase of inflammation.
It is generally regarded as a beneficial phenomenon and
its alteration has been linked to autoimmune disorders and
neurodegenerative diseases [75]. However, phagocytosis can
also activate the respiratory burst and increase generation
of ROS, which may cause neurotoxicity [75]. In fact, both

classical M1 (driven by IFN-𝛾) and alternative M2 (driven
by IL-4 and IL-13) microglial activation paradigms have been
found to induce phagocytosis of apoptotic cells and of puri-
fied myelin, respectively [76, 77]. In murine primary macro-
phages, the MCR agonist AP124 promotes phagocytosis of
zymosan particles and of apoptotic neutrophils actingmainly
through MC3R [78]. However, treatment of RAW 264.7 cells
with 𝛼-MSH reduces phagocytosis of apoptotic cells [79] and
E. coli bioparticles, and when combined with NPY it also
reduces phagocytosis of gram-positive bioparticles [80]. Our
group found that treatment of primary rat microglia with
NDP-MSHdoes not affect basal or LPS-induced phagocytosis
of latex beads; however, NDP-MSH inhibits phagocytosis
induced by the TLR2 agonist Pam3CSK4 in microglial cells
[49]. It is clear that the effects of neuropeptides on phagocy-
tosis are highly dependent on variables such as the cell type
involved, the stimulus, and the system of choice for studying
phagocytosis (i.e., latex beads, opsonized versus unopsonized
bioparticles, and apoptotic cells).

Evidence indicates that POMC-derived peptides play an
important role in nociception and that at the spinal cord level
melanocortin and opioid systems interact and cooperate with
each other in pain perception, in that MCR activation seems
to generally increase pain sensitivity whereas activation of
opioid receptors by𝛽-END induces analgesia [81]. Expression
of POMC, 𝛽-END, ACTH, 𝛼-MSH, the endogenous antag-
onist Agouti-Related Protein (AgRP), and MC4R has been
detected in areas of the spinal cord involved in nociception,
underscoring the role of this system in nociceptive trans-
mission [82–85]. Concordantly, several studies have shown
that antagonism of the melanocortin system reduces neuro-
pathic pain [86–88] and prevents morphine withdrawal
hyperalgesia [89]. It has been established that spinal cord
microglial cells play a crucial role in neuropathic pain by
releasing mediators that activate nociceptive neurons [90].
However, they can also be a source of 𝛽-END and release
it in response to diverse stimuli, such as corticotrophin-
releasing hormone (CRH) or noradrenaline stimulation [91],
and upon glucagon-like peptide-1 (GLP-1) receptor activation
[92]. Induction of 𝛽-END by a GLP-1 receptor agonist was
found to bemediated by a p38MAPK-dependentmechanism
in spinal dorsal horn microglia [93]. Microglial 𝛽-END, in
turn, mediates GLP-1 antinociceptive effects in pain hyper-
sensitivity states by activating opioid receptors located on
neurons [92]. In addition, 𝛽-END (and other opioid receptor
ligands) may act directly on microglia, although little is
known about direct effects of 𝛽-END on these cells. Of the
opioid receptors so far identified, microglia express 𝜇- and
𝜅-receptors, but not 𝛿-receptors, and an additional opioid
receptor-independent pathwaymay also exist for endogenous
opioid receptor ligands [17, 55–57]. However, activation of the
GLP-1 receptor/𝛽-END pathway does not inhibit proinflam-
matory cytokine production in culturedmicroglia stimulated
by LPS [94]. On the contrary, 𝛽-END has been shown to
directly enhance basal and GP-120-induced TNF-𝛼, IL-1𝛽,
and IL-6 release in brain perivascular microglia, where it
also enhances replication of the human immunodeficiency
virus (HIV), effects that are blocked by an opioid receptor
antagonist [95]. Concordantly, prolonged treatment with
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morphine induces microglial activation and upregulation of
proinflammatory cytokines such as IL-6, TNF-𝛼, and IL-1𝛽 in
the rat spinal dorsal horn [96, 97]. Since these inflammatory
mediators may in turn activate spinal nociceptive neurons
and enhance pain sensitivity [7], the direct effect of opioids on
microglial cells may partially account for the development of
tolerance to long-term opioid treatment. This notion is sup-
ported by evidence showing that development of tolerance is
mediated by activation ofmicroglial p38MAPK [98] and that
treatment with the microglial inhibitor minocycline prevents
morphine-induced tolerance [99].

3. NPY

NPY is a 36-amino acid neuropeptide derived from its
precursor pre-pro-NPY. It belongs to the family of pancreatic
peptides together with peptide YY (PYY) and pancreatic
polypeptide (PP) and is widely distributed within the CNS
and PNS. The physiological functions of NPY are varied
and include regulation of blood pressure, circadian rhythms,
feeding behavior, anxiety, and memory [100].

In mammals, five subtypes of Y receptors have been
described (Y1R, Y2R, Y4R, Y5R, andY6R). Y1R, Y2R, andY5R
are the preferential receptors for NPY and PYY, Y4R binds PP,
and Y6R is a pseudogene in humans that has been lost in rats
(reviewed in [101]).They are all GPCRs whosemain signaling
pathway involves coupling with G𝑖/0 proteins and inhibition
of cAMP production, although other possible signaling path-
ways include intracellular calcium mobilization, modulation
of Ca2+ and K+ channel conductance, activation of PKC,
PKA, phospholipase (PL) A2, MAPKs, guanylyl cyclase, and
phosphatidylinositol 3-kinase (PI3K) [102].

Expression of NPY and of Y1R, Y2R, and Y5R has been
detected in N9murinemicroglia [58]. In these cells, gene and
protein expression of NPY and Y1R increase with LPS treat-
ment [58], suggesting the neuropeptide might have a regula-
tory function on LPS-inducedmicroglial activation. In accor-
dance with a proposed anti-inflammatory role, NPY inhibits
LPS-induced iNOS expression, NO, and IL-1𝛽 release, and
it also inhibits IL-1𝛽-induced cell motility, iNOS expression,
NO production, and NF-𝜅B activation in N9 cells [58,
103]. NPY protected N9 microglia from methamphetamine-
(METH-) induced apoptosis through a mechanism partially
dependent on Y2R and independent from Y1R, and an
Y2R agonist reduced microglial CD11b immunoreactivity in
hippocampal organotypic cultures incubated with METH,
thereby suggesting a protective role for NPY via Y2R in
METH-induced microglial dysfunction [104]. Inflammatory
cytokines released by glial cells are proposed to mediate local
increase in neuronal excitability and apoptotic death in exper-
imental models of seizures [105]. Concordantly, conditioned
medium from LPS-treated rat microglial cells (with elevated
levels of IL-1𝛽 andTNF-𝛼) increase neuronalNMDAcurrent,
which when excessive may cause excitotoxic neuronal injury
[106]. In the same study, cotreatment of microglial cells
with LPS + NPY prevented the LPS-induced increase in IL-
1𝛽 and TNF-𝛼 production through a mechanism involving
Y1R. Furthermore, the effect of microglial LPS-conditioned
medium on NMDA current was not observed when neurons

were incubated with medium from LPS + NPY cotreated
microglia, suggesting that the anti-inflammatory effect of
NPY on microglial cells might in turn be neuroprotective by
preventing NMDA receptor hyperactivation [106].

NPY seems to play a special role in retinal physiology
[102]. It is expressed in different neuronal and glial cells of
the retina, including microglia [107]. The NPY receptors Y1R
and Y2R are also expressed in retinal microglial cells [59],
suggesting a possible modulatory role for this neuropeptide
in inflammatory retinal dysfunctions. Moreover, it has been
proposed that NPY released by the ocular posterior chamber
and derived mainly from the retinal pigment epithelial cells
promotes (in cooperation with 𝛼-MSH) the development
of myeloid suppressor cell-like characteristics in retinal
microglia and in migrating macrophages [54]. In addition,
NPYmodulates phagocytosis in professional phagocytes and
antigen-presenting cells [108]. In RAW 264.7 cells, NPY sup-
presses phagocytosis of unopsonized bioparticles, phagolyso-
some activation, and Fc receptor-mediated generation of ROS
[80]. Treatment of microglial cells with NPY inhibits LPS-
induced actin cytoskeleton reorganization and phagocytosis
of opsonized latex beads acting through Y1R [109]. NPY also
decreases LPS- and IL-1𝛽-induced Fc receptor expression and
prevents activation of p38 MAPK and HSP27 triggered by
LPS in N9 cells [109]. The ability of NPY to act on microglial
cells and to negatively regulate phagocytosis further supports
a role for this neuropeptide (together with 𝛼-MSH) in main-
taining the immune-privileged ocular microenvironment.

The NPY system is a key element in pain modulation.
Evidence shows that intrathecal administration of NPY
reduces behavioral signs of inflammatory and neuropathic
pain, acting at spinal Y1R and Y2R [110, 111]. Considering
that NPY decreases microglial proinflammatory activation, it
would be interesting to study the potential role of microglia
as mediators of NPY analgesic effects, an area which, to our
knowledge, has not yet been addressed.

4. VIP and PACAP

The Vasoactive Intestinal Peptide (VIP) is a 28-amino acid
polypeptide discovered in 1970 in intestinal extracts, able
to induce vasodilation [112]. VIP is an immunoregulatory
neuropeptide produced by neurons, endocrine, and immune
cells, widely distributed in the CNS and PNS, and also found
in heart, lung, thyroid, kidney, urinary and gastrointesti-
nal tracts, genital organs, and the immune system [113].
VIP is structurally related to the secretin/glucagon family
of peptides and hormones, sharing 70% sequence identity
with the neuropeptide pituitary adenylate cyclase-activating
polypeptide (PACAP) [114].The precursor molecule pre-pro-
VIP is processed into mature VIP and the related peptide C-
terminal methionine amide (PHM) in humans and peptide
with N-terminal histidine and C-terminal isoleucine amide
(PHI) in other mammalian species [115].

PACAP was discovered nearly two decades later as a 38-
amino acid hypothalamic neuropeptide that stimulated AC
activity and increased cAMP levels in pituitary cells [116].
The sequence of PACAP-38 contains an internal cleavage site
giving rise to a 27-amino acid fragment corresponding to the
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N-terminal portion of PACAP-38, termed PACAP-27, which
is also capable of inducing AC activity in pituitary cells [117].
In the CNS, the predominant form is PACAP-38, expressed
mainly in the hypothalamus but also widely distributed in
several extrahypothalamic regions. In the periphery, PACAP-
38 is also the predominant form and has been found in num-
erous organs and tissues including the immune system [117].

Following the discovery of PACAP, it was found that
VIP and PACAP act as endogenous ligands for the same
receptors, which are three heterotrimeric GPCRs: PAC1,
VPAC1 (or VIPR1), and VPAC2 (or VIPR2), each with a
distinct expression pattern. PAC1 hasmuch greater affinity for
PACAP than for VIP, whereas VPAC1 and VPAC2 can bind
PACAP and VIP with comparable affinity [118]. Expression
of PAC1 is highest in the CNS, particularly in the thalamus,
hypothalamus, hippocampus, olfactory bulb, and cerebellum.
VPAC1 is also widely distributed in the CNS, particularly in
the cerebral cortex and hippocampus, and in several periph-
eral organs [118]. VPAC2 expression has been detected in
the thalamus, suprachiasmatic nucleus, hippocampus, brain-
stem, and dorsal root ganglia, and in some peripheral tissues
such as smoothmuscle of the cardiovascular, gastrointestinal,
and reproductive systems [118]. These receptors are coupled
primarily with Gs and activate AC and PKA, although
VPAC/PAC1 activation has also been reported to activate or
inhibit several other signaling pathways [119, 120].

VIP and PACAP proved to be neuroprotective in various
models of nervous tissue damage [121]. Since microglial cells
are the main source of inflammatory mediators in the CNS,
it has been suggested that VIP and PACAPmight be exerting
their protective effects in part by acting directly onmicroglial
cells as microglia-deactivating factors. Expression of VPAC1
and PAC1 (but not VPAC2) was detected in rat microglia,
where these receptors mediate VIP and PACAP inhibition of
LPS-induced TNF-𝛼 production in a cAMP-dependent man-
ner [60]. Similarly, Delgado and colleagues found expression
of VPAC1 and PAC1, but not VPAC2, in murine microglia,
where VIP and PACAP inhibit LPS-stimulated production
of the CXC chemokines macrophage-inflammatory protein-
(MIP-) 2 and KC, and of the CC chemokines MIP-1𝛼,
MIP-1𝛽, macrophage chemoattractant peptide (MCP)-1, and
RANTES, and inhibit chemotactic activity of peripheral
leukocytes [61]. VIP and PACAP also prevent the production
of LPS-induced TNF-𝛼, IL-1𝛽, IL-6, and NO in murine
microglia [122]. These effects are attained through activation
of VPAC1, induction of cAMP production, and inhibition
of NF-𝜅B [61, 122]. The mechanism for VIP and PACAP
inhibition of NF-𝜅B in activated microglial cells involves a
reduction in p65 binding to the coactivator CREB-binding
protein (CBP) and parallel stimulation of CREB phospho-
rylation, thereby promoting CREB/CBP complex formation
instead of p65/CBP interaction [123] and ultimately leading
to reduced transcription of classic proinflammatory NF-
𝜅B-regulated genes. VIP inhibits cyclooxygenase- (COX-) 2
expression and PGE2 production in LPS- and LPS + IFN-𝛾-
treated murine microglial cells [124]. Activation of VPAC1-
cAMP signaling by VIP and PACAPwas also found to inhibit
the MEKK1/MEK4/JNK pathway and subsequent binding of
the transcription factor AP-1 in LPS-stimulated microglial

cells [125]. PACAP was also shown to prevent LPS-induced
BV-2 microglial activation by inducing cAMP production
and inhibiting p38 MAPK signaling pathway [126].This neu-
ropeptide also attenuated microglial hypoxia-induced TNF-
𝛼, iNOS, and NO production and p38 MAPK activation and
prevented neuronal death caused by microglial neurotoxicity
[127]. In IFN-𝛾-treated microglial cells, activation of VPAC1
by VIP and PACAP inhibits expression of IFN-𝛾-inducible
protein- (IP-) 10, iNOS, and CD40 through inhibition of the
IFN-𝛾-induced JAK1-2/STAT1 pathway [128]. Another study
demonstrated that PACAPandVIPdownregulatemRNAand
surface protein expression of costimulatory molecules CD40
and B7-2 in activated microglial cells. In this study, the effect
of PACAP on CD40 was mediated by VPAC1 activation and,
at least in part, by PACAP-induced IL-10 [129]. Altogether,
evidence indicates a strong anti-inflammatory and immuno-
suppressive role for VIP and PACAP in microglial cells,
mainly through VPAC1 and PAC1 activation.

Concordant with these neuroprotective and anti-inflam-
matory actions, treatment with VIP or PACAP protected
mice from lethal endotoxemia, the protective effect being
attributed to inhibition of endotoxin-induced TNF-𝛼 and
IL-6 production [130]. Apart from inhibiting proinflam-
matory mediators, VIP and PACAP were found to rapidly
increase IL-10 production in LPS-treated macrophages, pri-
marily through activation of VPAC1, elevation of cAMP and
increased CRE binding activity [131], and the stimulatory
effect of VIP and PACAP on IL-10 production was also
observed in vivo in LPS-treated mice [131].

