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Although it has been demonstrated that cAMP pathway affect both adaptive and 
innate cell functions, the role of this pathway in the regulation of T-cell-mediated central 
nervous system (CNS) autoimmune inflammation, such as in experimental autoimmune 
encephalomyelitis (EAE), remains unclear. It is also unclear how cAMP pathway affects 
the function of CD4 T cells in vivo at the site of inflammation. We found that adenylyl 
cyclase activator Forskolin besides inhibition of functions autoimmune CD4 T cells also 
upregulated microRNA (miR)-124 in the CNS during EAE, which is associated with M2 
phenotype of microglia/macrophages. Our study further established that in addition to 
direct influence of cAMP pathway on CD4 T cells, stimulation of this pathway promoted 
macrophage polarization toward M2 leading to indirect inhibition of function of T cells in 
the CNS. We demonstrated that Forskolin together with IL-4 or with Forskolin together 
with IL-4 and IFNγ effectively stimulated M2 phenotype of macrophages indicating high 
potency of this pathway in reprogramming of macrophage polarization in Th2- and 
even in Th1/Th2-mixed inflammatory conditions such as EAE. Mechanistically, Forskolin 
and/or IL-4 activated ERK pathway in macrophages resulting in the upregulation of 
M2-associated molecules miR-124, arginase (Arg)1, and Mannose receptor C-type 1 
(Mrc1), which was reversed by ERK inhibitors. Administration of Forskolin after the onset 
of EAE substantially upregulated M2 markers Arg1, Mrc1, Fizz1, and Ym1 and inhibited 
M1 markers nitric oxide synthetase 2 and CD86 in the CNS during EAE resulting in 
decrease in macrophage/microglia activation, lymphocyte and CD4 T cell infiltration, and 
the recovery from the disease. Forskolin inhibited proliferation and IFNγ production by 
CD4 T cells in the CNS but had rather weak direct effect on proliferation of autoimmune 
T cells in the periphery and in vitro, suggesting prevalence of indirect effect of Forskolin 
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on differentiation and functions of autoimmune CD4 T cells in vivo. Thus, our data indi-
cate that Forskolin has potency to skew balance toward M2 affecting ERK pathway 
in macrophages and indirectly inhibit pathogenic CD4 T  cells in the CNS leading to 
the suppression of autoimmune inflammation. These data may have also implications 
for future therapeutic approaches to inhibit autoimmune Th1 cells at the site of tissue 
inflammation.

Keywords: Th1 cells, neuroinflammation, Forskolin, caMP, microrna-124, macrophage, M2 polarization, erK

inTrODUcTiOn

Various pathways are known to affect differentiation and func-
tion of CD4 T cells in vivo during inflammation associated with 
autoimmunity or infection. One of most common and important 
pathways in the process is cAMP pathway that is known to be 
involved in negative regulation of T cell activation and prolifera-
tion (1). However, more detailed and recent studies demonstrated 
that cAMP-inducing agents Cholera Toxin, 8-bromo-cAMP, and 
FDA-approved drug Forskolin inhibited proliferation of Th1 
but not Th2 effector cells in vitro (2). In addition, it was shown 
that Cholera Toxin-induced expansion rather than inhibition of 
Th17 cells in vivo (3). Pertussis toxin, which was specifically used 
for active induction of central nervous system (CNS) autoimmune 
inflammation, was also shown to activate adenylyl cyclase leading 
to increase in cAMP (4). However, Pertussis toxin stimulated rather 
than inhibited expansion of Th1 cells in vivo leading to develop-
ment of CNS autoimmune inflammation (5). Moreover, selective 
inhibition of cAMP pathway in vivo in CD4 T cells demonstrated 
that cAMP was required for differentiation and proliferation of 
Th1 and Th17 cells but not Th2 and Tregs (6). Thus, exact role of 
cAMP pathway in the modulation of function of effector T cells 
during CNS autoimmune inflammation remains unclear. An 
important factor that could affect functions of T cells in the tis-
sues during inflammation are tissue-resident and blood-derived 
macrophages that are recruited to the sited of inflammation and 
could be also affected by cAMP-inducing agents.

During inflammation, macrophages become activated under 
the influence of T-cell-derived cytokines or pathogens lead-
ing to two or more distinct (polarized) states. Polarization of 
macrophages toward the classic M1 phenotype is induced by 
Th1 cytokines such as IFNγ and the alternative M2 phenotype 
induced by Th2 cytokines such as IL-4 plays an important role in 
regulation of T cells functions during infection and autoimmune 
diseases (7). Recently, it was suggested that macrophages do not 
form stable populations, but rather have distinct phenotypes in 
response to various inflammatory stimuli (e.g., IFNγ vs. IL-4) 
and often form mixed phenotypes (7, 8), which has unpredict-
able impact on functions of T cells at the site of inflammation 
where macrophages serve as antigen-presenting cells. In normal 

Abbreviations: Arg, arginase; ATF, activating transcription factor; BM, bone 
marrow; CNS, central nervous system; CRE, cAMP response elements; EAE, 
experimental autoimmune encephalomyelitis; LFB, luxol fast blue; MOG, myelin 
oligodendrocyte glycoprotein; Mrc, mannose receptor; miR, microRNA; MS, 
multiple sclerosis; NOS, nitric oxide synthetase; REST, RE1-silencing transcription 
factor.

conditions, the CNS has specific microenvironment where 
CNS-resident macrophages (also referred to as microglia) have 
intrinsic M2-like phenotype and express number of M2 markers 
(e.g., Ym1 and IL-4) and specific microRNAs (miRs) (e.g., miR-
124) that promote M2 polarization (9–11). Moreover, CNS has 
internal source of IL-4, which plays critical role in suppression of 
neuroinflammation such as experimental autoimmune encepha-
litis (EAE) (9). M2 macrophages in normal CNS express low level 
of MHC class II and CD86 and do not effectively stimulate T cells.

Similar to human disease multiple sclerosis (MS), EAE is an 
inflammatory disease of the CNS that is initiated by autoimmune 
Th1 and Th17  cells that recognize self-antigen within myelin 
sheath [e.g., myelin oligodendrocyte glycoprotein (MOG)] (12). 
Th1 and Th17 cells produce number of cytokines such as IFNγ, 
TNF, and GM-CSF that mediate M1 polarization of macrophages 
that comprise ~70% of CNS inflammatory lesions and mediate 
most of the damage of neuronal tissue by producing TNF, nitric 
oxide (NO), etc. (7, 12–15). Since CNS has intrinsic M2-skewing 
microenvironment, macrophages in the CNS during EAE and 
other pathologies often exhibit mixed M1/M2 phenotype under 
the influence of CNS-derived IL-4 and Th1-derived IFNγ (16). 
We have previously found that during EAE macrophages exhibit 
dually activated phenotype expressing both M1 and M2 mark-
ers such as CD86 and Ym1 at the same time (9). These results 
were not surprising, since during EAE both M1 (IFNγ) and M2 
(IL-4) cytokines were present in inflamed CNS. Therefore, it is 
important to find new pathways and co-factors that could skew 
macrophage polarization toward M2 in mixed inflammatory 
conditions during EAE.