A recent study suggested that endogenous PACAPmay be
neuroprotective during seizure by acting on microglial cells
and inducing their polarization towards an alternative M2
phenotype [132]. VIP and PACAP also exert beneficial effects
in several in vitro and in vivo models of neuroinflamma-
tion and neurodegeneration. Treatment with VIP prevented
several features of mechanically induced brain trauma, such
asmicroglial activation, proinflammatory cytokine secretion,
leukocyte infiltration, and neurodegeneration [133]. In a
model of brain focal ischemia, delayed intracerebroventric-
ular delivery of PACAP-producing stem cells promoted fast
and stable functional recovery which correlated with reduced
inflammatory response and increased number of AG1+
microglia, further supporting a role for PACAP in polarizing
microglia towards anM2neuroprotective phenotype [134]. In
an in vitro model of ischemic damage by oxygen and glucose
deprivation (OGD) and reoxygenation, pretreatment of BV-
2 cells with PACAP alleviated hypoxic injury by preventing
TLR4/MyD88/NF-𝜅B signaling and decreasing proinflam-
matory cytokine levels and BV-2 apoptosis [135]. In a mouse
model of glaucomatous retinal damage by intravitreal NMDA
injection, PACAP-38 prevented NMDA-induced cell death
in the ganglion cell layer, including retinal ganglion cells
and Iba1+ cells, presumably through a mechanism dependent
on IL-10 release by retinal microglia/macrophages [136].
PACAP also increasedmRNA levels of the anti-inflammatory
mediators TGF-𝛽 and IL-10, which partially colocalized with
Iba1+ cells and CD11b+ cells, providing additional evidence of
PACAP inducing an acquired deactivation profile in micro-
glia/macrophages.
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Delgado and colleagues found that VIP inhibits A𝛽-
induced microglial activation, production of TNF-𝛼, IL-1𝛽,
and NO, and activation of NADPH-oxidase and reduces
neuronal death induced by fibrillar A𝛽1–42 inmurine neuron-
microglia cocultures [137]. These effects were mediated by
the VPAC1-cAMP-PKA signaling pathway and by inhibition
of p38, ERK1/2, and NF-𝜅B signaling cascades [137]. VIP
also inhibited TNF-𝛼 and NO production in mouse primary
microglia stimulated with A𝛽42 + low dose IFN-𝛾, promoted
microglial phagocytosis of A𝛽1–42 through a PKC-dependent
mechanism, and reduced A𝛽 deposits in the hippocampus of
transgenic PS1/APP mice, a model of AD [138], suggesting
a protective role for VIP in AD through modulation of
microglial function.

PACAP-38 was shown to inhibit NADPH oxidase activity
and ROS production in microglial cells. This mechanism
appears to be involved in PACAP-induced neuroprotection
and is not mediated by classic VPAC or PAC1 receptors
[139]. This effect is of particular importance in PD, since
dopaminergic neurons in the substantia nigra are highly
vulnerable to oxidative stress [140]. In mice treated with
the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), a model of PD, administration of VIP into the
substantia nigra inhibited microglial activation and expres-
sion of the cytotoxic mediators TNF-𝛼, IL-1𝛽, iNOS, and
NADPH-oxidase and reduced nigrostriatal nerve fiber loss
and dopaminergic neuronal degeneration in the ipsilateral
substantia nigra pars compacta [141]. PACAP and a VPAC1
agonist (but not a VPAC2 agonist) also prevented MPTP-
induced microglial activation and dopaminergic neuronal
degeneration with a potency similar to VIP, suggesting that
the protective actions of these neuropeptides are primarily
mediated by VPAC1 in this model of PD [141].

Treatment with PACAP showed beneficial effects in mice
with experimental autoimmune encephalomyelitis (EAE), by
delaying onset of the illness and reducing its severity [142].
The protective effect of PACAP was attributed, at least in
part, to its ability to suppress production of proinflammatory
mediators such as TNF-𝛼, IL-1𝛽, and IL-12 in microglia and
macrophages and to reduce antigen-presenting efficacy and
Th1 differentiation [142].

VIP and PACAP have been largely associated with neu-
ropathic pain [143]. In a rat model of neuropathic pain
caused by CCI, blockade of VPAC2 attenuated CCI-induced
phosphorylation of p38 and ERK1/2 MAPK in the spinal
cord and behavioral reflex sensitization. Conversely, agonist
stimulation of VPAC2 in naı̈ve rats increased activation
of spinal p38 and ERK1/2 and thermal hyperalgesia [144].
Moreover, intrathecal addition of the glial inhibitor propento-
fylline reduced thermal hyperalgesia and mechanical allo-
dynia in CCI rats and also reduced MAPK activation in
CCI rats and in näıve rats treated with a VPAC2 agonist,
suggesting involvement of glial cells in nerve injury-induced
sensitization [144]. Astrocytes are known to express VPAC2
(along with VPAC1 and PAC1) [145], and VPAC2 mRNA was
shown to be induced uponLPS treatment inmouse peritoneal
macrophages [146], THP-1 cells [147], and RAW 264.7 cells
[148]. However, expression of VPAC2 has not been detected
in microglial cells, either resting or after LPS treatment [60,

61]. In summary, evidence implicatesVPAC2-inducedMAPK
activation in spinal glial cells as a mechanism contributing to
sensitization in chronic pain, although specific involvement
of microglial cells is yet to be determined.

5. Somatostatin

Somatostatin (SST) is a cyclic peptide produced by neuroen-
docrine, inflammatory, and immune cells, which generally
acts as an inhibitor of secretory and proliferative responses in
a variety of widely distributed target cells. SST is synthesized
from the precursor preprosomatostatin (preproSST), yielding
in mammals two bioactive forms termed SST-14 and SST-
28. SST receptors are GPCRs, of which five subtypes have
been cloned (sst1 to sst5). The five receptors share common
signaling pathways, such as inhibition of AC and cAMP for-
mation, induction of tyrosine phosphatase phosphorylation,
and modulation of MAPKs through G-protein-dependent
mechanisms [149].

In rat primary cultured microglial cells, presence of
mRNA for sst2, sst3, and sst4 has been demonstrated [62].
The receptors were functionally active, since SST-14 affected
microglial protein phosphorylation and inhibited microglial
proliferation induced by granulocyte macrophage colony-
stimulating factor (GM-CSF) and IL-3 [62]. Immunoreactiv-
ity for sst2, sst3, and sst4 was later detected in BV-2, N9, and
mouse primary microglial cells, and SST induced migration
in BV-2 and N9 cells [63]. Activation of sst2, sst3, and sst4
in neonatal rat microglia inhibited LPS-induced PGE2 pro-
duction [150], suggesting an anti-inflammatory role for SST
inmicroglial cells. However, a study performed in cortical rat
microglia cultures showed no effect of SST on basal or IL-
1𝛽-induced PGE2 synthesis [151], the discrepancies in results
being attributed to different experimental settings and to the
type of inflammatory stimulus used.

SST stimulates expression of insulin-degrading-enzyme
(IDE), an extracellular protease involved in A𝛽 degradation,
in BV-2 and rat microglial cells [152]. Another study showed
that SST dose-dependently induces A𝛽1–42 phagocytosis
in BV-2, N9, and rat primary microglial cells, supporting
a protective role for SST in the development of AD by
modulating microglial function [63]. However, this study
showed no effect of SST either alone or in combination with
A𝛽 on IDE or on neprilysin (another enzyme involved in
A𝛽 degradation) expression in BV-2 and N9 cells [63]. The
discrepancies may be due to the use in the second study
of a much lower concentration of SST (100 nM) versus the
0.5–10 𝜇M concentrations used in the first study or also
to differences in incubation times before protein assess-
ment.

In a recent study performed in a rat model of PD gen-
erated by injecting LPS into the brain’s substantia nigra, SST
pretreatment was able to dramatically decrease the number
of activated microglial cells [153]. In this study, SST was also
able to prevent neuronal cell death and to reduce production
of TNF-𝛼, IL-1𝛽, PGE2, andROSby the substantia nigra [153],
all of which are known to be produced by activatedmicroglial
cells in models of PD [154]. Therefore, it was suggested that
protective effects of SST on neuronal survival in this model
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of PD are associated with its ability to reduce microglial
activation.

Apart from its anti-inflammatory actions STT plays an
important role in pain sensitivity. It exerts analgesic effects
both centrally and peripherally (reviewed in [155]). How-
ever, whether microglial modulation by STT mediates STT-
induced analgesia is yet to be determined.

6. Cortistatin

Cortistatin (CST) is a cyclic peptide initially isolated from rat
brain and named after its predominantly cortical expression
and its ability to depress neuronal electrical activity [156]. Its
precursor preprocortistatin (preproCST) is a 112-amino acid
protein that may suffer proteolytic cleavage at multiple sites,
yielding products of different lengths. CST belongs to the
same family as SST; the 14-amino acid rat CST isoform and
the 17-amino acid human isoform both share 11 amino acids
with SST-14, including the motif responsible for SST receptor
interaction, and are thereby able to bind all five known SST
receptors in vitro with similar affinities to that of SST, acting
as receptor agonists and inhibiting cAMPaccumulation [157].
Although some of the biological actions of CST seem to
be mediated by SST receptors, several effects of CST in
the CNS are distinct from those of SST, such as induction
of slow-wave sleep and reduction of locomotor activity,
suggesting the existence of alternative signaling pathways
for CST [157]. In support of this notion, other GPCRs have
been shown to bind CST with selective affinity over SST,
such as the ghrelin/growth hormone-secretagogue receptor
(GHSR) which binds CST with similar affinity compared to
ghrelin [158], and the human orphan receptorMas-related G-
protein-coupled receptor member X2 (MrgX2) [159] which
also binds proadrenomedullin and related peptides [160].
More recently, truncated functional forms of sst5 have been
described which show different signaling profiles in response
to CST or SST [161, 162].

Expression of preproCST mRNA in the CNS appears
to be restricted to the cortex and hippocampus [156]. In
addition to its role as regulator of sleep rhythm and loco-
motor activity, evidence strongly suggests a role for CST
in inflammation and immunomodulation. Expression of
preproCST mRNA (but not of preproSST) was detected in
human monocyte-derived macrophages and dendritic cells.
In addition, CST was demonstrated to bind sst2, and both
preproCST and sst2 are upregulated during macrophage
differentiation and after LPS stimulation, suggesting CST
might be an endogenous ligand for sst2 in the human immune
system [163, 164]. In peritoneal macrophages, CST prevented
the LPS-induced production of TNF-𝛼, IL-12, IL-1𝛽, IL-6,
NO, MIP-2, and RANTES. Since these effects were only
partially prevented by the sst antagonist cyclosomatostatin
and were also partially blocked by a GHSR antagonist,
evidence suggests CST is acting through sst-dependent and
sst-independent pathways in these cells [165, 166]. CST
was also shown to dose-dependently inhibit basal and IL-
1𝛽-induced PGE2 release and to reduce IL-1𝛽-stimulated
COX-2 mRNA expression in primary rat microglial cells
[151].

Protective effects of CST have been demonstrated in vivo
in experimental models of ulcerative colitis, arthritis, and
endotoxemia, where the anti-inflammatory effects of CST
were attributed mainly to its ability to deactivate resident
and infiltrating macrophages, and other immune cells [165–
167]. CST also showed beneficial effects in a model of menin-
goencephalitis caused by Klebsiella pneumoniae infection; it
reduced white blood cell infiltration into the cerebrospinal
fluid (CSF), attenuated clinical symptoms of illness, inhibited
TNF-𝛼, IL-1𝛽, and IL-6 brain expression and release into
the CSF, and decreased neuronal cell death in the cortex
and hippocampus [168]. Interestingly, the decrease in K.
pneumoniae-induced proinflammatory cytokine production
after CST treatment was also observed in vitro in neuron-glia
cocultures, suggesting direct downregulation of glial activity
may partially account for the anti-inflammatory effects of
CST [168].

CST also exerted beneficial long lasting effects in models
of chronic and relapsing-remitting EAE, where systemic
treatment with the neuropeptide reduced incidence and
severity of the disease [169]. CST treatment reduced inflam-
matory spinal cord infiltrates, decreased activation of autore-
active Th1/Th17 cells, and inhibited expression of proin-
flammatory mediators, while promoting regulatory T cell
differentiation. The protective effects of CST were associated
with its ability to promote the development of a glial neuro-
protective phenotype, by inducing BDNF and activity-
dependent neuroprotector protein release from neuron-glial
cocultures, reducing astrocyte and microglial IL-6, TNF-
𝛼, and NO release, and preventing oxidative stress-induced
oligodendrocyte death [169].

CST is expressed in interneurons from the spinal cord and
in nociceptive neurons from the dorsal root ganglia, where
it colocalizes mostly with peptidergic calcitonin gene-related
peptide (CGRP)/substance P- (SP-) expressing nociceptors.
It is considered to be an endogenous analgesic factor, as
nociceptive responses to inflammatory pain are exacerbated
in CST knockout mice, and administration of CST induces
analgesia and decreases nocifensive behavior in several
experimental models of inflammatory pain [170]. However,
the analgesic effects of CST appear to be independent of its
anti-inflammatory properties and rather exerted by directly
inhibiting release of nociceptive peptides such as CGRP and
SP from primary nociceptors, mainly through activation of
sst2 and GHSR1 [170–172]. Nonetheless, the possibility that
CST anti-inflammatory effects on microglial cells may be
contributing to its analgesic properties cannot be ruled out.

7. Tachykinins

Tachykinins are a family of structurally related peptides
derived from proteolytic cleavage of pre-pro-tachykinins,
encoded in three tac genes and expressed throughout the
nervous and immune systems. They regulate many diverse
physiological processes including inflammation and nocicep-
tion and are also involved in many pathological conditions
[173]. The major mammalian tachykinins are SP and Neu-
rokinin A (NKA), derived from tac1, Neurokinin B (NKB)
which is derived from tac3, and hemokinin-1 (HK-1), derived
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from tac4. All tachykinins signal through three subtypes of
GPCRs termed NK-1R, NK-2R, and NK-3R. NK-1R is the
preferential receptor for SP [173]. In humans, tac4 encodes
a precursor protein that has four described splice variants
named endokinin (EK) A, EKB, EKC, and EKD. HK-1, EKA,
and EKB have SP-like biological actions and can interact with
NKRs, whereas EKC and EKD have negligible affinity for
NKRs and are considered tachykinin gene-related peptides
rather than true tachykinins [173]. Although at first it was
believed that tac4 was expressed only in hematopoietic cells
[174], it was later shown that tac4 displays a broad expression
pattern similar to tac1 and tac3 [175].

SP has long been recognized as a central and peripheral
neuropeptide with stimulatory properties on immune cells.
Production of SP and expression of the SP receptor NK-1R
were detected in human fetal microglia [64], suggesting that
SP can act as an autocrine modulator in these cells. NK-1R
protein expression was also detected in M4T.4 and EOC13
microglial cell lines and in primary murine microglia [65]. In
keeping with its role as an immune stimulator, SP stimulated
IL-6 release in BV-2 cells [176], induced translocation
of the NF-𝜅B subunit p65 to the nucleus in M4T.4 cells
[65], stimulated thromboxane release [177] and microglial
chemotaxis [178], and enhanced LPS-induced IL-1𝛽 release
in rat microglia, although it did not enhance LPS-induced
TNF-𝛼 production or induce cytokine release per se in this
study [179]. However, SP was recently shown to increase per
se expression of the complement receptor 3, release of TNF-𝛼
and IL-6, and production of ROS in rat microglial cells, its
effects mediated by NK-1R, NK-2R, and NK-3R [66]. SP
potentiated class II MHC (MHCII) expression in microglial
cells from the brainstem of IFN-𝛾-treated rats, an effect
that was prevented by addition of a NK-1R antagonist [180].
However, SP had no significant effect on IFN-𝛾-induced
MHCII expression in the hippocampus, suggesting regional
differences in microglial response to this neuropeptide
[180]. SP also enhanced microglial NF-𝜅B activation, COX-2
expression, PGE2 production, and expression of the PGE2
receptors EP2 and EP4, induced by Borrelia burgdorferi, the
causative agent of Lyme disease [181], as well asB. burgdorferi-
and Neisseria meningitidis-induced microglial production
of IL-6 and TNF-𝛼, in a NK-1R-dependent manner
[182].

Evidence suggests that SP may play an important role in
the pathogenesis of PD [183]. This neuropeptide is found in
particularly high levels in the substantia nigra of the brain
[184] and binds NK-1R present in a variety of cells such
as endothelial cells, glial cells, and dopaminergic neurons,
where it potentiates the release of striatal dopamine [183].
SP was shown to enhance microglial extracellular superoxide
and intracellular ROS production through activation of
NADPH oxidase, leading to neurotoxicity of dopaminergic
neurons [185]. Deletion of endogenous SP in mice was
shown to attenuate LPS-induced dopaminergic degeneration,
as well as nigral microglial activation and expression of
proinflammatory factors [186]. Moreover, addition of SP
to microglial cultures potentiated LPS-induced TNF-𝛼 and
nitrite production, MAPK, and NF-𝜅B activation and also
enhanced LPS- and 1-methyl-4-phenylpyridinium-induced

dopaminergic degeneration in mixed neuron-glia cultures
[186].