One of the co-factors that help to skew macrophages toward 
M2 phenotype in the CNS is miR-124 (10). miRs are class of short 
(20–22 nucleotides) non-coding RNAs that regulate many physi-
ological processes including macrophages polarization (11). We 
have previously shown that miR-124 is expressed in microglia in 
normal CNS contributing to M2 phenotype of microglial cells in 
resting state (10). During EAE, expression of miR-124 in activated 
microglia was decreased, while transfection of macrophages 
with miR-124 upregulated M2 markers such as arginase (Arg)1 
and Mannose receptor C-type 1 (Mrc1) and downregulated M1 
markers such as CD86, nitric oxide synthetase (NOS)2, and 
TNF leading to recovery from the disease (10). We also found 
that miR-124 is upregulated in bone marrow (BM)-derived and 
peritoneal macrophages in response to IL-4, but effect of IL-4 
on upregulation of miR-124 was modest (17). Moreover, expres-
sion of miR-124 in microglia in normal CNS was IL-4/IL-13 
independent, while IFNγ pretreated M1 macrophages failed to 
upregulate miR-124 in response to subsequent treatment with 
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IL-4 (17). These data suggest the importance of other pathways 
that may stimulate miR-124 and change balance toward M2 in the 
CNS during inflammation.

Forskolin (coleonol) originate from Indian plant Coleus and 
currently used as food supplement or as a drug for traditional 
oriental medicine and anticancer therapy (18). We found that 
administration of Forskolin during EAE inhibited proliferation 
and IFN-γ production by CD4 T cells in the CNS and upregu-
lated a number of M2-associated molecules miR-124, Arg1, 
Mrc1, Ym1, and Fizz1 and downmodulated M1-associated 
molecules MHC class II, CD86, and NOS2. This indicates very 
potent effect of this drug in the modulation of autoimmune 
CD4 T  cells and macrophage activation/polarization at the 
site of tissue inflammation. To understand mechanisms, we 
were looking for pathways that inhibit pathogenic CD4 T cells, 
enhance action of IL-4 in M2 polarization and upregulation of 
miR-124 during CNS autoimmune inflammation. We found 
that Forskolin did not directly affect CD4 T cells, but promoted 
M2 polarization of macrophages. Further analysis demon-
strated that Forskolin and/or IL-4 activated cAMP-responsive 
element-binding/activating transcription factor (CREB/ATF) 
family proteins that contributed to upregulation of miR-124 
and M2 polarization.

MaTerials anD MeThODs

Mice
C57BL/6 mice were originally purchased from the Jackson 
Laboratory and bred locally at the Laboratory Animal Services 
Center at the Chinese University of Hong Kong. All animal 
procedures were conducted under individual licenses from Hong 
Kong government and approved by animal ethics committee 
form the Chinese University of Hong Kong.

cells
Bone marrow-derived macrophages were grown in DMEM 
media (Gibco) supplemented with 10% FBS (Gibco) and M-CSF 
(R&D; 10  ng/ml) for 5  days as described (10) and used for 
analysis. Peritoneal macrophages were isolated by peritoneal 
lavage and removal of non-adhered cells after 14–16 h of incu-
bation at CO2 incubator (9). Flow cytometry analysis indicated 
96–98% of CD11b+F4/80+ cells in case of BM-derived and 
peritoneal macrophages. For macrophage polarization, the cells 
were treated with IL-4 (50  ng/ml), IFNγ (100  ng/ml), and/or 
Forskolin (30 µM; Sigma) for indicated periods ranging from 2 
to 24 h. The optimal dosage of Forskolin was determined after 
performing dose–response curve (1–100 µM) for the upregula-
tion of miR-124. ERK1/2 inhibitor U0126 was purchased from 
Cell Signaling, and another ERK1/2 PD184352 inhibitor was pur-
chased from Abcam. Inhibitors U0126 and PD184352 were used 
at concentrations of 10 µM and 200 nM, respectively, according 
to the manufacturer’s recommendations. Taurolidin (Sigma) was 
used at the dose of 100  µM. X5050 inhibitor was used at final 
concentration of 100 µM. NRSE inhibitory dsRNA was used at 
concentration of 20  nM as described (19). Primary cultures of 
mouse cortical neurons were performed as described earlier (10).

eae induction
EAE was induced by subcutaneous immunization with 150  µg 
MOG35–55 (American peptide) in 4  mg/ml CFA (Diffco) as 
described earlier (10). Pertussis toxin (Sigma) was injected 
i.p. (150  ng/mouse) on day 0 and day 2 post-immunization. 
Individual animals were assessed daily for symptoms of EAE and 
scored using a scale from 0 to 5 as follows: 0, no disease; 0.5, 
weak tail or mild hind limb ataxia; 1, limp tail and/or hind limb 
ataxia; 2, hind limb paresis; 3, hind limb paralysis; 4, hind and 
fore limb paralysis; 5, death. Forskolin (3 mg/kg) or vehicle (PBS 
with 1% DMSO) was injected i.p. daily starting from disease onset 
(day 14) till the peak of disease (days 21–22). The optimal dosage 
of Forskolin for in vivo administration was selected by titrating 
down reported dosage of 4–5  mg/kg in previously published 
study for anticancer therapy in mouse model (20).

real-time Pcr
For quantitation of various markers and molecules by real-
time RT PCR, total RNA was isolated by Qiagene or MirVana 
(Applied Biosystem) kits from cultured BM-derived, or peri-
toneal macrophages, or form the spinal cords of PBS-perfused 
unmanipulated mice or mice on day 22 following EAE. For 
analysis of miRNA expression, real-time RT-PCR analyses 
were performed using TaqMan miRNA assays for miR-124 
(Applied Biosystems) and relative expressions were calculated 
using the ΔCT method and normalized to uniformly expressed 
snoRNA55 (Applied Biosystems) as we described earlier (10, 21).  
For analysis of mRNA expression for NOS2 (forward primer, 5′-ACC 
CACATCTGGCAGAATGAG-3′; reverse primer, 5′-AGCCATG 
ACCTTTCGCATTAG-3′), Arg1 (forward primer, 5′-CTTGGCT 
TGCTTCGGAACTC-3′; reverse primer, 5′-GGAGAAGGCGTT 
TGCTTAGTTC-3′), and Fizz1 (forward primer, 5′-GCCAGGTC 
CTGGAACCTTTC-3′; reverse primer, 5′-GGAGCAGGGAGAT 
GCAGATGAG-3′), ATF3 forward 5′-AGCATTCACACTCTCC 
AGTTTCTCT-3′, reverse 5′-GGAGAAGACAGAGTGCCTGC-3′,  
IL-1β forward 5′-CTTCCAGGATGAGGACATGAGCAC-3′,  
reverse 5′-TCATCATCCCATGAGTCACAGAGG-3′, IL-6 forward  
5′-CCTTCTTGGGACTGATGCTGGTG-3′, TNF forward 5′-AG 
CCGATGGGTTGTACCTTG-3′ reverse 5′-GTGGGTGAGGA 
GCACGTAGTC-3′, Mrc1 forward 5′-ACCACGGATGACCTGT 
GCTC-3′ reverse 5′-TGGTTCCACACCAGAGCCATC-3′, CCDN1  
forward 5′-GCAGACCATCCGCAAGCATG-3′, reverse 5′-TGG 
AGGGTGGGTTGGAAATGAAC-3′, RE1-silencing transcription  
factor (REST) (for alternative splicing) forward 5′-CGACACATG 
CGGACTCATTC-3′, reverse 5′-GCATGTCGGGTCACTTCA 
TG-3′; Ym1 forward 5′-CCATTGGAGGATGGAAGTTTG-3′, 
reverse 5′-GACCCAGGGTACTGCCAGTC-3′ the relative expres-
sions were calculated using the ΔCT method and normalized to 
the GADPH housekeeping gene (forward primer, 5′-ATGAC 
CACAGTCCATGCCATC-3′; reverse primer, 5′-GAGCTTCCC 
GTTCAGCTCTG-3′), and then relative level of expression was 
calculated in comparison to control conditions as we did earlier (10).

Western Blotting
Western blotting analysis was performed according to standard 
protocol as we reported previously (10). Antibodies for ERK, 
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phospho-ERK, CEBP, phospho-CEBP, CREB, phospho-CREB, 
REST, and β-actin were purchased from Cell Signaling.

Flow cytometry
Mononuclear cells were isolated from the CNS or spleens of mice 
with EAE on day 22 using Percoll gradients as described in our 
previous studies (13, 21). For analysis of microglia, macrophages, 
and lymphocyte populations and macrophage/microglia activa-
tion status, the cells were stained with anti-CD11b-AF480, 
anti-CD86-PE, anti-MHC class II-PE-Cy5 (all from BD 
Bioscience), and F4/80-APC (eBiosceince) or anti-CD45-APC-
Cy7 (BioLegend). FcRs were blocked with a mAb specific for 
mouse FcR (2.4G2; BD Biosciences). CD4 T cells were stained 
for analysis of surface markers with anti-CD4-APC, or anti-
CD4-APC and anti-TCRβ-PE, or anti-CD4-APC and anti-TCR-
Vβ11-PE (all from BD Biosciences). These data were acquired on 
LSR Fortessa cytometer (BD Biosciences) and analyzed using 
FlowJo software (TreeStar Inc.). Absolute numbers of the cells 
were calculated by counting total number of mononuclear cells 
using hemocytometer and by multiplying by the percentages of 
particular populations obtained by flow cytometry.

T-cell and Macrophage Proliferation assay
BrdU incorporation assay was used to assess proliferation of 
BM-derived macrophages or CD4 T cells in vitro or in vivo similar 
as was described in our earlier studies (12). To perform this analy-
sis, we used BrdU kit from BD Biosciences following the manu-
facturer’s instructions. BrdU was injected intraperitoneally (2 mg/
mouse) or added to cultures at final concentration 10  µM 14  h 
before analysis. Macrophages were stained for cell surface markers 
CD11b, F4/80, and for intracellular BrdU-FITC (BD Biosciences) 
and CD11b+F4/80+ gated analyzed for BrdU incorporation by 
three-color flow cytometry. CD4 T cells were stained for cell sur-
face markers CD4 alone, or CD4 and TCR-Vβ11, and intracellular 
BrdU and analyzed by two- or three-color flow cytometry.

cytokine Production by cD4 T cells
For intracellular detection of IFNγ expression, ex vivo isolated 
or cultured CNS or splenic mononuclear cells were activated 
with phorbol myristate acetate (50 ng/ml) and ionomycin (1 µg/
ml; both from Sigma) in the presence of GolgiStop (1 µl/ml, BD 
Biosciences) for 4 h. Cells were washed, immediately stained for 
surface marker anti-CD4-APC, fixed/permeabilized using BD 
intracellular cytokine detection kit, and further stained for intra-
cellular IFNγ using anti-IFNγ-PE (all reagents were purchased 
from BD Biosciences). CD4+ gated cells were analyzed by two-
color flow cytometry.

T-cell recall response
For CD4 T  cell recall response, mice were immunized with 
150 µg MOG35–55 (American peptide) in 4 mg/ml CFA (Diffco) 
as described earlier (10, 22). On day 7 post-immunization, CD4 
T  cells were isolated from draining lymph nodes and spleen 
using negative selection and magnetic beads and incubated in the 
presence of irradiated splenocytes, MOG35–55 peptide (5–10 µg/
ml) or stimulating anti-CD3 (BD Biosciences, clone 145-2C11) 
and anti-CD28 (BD Biosciences, clone 37.51) mAbs as described 

earlier (12). The experiments were performed in the presence of 
30 µM of Forskolin or 0.1% DMSO in media (Control). After 72 h 
of incubation, the dead cells were removed using Ficoll™ gradi-
ent centrifugation, washed and stained for cells surface markers 
CD4 and TCRVβ11, and were analyzed for BrdU incorporation by 
three-color flow cytometry.

immunohistochemistry
Fixed frozen section of lumbar areas of spinal cord were prepared 
and stained with luxol fast blue (LFB, Sigma) as we described 
earlier (10).

statistical analysis
The results are presented as mean ± SE. Unpaired Student’s t-test 
was used to determine significance between two independent 
groups. p Values of less than 0.05 were considered to be signifi-
cant. SigmaPlot program was used for the creation of the graphs 
and performing statistical analysis.

resUlTs

Forskolin Downregulate Mhc class ii and 
cD86 on Microglia and Macrophages in 
the cns during eae resulting in Decrease 
of neuroinflammation and recovery from 
the Disease
Based on literature, we hypothesized that administration of 
Forskolin would lead to activation of cAMP pathway in various 
cell types that might be beneficial for suppression of EAE by 
inhibiting autoimmune CD4 T  cells and/or changing balance 
of macrophage polarization from M1 to M2. We started admin-
istration of Forskolin on the day of onset of the disease, when 
encephalitogenic IFNγ and IL-17 producing Th1 and Th17 cells 
were primed and already migrated into CNS leading to appear-
ance of fist clinical symptoms (Figure 1A, day 14). Administration 
of Forskolin substantially ameliorated the disease leading to 
recovery, while control vehicle-treated group had peak of the 
disease on days 21–22 (Figure 1A). We found that mice treated 
with Forskolin had very low level of demyelination in the spinal 
cord, as determined by LFB staining (Figure  1B). Forskolin-
treated mice had substantially lower level of percentages and 
absolute numbers of CD11b+CD45hi macrophages/activated 
microglia and CD11b−CD45hi lymphocytes in the CNS on day 
22 (Figures 1C,D). Forskolin-treated mice had also diminished 
level of expression of MHC class II and CD86 on CD11b+F4/80+ 
microglia/macrophages in the CNS (Figures 1E,G) but not on 
CD11b+F4/80+ macrophages in the spleen (Figures 1F,G). Thus, 
we found that Forskolin was effective in downmodulation of CNS 
autoimmune inflammation leading to decrease in expression of 
activation marker MHC class II and M1 marker CD86.