NK-1R activation has been linked to increased pain
sensitivity. In a model of long-term morphine administra-
tion, blockade of NK-1R attenuated morphine withdrawal-
mediated hyperalgesia and activation of spinal cordmicroglia
[187]. Also, intraperitoneal administration of a NK-1R antag-
onist alleviated fracture-induced allodynia and reduced
spinal cord microglial activation in a rat model of complex
regional pain syndrome [188]. In a rat model of spinal
sensitization, intrathecal injection of SP induced thermal
hyperalgesia and increased p38 phosphorylation in spinal
microglial cells; the hyperalgesia was prevented by pretreat-
ment with a p38 inhibitor, supporting a role for microglial
p38 activation in nociceptive behavior [189]. In rats suffering
from mechanical allodynia, the cytokine TNF-𝛼, known to
play a key role in neuropathic pain [190], was increased in
spinal microglial cells and astrocytes [191]. Concordant with
its pronociceptive role, treatment of microglial cells with
SP induced production of TNF-𝛼 mRNA and of transmem-
brane full-length TNF-𝛼 (mTNF-𝛼), which in turn activates
microglia, demonstrated by increased expression of OX-42
and by release of MCP-1, suggesting a possible mechanism
through which SP-induced microglial mTNF-𝛼 expression
might create a feed-forward loop and thereby contribute to
development of chronic pain [192].

Despite its well-recognized proinflammatory properties,
recent reports have suggested an anti-inflammatory and
wound healing promoter role for SP. In a rat model of
SCI, SP enhanced functional recovery, decreased expression
of the M1 markers iNOS, TNF-𝛼, and CD86, and induced
expression of the M2 markers IL-10, AG1, and CD206 at the
injury site. Immunoreactivity of CD206 was colocalized with
CD11b+ cells in SP-treated animals, suggesting a shift from
M1 to M2 microglia/macrophage phenotype [193]. SP also
promotedwoundhealing in amurinemodel of type 1 diabetes
and promoted development of the alternative activation
program, determined by a decreased M1/M2 marker ratio in
skin macrophages [194].

Expression of tac4 was detected in a microglial cell line
and its levels decreased after incubation with a B. burgdorferi
lysate [195]. However, another report showed that treatment
of rat primary cultured microglia with LPS increased tac4
mRNA levels through a mechanism involving NF-𝜅B and
p38 MAPK [196]. In a rat model of CCI, blockade of NK-
2R (and to a lesser extent, NK-1R) attenuated CCI-induced
phosphorylation of p38 and ERK1/2MAPK in the spinal cord
and behavioral reflex sensitization. Conversely, treatment of
näıve rats with a NK-2R agonist increased activation of spinal
p38 and ERK1/2 and induced thermal hyperalgesia. MAPK
activation after CCI or afterNK-2R activation, as well as CCI-
induced behavioral sensitization, was prevented by addition
of the glial inhibitor propentofylline [144]. In another rat
model of neuropathic pain caused by CCI of the sciatic nerve,
tac4mRNAwas increased in the dorsal horn and blockade of
NK-1Rprevented this effect and also inhibited associated pain
behavior and microglial activation [197]. Altogether, data
suggest a role for tac4 in pathological conditions associated
with microglial activation.
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8. CGRP and Adrenomedullin

CGRP and adrenomedullin (AM) are neuropeptides that
belong to the CGRP/calcitonin peptide superfamily, which
also includes calcitonin, amylin, and intermedin [198–202].
They are widely distributed in the CNS and PNS and both
have potent vasodilator activity [203].They exert their actions
through specific receptors which are GPCRs formed by three
components: the 7-transmembrane calcitonin receptor-like
receptor (CRLR), the receptor component protein (RCP), and
the receptor activity-modifying protein (RAMP) 1–3 [204].
Interaction of CRLR with RAMP1 forms the CGRP1 receptor,
which has greater affinity for CGRP than for AM, whereas
association with RAMP2 or RAMP3 gives rise to the AM
preferring receptors 1 and 2, respectively. CGRP/AM receptor
activation is known to stimulate AC and cAMP production,
although other signaling pathways have been described such
as PLC, intracellular calcium increase, and NO production
[203]. Functional evidence indicates microglial cells express
CGRP/AM receptors, as treatment with CGRP upregulates
immediate-early c-fos gene expression and induces cAMP
accumulation [67, 68], and both CGRP and AM modulate
expression of LPS-induced inflammatory mediators in cul-
tured microglial cells [69].

Cumulative evidence suggests a strong protective anti-
inflammatory role for CGRP and AM in several models of
diseases, although some proinflammatory effects have also
been described for both neuropeptides [205, 206]. Treatment
with AM has shown protective effects in a variety of experi-
mental models of disease such as arterial and pulmonary
hypertension, heart failure, septic shock, and ischemia-reper-
fusion injury [207]. AM expression is induced after hypoxia
in various cell types of the brain, including neurons, astro-
cytes, endothelial cells, and microglia [208–210], suggesting
a role for the neuropeptide in modulating hypoxic damage
in the CNS. In addition, several studies have demonstrated a
potent antioxidant role for AM in different cell types, includ-
ing macrophages [211–214]. In a transient focal ischemia
model using AM knockout heterozygous (AM(+/−)) mice,
the authors showed increased iNOS expression in microglial
cells from AM(+/−) mice compared to wild type mice [215].
Furthermore, supernatants of microglial cells exposed to
OGD effectively protected neurons against OGD-induced
death, and this effect was prevented by anAM receptor antag-
onist [209], suggesting a neuroprotective role for microglia-
derived AM under hypoxic/ischemic stress.

CGRP and AM also inhibit LPS-induced TNF-𝛼, IL-6,
and NO release in rat cultured microglia and prevent LPS-
induced expression ofMIP-1𝛼 andMCP-1 inmicroglia/astro-
cyte cocultures. The anti-inflammatory effect appears to be
stimulus-specific since neither CGRP nor AM inhibits IL-
6 and NO release induced by a cytokine mix composed of
TNF-𝛼, IFN-𝛾, and IL-1𝛽 [69].The ability of neuropeptides to
inhibit cytokine and chemokine release in an inflammatory
context is of particular relevance in neuroinflammatory
diseases such as MS, in which local release of these factors
promotes CNS infiltration of leukocytes and autoreactive
T cells, which in turn perpetuate and amplify the inflam-
matory reaction [216]. Concordantly, in a murine model

of chronic-progressive EAE, treatment with AM reduced
inflammatory infiltration and demyelination in the CNS,
partly by impairing activation of autoreactive Th1/Th17 cells
and increasing the number ofTh2 cells and regulatory T cells
and also by preventing oxidative stress-induced oligodendro-
cyte death and inhibiting expression of astroglial and micro-
glial-derived proinflammatory mediators such as IL-6, IL-
12, TNF-𝛼, and NO [217]. In another murine model of
chronic EAE, infusion of CGRP also decreased clinical signs
of disease and prevented microglial activation, evidenced by
a reduced proportion of amoeboid Iba1+ cells [218]. Alto-
gether, evidence suggests that modulation of microglial acti-
vation by CGRP/AM signaling may account, at least in part,
for the protective effects of these neuropeptides in neuro-
inflammatory diseases.

CGRPhas been strongly linked to increased pain sensitiv-
ity in the spinal cord. Binding of CGRP to CGRP1 receptors
in the rat spinal cord produces hyperalgesia through a mech-
anism involving activation of PKA and PKC signaling path-
ways [219]. Injection of CGRP stimulates activation of spinal
cord microglia in a model of temporomandibular joint dis-
order, evidenced by increased OX-42 immunostaining [220].
Administration of the CGRP antagonist (CGRP8–37) attenu-
ates mechanical hypersensitivity and reduces microgliosis in
a rat model of collagen-induced arthritis-induced hypersen-
sitivity [221]. Furthermore, CGRP was demonstrated to con-
tribute to the development of tolerance tomorphine-induced
analgesia partly through induction of p38 MAPK phospho-
rylation, upregulation of IL-6, and activation of the NF-𝜅B
signaling pathway in spinal cord microglial cells [222–224].
AM is also thought to act as a pronociceptive mediator at the
spinal cord level. The pathogenesis of tolerance to chronic
morphine treatment is known to involve AM signaling and
has been linked to AM-induced proinflammatory activation
of spinal microglia and astrocytes [96]. In summary, in
experimental models of pain, evidence suggests a strong link
between CGRP/AM activity and proinflammatorymicroglial
activation.

9. Leptin

Leptin is a cytokine-like 167-amino acid peptide derived from
the ob gene (or lep gene), produced primarily in adipose tis-
sue, and released into the circulation [225].The concentration
of leptin in blood is finely regulated by the nutritional state;
it increases following food intake to suppress appetite and
decreases with fasting, leptin levels positively correlatingwith
the degree of adiposity in rodents and humans [226, 227].
Given the size of the peptide, central access of leptin to the
brain depends mainly on its passage from circulation across
the blood-brain barrier (BBB) through a saturable transport
system [228]. However, some studies have shown that leptin
may also be synthesized in the brain, more specifically in the
cerebellum, cortex, and hypothalamus, suggesting specific
and local functions for leptin [229].

There are six known isoforms for the leptin receptor
(LepRorOb-R), LepRa-f, which derive fromalternative splic-
ing of the lepr (or db) gene. They all share a common leptin-
binding domain but differ in their intracellular domains.
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LepRe is the only soluble isoform that lacks a transmembrane
domain, binds circulating leptin, and inhibits its central
transport. LepRb, the long isoform of LepR, is a class I
cytokine receptor and the major signaling form of the leptin
receptor [225]. Ligand binding to LepRb leads to recruitment
and activation of JAK-2, which in turn initiates downstream
signaling pathways that may involve MAPKs or different
members of the STAT family of transcription factors, such
as STAT1, STAT3, and STAT5 [225, 230]. LepRb is widely
expressed in the brain, particularly on specialized subsets of
neurons in several hypothalamic and brainstem nuclei [231,
232]. In homeostatic conditions, leptin regulates production
of POMC, AgRP, andNPY in the ARC [233–235] and inhibits
food intake acting at the hypothalamus; it may also modulate
neurogenesis, synaptogenesis, neuronal excitability, and neu-
roprotection in extrahypothalamic sites [236].

Leptin significantly influences the normal functioning
of the immune system by stimulating a wide variety of
functions such as cytokine production, chemotaxis, cyto-
toxicity, and survival of immune cells and also plays a role
in modulating autoimmune responses in several models
of disease (reviewed in [237]). In turn, leptin expression
can be regulated by cytokines. Treatment of mice with the
proinflammatory mediators TNF-𝛼 or IL-1 increases serum
levels of leptin [238]. Rodent adipose tissue leptin mRNA
and circulating levels of leptin are also elevated after systemic
LPS injection [238, 239]. Furthermore, LPS-induced fever
and loss of appetite were found to be mediated by leptin
through induction of IL-1𝛽 in the brain [240], a finding later
confirmed by others [241], all evidence supporting leptin as a
mediator of anorexia and cachexia in inflammatory diseases.

The effects of leptin could be due, at least in part, to
its actions on microglial cells. Expression of both the short
(LepRa) and long (LepRb) isoforms of the leptin receptor
was detected in mouse primary cultured glial cells [242] and
in rat microglial cells where LepRb is activated by leptin
and induces IL-1𝛽 through a STAT3-mediated mechanism
that is independent of caspase-1-mediated cleavage [70].
Leptin treatment of BV-2 cells, which also express LepRa
and LepRb, induces IL-6 release by a mechanism involving
the insulin-receptor substrate-1/PI3K/Akt/NF-𝜅B signaling
pathways [71]. Leptin was also able to induce IL-6 and TNF-
𝛼 release in mouse primary cultured hypothalamic microglia
[243]. Preincubation of rat microglial cells with leptin before
treatment with LPS potentiated production of IL-1𝛽, TNF-𝛼,
and chemokines such as CINC-1 and MIP-2 [244]. Collec-
tively, data indicate leptin can acutely activatemicroglial cells,
whichmay be directly involved in the inflammatory effects of
leptin in the CNS in pathologic conditions.This effect may be
of particular interest in obesity ormetabolic syndrome,where
production of adipokines is deregulated. In such conditions
adipokines can promote inflammation, ROS production, and
disruption of BBB permeability and even affect different
brain structures like the hippocampus, increasing the risk
of developing dementia, such as AD [245]. Also, obesity is
known to induce leptin resistance, leading to even higher
circulating levels of leptin and further contributing to the
pathogenesis of obesity-associated neurodegenerative dis-
eases. In mice with impaired leptin signaling or mice fed

a high-fat diet, microglial function is altered or impaired,
illustrating a link between adipokines and immunity in the
CNS [243]. Moreover, leptin levels are significantly elevated
in CSF and in hippocampal tissue of AD patients, and leptin
receptor mRNA is decreased, suggesting that leptin signaling
is also deregulated in AD brains [246]. Thus, restoration of
leptin signaling could result in better functional outcomes in
neurodegenerative disease states, especially those associated
with obesity and metabolic disorders [247].

Leptin has been shown to contribute to the pathogenesis
of neuropathic pain. In a rat model of CCI, administration
of a leptin antagonist prevented the development of injury-
induced mechanical allodynia and thermal hyperalgesia
[248]. In this study, leptin levels were increased in the
ipsilateral spinal cord dorsal horn and CSF after CCI, and
LepRb expression was also increased in the spinal cord. Inter-
estingly, in vitro exposure of organotypic lumbar spinal cord
cultures to leptin induced IL-1𝛽 production and increased
OX-42 immunoreactivity, suggesting spinal microglia as a
source of IL-1𝛽 following leptin treatment [248]. In mice
with partial sciatic nerve ligation (PSL), the procedure
induced leptin production from adipocytes present in the
epineurium of the injured sciatic nerve, and leptin proved to
be necessary for PSL-induced tactile allodynia. Furthermore,
leptin enhanced production of pronociceptive mediators
such as COX-2, iNOS, and matrix metalloprotease-9 from
perineural macrophages, linking adipokines to development
of neuropathic pain through macrophage activation [249].
However, another report showed protective effects of leptin in
amodel of SCI, where acute leptin administration after injury
enhanced functionalmotor recovery, prevented development
of thermal hyperalgesia and mechanical allodynia, enhanced
expression of neuroprotective genes, reduced inflammatory
mediators, and decreased spinal cord microglia/macrophage
activation [250]. The divergence observed in the effects
of leptin between this study and previous ones might be
explained by the different experimentalmodels.Thus, further
study is needed to clarify the role of leptin in neuropathic
pain and the possible involvement of spinal microglial cells
as mediators of leptin’s action.

10. Ghrelin

Ghrelin is a 28-amino acid peptide originally isolated from
rat stomach as an endogenous ligand for the GHSR with the
ability to stimulate growth hormone (GH) release from the
pituitary [251]. It is expressed at high levels in the stomach and
is also produced in the ARC of the hypothalamus [251]. Ghre-
lin mRNA expression in the stomach and circulating plasma
levels increase after fasting and decrease after refeeding [252].
It acts as an orexigenic peptide, antagonizing the effects of
leptin on food intake through activation of the hypothalamic
NPY/Y1R pathway [253].The ghrelin receptor GHSR has two
isoforms: GHSR1𝛼 and GHSR1𝛽 [254]. Ghrelin acylation in
Ser3 is required for hormonal activity and for ghrelin to acti-
vate its cognate receptor GHSR1𝛼 [255], which is expressed
in many tissues including pituitary gland and hypothalamus
[256]. Nonetheless, unacylated ghrelin is found in circu-
lation at greater concentrations than ghrelin, suggesting a
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relevant physiological role [255]. Ghrelin can act directly
on hypothalamic NPY and AgRP neurons, increasing food
intake and body weight gain through a GHSR-dependent,
GH-independent pathway [257]. However, certain effects
of ghrelin have been observed in tissues where only the
GHSR1𝛽 isoform is expressed, leading to the postulation of
the existence of novel nonspecific ghrelin receptors called
ghrelin receptor-like receptors and of specific unacylated
ghrelin receptors. Finally, GHSR has been shown to form
heterodimers with other GPCRs such as sst5, MC3R, and the
dopamine receptors D1 and D2. Since receptor heterodimer-
ization can alter G protein coupling as well as ligand potency,
these findings add complexity to the pathways involved in
ghrelin signaling [254].