Forskolin Upregulated arg1 and inhibited 
nOs2 in the cns during eae by changing 
Balance toward M2
We hypothesized that downregulation of general activation marker 
MHC class II and M1 marker CD86 on microglia/macrophages  
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FigUre 1 | Continued

in the CNS of Forskolin-treated mice with EAE was due to chang-
ing balance toward M2. To further verify this, we investigated the 
expression of additional numbers of M1 (NOS2, TNF), M2 mark-
ers (miR-124, Arg1, Mrc1, Ym-1, Fizz1), and general macrophage 

activation markers (IL-1β, IL-6) in the CNS of control group vs. 
Forskolin-treated group of mice with EAE on day 22. We found 
that miR-124, Arg1, Mrc1, Ym1, and Fizz1 were upregulated in 
Forskolin-treated mice (Figures  2A,B,D–F), while NOS2 was 
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FigUre 2 | The effect of Forskolin on skewing balance toward M2 phenotype in the central nervous system during EAE. EAE was induced, and vehicle or Forskolin 
was administrated i.p. on days 14, 15, 16, 17, 19, 20, and 21 post-immunization similarly as for Figure 1. On day 22, mice were perfused with cold PBS, and the 
spinal cords were isolated for RNA isolation and analysis. Expression of M2 markers [microRNA (miR)-124 (a), Arg1 (B), Mrc1 (D), Ym1 (e), and Fizz1 (F)], M1 
markers [NOS2 (c), TNF (i)], and general pro-inflammatory markers [IL-1β (g), IL-6 (h)] was performed by real-time RT-PCR as described in Section “Materials and 
Methods.” In panels (a–i), mean ± SE of triplicate is shown (*p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant).

FigUre 1 | Analysis of the role of Forskolin in the modulation of neuroinflammation and expression of MHC class II and CD86 in the central nervous system 
(CNS) and periphery. EAE was induced and vehicle (PBS with 1% DMSO) or Forskolin were administrated i.p. on days 14, 15, 16, 17, 19, 20, and 21 post-
immunization as described in Section “Materials and Methods.” On day 22, mice were perfused with cold PBS and brains, spinal cords, and spleen were isolated 
for histology (B) and/or flow cytometry analysis (c–h). (a) EAE clinical course (mean ± SE) of total 11–12 individual mice for each group is shown. Injections of 
vehicle or Forskolin are indicated by arrows. (B) Histology analysis of extent of CNS myelination in coronal sections of lumbar area of the spinal cords of 
unmanipulated mice (top image) or mice with EAE on day 22 (bottom images) treated with vehicle (left image) or Forskolin (right image). Extent of myelination was 
assessed in lumbar area of the spinal cord using luxol fast blue (LFB) dye as described in Section “Materials and Methods” (bar: 50 μm; magnification: 400×). 
Quantitative analysis of percentage of myelin-free LFB-negative areas is shown on bar graph on the right. Mean ± SE of six separate images from three individual 
mice is shown (****p < 0.0001). (c,D) The flow cytometry analysis of the CNS mononuclear cells isolated from the mice with EAE on day 22 treated with vehicle 
or Forskolin. The mononuclear cells were isolated from the CNS of mice with EAE, stained for CD11b and CD45, and analyzed by flow cytometry as described in 
Section “Materials and Methods.” The percentages of populations of CD11b+CD45low microglia (left gates), CD11b+CD45hi macrophages (upper right gates), and 
CD11b−CD45hi lymphocytes (lower right gates) are shown. The quantification of the absolute number of macrophages and lymphocytes in the CNS is shown in 
panel (D). (e–h) The flow cytometry analysis of expression of M1-associated markers in macrophages in the CNS (e,g) or spleens (F,h) of mice with EAE on day 
22 treated with Vehicle or Forskolin. Mononuclear cells from CNS (e,g) or spleens (F,h) were stained for CD11b, F4/80, MHC class II, and CD86 and 
CD11b+F4/80+ cells were analyzed for the expression of MHC class II and CD86 by four-color cytometry as described in Section “Materials and Methods.” 
Representative histograms for MHC class II (upper row) and CD86 (bottom row) are shown in panels (e,F). A solid line indicates staining for MHC class II or CD86 
and a dotted line indicates staining for isotype-matched control. A bar indicates percentage of MHC class II or CD86-positive cells. Mean fluorescence intensity 
(MFI) of expression of MHC class II or CD86 is shown at the bottom of each histogram. Quantitative analyses of MHC class II and CD86 expression in 
macrophages in the CNS and spleens are shown in panels (g,h), respectively. In panels (D,g,h), mean ± SE of five individual animals is shown (*p < 0.05; 
**p < 0.01; ***p < 0.001; NS, not significant).
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downregulated (Figure 2C). We did not find statistically signifi-
cant difference for IL-1β, IL6, and TNF (Figures 2G–I). However, 
IL-1β and TNF had trend to be elevated (Figures 2G,I) and IL-6 
had a trend to be decreased (Figure 2H). Notably, we observed the 
dramatic 19-fold upregulation for Arg1 (Figure 2B) and almost 
undetectable level of NOS2 (Figure  2C) in the spinal cord of 
Forskolin-treated mice with EAE. Dramatic upregulation of Arg1 
was in excellent agreement with our in vitro data (Figure 2B). 
Thus, we found that Forskolin skewed the balance toward M2 in 
the CNS during EAE leading to recovery form disease.