Ghrelin has been demonstrated to exert neuroprotective
effects in several models of neurodegenerative and inflam-
matory diseases, in which its protective effects have been
associated, at least in part, with its ability to reducemicroglial
activation. In experimental SCI, microglial p38 MAPK acti-
vation followed by pronerve growth factor (proNGF) release
is known to mediate oligodendrocyte death [258]. Ghrelin
has been shown to promote functional recovery after SCI,
partly by inhibiting microglial p38 MAPK activation and
proNGF release in the spinal cord and by preventing apop-
totic cell death of neurons and oligodendrocytes through a
GHSR1𝛼-dependent pathway [259]. The inhibitory effects of
ghrelin on microglial activation have also been observed in
vitro using BV-2 microglial cells. In this assay system, ghrelin
prevented LPS-induced BV-2 p38 MAPK and JNK activation
and attenuated proNGF andROSproduction [260].However,
while expression of GHSR1𝛼 has been detected in spinal cord
neurons and oligodendrocytes, it has not been detected in
microglial cells or astrocytes by immunohistochemistry [259]
or in BV-2 cells by RT-PCR andwestern blot [260], suggesting
that the mechanism underlying the inhibitory effects of
ghrelin on microglial activation may be either indirect or
through a GHSR1𝛼-independent pathway. In an in vitro
assay system of OGD followed by reoxygenation (OGD/RO),
modeling SCI, endothelial cell-derivedMMP-3 was shown to
mediate BV-2 microglial p38 MAPK activation and proNGF
release. In this study, supernatant of OGD/RO endothelial
cells transfected with MMP-3 siRNA failed to induce BV-
2 microglial activation compared to supernatant from cells
transfected with control siRNA, and microglial activation
was also attenuated in MMP-3 knockout mice. Moreover,
addition of ghrelin to OGD/RO endothelial cells inhib-
ited MMP-3 production in a GHSR1𝛼-dependent fashion
[261], providing a possible mechanism for ghrelin-induced
inhibition of microglial activation. In an in vivo model of
kainic acid- (KA-) induced hippocampal neurodegeneration,
systemic administration of ghrelin prevented KA-induced
neuronal cell death, attenuated microglial and astroglial
activation, and reduced TNF-𝛼, IL-1𝛽, andCOX-2 expression
in the hippocampus. Furthermore, ghrelin inhibited KA-
inducedMMP-3 expression in hippocampal neurons, and the
protective effects of ghrelin were exerted through a GHSR1𝛼-
dependent pathway [262]. Once again, evidence supports
a link between ghrelin-induced modulation of microglial
activation and inhibition of MMP-3 expression. Ghrelin also

attenuated motoneuron loss in organotypic rat spinal cord
cultures exposed to threohydroxyaspartate (THA), amodel of
excitotoxic motoneuron degeneration, and prevented spinal
cord microglia activation and expression of IL-1𝛽 and TNF-
𝛼, suggesting a possible therapeutic role for ghrelin in
amyotrophic lateral sclerosis [263]. Ghrelin has also shown
neuroprotective effects in animal models of PD. In a murine
model ofMPTP-induced dopaminergic neuron loss, systemic
ghrelin administration improved dopaminergic neuron sur-
vival, prevented the loss of striatal dopaminergic fibers, and
reduced MPTP-induced microglial activation, expression of
TNF-𝛼, IL-1𝛽, MMP-3, and iNOS activation. While the
inhibitory effects of ghrelin on microglial activation were
prevented by a GHSR1𝛼 antagonist, expression of GHSR1𝛼
was not detected either in microglia from the substantia
nigra pars compacta or in rat microglia-enriched cultures by
immunohistochemistry andRT-PCR, respectively.Therefore,
evidence again suggests that ghrelin-mediated inhibition of
microglial activation in vivo may be indirect, possibly medi-
ated by the reduction in MMP-3 expression in dopaminergic
neurons [264]. In a murine model of EAE, administration
of ghrelin reduced clinical signs of disease and inhibited
expression of TNF-𝛼, IL-1𝛽, and IL-6 in spinal cordmicroglia
and in infiltrating T cells from ghrelin-treated mice. The
effects of ghrelin on EAE are specific and most likely
mediated by GHSR1𝛼, as unacylated ghrelin, which lacks
the ability to bind GHSR1𝛼, had no modulatory effect on
EAE. Interestingly, ghrelin also inhibited LPS-induced TNF-
𝛼 release in cultured microglial cells isolated from mouse
brain, suggesting ghrelin can directly modulate LPS-induced
microglial activation [265], but the specific mechanisms
involved in the direct action of ghrelin on microglial cells
were not investigated. Ghrelin has shown modulatory effects
in memory and learning processes and therefore has been
proposed to play a relevant role in AD [266]. CD36 is a scav-
enger receptor involved inmicroglial interactionwith fibrillar
A𝛽 and a mediator of A𝛽-induced microglial activation [72,
73], which also functions as a receptor for GH secretagogues
[267]. Bulgarelli and colleagues found that unacylated ghrelin
and other syntheticGH secretagogues inhibit A𝛽-induced IL-
6 and IL-1𝛽mRNA expression inN9microglial cells, whereas
acylated ghrelin does not modify A𝛽-induced cytokine pro-
duction in these cells. Moreover, N9 cells express CD36 but
do not express GHSR1𝛼. Thus, data indicate a role for GH
secretagogues other than acylated ghrelin in modulation of
A𝛽-induced microglial activation through alternative GH
receptors, such as CD36 [268]. Altogether, evidence suggests
a potential therapeutic role for ghrelin in neurodegenerative
disorders involving inflammation and excitotoxic cell death,
partly through ghrelin’s ability to suppress proinflammatory
microglial activation.

Ghrelin has been shown to promote analgesia in models
of neuropathic pain. In a rat model of CCI of the sciatic
nerve, intrathecal administration of ghrelin delayed mechan-
ical allodynia and thermal hyperalgesia, while reducing p38
MAPK and p65 NF-𝜅B activation, and proinflammatory
cytokine expression in the spinal dorsal horn, through a
GHSR1𝛼-mediated mechanism [269]. Taking into account
the ample evidence demonstrating the anti-inflammatory
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properties of ghrelin, it is possible that its analgesic actions
may be due, at least in part, to its microglia-deactivating
effect.

11. Conclusions

In the past few decades, microglial cells have come to be
considered key participants in inflammatory processeswithin
the CNS. They are known to be involved in the develop-
ment and/or progression of many neuroinflammatory and
neurodegenerative diseases, including AD, MS, and PD.
Furthermore, research is uncovering an increasingly impor-
tant role for activated microglia in various neuropsychiatric
conditions such as schizophrenia, autism, depression, and
anxiety disorders, among others.

The role of microglia in pain sensitivity is a relatively
newer area of research, and there is still much to be learnt
about how endogenous neuropeptides may influence this
phenomenon by acting directly on microglial cells. Nonethe-
less, it is increasingly evident that these cells are pivotal
in development of pathologic pain through the release of
inflammatory mediators and neurotransmitters that induce
sustained activation of neuronal sensory pathways.

In summary, cumulative evidence suggests a leading role
for microglia in pathologies currently of the highest medical
relevance. Therefore, the study of central immunomodula-
tory mediators or microglia-deactivating factors has become
a major area of research in the biomedical field, unveiling
the existence of precise endogenous mechanisms mediated
by neuropeptides that regulate microglial activation, and
providing new targets for treatment of neuroinflammatory
diseases.
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Amyotrophic lateral sclerosis (ALS) is a most frequently occurring and severe form of motor neuron disease, causing death within
3–5 years from diagnosis and with a worldwide incidence of about 2 per 100,000 person-years. Mutations in over twenty genes
associated with familial forms of ALS have provided insights into the mechanisms leading to motor neuron death. Moreover,
mutations in two RNA binding proteins, TAR DNA binding protein 43 and fused in sarcoma, have raised the intriguing possibility
that perturbations of RNA metabolism, including that of the small endogenous RNA molecules that repress target genes at the
posttranscriptional level, that is, microRNAs, may contribute to disease pathogenesis. At present, the mechanisms by which
microglia actively participate to both toxic and neuroprotective actions in ALS constitute an important matter of research. Among
the pathways involved in ALS-altered microglia responses, in previous works we have uncovered the hyperactivation of P2X7
receptor by extracellular ATP and the overexpression of miR-125b, both leading to uncontrolled toxic M1 reactions. In order to
shed further light on the complexity of these processes, in this short review we will describe the M1/M2 functional imprinting of
primary microglia and a role played by P2X7 and miR-125b in ALS microglia activation.

1. Introductory Statement

The hardest challenge in microglia research is to decode
a metamorphosis between the two ramified/surveilling and
amoeboid/activated morphologic-functional end points and
to establish a biological link between two forms of power, the
anti- and the proinflammatory one. To this aim, molecular
information becomes the master key to direct what has to
be done in microglia, in other words if and how to respond
to an internal or external stimulus with a consequent either
aggressive inflammatory or compliant anti-inflammatory
behavior. Along the flow of information that step by step
instructs microglia on the “right” thing to do, understanding
how the activation of a receptor sensing the environment
translates an extracellular stimulus into an intracellular sig-
nal surely seems important. Under this regard, the P2X7
receptor activated by extracellular ATP possesses a privileged
position. Extracellular ATP is not only a primordial precur-
sor in the evolution of the chemical transmission and an

ubiquitous intercellular communication agent, but also the
chief endogenous microglia alarm signal. In addition, P2X7
is highly expressed in microglia, is involved in inflammatory
responses, and possesses a dual either trophic and anti-
inflammatory or toxic and proinflammatory function. In the
regulation of microglial P2X7 by extracellular ATP, microR-
NAs, amongwhich particularlymiR-125b, are lately emerging
as key modulators of receptor signaling and functional
microglia commitment under basal or amyotrophic lateral
sclerosis- (ALS-) evoked inflammatory conditions. In this
work, we will describe the M1/M2 functional imprinting of
primary microglia as a paradigm of pro/anti-inflammatory
function and the role played by P2X7 and miR-125b in ALS
microglia activation.

2. Basic Features of ALS

The two-century-old rare disease ALS is the most frequently
occurring and severe form of progressive upper and lower
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motor neuron disease, causing death within 3–5 years from
diagnosis [1, 2], with a worldwide incidence of ∼2 per 100,000
person-years [3] and without any curative treatment to date.
Mutations within the superoxide dismutase 1 (SOD1) gene
coding for the ubiquitously expressed enzyme SOD1 [4–6]
are responsible for about a quarter of the inherited disease
cases. Additional mutations in over twenty genes, among
which the most frequent C9ORF72, TAR DNA binding
protein 43 (TARDPB), and fused in sarcoma (FUS), have
been associated with familial forms of ALS and account for
about 10–15% of all ALS cases, providing insights into the
complex geneticmechanisms that lead tomotor neuron death
[6]. Notably, mice that express mutant human SOD1 protein
recapitulate most of the key features of ALS, comprising
motor neuron degeneration and decreased life span, and are
the most exploited animal model for studying the disease
pathogenesis [7].

The hallmarks of ALS include genomic instability, epi-
genetic alterations, cellular senescence, stem cell exhaustion
with decreased tissue regenerative potential, deregulated
nutrient-sensing, mitochondrial dysfunction and oxidative
stress, loss of proteostasis including autophagy impairment,
altered intercellular communication and excitotoxicity, and
central neuroinflammation sustained by microglia/macro-
phages and astrocytes [8]. Most recent advances have more-
over recognized that the complicity of all types of glial
and inflammatory cells at both peripheral and central level
indeed contributes to endangering and compromising the
motor neuron function [9, 10].This in part explains themulti-
genic, multisystemic, multifactorial, and non-cell-autono-
mous nature of ALS.

Shared consent to explain the pathogenic mechanisms
of ALS includes the release of proinflammatory factors
and toxic agents and the prompt activation of glial cells,
overall culminating into injury to motor neurons. Because
extracellular ATP activating purinergic P2 receptors and
particularly the P2X7 subtype [11] constitutes a lead neuron-
to-microglia alarm signal, a role for purinergic receptor
signaling in ALS neuroinflammation has been highlighted
[12, 13]. The P2X7, since its discovery in lymphocytes and
mast cells, has been mainly implicated in the processing
and release of cytokines such as interleukin-1𝛽 (IL-1𝛽) and
involved in neuroinflammation and immunity, as well as in
the initiation of cell death mediated by apoptosis, necrosis,
and autophagy mechanisms [14]. Recent work provided
evidence that modulation of microglia via the P2X7 also
constitutes a novel pathway involved in ALS progression [15–
19]. Moreover, Brilliant Blue G, a poorly centrally penetrant
and low affinity P2X7 antagonist, was shown to reduce
microgliosis but not astrocytosis in lumbar spinal cord, to
modulate inflammatory genes such as nuclear factor kappa
B (NF-kB), NADPH oxidase 2 (NOX2), IL-1𝛽, interleukin-
10 (IL-10), and brain derived neurotrophic factor (BDNF),
to enhance motor neuron survival, and to induce a slightly
delayed ALS disease onset with modest improvement of
general conditions and motor performance, when provided
to SOD1-G93A mice from late preonset [20]. Overall, these
findings would suggest that P2X7 might be a susceptibility or
modifying target in ALS pathogenesis.

3. Plasticity of Microglia

Since their discovery almost a century ago by del Rı́o
Hortega, microglia constituting about 10–15% of cells located
in the brain and spinal cord are the first and main form
of defense in the CNS, being responsible for homeostasis
maintenance [21]. To this aim and in contrast to periph-
eral macrophages, microglia have developed a spatially and
temporally tightly regulated mechanism of compliance to
the extracellular environment, becoming extremely sensitive
even to the smallest physiological perturbation or generic
danger signal present in their surrounding area [22]. While
the basic steady state ofmicroglia is tolerant, prohomeostatic,
and surveilling the environment, on the other hand there
is no indication that neuronal damage might occur without
activation of microglia. Accordingly, the main response of
microglia to neuronal stress is rapid retraction of the fine
processes and gradual transition from ramified/surveilling
into amore amoeboidmacrophage-like phagocytic cell. Only
for investigation needs, the complexity of this transition has
been simplified and categorized into a stereotypic process
with basically two morphological ending phenotypes: ram-
ified/surveilling and amoeboid/activated, often correlated
with a migratory behavior and/or proliferation of the cells
[23]. Accordingly to a functional scale, microglia activity
can be then categorized into a classical proinflammatory
and neurotoxic phenotype, known as M1, and the alternative
anti-inflammatory M2 phenotype involved in the resolution
of inflammation, phagocytosis and tissue repair [24]. These
are considered as the two end points of a broad scale of
microglia responses, of a continuous spectrum of functional
heterogeneity. M1-like microglia generally express IL-1𝛽,
interleukin-6 (IL-6), tumor necrosis factor 𝛼 (TNF𝛼), nitric
oxide synthase 2 (NOS2), and CD16/32, whereas M2-like
microglia express lower levels of these markers, but higher
levels of IL-10, BDNF, Arginase-1 (Arg1), and Mannose
ReceptorC, type 1 (MRC-1) [25]. Interestingly, the phenotypic
identity of microglia is also age-dependent, but what is
clear is that these cells are not fully committed to either
an M1 or an M2 phenotype neither in newborn nor in
adult mice. For instance, in early postnatal CNS, microglia
express M1 markers such as iNOS and TNF𝛼 but also
express the M2 marker Arg1 [26]. This pattern changes in
old mice and microglia appear to be committed to a stronger
M1 phenotype with higher levels of proinflammatory IL-1𝛽
and IL-6 mRNA than those observed, for instance, at 12
months of age [26]. The participation of microglia to ALS
pathogenesis has been thoroughly investigated in sophisti-
cated experiments in which mutated SOD1 was expressed
in specific cell phenotypes. The main conclusion that arose
from those studies was that several neurotransmitters can
control neuroinflammation and neurotoxicity by activated
microglia and that mutated SOD1 microglia do not initiate
motor neuron degeneration but rather accelerate disease
progression [27–29]. In aging SOD1 overexpressing ALS
mice, a prevalence of M1-like microglia is indeed observed
that is moreover neurotoxic in vitro [30]. However, in vivo/in
vitro evidence about microglia being either M1 detrimental
or M2 protective that is merely based on immunostaining
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of morphologic markers and correlation studies is limitative
and not standing on a solid ground. Additional information
is absolutely required to explain the activation of these cells
and particularly their role in the ALS brain.

4. Microglia versus Macrophages

Different combinations of inflammatory factors are known
to be able to polarize microglia into a variety of activation
states whose characterization is however still under scrutiny
[31]. For instance, in vitro studies have determined that
an environment dominated by proinflammatory stimuli,
such as lipopolysaccharide (LPS) and interferon-𝛾 (IFN𝛾),
favors polarization toward M1 effector cells, while anti-
inflammatory cytokines such interleukin-4 (IL-4) enable the
M2 protective phenotype [32]. However, there is still a lot
to be learned about the molecular mechanisms governing
microglia plasticity across these different activation states
[33]. In an attempt to understand microglia responsiveness
to temporal combinations of M1 and M2 inflammatory
stimuli and furthermore to establish potential discrimina-
tory differences between central microglia and peripheral
macrophages, we exploited an in vitro protocol based on the
responsiveness of peritoneal macrophages to an inflamma-
tory polarization gradient [34, 35]. This protocol generates
a gradient of five polarity phenotypes. In particular, proin-
flammatory stimuli are used to differentiate cells into an M1
phenotype (state 1), while anti-inflammatory stimuli are used
to differentiate them intoM2 (state 4). A combination of both
M1 and M2 stimuli is then used to differentiate microglia
into an intermediate M1/M2 polarization phenotype (state
3). Finally, to study the polarity switch between M1 and M2
states,microglia are stimulated firstly with anti-inflammatory
stimuli, washed, and then stimulated with proinflammatory
ones and vice versa.

Similarly to peritoneal macrophages, we report here that
primary microglia can polarize into M1-like phenotype char-
acterized by high TNF𝛼 and low MRC-1 expression, when
exposed to the inflammatory stimuli LPS alone (M1/state
1, Figures 1(a)–1(c)). Likewise, microglia polarize toward
an M2-like phenotype characterized by low TNF𝛼 and
high MRC-1 levels, when exposed to the anti-inflammatory
cytokine IL-4 alone (M2/state 5, Figures 1(a)–1(c)). Surpris-
ingly and unlike peripheral macrophages that are able to
reversibly and dynamically swing among different activation
states in vitro [34], the addition of either LPS after IL-4
washout (M2 > M1/state 2, Figures 1(a)–1(c)) or IL-4 after
LPS washout (M1/state 4, Figures 1(a)–1(c)) is not able to
counteract the M2 (low TNF𝛼 and high MRC-1 expressions)
orM1 (high TNF𝛼 and lowMRC-1 expressions) commitment
initially elicited by microglia in vitro. Finally, the simultane-
ous addition of proinflammatory LPS and anti-inflammatory
IL-4 (M1 > M2/state 3, Figures 1(a)–1(c)) directs microglia
toward a preponderant M1 phenotype, while this same con-
dition is known to induce hybrid M1/M2 phenotype in peri-
tonealmacrophages [34].Therefore, different fromperipheral
macrophages where an initially inducedM1 orM2 phenotype
can be reversibly and, respectively, redirected toward an M2
or M1 activation state, respectively, by IL-4 or LPS [34],

primarymicroglia undergo an irreversible either pro- or anti-
inflammatory “imprinting” once they are firstly challenged
with, respectively, M1 or M2 inflammatory stimuli. In other
words, central microglia appear less prone than peripheral
macrophages to phenotypic redirection. These findings are
in line with previous results indicating that stimulation
of microglia with IL-4 prior to LPS prevents the LPS-
mediated inhibition of the microglial neuroprotective effects
and the release of neurotoxic factors [36, 37]. Moreover,
they raise questions about the dynamics and versatility of
microglia engagement into a specific functional phenotype,
and most importantly they might contribute to explaining
why microglia-targeted anti-inflammatory therapy has failed
in ALS so far.

5. MiRNA-125b in ALS

MicroRNAs (miRNAs), endogenous small RNA molecules
that have emerged as key regulators of target gene expression
at the posttranscriptional level [38], behave as fine-tuners
in controlling diverse biological processes at the molecular,
cellular, and tissue level, including brain functioning. In
the CNS, as much as 30% difference in miRNA expression
profile exists among neurons, oligodendrocytes, astrocytes
and microglia, thus explaining why cell-specific modulations
of miRNA levels can easily contribute to orchestrating the
complex network of interactions that regulate brain func-
tioning [39]. In particular, miRNAs are also good candidates
for distinguishing for instance brain resident microglia from
infiltrating monocytes/macrophages or the different activa-
tion states of microglia [40, 41] thus becoming potential
biomarkers andmolecular targets during neuroinflammation
and neurodegeneration. Not surprisingly, miRNAs dysregu-
lations are well established also in ALS [42, 43] and in the
last few years several works have demonstrated changes in
the expression of selected miRNAs that are associated with
both familial and sporadic cases [44–53]. In addition, studies
performed with the SOD1-G93A mouse model have shed
light on the role of specific miRNAs in ALS [52–54] and
opened miRNA targeting as a new conceivable opportunity
for ALS treatment [54–56].

In previous work, we have compared miRNAs transcrip-
tional profiling of nontransgenic and ALS microglia under
resting conditions and after inflammatory activation induced
by extracellular ATP through P2X7 receptor, by identifying
the upregulation of immune-enrichedmiR-22,miR-155,miR-
125b, and miR-146b in ALS microglia. Moreover, we proved
that miR-125b increases TNF𝛼 transcription by interfering
with the STAT3 pathway. As in turn TNF𝛼 upregulates miR-
125b and inhibitors of miR-125b reduce TNF𝛼 expression
levels, we recognized the induction of miR-125b as a vicious
gateway culminating in abnormal TNF𝛼 release [18]. More-
over, we have established an interplay between miR-125b and
A20 protein in the modulation of classical NF-𝜅B signaling
sustained in microglia. In ALS, classical NF-𝜅B pathway is
indeed known to be related to persistent microglia activation
and motor neuron injury [57] but mechanisms of negative
control of NF-𝜅B activity still remain unexplored. One of
the major players in the termination of classical NF-𝜅B
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Figure 1: Microglia responsiveness to macrophages polarity gradient. Primary microglia obtained from brain cortex of P0/P1 C57BL/6
mice were prepared as previously described [15]. (a) TNF𝛼 or (b) MRC-1 expression levels were measured by qRT-PCR using primer pairs
from Qiagen-GeneGlobe program. Data are calculated using the 2−ΔΔCt method and GAPDH transcript as normalizer (Qiagen-GeneGlobe
program). Bars represent mean ± sem of ≥3 independent experiments; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 versus untreated cells by
unpaired 𝑡-test. (c) Schematic representation of the response of primary microglia to polarity gradient protocol used as revised from [34].

pathway is the ubiquitin-editing enzyme A20, which has
recognized anti-inflammatory functions. In particular, our
previous work has highlighted that miR-125b by terminating
A20 activity strengthens and prolongs the noxious activation
of NF-𝜅B induced by stimulation of P2X7, with deleterious
consequences on motor neuron survival. Consistently, miR-
125b inhibition by restoring A20 levels can protect motor
neuron [19]. Overall, these results strengthen the impact
of miRNAs in modulating inflammatory genes linked to
ALS and identify miR-125b as a key mediator of microglia
dynamics and pathogenic mechanisms in the disease.

5.1. P2X7- and miR-125b-Dependent Regulation of Proinflam-
matory and Anti-Inflammatory Mediators in ALS Microglia.
Several dangerous signals and endogenous triggers, among
which extracellular ATP acting on P2X7, are known to
contribute to the pathogenic proinflammatory response of
ALS microglia. In particular, P2X7 was found increased in
activated microglia of ALS patients [58] and its selective

activation by the agonist 2-3-O-(benzoyl-benzoyl) ATP
(BzATP) in primary microglia isolated from SOD1-G93A
mouse brain induces morphologic transition, enhances the
production of proinflammatorymediators such as TNF𝛼, and
influences cyclooxygenase-2 (COX2), NOX2, Rac1, ERK1/2,
p38, and NF-kB activation [15, 16, 19]. In order to widen
our knowledge about the role of P2X7 in ALS neuroin-
flammation and the suppressive role exerted by miR-125b
inhibition on proinflammatory marker production and con-
sequent improvement of motor neuron survival [18, 19],
we analyzed the expression of IL1𝛽 gene transcription after
BzATP challenge.The expression of IL1𝛽mRNA that is time-
dependent and maximally induced by BzATP in two hours
(data not shown) is significantly reduced in the presence
of miR-125b inhibitor (Figure 2(a)). These data are in line
with our previous results on TNF𝛼 and NOX2 expression
showing that the maximal repressive effect of miR-125b
inhibitor is obtained at the peak of induction of these same
proinflammatoryM1markers [19]. IL1𝛽, together with TNF𝛼,
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Figure 2: Regulation of proinflammatory and anti-inflammatory mediators by P2X7 activation and miR-125b inhibition in SOD1-G93A
microglia. SOD1-G93A primary microglia obtained from brain cortex of P0/P1 B6.Cg-Tg(SOD1-G93A)1Gur/J mice were prepared as
previously described [15].Then, 5 × 105 cells/well were plated and transfected with 20 nM scramble miRIDIAN hairpin inhibitor (ctr) or miR-
125b miRIDIAN hairpin inhibitor (anti-125b) for 48 h and exposed to BzATP 100𝜇M for the indicated times. Expression levels of IL1𝛽 (a)
(primer pairs: F 5-GCAACTGTTCCTGAACTCAACT-3; R 5-ATCTTTTGGGGTCCGTCAACT-3), IL4r (b) (F 5-CGAGTTCTCTGA-
AAACCTC-3; R 5-CCATCTGGTATCTGTCTG-3), Arg1 (c) (F 5-CCACGGTCTGTGGGGAAAGCCAAT-3; R 5-CTGCCAGACTGT-
GGTCTCCACCCA-3), and BDNF (d) (F 5-CGGCGCCCATGAAAGAAGTA-3; R 5-AGACCTCTCGAACCTGCCCT-3) were measured
by qRT-PCR. Data are calculated using the 2−ΔΔCt method and GAPDH transcript as normalizer (F 5-CATGGCCTTCCGTGTTCCTA-
3; R 5-CCTGCTTCACCACCTTCTTGAT-3). Bars represent mean ± sem of ≥3 independent experiments ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and
∗∗∗
𝑃 < 0.001 versus untreated cells, by unpaired 𝑡-test.

NOX2, and several other genes are known NF-kB responsive
genes [59]. Therefore, as for TNF𝛼, we do not exclude that
regulation of IL1𝛽 expression by miR-125b might depend on
the regulation of the NF-kB canonical pathway by miR-125b
that was previously established, for instance, inmicroglia [19]
and in lymphoma B-cells [60].

Due to the phenotypic complexity of microglia, the
M1/M2 paradigm is simply assumed as a conventional gen-
eralized model to define functional phenotypes, however
with the limitation that several markers classified as specific
for characterizing M1 or M2 states can instead be found
modulated by both M1 and M2 stimuli. For instance, despite

the fact that the expressions of the cytokine IL-10 and
interleukin-4 receptor (IL-4R) are considered a hallmark of
microglia anti-inflammatory M2 phenotype, IL-10 and IL-
4R can also be induced by proinflammatory stimuli such
as LPS, perhaps as a feedback mechanism to restrain an
exuberant immune response [36, 61]. In order to gain further
insight into the microglia response to P2X7 activation and
to deeper characterize the role of miR-125b on microglia
activation, we evaluated the expression of M2 markers in
SOD1-G93A microglia. IL-4R gene expression is known to
be fundamental for microglia responsiveness to IL-4 and
conversion toward a motor neuron protective/M2 phenotype
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[62].We thusmeasured IL-4RmRNA levels in the presence of
BzATP and with or without miR-125b inhibition. Our results
(Figure 2(b)) demonstrates that while the content of IL-
4R mRNA is almost undetectable in SOD1-G93A microglia
and this occurs independently from BzATP treatment, the
presence of miR-125b inhibitor is able to up regulate both
constitutive and BzATP-challenged IL-4R levels. Under these
same conditions, we surprisingly show that BzATP enhances
the expression of Arg1 mRNA levels after 24 h, while miR-
125b inhibition again significantly upregulates Arg1mRNA in
the presence or absence of BzATP (Figure 2(c)). This is con-
firmed also in wild type cells (data not shown). Consistently
with previous findings on the induction of IL-4R by LPS [61],
we thus demonstrate that also a proinflammatory stimulus
such as BzATP is able to induce the content of a typical
M2 marker in ALS microglia. However, LPS and BzATP
can apparently discriminate among different M2 mediators.
Moreover, while BzATP fails in stimulating BDNF mRNA
levels in SOD1-G93A microglia, miR-125b inhibition is able
to significantly up regulate also BDNF, in the presence or
absence of BzATP (Figure 2(d)). These results might further
explain the beneficial effects exerted by miR-125b inhibition
in SOD1-G93A microglia and motor neuron survival, thus
suggesting that the neuroprotective effect exerted by miR-
125b inhibition might depend not only on the suppression
of toxic mediators among which IL-1𝛽 (Figure 2(a)), TNF𝛼,
and NOX2 [19], but also on the direct stimulation of M2
parameters such as IL4R, Arg1, and BDNF in ALS microglia.

6. Induction of BDNF by miR-125b
Inhibition Is A20-Dependent

In the complexity of microglia responses, several transcrip-
tion factors among which NF-kB are involved in bothM1 and
M2 regulation [63].TheNF-𝜅B family of transcription factors
consists of five proteins, p65 (RelA), RelB, c-Rel, p105/p50
(NF-𝜅B1), and p100/52 (NF-𝜅B2) whose combination to form
distinct transcriptionally active homo- and heterodimeric
complexes creates an elaborate system to control the inflam-
matory response [64, 65]. While the p65/p50 dimer is recog-
nized as a master activator of M1 genes, the accumulation of
NF𝜅B p50 and the formation of transcriptionally regulatory
p50 homodimers appear to play an important role in the
resolution of inflammation through the enhancement of M2
factors [66–71]. Moreover, while the role of p52/RelB dimer
resulting from the activation of the so-called noncanonical
way remains elusive, studies with RelB-deficient mice and the
ability of p52 to bind the IL-10 promoter have also revealed
an anti-inflammatory role for this pathway [57, 72, 73]. A20
protein is a master negative feedback regulator of canonical
NF-kB signaling [74, 75] and it was recently highlighted
as a broader regulator of NF-kB family, due to its positive
action also on the noncanonical pathway [76]. As the BDNF
promoter has functioning sites recognized for NF-kB family
members [77] and miR-125b was reported to regulate A20
protein in SOD1-G93A microglia [19], we then asked if
the mechanism by which miR-125b inhibition enhances M2
markers and particularly BDNF andArg1 could be dependent

on A20 acting on NF-kB components. As Figure 2(d) shows,
in the absence of A20 we find that miR-125b inhibition
fails to stimulate BDNF (but not Arg1) production, thus
suggesting the existence of a potential miR-125b-A20-NF-kB-
BDNF axis. By reinforcing this hypothesis, the silencing of
A20 does not revert the overexpression of Arg1 by miR-125b
inhibition (Figure 2(c)), perhaps because Arg1 transcription
is known not to be regulated by NF-kB. Moreover, the lack of
the A20 silencing effect on Arg1 induction would also suggest
that overexpression of Arg1 is not related to the protective
effect of microglial A20 toward motor neurons. Under this
regards, a potential neuroprotective role of P2X7 would be
perhaps not mediated by Arg1 expression.

7. Conclusions and Perspectives

Despite the fact that microglia are classified as resident
macrophages of the CNS with whom they in part share shape
and functions, several evidences prompt to discriminate
them from peripheral macrophages, for instance, in terms
of strength and plasticity in immune regulatory responses.
Our work has shown here that brain microglia in primary
culture undergo a preferential and irreversible M1 or M2
imprinting, once challenged, respectively, with M1 or M2
inflammatory stimuli, and this feature contributes to distin-
guishing microglia from macrophages. Moreover we have
demonstrated that activation of P2X7 receptor in SOD1-
G93A microglia surprisingly non only stimulates common
M1 markers but also increases the M2 parameter Arg1 [15,
16, 20]. This would confirm the hypothesis that indeed P2X7
receptor might be involved not only in ALS toxic actions,
but also in microglia-dependent neuroprotection [17, 78,
79], thus sustaining the contribution of P2X7 during the
resolution of inflammation in macrophages and not only its
active part in the release of proinflammatory cytokines [78].
Therefore, we do believe that a better understanding of the
molecules and pathways, as well as the timing, responsible for
this functional imprinting of microglia might help to select
more effective microglia-targeted therapies during diseases.
For instance, there is still no effective and enduring treatment
against ALS and efficient therapeutic options to prevent
pathological ALS sequelae are urgently needed. On one hand,
it is now clear that dysregulations of microglia as responses to
neuronal damage strongly contribute to ALS pathology and
that microglia are involved in the progression of the disease
by exacerbating central inflammatory mechanisms among
which activation of P2X7. On the other hand, in the last few
years several miRNAs emerging as important tools in the
fine-tuning regulation of cell behavior have been associated
with ALS. Aberrant expression of miRNAs relevant for
neuronal function has repeatedly been reported in the spinal
fluid, frontal cortex, and serum of familial and sporadic
ALS patients, and miRNA activity has been demonstrated
to be essential for long-term survival of motor neurons as
well as microglia responsiveness. Actually, miRNAs are now
recognized as potential therapeutic targets and biomarkers
for neurodegeneration and neuroinflammation inALS, to the
point that identifyingmiRNAs atwork in this diseases ismore
important than ever. In particular, we have also demonstrated
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here that miR-125b inhibitors stimulate the expression of M2
markers IL4R, Arg1, and BDNF, other than inhibiting M1
parameters as we have established in previous work [18, 19],
thus reinforcing the proinflammatory action, for instance, of
miR-125b in ALS.