Forskolin Decreased Proliferation and 
iFnγ Production by autoimmune cD4  
T cells in the cns, but not in the 
Periphery
Since it was reported that Forskolin could decrease proliferation 
of T cells, we checked the level of proliferation of CD4 T cells 
in the CNS and periphery (spleen) during EAE on day 22. We 
found that that proliferation of CD4 T cells was decreased twofold 
from 20  ±  3 to 9  ±  2% in the CNS of Forskolin-treated mice 
(Figures 3A,E). The level of production of IFNγ by CD4 T cells 
was also decreased in the CNS 1.5-fold, indicating decreased 
level of activation and differentiation of pathogenic Th1  cells 
(Figures  3B,F). This was consisted with 6.3-fold decrease in 
absolute number of infiltrating CD4 T cells in CNS of mice with 
EAE on day 22 (Figure 3G). At the same time, Forskolin did not 
influence the level of proliferation of CD4 T cells in the spleen 
(Figures 3C,H). It was even trend for increase in IFNγ produc-
tion in the spleen of Forskolin-treated mice with EAE on day 22; 
however, it was not statistically significant (Figures 3D,I). We also 
found that during peak of EAE (day 22) mRNA levels for both Th1 
and Th17 cytokines IFNγ and IL-17A were decreased ~8-fold in 
the spinal cords of Forskolin-treated mice when compared with 
vehicle-treated group indicating decrease in activity of both Th1 
and Th17 cells (data not shown). Thus, these data demonstrate 
that administration of Forskolin decreased proliferation and pro-
inflammatory cytokine production by pathogenic CD4 T cells in 
the CNS at the site of inflammation, but not in the periphery.

Forskolin Did not have Direct effect on 
Proliferation of MOg-specific 
autoimmune cD4 T cells
Although we found dramatic effect of Forskolin on EAE disease 
course, macrophage polarization, and proliferation of CD4 T cells 
in the CNS, effect of Forskolin on MOG-specific CD4 T  cells 
could be secondary due to skewing macrophages toward M2, 
which poorly stimulate proliferation and differentiation of Th1 
cells. It was reported that Forskolin directly inhibit proliferation 
of naïve T  cells and T  cell lines stimulated with anti-CD3, but 
the role of Forskolin on proliferation of effector T cells remained 
controversial (23). In our experiments, we started treatment after 
disease onset, when encephalitogenic T cells where already primed 
and become effector CD4 T  cells. These effector CD4 T  cells 
were not inhibited by Forskolin in the spleen and had level of 
proliferation and IFNγ production similar to control group. This 
may indicated that Forskolin had no direct effect on autoimmune 

T cells in the periphery. To address this, we further investigated 
whether Forskolin directly affect proliferation of primed MOG-
specific CD4 T cells in vitro and found that Forskolin had very 
slight trend to decrease proliferation of CD4 T cells form 17 ± 1 
to 15 ± 1% of BrdU-positive cells; however, this difference was 
statistically insignificant (Figures  4A,B; upper figures). When 
we compared extent of proliferation of MOG-specific enriched 
population of CD4+Vβ11+ T cells, the level of proliferation was 
also very similar for control or Forskolin-treated cells compris-
ing 70–80% of CD4+Vβ11+BrdU+ cells (Figures  4A,B; bottom 
figures). Interestingly when we used anti-CD3/CD28 mAbs to 
elicit polyclonal stimulation in the same experiment instead of 
stimulation with MOG antigen, we found that Forskolin induced 
statistically significant 40% decrease in CD4 T cell proliferation 
(Figures 4C,D), as was reported earlier (2, 23). These data dem-
onstrated that in contrast to polyclonally stimulated CD4 T cells, 
primed MOG-specific CD4 T cells were not susceptible to direct 
action of Forskolin. Thus, we demonstrate that Forskolin did not 
have significant direct effect on proliferation of autoimmune 
MOG-specific CD4 T cells in our model.

Forskolin synergize il-4 in Upregulation  
of mir-124 and arg1 even in the Presence 
of iFnγ
Since it was recently demonstrated that cAMP contributed to 
M2 polarization (24, 25), we hypothesized that Forskolin could 
enhance IL-4 in M2 polarization. We analyzed the expression 
of M2-associated molecules miR-124, Arg1, Mrc1, Ym1, Fizz1, 
and M1-associated NOS2 in the presence of Forskolin in M0 
(Control), M2 (IL-4), M1 (IFNγ), and mixed M1/M2 (IL-4 and 
IFNγ) conditions. Experiments demonstrated that combination 
of Forskolin with IL-4 resulted in 3- to 5-fold upregulation of 
miR-124 with average 3.3-fold (Figure 5A, IL4 FSK). However, 
more strikingly we found 3.4-fold upregulation of miR-124 when 
Forskolin was used together with IL-4 and IFNγ (Figure 5A, IL-4 
IFN FSK). At the same time, IL-4 and IFNγ failed to upregulate 
miR-124. This indicates that Forskolin overcome inhibitory 
action of IFNγ in IL-4-induced miR-124 expression, when IL-4 
was used together with IFNγ.

In addition to miR-124, Forskolin substantially enhanced IL-4 
in induction of Arg1 in M2 macrophages (Figure 5B). Forskolin 
synergized expression of Arg1 by 18-fold when compared with 
the action of IL-4 alone (Figure 5B; IL4 and IL4 FSK). Forskolin 
upregulated Arg1 by fivefold in mixed inflammatory conditions 
in the presence of IL-4 and IFNγ (Figure 5B; IFN IL4 and IFN IL4 
FSK). This drug also enhanced expression of M2 marker Mrc1; 
however, it failed to induce it in mixed inflammatory conditions 
(Figure 5C). Finally, Forskolin did not have substantial effect on 
IL-4-induced expression of two other tested M2 markers Ym1 and 
Fizz1 (data not shown).

When we compared expression of M1 markers in IL-4- and 
IFNγ-activated macrophages, we found that Forskolin induced 
low level of NOS2 expression by itself and enhanced induction 
of NOS2 by IFNγ (Figure 5D). Although Arg1 and NOS2 were 
shown to be antagonistic markers, Forskolin induced both in 
mixed inflammatory conditions, but the level of Arg1 was more 
than 10-fold higher than NOS2 (Figures  5B,D, IFN IL4 FSK). 
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FigUre 3 | The effect of Forskolin on proliferation and IFNγ production by autoimmune CD4 T cells in the central nervous system (CNS) and periphery during EAE. 
EAE was induced, and vehicle or Forskolin was administrated i.p. on days 14, 15, 16, 17, 19, 20, and 21 post-immunization similarly as for Figure 1. On day 21, 
BrdU was injected i.p. as described in Section “Materials and Methods.” On day 22, mononuclear cells were isolated from CNS or periphery (spleen) as for Figure 1 
and CD4 T cells were analyzed for the expression of surface markers, BrdU incorporation and intracellular IFNγ expression as described in Section “Materials and 
Methods.” (a,c,e,h) To measure CD4 T cell proliferation, BrdU was injected i.p. 14 h before analysis and mononuclear cells were isolated from CNS (a,e) or spleen 
(c,h). The cells were stained for CD4 (x-axis) and BrdU (y-axis) and analyzed with two-color flow cytometry. BrdU incorporation by CD4+ gated cells is shown on 
representative contour-plots (a,c), and statistics is shown in panels (e,h). Percentages of BrdU-positive CD4+ gated cells are shown on the upper left quadrant of 
each contour-plot. Negative controls for BrdU staining are shown at left bottom quadrant of each contour-plot. (B,D,F,i) To measure production of IFNγ by CD4 
T cells, mononuclear cells were isolated from CNS (B,F) or spleen (D,i) and stimulated with PMA/ionomycin in the presence of GolgiStop for 4 h as described in 
Section “Materials and Methods.” Then, the cells were stained for CD4 (x-axis) and IFNγ (y-axis) and analyzed with two-color flow cytometry. IFNγ production by 
CD4+ gated cells is shown on representative contour-plots (B,D), and statistics is shown in panels (F,i). Percentages of IFNγ-positive CD4+ gated cells are shown on 
the upper left quadrant of each contour-plot. Negative controls for IFNγ staining are shown at left bottom quadrant of each contour-plot. (g) Mononuclear cells were 
stained with CD4 and TCRβ and absolute number of CD4+TCRβ+ cells was quantified as for Figure 8. In panels (e–i), mean ± SE of three to five individual mice is 
shown (*p < 0.05; **p < 0.01; NS, not significant).