Overall, we can conclude that a subtle equilibrium in the
timing and power of proinflammatory versus anti-inflamma-
tory agents can imprint microglia to tip the balance toward
toxicity or protection, motor neuron survival, or cell death in
ALS. Up to now we have established the active participation
of P2X7 and miR-125b in the inflammatory reaction of mi-
croglia; further work will tell us exactly when and how to
manipulate these same pathways in order to improve their
therapeutic perspective against ALS.
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Traumatic spinal cord injury (SCI) is followed by an instant increase in expression of the microglial-derived proinflammatory
cytokine tumor necrosis factor (TNF) within the lesioned cord. TNF exists both as membrane-anchored TNF (mTNF) and as
cleaved soluble TNF (solTNF). We previously demonstrated that epidural administration of a dominant-negative inhibitor of
solTNF, XPro1595, to the contused spinal cord resulted in changes in Iba1 protein expression in microglia/macrophages, decreased
lesion volume, and improved locomotor function. Here, we extend our studies using mice expressing mTNF, but no solTNF
(mTNFΔ/Δ), to study the effect of genetic ablation of solTNF on SCI. We demonstrate that TNF levels were significantly decreased
within the lesioned spinal cord 3 days after SCI in mTNFΔ/Δ mice compared to littermates.This decrease did, however, not translate
into significant changes in other pro- and anti-inflammatory cytokines (IL-10, IL-1𝛽, IL-6, IL-5, IL-2, CXCL1, CCL2, or CCL5),
despite a tendency towards increased IL-10 anddecreased IL-1𝛽, TNFR1, andTNFR2 levels inmTNFΔ/Δmice. In addition,microglial
and leukocyte infiltration, activation state (Iba1, CD11b, CD11c, CD45, and MHCII), lesion size, and functional outcome after
moderate SCI were comparable between genotypes. Collectively, our data demonstrate that genetic ablation of solTNF does not
significantly modulate postlesion outcome after SCI.

1. Introduction

Traumatic spinal cord injury (SCI) is most often caused by
a sudden contusion of the spinal cord, where the initial
tissue damage is followed by a second phase of cell death,
inflammation, and degeneration that occurs over weeks and
months after the initial trauma.

The microglial-derived cytokine tumor necrosis factor
(TNF) increases at the lesion site within the first 1-2 hours

after SCI in rodents [1–4] and spinal cord injured individuals
display elevated TNF serum concentrations [5, 6], suggesting
that TNF plays a major part in the development of secondary
tissue damage [7].

TNF exists in two biologically active forms, a membrane-
anchored form (mTNF) and a soluble form (solTNF), which
is shed from the membrane by the metalloproteinase TNF-𝛼
converting enzyme (TACE/ADAM17). The biological effects
of solTNF and mTNF are mediated through binding of TNF
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receptor 1 (TNFR1) and TNFR2, which differ in expression,
ligand affinity, cytoplasmic tail structure, and downstream
signaling pathways (reviewed in Probert [8]).

In experimental focal cerebral ischemia, an acute CNS
injury, microglial-derived mTNF has been shown to be
neuroprotective through binding to TNFR1 [9–12]. However,
in SCI the data are conflicting. Kim and colleagues found
TNFR1−/− mice to have increased lesion size and worse
functional outcome compared to controls [13], suggesting
a protective role for TNFR1, whereas Genovese et al. [14]
demonstrated reduced tissue damage and improved motor
function in mice treated with the nonselective TNF inhibitor
infliximab as well as in TNFR1−/− mice, indicating a detri-
mental role for TNFR1. Surprisingly, germ-line ablation of
TNF in TNF−/− mice did not result in any differences in
lesion size and functional outcome following SCI compared
to controls [15]. We recently demonstrated that epidural
administration of the dominant-negative solTNF inhibitor
XPro1595 reduced lesion size and improved functional out-
come following SCI, whereas etanercept, inhibitor of both
mTNF and solTNF, had no effect [16]. Importantly, systemic
administration of either compound was ineffective [16], in
line with other studies showing that systemic administra-
tion of etanercept following SCI in mice does not reduce
inflammation and tissue injury or infiltration of neutrophils
nor improves the functional outcome [17]. Late blockage
of peripheral TNF with etanercept was also ineffective in
improving locomotor function inmice with SCI [18], while in
rats it reduced tissue damage, improved hindlimb function,
and facilitated myelin regeneration [19]. It should also be
mentioned that a case report of a spinal cord injured patient
treated chronically with etanercept for ankylosing spondylitis
demonstrated reduced inflammation, reduced perilesional
area, and improved motor recovery [20].

Even though the studies into the role of microglial-
derived TNF following SCI are inconclusive, they clearly
demonstrate that the TNF-TNFR signaling cascade plays
an important part in tissue inflammation, although the
contribution of solTNF versus mTNF to tissue damage and
functional recovery remains to be elucidated. In this study,
we investigated the effect of solTNF and mTNF in SCI using
genetically modified mTNFΔ/Δ mice that express only mTNF
[21]. We show that absence of solTNF in mTNFΔ/Δ mice
does not affect lesion size and functional outcome 35 days
after SCI. However TNF levels are significantly decreased
within the lesioned spinal cord 3 days after SCI compared to
littermate control mice (mTNFwt/wt). These findings suggest
that genetic ablation of solTNF does not affect lesion size and
functional outcome after SCI.

2. Materials and Methods

2.1.Mice. HomozygousmTNFΔ/Δ andmTNFwt/wt littermates
were obtained by crossing heterozygous mTNFΔ/wt mice at
the Biomedical Laboratory, University of Southern Denmark
(SDU) [12, 21]. These mice were originally generated by
replacing the endogenous TNF allele with Δ1–9, K11E TNF
allele [21]. This resulted in loss of TACE-mediated cleavage

preventing shedding of solTNF [21, 22] but maintenance of
normal cell-surface expression ofmTNF [21]. All experiments
were performed blinded on age-matched (8–12 weeks) female
mTNFΔ/Δ and mTNFwt/wt littermates. Animals were housed
in ventilated cages with 1–3 cage-mates at a 12 h light/dark
cycle, under controlled temperature and humidity, and with
free access to food and water.

Mice were cared for in accordance with the protocols
and guidelines approved byThe Danish Animal Inspectorate
under the Ministry of Food and Agriculture (J. numbers
2008-561-1523 and 2013-15-2934-00924); experiments are
reported in accordance with the ARRIVE guidelines, and all
efforts were made to minimize pain and distress.

2.2. Genotyping. DNA was extracted from tail biopsies from
3-4-week-old mice using a NucleoSpin Tissue kit (Macherey-
Nagel) according to the manufacturer’s instructions. DNA
was amplified by PCR under the following conditions: 50∘C
for 2 minutes and 95∘C for 10 minutes followed by 39 cycles
of 95∘C for 15 sec, 62∘C for 1 minute, and 72∘C for 1 minute
and the following per PCR reaction: 12.5 𝜇L Master Mix
(Thermo Scientific), 1 𝜇L forward primer (5-GCGTCCAGC-
TGACTAAA), 1 𝜇L reverse primer (3-ACCACTAGTTGG-
TTGCTTTGAGAT), and 10 𝜇L dH2O. Both primers were
from DNA Technology A/S and in working concentrations
of 10 pmol/𝜇L. The PCR products were visualized using
the FlashGel system (Lonza). Four-microliter PCR products
mixed with FlashGel loading buffer (Lonza) were loaded on
FlashGel DNA cassette 1.2% agarose gel with 16 + 1 double
wells (Lonza) and the gels were allowed to run for 25–30
minutes at 70 volts. In all gels, FlashGel system DNA marker
(Lonza) and samples with known genotypes (homozygote,
heterozygote, and wild type) were included.

2.3. Behavioral Analysis. We have previously performed a
thorough behavioral assessment of mTNFΔ/Δ in näıve con-
ditions and found no differences in behavioral phenotype
compared to mTNFwt/wt littermates [12].

Elevated PlusMaze. To further examine anxiety-like behavior
and locomotion, which could affect locomotor function after
SCI, naı̈ve mice were subjected to the elevated plus maze
(EPM). The elevated plus maze apparatus consisted of two
open arms and two closed arms (30 cm × 5 cm). The entire
maze was elevated around 40 cm from the floor. Each mouse
was placed in the center of the maze with the head facing
towards the open arm. During a 5min test, the time spent in
the closed and open arms and the total distance moved were
recorded using the SMART video tracking software (Panlab).

2.4. Contusive Spinal Cord Injury. Mice were anaesthetized
using a ketamine (100mg/kg, VEDCO Inc)/xylazine
(10mg/kg, VEDCO Inc) cocktail, laminectomized between
vertebrae T8 and T10 and injured with an Infinite Horizon-
0400 SCI Contusion Devise (Precision Systems and
Instrumentation, LLC) by lowering the impactor onto
the exposed cord at an impact of 75 Kdynes resulting in
approximately 500𝜇m displacement (moderate injury) [16].
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Mice were then sutured, injected with saline to prevent
dehydration, and given buprenorphine hydrochloride
(0.001mg/20 g body weight Temgesic) four times at 8-hour
intervals for postsurgical analgesia. Mice were housed
separately in a recovery room and monitored for a 24- to 48-
hour recovery period. Thereafter, mice were observed twice
daily for activity level, respiratory rate, and general physical
condition. Manual bladder expression was performed twice
a day until bladder function was regained. Body weight
was monitored weekly. In addition, mice received s.c.
prophylactic injections of antibiotic gentamicin (40mg/kg)
for 7 days to prevent urinary tract infections. The persons
performing the SCI have attended the SCI Research Training
Program at the Ohio State University. In total, 2 mTNFΔ/Δ

mice died during surgery, while 1 mTNFwt/wt and 1 mTNFΔ/Δ
mouse were euthanized on day 8 and day 24, respectively,
due to poor general health status.

2.5. Assessment of Functional Outcome after SCI

BassoMouse Scale. Functional recovery of hind limb function
after SCI was determined by scoring of the locomotor
hindlimb performance in the open field using the Basso
Mouse Scale (BMS) system, a 0 to 9 rating system designed
specifically for the mouse [16, 23]. Under observer-blinded
conditions, mice were evaluated over a 4-min period 1 and
3 days after SCI and weekly thereafter. Only mice with a
score below 2, representing a successful lesion, on day 1 were
included in the study. Before surgery, mice were handled
and pretrained in the open field to prevent fear and/or stress
behaviors that could bias the locomotor assessment.

Thermal Hyperalgesia. Thermal hyperalgesia (hind paw with-
drawal from a normally innocuous heat source) was tested
with a Hargreaves’ heat source using the Plantar Test appara-
tus (Ugo Basile) [16]. Each pawwas tested 5 times with at least
2min break in between.The lowest and highest reflex latency
scores of each paw were discarded and the bilateral mean was
calculated and plotted. The behavioral test was performed
weekly when the mice reached a BMS score of 5 and were
capable of frequent or consistent stepping and thereby plantar
placement of the paws, typically around 3 weeks after SCI.

Rung Walk. In order to test stepping, interlimb coordination,
and balance, mice were tested on the rung walk also when
they reached a BMS score of 5.The rungwalk consisted of two
plates of transparent polymer, approximately 110 cm × 20 cm,
with a 2.5 cm space between them. The apparatus was placed
on two cages with the home cage at one end, making themice
automatically walk in that direction. To avoid stopping or
turning during trials, animals were pretrained 5 times prior to
surgery with the final test serving as baseline. Following SCI,
eligible mice were tested at 3, 4, and 5 weeks using a handheld
GoPro HD camera with 48 fps. Data were evaluated frame by
frame usingQuickTime. Left and right scores were calculated
as follows: 6, complete miss; 5, touching rung but sliding off
and losing balance; 4, touch, miss but no loss of balance; 3,
replacement, mouse placed paw on rung but quickly moves
it; 2, recorrection, aims for a rung but changes direction;

1, anterior or posterior placement; 0, perfect step. The total
number of mistakes was plotted for analysis as previously
described [16].

Open Field Test. The open field test was performed with
a nontransparent squared plastic box (45 × 45 × 45 cm)
over a period of 10min 35 days after SCI [16]. Movements
were tracked using the SMART video tracking software
(Panlab) connected to a video camera (SSC-D378P, Biosite).
The distance travelled (m), speed (cm/sec), and entries into
the three zones (wall, interperiphery, and center of the
box) were recorded automatically. A center/perimeter ratio
was calculated based on the number of entries. Rearing,
grooming, jumping, digging, urination, and droppings were
recorded manually and presented as number (𝑛) of events
[24].

2.6. Tissue Processing

2.6.1. Histopathology and Immunohistochemistry. For paraf-
fin histopathology and immunohistochemical analyses, mice
were deeply anaesthetized using an overdose of pentobarbital
(200mg/mL) containing lidocaine (20mg/mL) and perfused
through the left ventricle with ice-cold 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS). The spinal cords
were quickly removed and tissue segments containing the
lesion area (1 cm centered on the lesion) were paraffin-
embedded and cut into 10 parallel series of 15𝜇mthickmicro-
tome sections. Sectionswere stored at room temperature until
further processing.

2.6.2. Klüver-Barrera Luxol Fast Blue Staining for Myelinated
Fibers. For evaluation of lesion pathology, 1 series of sections
from each animal was stained in Luxol Fast Blue (LFB) (0.1%
LFB in 95% ethanol (EtOH) and 0.05% acetic acid) at 60∘C
over night. Next day, sections were rinsed in 96% EtOH
and distilled H2O, immersed briefly in lithium carbonate
(0.05% Li2CO3 in distilled water), and differentiated in 70%
EtOH.Next, sections were rinsed thoroughly in distilledH2O
and immersed in 0.05% lithium carbonate to stop further
differentiation. Sections were then placed in hematoxylin,
rinsed in running tap water, and immersed briefly in eosin
solution. Finally, sections were rinsed in 70% EtOH, followed
by 3x 99% EtOH, placed in 3x xylene prior to mounting with
Depex. Prior to staining, paraffin embedded sections were
deparaffinized 3x 3min in xylene, 3x 2min in 99%EtOH, and
2x 2min in 96% EtOH.

2.6.3. Immunohistochemical Staining for CD45, F4/80, and
MBP. Heat-Induced Antigen Retrieval was done on paraffin
embedded sections by boiling the sections in citrate buffer
+ 0.05% Tween, pH 6.0 (MBP), Tris-EGTA buffer, pH 9.0
(CD45), or TRS buffer (Target Retrieval Solution, Dako)
(F4/80) first 15min at 900W and then 9min at 440W.
The sections were allowed to cool in the buffer before they
were blocked for endogenous peroxidase and biotin activity.
Sections were then incubated with anti-CD45 IgG (30-F11
(Ly 5); BD Pharmingen) diluted 1 : 100, anti-F4/80 IgG (AbD
Serotec) diluted 1 : 100, or anti-MBP IgG (Biolegend) diluted
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1 : 150 and detected using biotin-labeled anti-rat (Dako),
diluted 1 : 200, or anti-mouse, diluted 1 : 100, antibodies, fol-
lowed by ready-to-use anti-rabbit horse-radish perioxidase-
(HRP-) labeled polymer (EnVision+ System, Dako) with
diaminobenzidine (DAB) as chromogen (Dako). Nuclei were
counterstained using Mayer’s haemalum w/4.5% chloralhy-
drate. As negative controls, staining specificity was tested on
parallel sections of spinal cord tissue by omitting the primary
antibody or substitution with a primary antibody with a
similar concentration of amouse IgG1 isotype control (Dako)
(for MBP) in order to check for any unspecific reaction
from the detection system. As positive control for antibody
specificity, a mouse multiblock containing several different
tissues, including lymphatic organs, was included. Activation
patterns were investigated in 5 sections (representing 750𝜇m
spinal cord) centered on the lesion epicenter from each
animal.

2.6.4. Immunofluorescent Staining for Glial Fibrillary Acidic
Protein (GFAP) and Ionized Calcium Binding Adaptor
Molecule (Iba1). One series of sections from each animal
was deparaffinized and rehydrated by placing the sections 3x
3minutes in xylene, 3x 2minutes in 99% EtOH, 2x 2minutes
in 96% EtOH, 2 minutes in 70% EtOH, and finally 5 minutes
in running tap water. The sections were then demasked with
TEG-buffer by placing the sections in warm TEG-buffer in
a steamer for 15 minutes and then letting them cool for
15 minutes at room temperature before rinsing them for 15
minutes in running tap water. The sections were then rinsed
3x 15 minutes in Tris-buffered saline (TBS) before they were
preincubated with 10% fetal bovine serum (FBS) in TBS with
0.5% Triton X-100 for 30 minutes. Hereafter the sections
were incubatedwithAlexa Fluor� 488-conjugated anti-GFAP
IgG (mouse monoclonal, clone 131-17719, Thermo Fischer
Scientific) diluted 1 : 400 or anti-Iba1 IgG (Rabbit, Dako)
diluted 1 : 400 1 hour at room temperature and hereafter over
night at 4∘C.

At day 2, sections were placed at room temperature for
30 minutes before they were rinsed in TBS for 10 minutes
and then in TBS with 0.1% Triton X-100 for 10 minutes.
Sections were then either stained with NeuroTrace� 530/615
Red Fluorescent Nissl Stain (Thermo Fischer Scientific) for
20 minutes (GFAP) or incubated with Alexa Fluor 488-
conjugated chicken anti-rabbit IgG (Thermo Fischer Scien-
tific) 1 : 500 for 2 hours and then rinsed 2 × 10 minutes in TBS
before the nuclei were immersed in a TBS solution containing
10 𝜇Mdiamidino-2-phenylindole (DAPI) for 10 minutes.The
sections were shortly rinsed in distilled water before they
were mounted with ProLong Diamond. Activation patterns
were investigated in 5 sections (representing 750𝜇m spinal
cord) centered on the lesion epicenter from each animal.
Control reactions were performed by omitting the primary
antibody or by substituting the primary antibody with Alexa
Fluor 488 conjugated mouse IgG1kappa (Thermo Fischer
Scientific) or substituting the primary antibody with rabbit
serum (Dako) diluted to the same concentration as the
primary antibody. Sections were devoid of staining in the
FITC imaging filter.

2.7. Lesion Volume Estimation. The volume of the lesion was
determined from the area of every 10th LFB- orGFAP-stained
section sampled by systematic uniform random sampling.
The area of the lesion site was estimated in LFB-stained
sections as previously described [16] using the VisioMorph
software (Visiopharm) and the Cavalieri principle for volume
estimation. For estimation of the lesion area in GFAP-
stained sections, photomicrographs were acquired using an
Olympus BX51 microscope with an Olympus DP73 camera
connected to a PC set up with the Olympus CellSens soft-
ware. Lesion size was then estimated using ImageJ analysis
software (NIH) as per directions of the ImageJ developers
(http://rsb.info.nih.gov/ij/). Analysis performed on digital
images was carried out on unmanipulated pictures. On the
presented pictures the contrast and curves have been adjusted
to allow readers to appreciate the details on small-scale
figures.

2.8. Estimation of White Matter. The area of intact white
matter, based onMBP staining, was estimated as a percentage
of the total spinal cord tissue area. Estimations were based on
5 sections centered on the epicenter and 5 sections located
300 𝜇m rostral to the lesion (𝑛 = 10 sections from 2-
3 animals/group).

2.9. Flow Cytometry

2.9.1. Isolation of Cells for Flow Cytometry. Mice were per-
fused with PBS as described above, the spinal cords were
quickly removed, and tissue segments containing the lesion
area (2.5 cm centered on the lesion) and perilesion area
(0.5 cm distal to and 0.5 cm proximal to the lesion were
pooled to represent perilesion tissue) were placed in cold
Hank’s Buffered Salt Solution (HBSS). Tissue from individual
mice was processed separately. Single-cell suspensions were
obtained by homogenization in HBSS using 70-𝜇mnylon cell
strainers (BD Falcon). Cells suspensions were centrifuged at
300×g for 10 minutes at 4∘C. The pellet was resuspended
in PBS containing 0.5% FBS and Myelin Removal Beads
II (Miltenyi Biotec) were added and the suspensions were
incubated for 15 minutes at 4∘C. Thereafter PBS containing
0.5% FBS was added and the suspensions were centrifuged
at 300×g for 10 minutes at 4∘C, after which the pellet was
resuspended in PBS containing 0.5% FBS. The LS column
(Miltenyi Biotec) was placed in the magnetic field of the
MACS separator (Miltenyi Biotec) and columns prepared
by washing with PBS containing 0.5% FBS. Next, the cell
suspension was added and the flow-through was collected
and centrifuged at 300×g for 10minutes at 4∘C.Thepellet was
washed by resuspending in PBS and centrifuged at 300×g for
10 minutes at 4∘C. To lyse the red blood cells the pellet was
resuspended in 0.83% ammonium chloride for 10 minutes
after which the suspension was centrifuged at 300×g for 10
minutes at 4∘C.Thepellet waswashed by resuspending in PBS
and centrifuged at 300×g for 10 minutes at 4∘C. Finally the
pellet was resuspended in PBS and the cell suspension was
stained for live/dead cells using Fixable Viability Dye eFlouro
506 (eBioscience) for 20minutes at 4∘C in the dark.The pellet
waswashed by resuspending in PBS and centrifuged at 300×g

http://rsb.info.nih.gov/ij
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for 10 minutes at 4∘C. Cells were fixed in Cytofix/Cytoperm
(BD Pharmingen) for 15 minutes at 4∘C and centrifuged at
300×g for 10 minutes at 4∘C. The pellet was washed twice
in FACS staining buffer (HBSS containing 2% FBS and 0.1%
sodium azide) and centrifuged at 300×g for 10 minutes at
4∘C in between. Finally the pellet was resuspended in FACS
staining buffer and kept in the dark at 4∘C until staining for
flow cytometry.

2.9.2. Flow Cytometry. The cells were blocked in 10% rat
serum for 30 minutes on ice before they were washed with
PBS and centrifuged at 600×g for 5 minutes at 4∘C. The
cells were resuspended in FACS staining buffer and stained
with combinations of PE-CD11b (BD Biosciences, clone
M1/70), PerCPCy5.5-CD45 (BD Biosciences, clone 30-F11),
APC-CD3 (BD Biosciences, clone 145-2C11), PE-Cy7-Gr1
(Biolegend, clone RB6-8C5), PE-Cy7-CD11c (BDBiosciences,
clone HL3), and 647-MHC class II (BD Biosciences, clone
M5/114.15.2) antibodies for 30minutes on ice. Finally, the cells
were washed in PBS, centrifuged at 600×g for 5 minutes at
4∘C, and resuspended in FACS buffer before they were run
on a FACSverse flow cytometer, and 106 events were acquired
per sample using forward scatter (FSC) and side scatter (SSC).
The analysis was performed using the FACSuite software [25].
Positive staining was determined based on the respective
isotype controls and the respective fluorescent minus one
(FMO) controls. The mean fluorescent intensity (MFI) was
calculated as the geometric mean of each population in the
CD45 and CD11b gates, respectively [25].

2.10. Multiplex and Western Blotting Analyses

Protein Purification. Whole spinal cord protein samples from
mTNFΔ/Δ and mTNFwt/wt mice exposed to SCI and allowed
3-day survival in addition to näıve mTNFΔ/Δ and mTNFwt/wt
mice were obtained and protein extractions were prepared as
previously described [11, 12].

Multiplex Analysis. To measure cytokine, chemokine, and
TNFR protein levels by the MSDMouse Proinflammatory V-
Plex Plus Kit (IFN𝛾, IL-1𝛽, IL-2, IL-4, IL-5, IL-6, IL-10, IL-
12p70, CXCL1, and TNF; K15012C, Mesoscale) and mouse
TNF-RI, TNF-RII, RANTES, andMCP-1 Ultra-Sensitive Kits
(Mesoscale), we used a SECTOR Imager 6000 (Mesoscale
Discovery) Plate Reader according to the manufacturer’s
instructions. Samples were diluted twofold inDiluent 41 prior
to measurement and samples were run in duplicate [11]. Data
was analyzed using MSD Discovery Workbench software.

Western Blotting Analysis. Western blot analysis for Iba1
(1 : 500,Wako)was performedusing 18𝜇g protein extract sep-
arated on 4–12% SDS-PAGE gels (Invitrogen) using MOPS
SDS (Invitrogen) containing 0.25% antioxidant (Invitrogen)
essentially as previously described [11]. 𝛼-Actin (1 : 100,000,
Millipore) was used as loading control. SeeBlue prestained
standard (Invitrogen) was used as amolecular weightmarker.
Bands were quantified using Image Lab Software (Bio-Rad).
Analysis was performedwith 𝑛 = 4mice/group and data were

normalized to 𝛼-actin and presented as percentages relative
to mTNFwt/wt mice.

As a control, 2 independent gels were prepared where the
primary antibody was omitted in the protocol. Development
of the membrane showed the absence of a 17 kDa band,
corresponding to the size of Iba1.

2.11. Statistical Analysis. Comparisons were performed using
repeated measures (RM) two-way ANOVA followed by
multiple 𝑡-test analysis (BMS, rung walk, Hargreaves’ tests,
and weight change), Mann–Whitney, or Wilcoxon matched-
pairs signed rank tests. Analyses were performed using Prism
4.0b software for Macintosh (GraphPad Software). Statistical
significance was established for 𝑝 ≤ 0.05.

3. Results

3.1. Genetic Ablation of solTNF Does Not Alter Locomotor
Function or Anxiety-Related Behavior. Using the open field,
rotarod, and Y-maze tests, we previously demonstrated that
mTNFΔ/Δ mice display no obvious behavioral abnormalities
[12]. This was further validated in the present study using
the EPM test. We found that the time spent in the closed
(Figure 1(a)) and open arms (Figure 1(b)) and the total
distance travelled in the EPM were comparable between
mTNFwt/wt and mTNFΔ/Δ mice (Figure 1(c)). Together our
findings demonstrate that locomotor function following SCI
will not be affected by innate changes in the behavioral
phenotype between naı̈ve mTNFwt/wt and mTNFΔ/Δ mice.

3.2. Genetic Ablation of solTNF Does Not Affect Lesion Size or
Functional Outcome after SCI. On the basis of our previous
findings of a neuroprotective effect of mTNF [12, 16], we
investigated whether genetic ablation of solTNF in mTNFΔ/Δ
mice could also improve functional recovery and reduce tis-
sue damage following traumatic SCI. In this study,mTNFwt/wt

and mTNFΔ/Δ mice were subjected to SCI and locomotor
performance in the open field was recorded on days 1 and 3
and then weekly for 5 weeks and scored with the BMS. We
found that there were no differences in BMS scores between
the two genotypes at any time point after SCI (final BMS ±
SEM; mTNFwt/wt: 5.3 ± 1.0; mTNFΔ/Δ: 5.3 ± 1.5) (Figure 2(a)).
Both genotypes improved their BMS scores significantly over
time. Mice were also evaluated using rung walk analysis
when they reached a BMS score of 5 and weekly thereafter.
Even though both genotypes displayed significant changes
over time, no differences were observed between mTNFwt/wt
and mTNFΔ/Δ mice (Figure 2(b)). Thermal hyperalgesia was
tested using Hargreaves’ test. Despite findings of signifi-
cant changes in nociception over time in both mTNFwt/wt

and mTNFΔ/Δ mice, no difference between genotypes was
observed (Figure 2(c)). Finally in order to investigate the
effect of genetic ablation of solTNF on general activity and
anxiety-related behavior after SCI, mTNFwt/wt and mTNFΔ/Δ
mice were subjected to the open field test 35 days after SCI
(Supplemental Figure 1, Supplementary Material available
online at http://dx.doi.org/10.1155/2016/2684098). We found

http://dx.doi.org/10.1155/2016/2684098
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Figure 1: Elevated plus maze analysis in naı̈ve mTNFwt/wt and mTNFΔ/Δ mice. (a–c) mTNFwt/wt and mTNFΔ/Δ mice spent comparable times
in the closed arm (a) and the open arm (b) and travelled a similar distance (c) in the elevated plus maze test. Mann–Whitney test, 𝑛 = 7–
10mice/group. Results are presented as mean ± SD.

no differences in the total distance travelled (Supplemental
Figure 1A), in the speed at which the mice moved (Sup-
plemental Figure 1B), in number of rearings (Supplemental
Figure 1C), nor in number of zone changes (𝑝 < 0.05,
mTNFwt/wt: 45.0± 33.9;mTNFΔ/Δ: 37.5± 31.2), demonstrating
that mTNF is sufficient to sustain locomotor function. Also,
grooming (Supplemental Figure 1D) and urination (Sup-
plemental Figure 1E) and the center/perimeter ratio (𝑝 <
0.05, ratios: mTNFwt/wt: 0.08 ± 0.09%; mTNFΔ/Δ: 0.06% ±
0.10) were comparable between mTNFwt/wt and mTNFΔ/Δ
mice, and only the number of droppings differed significantly
between the two genotypes (Supplemental Figure 1F). In
line with these data, we observed no difference in lesion
size (Figures 2(d)–2(f)) or the percentage of MBP+ white
matter area (mTNFwt/wt: 48.6% ± 10.3%; mTNFΔ/Δ: 49.4% ±
12.0%) between mTNFwt/wt and mTNFΔ/Δ mice 35 days after
SCI. Intense GFAP immunoreactivity was detected both in
genotypes around the lesion and in the surrounding white
matter, indicating formation of a glial scar (Figure 2(g)).

Body weight was affected over time by SCI, but there was
no difference between genotypes (Supplemental Figure 1G).

3.3. Genetic Ablation of solTNF Reduces TNF Levels after SCI.
We previously showed that TNF is decreased in mTNFΔ/Δ

mice compared to mTNFwt/wt controls after experimental
stroke [12]. Following SCI, the genetic ablation of solTNF also
affected TNF in the spinal cord significantly (Figure 3(a)).
TNF increased significantly in mTNFwt/wt mice compared to
näıve conditions and was significantly increased compared
to mTNFΔ/Δ mice 3 days after SCI, whereas TNF stayed at
baseline levels after SCI in mTNFΔ/Δ mice (Figure 3(a)).

TNFR1 (Figure 3(b)) and TNFR2 (Figure 3(c)) were also
significantly affected in the spinal cords of mTNFwt/wt and
mTNFΔ/Δ mice. We found that, in both mTNFwt/wt and
mTNFΔ/Δ mice, TNFR1 and TNFR2 increased significantly
in the lesioned spinal cord 3 days after SCI compared to
näıve conditions but with no significant difference between
genotypes (Figures 3(b) and 3(c)). However, for both TNFR1
and TNFR2 there was a tendency towards reduced TNFR1
(𝑝 = 0.06) and TNFR2 (𝑝 = 0.06) levels in mTNFΔ/Δ

compared to mTNFwt/wt mice 3 days after SCI.

3.4. Genetic Ablation of mTNF Does Not Affect Neuroinflam-
mation in the Lesioned Spinal Cord 3 Days after SCI. IL-10
(Figure 3(d)), IL-1𝛽 (Figure 3(e)), and IL-6 (Figure 3(f)) were
significantly increased in mTNFwt/wt and mTNFΔ/Δ mice 3
days after SCI compared to näıve conditions, but with no
significant difference between genotypes. However, there was
a tendency towards increased IL-10 (𝑝 = 0.09) and decreased
IL-1𝛽 (𝑝 = 0.09) in mTNFΔ/Δ compared mTNFwt/wt mice 3
days after SCI. IL-5 (Figure 3(g)) was significantly increased
at 3 days compared to näıve conditions only in mTNFwt/wt
mice (Figure 3(h)), whereas IL-2 only increased significantly
in mTNFΔ/Δ mice (Figure 3(h)). IFN𝛾 and IL-4 protein levels
were not affected 3 days after SCI (not shown).