8

Veremeyko et al. Forskolin Suppress Neuroinflammation

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 9 | Article 50

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 4 | Analysis of direct effect of Forskolin on the proliferation of myelin oligodendrocyte glycoprotein (MOG)-specific autoimmune CD4 T cells and polyclonally 
stimulated CD4 T cells with anti-CD3/CD28. (a,B) The influence of Forskolin on the proliferation of MOG-specific autoimmune CD4 T cells. Mice were immunized 
with MOG35–55, and on day 7 splenocytes and the cells from draining lymph nodes were isolated. CD4 T cells were purified using magnetic beads and cultured with 
irradiated splenocytes for 72 h without Forskolin for the control sample or with Forskolin (FSK) as described in Section “Materials and Methods.” To measure CD4 
T cell proliferation, BrdU was added 14 h before analysis. The cells were stained for CD4 (x-axis), TCRVβ11, and BrdU (y-axis), and analyzed with three-color flow 
cytometry. Total CD4+ gated cells are shown on upper contour-plots, while CD4+TCRVβ11+ gated cells are shown in bottom contour-plots in panel (a). Percentages 
of BrdU-positive CD4+ gated (top contour-plots) or CD4+TCRVβ11+ gated (bottom contour-plots) CD4 T cells are shown on the upper left quadrant of each 
contour-plot. Negative controls for BrdU staining are shown at left bottom quadrant of each contour-plot. Mean ± SE of four culture wells is shown in panel (B) (NS, 
not significant). (c,D) The influence of Forskolin on the proliferation of polyclonally stimulated CD4 T cells with anti-CD3/CD28. Percentages of BrdU-positive CD4+ 
T cells are show on the upper left quadrant of each contour-plot (c). Negative controls for BrdU staining are shown in a left bottom quadrant of each contour-plot. 
Mean ± SE of four culture wells is shown in panel (B) (***p < 0.001).
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Finally, Forskolin did not affect the expression of other M1 mark-
ers CD86 and TNF (data not shown).

Taken together, these data indicate that Forskolin synergize 
action of IL-4 in induction of miR-124 and Arg1 in the M2-skewing 
condition in the presence of IL-4 and mixed inflammatory condi-
tions (IL-4 with IFNγ) changing balance toward M2.

Forskolin activate erK and synergize 
activation of erK Pathway by il-4
We further investigated mechanism by which Forskolin induce 
expression of M2 markers. It was reported that CEBPβ could 
become phosphorylated by ERK1/2 in response to IFNγ in 
mouse macrophage cell line that play an important role in IFNγ-
inducible gene expression such as NOS2 (26, 27). On the other 
hand, CREB–CEBPβ axis was shown to become activated in LPS-
treated macrophages resulting in expression of number M2 genes 

including Arg1 and Mrc1 while M1 genes remained unaffected 
(28). Thus, the roles of ERK–CEBPβ and CREB–CEBPβ axes 
in M1 vs. M2 remained unclear. We tested whether IL-4 and/or 
Forskolin affect activation CREB, ERK, and CEBPβ by inducing 
their upregulation and/or phosphorylation.

First, we investigated early kinetics of expression level and 
extent of phosphorylation of CREB, ERK, and CEBPβ after 10, 
30, and 60 min of incubation with Forskolin. We found that CREB 
upregulation (Figure 6A; Figure S1 in Supplementary Material) 
and phosphorylation (Figure  6B; Figure S1 in Supplementary 
Material) was detected 10–60  min after incubation with 
Forskolin. We found very modest upregulation of CEBPβ 
(Figure  6C; Figure S1 in Supplementary Material) and only 
slight increase in CEBPβ phosphorylation (Figure 6D; Figure S1 
in Supplementary Material) after 30–60 min of incubation with 
Forskolin. Forskolin induced subtle downregulation (Figure 6E; 
Figure S1 in Supplementary Material) and substantial increase 
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FigUre 5 | Effect of Forskolin on the expression microRNA (miR)-124, 
arginase (Arg)1, Mrc1, and nitric oxide synthetase (NOS)2 in bone marrow 
(BM)-derived macrophages at the baseline state (Control), M2 polarizing 
conditions (IL-4), M1 condition (IFNγ), or mixed inflammatory conditions (IL-4 
and IFNγ). BM-derived macrophages were grown for 5 days in the presence 
of M-CSF as described in Section “Materials and Methods” and were treated 
with Forskolin, or IL-4, or IFNγ, or Forskolin/IL-4, or Forskolin/IFNγ, or 
Forskolin/IL-4/IFNγ. After 24 h, the expressions of miR-124 (a), Arg1 (B), 
Mrc1 (c), and NOS2 (D) were analyzed by real-time RT-PCR as described in 
Section “Materials and Methods.” Mean ± SE of four to eight culture wells is 
shown (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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in the level of phosphorylation of ERK1/2, which was detectable 
after 10–60 min of incubation with Forskolin (Figure 6F; Figure 
S1 in Supplementary Material).