CXCL1 (Figure 3(i)) and CCL2 (Figure 3(j)) were signif-
icantly upregulated in the lesioned spinal cord of mTNFwt/wt

and mTNFΔ/Δ mice 3 days after SCI compared to naı̈ve
conditions, whereas the increase in CCL5 (Figure 3(k)) did
not reach statistical significance. No differences in CXCL1,
CCL2, and CCL5 were observed between mTNFwt/wt and
mTNFΔ/Δ mice (Figures 3(i)–3(k)).
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Figure 2: Genetic ablation of solTNF does not affect functional outcome or lesion size after SCI. (a) Analysis of BMS scores in mTNFwt/wt

and mTNFΔ/Δ mice showed that genetic ablation of solTNF did not affect BMS scores after SCI. Both groups of mice improved their BMS
score over time (two-way RM ANOVA; time ∗∗∗∗𝑝 < 0.0001, 𝐹3,133 = 295.1), 𝑛 = 10-11mice/group. (b) Rung walk analysis showed that
both groups of mice increased their number of mistakes after SCI (two-way RM ANOVA; time ∗∗∗∗𝑝 < 0.0001, 𝐹3,51 = 27.8, Tukey’s post
hoc ∗∗∗∗𝑝 < 0.0001), 𝑛 = 9-10mice/group, and no differences between genotypes were observed. (c) Thermal stimulation using Hargreaves’
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time after SCI (two-wayRMANOVA; time ∗∗∗∗𝑝 < 0.0001, 𝐹3,51 = 14.72, Tukey’s post hoc ∗∗∗∗𝑝 < 0.0001), 𝑛 = 9-10mice/group. (d) Analysis
of lesion volumes in Luxol Fast Blue (LFB) stained sections 35 days after SCI showed that lesion size was comparable between mTNFwt/wt and
mTNFΔ/Δ mice (Mann–Whitney), 𝑛 = 5–9mice/group. (e) Representative LFB-stained thoracic spinal cord sections from mTNFwt/wt and
mTNFΔ/Δ mice allowed 35-day survival after SCI. Scale bar: 100𝜇m. (f) Analysis of lesion volumes in GFAP-stained sections 35 days after SCI
showed that lesion size was comparable between mTNFwt/wt and mTNFΔ/Δ mice (Mann–Whitney), 𝑛 = 5–9mice/group. (g) GFAP labeling
(green), fluorescent Nissl (red), and DAPI (blue) staining of representative spinal cord sections from mTNFwt/wt and mTNFΔ/Δ mice allowed
35-day survival after SCI. Results are presented as mean ± SD.
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Figure 3: Continued.
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Figure 3: Cytokine and TNFR expression profiling after SCI. (a–k) TNF (a), TNFR1 (b), TNFR2 (c), IL-10 (d), IL-1𝛽 (e), IL-6 (f), IL-5 (g), IL-2
(h), CXCL1 (i), CCL2 (j), and CCL5 (k) protein levels were quantified bymultiplex technology in naı̈vemice and 3 days after SCI inmTNFwt/wt

and mTNFΔ/Δ mice. For each protein, results are expressed as mean ± SD, 𝑛 = 5mice/group. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01, Mann–Whitney test.

3.5. Genetic Ablation of solTNF Does Not Affect Monocyte/
Macrophage Infiltration into the Lesioned Spinal Cord 3 Days
after SCI. We have previously shown that monocyte/macro-
phage infiltration into the ischemic brain is decreased
in mTNFΔ/Δ mice 24 hours after focal cerebral ischemia
compared to mTNFwt/wt mice [12]. Based on this, we
evaluated microglia (CD11b+CD45dim cells), macrophage
(CD11b+CD45highGr1−), granulocyte (CD11b+CD45highGr1+),
and T cell (CD45+CD3+) populations 3 days after SCI
using flow cytometry (Figures 4(a) and 4(b)) and found no
differences in total numbers (Figure 4(c)) and percentages
(Figure 4(d)) between mTNFwt/wt and mTNFΔ/Δ mice. As
CD45MFI values inmicroglia have been shown to be affected
by XPro1595 and etanercept treatment following experimen-
tal stroke, indicating increased activation by these cells [25],
we also investigatedCD11b andCD45MFI levels inmicroglia,
macrophages, and granulocytes 3 days after SCI (Figures 4(e)
and 4(f)). However, no difference between genotypes was
observed inMFI levels for eitherCD11b (Figure 4(e)) orCD45
(Figure 4(f)) in any of the cell populations investigated.

3.6. Genetic Ablation of solTNF Does Not Affect the Activation
State of Microglia and Leukocytes 3 and 35 Days after SCI.
In order to further investigate whether genetic ablation
of solTNF affected the activation state of microglia and
infiltrating cells, we performed flow cytometry and looked for
changes in cell populations and MFI of MHCII and CD11c
(Figure 5) in the lesion and perilesion areas (proximal and
distal to the lesion).The finding of comparable numbers (Fig-
ure 5(a)) and percentages (Figure 5(b)) of CD11b+CD45dim

microglia and CD11b+CD45high cells supported the finding
that solTNF does not affect microglial and leukocyte recruit-
ment following SCI. In order to investigate whether genetic
ablation of solTNF affected activation state, CD11b+CD45dim
and CD11b+CD45high populations were subgated to investi-
gate MHCII (Figures 5(d)–5(f)) and CD11c (Figures 5(g)–
5(i)) expression. Neither CD11c nor MHCII was found on
the microglia population at this time point (Figures 5(d)
and 5(g)). In contrast, MHCII (Figure 5(d)) and CD11c
(Figure 5(g)) expression were increased on CD11b+CD45high
cells with comparable numbers (Figures 5(e) and 5(h)) and
expression levels (Figures 5(f) and 5(i)) between genotypes.
The number of MHCII+ and CD11c+ cells and the expression
levels were significantly increased in the lesion area compared
to the perilesion area. CD11c were only found on MHCII
expressing CD11b+CD45high cells (Figure 5(j)). In support
of these data, the percentages of MHCII+, CD11c+, and
MHCII+CD11c+ cells in the lesion area were comparable
between genotypes (Figure 5(k)). Finally, Iba1 protein expres-
sion was investigated 3 days after SCI using Western blotting
analysis (Figure 5(l)). However, we found no difference in
the expression levels betweenmTNFwt/wt andmTNFΔ/Δmice
supporting the flow cytometric analysis, demonstrating that
genetic ablation of solTNF does not affect the activation state
of microglia and infiltrating cells 3 days after SCI.

We also evaluated microglia/macrophage activation 35
days after SCI by immunostaining of F4/80, CD45, and Iba1.
We observed no difference in the distribution or number
of F4/80+ (Figure 6(a)), CD45+ (Figure 6(b)), or Iba1+

(Figure 6(c)) cells between mTNFwt/wt and mTNFΔ/Δ mice.
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Figure 4: Flow cytometry of microglia and infiltrating leukocytes 3 days after SCI. (a) Gating strategy: FSC/SSC was used to define
cell populations. Singlet cells were identified using FSC-A/FSC-H, and only live cells were included. (b) Representative flow cytometry
plots comparing macrophage, granulocyte, and T cell infiltration in mTNFwt/wt and mTNFΔ/Δ mice. (c, d) Number (c) and percentage
(d) of microglia (CD11b+CD45dim), macrophages (CD11b+CD45dimGr1−), granulocytes (CD11b+CD45dimGr1+), and T cells (CD45+CD3+)
in mTNFwt/wt and mTNFΔ/Δ mice 3 days after SCI. Results are expressed as mean ± SD, 𝑛 = 5mice/group, Mann–Whitney test.

4. Discussion

In the present study, we found that genetic ablation of solTNF,
but sustained expression of mTNF, does not affect functional
outcome and lesion size after SCI. These findings are in line
with previous published papers demonstrating that genetic

ablation of TNF [15] and systemic administration of anti-TNF
antagonists, such as XPro1595 [16] and etanercept [16, 17], do
not affect lesion volume or improve functional outcome after
SCI. However, the findings are also in contrast to our own
recent studies demonstrating that selective central inhibition
of solTNF is neuroprotective, as mice treated epidurally
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Figure 5: Continued.
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Figure 5: Flow cytometric analysis of the activation state of microglia and infiltrating cells 3 days after SCI. (a–c) Number of CD11b+CD45dim
microglia (a) and CD11b+CD45high cells (b) and percentages of microglia and infiltrating cells (c) within the lesion and in the perilesion area
3 days after SCI. (d) Representative histograms of MHCII expression on CD11b+CD45low microglia and CD11b+CD45high cells located in the
lesions of mTNFwt/wt andmTNFΔ/Δmice 3 days after SCI. (e, f)The number ofMHCII+CD11b+CD45high cells (e) andMFI forMHCII (f) were
comparable between mTNFwt/wt and mTNFΔ/Δ mice. (g) Representative histograms of CD11c expression on microglia and infiltrating cells
located in the lesions of mTNFwt/wt and mTNFΔ/Δ mice 3 days after SCI. (h, i) The number of CD11c+CD11b+CD45high cells (h) and MFI for
CD11c expression (i) were comparable between mTNFwt/wt and mTNFΔ/Δ mice. (j) Representative dot blots comparing CD11c expressions on
MHCII+CD11b+CD45high cells in mTNFwt/wt and mTNFΔ/Δ mice 3 days after SCI. (k) Percentages of MHCII+, CD11c+, and MHCII+CD11c+
cells in the lesion area. 𝑛 = 4-5mice/group. (l)Western blot analysis for Iba1 protein expression 3 days after SCI.Data are normalized to𝛼-actin
protein expression (𝑛 = 4/group). Results are presented as mean ± SD, ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, Mann–Whitney and Wilcoxon matched-pairs
signed rank tests.
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Figure 6: Microglial and leukocyte immunoreactivity 35 days after SCI. (a–c) Immunohistochemical staining for F4/80 (a) and CD45 (b)
and immunofluorescent staining for Iba1 (c) were comparable between mTNFwt/wt and mTNFΔ/Δ mice 35 days after SCI. Analysis was based
on 5 sections from each animal, 𝑛 = 4mice/group. Scale bars: (a, b) lowmagnification = 200 𝜇m and high magnification = 100 𝜇m. (c) 40 𝜇m.

with XPro1595 for 3 consecutive days displayed improved
functional outcome, reduced lesion size, and altered neu-
roinflammation after moderate SCI [16]. As TNF reaches
peak levels within the lesioned spinal cord within the first
1-2 hours after SCI [1–4] and elevation of solTNF is a
hallmark of acute neuroinflammation (reviewed in [26])
it is possible that, by inhibiting solTNF, using XPro1595

for only 3 consecutive days is neuroprotective, whereas
inhibiting solTNF for a sustained period of time (every 3
days for 35 days or as in TNF−/− and mTNFΔ/Δ mice) is not.
This is supported by recent hypotheses that under normal
physiological conditions solTNF signaling is important for
synaptic scaling (reviewed in [26]) and therefore possibly also
for neuroregeneration. In the present study, we observed a
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tendency towards reduced TNFR1 and TNFR2 expression in
the spinal cord ofmTNFΔ/Δmice 3 days after SCI, probably as
a consequence of reduced solTNF levels. As pharmacological
blockage of solTNF, using XPro1595 resulted in sustained
TNFR2 and increased TLR4 expression in the lesioned cord,
when administered epidurally [16], it is possible that, in order
to obtain improved functional recovery and reduced injury
following SCI, sustained or increased TNFR2 expression
locally is a prerequisite. This is supported by studies in mice
with experimental autoimmune encephalomyelitis (EAE), an
animal model of multiple sclerosis, where mTNF has been
associated with repair and remyelination via oligodendroglial
TNFR2 [27], whereas the detrimental effects of solTNF have
been associatedwith TNFR1 signaling [8, 28]. Finally, it is also
possible that genetic modifications of TNF expression, as in
TNF−/− andmTNFΔ/Δ mice, result in unknown phenotypical
modifications of the mice that may not be apparent at first
glance. Even though the behavioral phenotype did not appear
to be altered in mTNFΔ/Δ mice this is the case in TNF−/−
mice [29, 30] and discrepancies in study outcomes between
genetically modified TNF models and studies using anti-
TNF therapies have been encountered in other CNS models,
including models for focal cerebral ischemia and multiple
sclerosis (reviewed in [8, 31]). The explanation for these
discrepancies so far remains unknown and requires further
research into the different functional roles of solTNF and
mTNF and the importance of signaling through TNFR1
versus TNFR2.

We also observed a tendency towards a reduction in
CCL2 expression in mTNFΔ/Δ mice 3 days after SCI. CCL2 is
a monocyte chemotactic protein and an important regulator
of macrophage responses [32]. Its expression is upregulated
in rat spinal cord tissue within the first 24 hours after
SCI [33], as well as in serum samples from SCI patients
[34]. Despite our previous findings of a reduced infiltration
of monocytes/macrophages into the ischemic brain in our
mTNFΔ/Δ mice, we did not observe a difference in infiltrat-
ing macrophages 3 days after SCI between mTNFwt/wt and
mTNFΔ/Δ mice. We also did not observe any differences in
the activation state of microglia or infiltrating cells, as MFI
levels for CD11b, CD45, MHCII, and CD11c and Iba1 protein
expression were comparable between genotypes 3 days after
SCI. Macrophage infiltration and microglial activation are
known to peak around day 7 after SCI [35]; hence possible
changes in microglia/macrophages are believed to take place
at a later time after SCI, which may explain why we in the
present study did not observe any change in the number
of infiltrating macrophages. The finding that CXCL1, a neu-
trophil chemoattractant chemokine, did not differ between
mTNFwt/wt and mTNFΔ/Δ mice is in line with previous data
showing that neutrophils, which are known to infiltrate early
(peaking 1 day after injury) [35], were comparable between
mTNFwt/wt and mTNFΔ/Δ mice.

The expression of IL-1𝛽, a proinflammatory cytokine,
increases within the first couple of hours after SCI [4] before
the appearance of infiltrating lymphocytes and leukocytes
[36], and direct injection of IL-1𝛽 into the spinal cord

enhances vascular permeability and lymphocyte recruitment
[37]. In the present study, there was a tendency towards
reduced IL-1𝛽 expression in mTNFΔ/Δ mice 3 days after
SCI. In IL-1𝛼/𝛽−/− mice, locomotor activity and lesion area
improved significantly after SCI, a process believed to be
mediated by reduction of inflammatory responses, including
a decrease in TNF expression [38].We have previously shown
that IL-1𝛽 protein levels are decreased in mTNFΔ/Δ mice
following experimental stroke, which was accompanied by
reduced infarct volumes [12], and that, by increasing the
expression of the naturally occurring IL-1 receptor antagonist
(IL-1ra) in microglia, infarct volumes following experimental
stroke can be reduced [39]. As the neurotoxic effect of IL-
1𝛽, and hence its deleterious effect on lesion volume, is
dependent on the balance between IL-1 and IL-1ra after acute
injury to the CNS [39], it is possible that in our conditions
a sufficient increase in IL-1ra does not occur, and therefore
the decrease in IL-1𝛽 expression in our mTNFΔ/Δ mice is not
sufficient to improve functional recovery and reduce lesion
size.

IL-10 is a potent anti-inflammatory cytokine, which has
been shown to reduce the development of inflammation and
tissue injury associated with SCI [40]. IL-10 has also been
shown to reduce IL-1𝛽 [41] andTNF [42] in ratmodels of SCI,
leading to reduced inflammation, reduced neuronal damage,
and improved functional recovery. In our study, we observed
a tendency towards reduced IL-10 levels, while TNF and IL-1𝛽
were decreased, with no improvement in functional outcome
35 days after SCI. As the studies performed by Bethea et
al. [42] and Plunkett et al. [41] were in rats and ours was
in mice, it is possible that species differences account for
the discrepancy. Our studies are in line with the findings
by Abraham et al. [43] that showed greater damage at early
time points (1 and 7 days) after SCI in IL-10−/− mice but no
differences at 14 days after SCI.The pronounced early damage
observed in IL-10−/− mice was associated with an almost
twofold increase in peripheral neutrophils [43], suggesting
an altered innate immune response to injury. Despite the
findings of increased IL-10 3 days after SCI, we did not see
any difference in infiltrating macrophages and neutrophils.
At 35 days after SCI we did not detect differences in CD45+,
F4/80+, or Iba1+ microglia/macrophages. However, it should
be noted that these observations were based on qualita-
tive immunohistochemistry and further quantitative analysis
should be performed in order to conclude whether leukocyte
infiltration is affected by genetic ablation of solTNF following
SCI.

In summary, our study, using genetically modified mice
expressing only the membrane-bound form of TNF, demon-
strate that the absence of solTNF does not affect lesion size
and functional outcome but suggests that mTNF promotes an
anti-inflammatory environment in the lesioned spinal cord
that may be more favorable to functional recovery.
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