Second, we investigated long-term effect of Forskolin and/or 
M1 (IFNγ) and M2 (IL-4) activating stimuli on expression and 
extent of phosphorylation of CREB, ERK, and CEBPβ after 24 h of 
incubation with Forskolin. We found that CREB was upregulated 

by IFNγ and IL-4 (Figure  7A; Figure S1 in Supplementary 
Material), while the highest level of CREB phosphorylation was 
observed in macrophages treated with IL-4 together with Forskolin 
(Figure 7B, IL4/F; Figure S1 in Supplementary Material), which 
was blocked by ERK inhibitor U0126 (Figure  7B, IL4/F/U; 
Figure  S1 in Supplementary Material). Interestingly, we found 
that IL-4 caused the highest level of CREB expression at 24  h 
time-point indicating important role of cAMP in conventional 
IL-4-polarized macrophages (Figure  7A). Most of activating 
stimuli (IFNγ alone, IL-4 alone, or IL-4 with Forskolin, or IFNγ 
with Forskolin) upregulated CEBPβ with little difference in 
extent of phosphorylation of CEBPβ (Figures  7C,D; Figure S1 
in Supplementary Material). ERK inhibitor did not downregu-
late expression of CEBPβ (Figure 7C). ERK expression was not 
influenced by most of activating stimuli while IFN/Forskolin 
and IL-4/Forskolin even decreased it (Figure  7E; Figure S1 in 
Supplementary Material). However, phosphorylation of ERK1/2 
was slightly enhanced by IL-4 or Forskolin, but the highest level of 
ERK phosphorylation was observed when IL-4 was added together 
with Forskolin (Figure 7E; Figure S1 in Supplementary Material). 
In contrast, IFNγ alone did cause substantial phosphorylation of 
ERK, but Forskolin with IFNγ substantially enhanced ERK1/2 
phosphorylation. The ERK inhibitor U0126 blocked phosphoryla-
tion of ERK1/2 caused by IL-4 together with Forskolin, or IFNγ 
with Forskolin (Figure  7E). Thus, we concluded that Forskolin 
enhanced action of IL-4 in phosphorylation of ERK1/2 and 
CREB, but ERK pathway did not play a substantial role in CEBPβ 
phosphorylation.

erK inhibitors Block Upregulation of arg1, 
Mrc1, and mir-124 induced by Forskolin 
with il-4
We found that Forskolin activated ERK1/2 pathway and stimu-
lated expression of M2 markers. We hypothesized that Forskolin 
induced expression of M2 markers and miR-124 via activation 
ERK1/2. However, currently, it is not clear whether ERK1/2 pro-
mote M2 polarization or not. It was reported that ERK1/2 activa-
tion contributed to both M1 and M2 phenotypes (26, 29–32). The 
role of ERK was shown to be important for Th2-mediated allergic 
lung inflammation (33), while the role of miR-124 was also shown 
in our studies to be important for EAE and allergic lung inflam-
mation (10, 17). Therefore, we further investigated the role of 
ERK pathway in upregulation of miR-124, Arg1, Mrc1, and NOS2 
induced by IL-4 together with Forskolin. We found that in the 
presence of ERK inhibitor U0126 the expression of miR-124 fell 
below control level (Table 1, miR-124). In addition to U0126, we 
used another ERK inhibitor P184352 to confirm inhibitory effect 
of U0126. Both ERK inhibitors U0126 and P184352 inhibited 
Arg1 expression by 58 and 98%, respectively (Table 1, Arg1). Both 
inhibitors U0126 and P184352 increased expression of NOS2 by 
fourfold and sevenfold, respectively (Table 1, NOS2). At the same 
time, U0126 decreased expression of Mrc1 by 50%, upregulated 
expression of Ym1 by 25%, and had no effect on Fizz1 expres-
sion (Table 1). Thus, we found that ERK pathway substantially 
contributed to upregulation of miR-124 and Arg1 and downregu-
lation of NOS2 caused by the simultaneous action of IL-4 and 
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FigUre 6 | Effect of Forskolin on early activation of downstream signaling pathways CREB, CEBPβ, and ERK1/2. Bone marrow-derived macrophages were grown 
for 5 days in the presence of M-CSF and analyzed as untreated (Control), or were treated with Forskolin (FSK) for 10, 20, or 30 min. Expressions of CREB, CEBPβ, 
and ERK1/2 and their phosphorylated forms (p-CREB, p-CEBPβ, and p-ERK) were analyzed by Western blot as described in Section “Materials and Methods.” 
β-Actin was used as a loading control. (a,c,e) Quantitative analysis of relative expression levels of CREB, CEBPβ, and ERK normalized to β-actin is shown. 
Representative image is shown in Figure S1 in Supplementary Material. (B,D,F) Quantitative analysis of relative expression levels of p-CREB, p-CEBPβ, and p-ERK 
normalized to total CREB, CEBPβ, and ERK1/2, respectively, is shown. Representative image is shown in Figure S1 in Supplementary Material. In panels (a–D), 
mean ± SE of three separate experiments is shown.
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Forskolin. At the same time, we found that Forskolin enhanced 
IFNγ to induce expression of NOS2 (Figure  5D, NOS2). We 
investigated whether ERK pathway contributed to this process as 
it was described earlier for RAW 264.7 cell line (26). We did find 
that ERK pathway partially contributed to IFNγ-inducible NOS2 
expression since U0126 decreased expression of NOS2 by 21% 

(Table 2, NOS2). However, inhibition of ERK pathway resulted 
in twofold increase in TNF expression (Table 2), indicating that 
ERK partially contributed to IFNγ-inducible NOS but not other 
M1 marker TNF. Thus, ERK pathway contributed to upregulation 
of M2 markers miR-124 and Arg1 (Table 1) and partially NOS2 
and downmodulation of TNF (Table 2). These data demonstrated 
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FigUre 7 | Effect of Forskolin on activation of downstream signaling pathways CREB, CEBPβ, and ERK1/2 in M0 macrophages (Control), or during M2 (IL-4) vs. M1 
(IFNγ) polarizing conditions. Bone marrow-derived macrophages were grown for 5 days in the presence of M-CSF and were treated with Forskolin, or IL4, or IFNγ, or 
Forskolin/IL4, or Forskolin/IFNγ, or Forskolin/IL4/IFNγ for 24 h as in Figure 1. ERK1/2 inhibitor U0126 was used to block ERK1 and ERK2 phosphorylation (see 
Materials and Methods). Expressions of CREB, CEBPβ, and ERK1/2 and their phosphorylated forms (p-CREB, p-CEBPβ, and p-ERK1/2) were analyzed by Western 
blot as described in Section “Materials and Methods.” β-Actin was used as a loading control. (a,c,e) Quantitative analysis of relative expression levels of CREB, 
CEBPβ, and ERK normalized to β-actin is shown. Representative image is shown in Figure S1 in Supplementary Material. (B,D,F) Quantitative analysis of relative 
expression levels of p-CREB, p-CEBPβ, and p-ERK normalized to total CREB, CEBPβ, and ERK1/2, respectively, is shown. Representative image is shown in Figure 
S1 in Supplementary Material. In panels (a–D), mean ± SE of three separate experiments is shown. Abbreviations: IFN, IFNγ; IL4, IL-4; F, Forskolin; U, U0126.
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importance of ERK pathway in the expression of M2 markers 
miR-124 and Arg1.

erK inhibitor Block Upregulation of arg1, 
Mrc1, and cyclin D2 and Upregulate nOs2 
in il-4 activated BM-Derived 
Macrophages
Since ERK inhibitors inhibited IL-4/Forskolin-induced expres-
sion of miR-124 and Arg1 (Table 1), we hypothesized that ERK 

pathway is important for upregulation of M2 markers in conven-
tional M2 macrophages polarized with IL-4 without Forskolin. 
Our hypothesis was also based on the finding that IL-4 alone but 
not IFNγ alone caused ERK1/2 phosphorylation (Figure  7). It 
was suggested that ERK contribute to M2 phenotype for tumor-
infiltrating macrophages (TIMs) (29, 30), but the role of ERK has 
not be proven to be essential for IL-4-activated macrophages as a 
general concept. We further compared expression of several M2 
markers in IL-4-polarized BM-derived macrophages with and 
without U0126 inhibitor. We found that ERK pathway was critical 
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TaBle 2 | Effect of ERK inhibitor U0126 on IFNγ/Forskolin-induced expression 
of NOS2 and TNF.a

Marker Untreated iFnγ FKs iFnγ FsK U0126

NOS2 1.0 ± 0.2 431 ± 20 355 ± 8b

TNF 1.0 ± 0.1 1.2 ± 0.1d 2 ± 0.2c

aBone marrow (BM)-derived macrophages were grown for 5 days in the presence of 
M-CSF and were analyzed as untreated (control) or treated with IFNγ and Forskolin 
without or with ERK inhibitor U0126 for 24 h as for Figure 5. Relative levels compared 
to control are shown for all samples. Mean ± SE of three to six separate wells are 
shown. These data are representative of three separate experiments.
bp < 0.01 when compared to IFNγ/Forskolin (IFNγ FSK) treated cells.
cp < 0.05 when compared to IFNγ/Forskolin (IFNγ FSK) treated cells.

TaBle 1 | Effect of ERK inhibitors U0126 and PD184352 on IL-4/Forskolin-
induced expression of microRNA (miR)-124, Arg1, NOS2, Mrc1, Ym1, and 
Fizz1.a

Marker Untreated il-4 FsK il-4 FKs U0126 il-4 FsK 
PD184352

miR-124 1.0 ± 0.1 2.6 ± 0.2 0.8 ± 0.05b ND
Arg1 1.0 ± 0.2 8,206 ± 442 3,463 ± 74b 180 ± 13c

NOS2 1.0 ± 0.2 9 ± 2 38 ± 7d 65 ± 11d

Mrc1 1.0 ± 0.1 5.6 ± 0.1 2.6 ± 0.1c ND
Ym1 1.0 ± 0.2 15 ± 1 20 ± 1d ND
Fizz1 1.0 ± 0.1 2.7 ± 0.1 2.8 ± 0.2 ND

aBone marrow (BM)-derived macrophages were grown for 5 days in the presence of 
M-CSF and were analyzed as untreated (control) or treated with IL-4 and Forskolin 
without or with ERK inhibitors U0126 or PD184352 for 24 h as for Figure 5. 
Relative levels compared to control are shown for all samples. Mean ± SE of three 
to six separate wells are shown. These data are representative of three separate 
experiments.
bp < 0.001 when compared to IL-4/Forskolin (IL-4 FSK) treated cells.
cp < 0.0001 when compared to IL-4/Forskolin (IL-4 FSK) treated cells.
dp < 0.01 when compared to IL-4/Forskolin (IL-4 FSK) treated cells.
ND, not determined.
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for IL-4-induced upregulation of Arg1, Mrc1 (Figures  8A,B), 
but not Ym1 and Fizz1 (Figures  8C,D). Moreover, Ym1 was 
further upregulated by ERK inhibitor U0126 (Figure  8D). We 
also investigated the level of expression of member of CREB/
ATF family ATF3 as a transcriptional factor that is regulated by 
cAMP and found that ATF3 was upregulated by IL-4, suggesting 
possible involvement of this transcription factor in M2 polariza-
tion (Figure 8E). ERK inhibitor U0126 even further upregulated 
ATF3 in IL-4-treated macrophages (Figure  8E) demonstrating 
that other pathways and/or co-factors were responsible for the 
upregulation of ATF3. Thus, we confirmed ERK pathway was 
important for the upregulation of Arg1 and Mrc1 by IL-4. We also 
found that in addition to CREB, ATF3 might be also involved in 
M2 polarization process but an expression of this factor was ERK 
independent.

It was previously reported that M2 macrophages have 
proliferative capacity in  vivo upon systemic administration 
of IL-4 (34). Since reported proliferation of tissue-resident 
macrophages in peritoneal cavity (35) and microglia in the 
CNS during EAE (14) could be connected with activation 
of ERK pathway, we investigated the level for the expression 
of Cyclin D (CCDN1). CCDN1 plays a central role in the 
regulation of cell division and it is required (but not sufficient 

without other co-factors such as CDK4 and CDK6) for the 
progression from G1 to S phase of cell cycle (36). We found 
that in BM-derived macrophages CCDN1 was expressed at the 
baseline level, which was not surprising since these cells were 
expanded in culture in the presence of M-CSF. However, IL-4 
further upregulated mRNA for Cyclin D1 (Figure 8F, IL4) and 
expression of CCDN1 was completely blocked by ERK inhibitor 
(Figure  8F, IL4 U0126). This indicates that both M-CSF and 
IL-4 contributed to ERK-dependent expression of CCDN1 in 
BM-derived macrophages. We confirmed reported study that 
M-CSF induced ERK phosphorylation (37) in BM-derived 
macrophages (data not shown) suggesting that both IL-4 and 
M-CSF could contribute to the ERK-dependent expression 
of CCDN1. Despite notable upregulation of CCDN1 expres-
sion by IL-4, we did not find very dramatic difference in the 
proliferation of IL-4-treated macrophages in vitro probably due 
to baseline level of M-CSF-driven proliferation of these cells 
(Figures 8G,H). However, ERK inhibitor U0126 did decrease 
proliferation of IL-4-treated BM-derived macrophages by 60%, 
which was consistent with reduced CCDN1 expression in the 
presence of ERK inhibitor (Figures 8G,H). Thus, we found that 
ERK pathway is critical for the expression of Arg1, Mrc1, and 
CCDN1 and downmodulation of NOS2.

erK inhibitor Upregulate expression of 
M1 Marker cD86 in il-4-activated 
Macrophages and nOs2 in iFnγ-activated 
Macrophages
We further investigated and found that ERK inhibitor U0126 
upregulated expression of general activation marker MHC class II 
and M1 marker CD86 in IL-4-treated BM-derived macrophages, 
but not in IFNγ-treated macrophages (Figure 9A; Table 3). In 
addition, ERK inhibitor further upregulated expression of NOS2 
(Figure 9B), but not TNF (Figure 9C). We observed a trend of 
ERK inhibitor upregulating MHC class II in IFNγ-treated mac-
rophages (Figure 9A), but this trend not statistically significant 
(Table  3). Thus, we found that ERK pathway was antagonistic 
for the expression of activation marker MHC class II and M1 
markers CD86 and NOS2.

erK inhibitor Block Upregulation of arg1, 
Mrc1, and cyclin D1 in il-4-activated 
resident Peritoneal Macrophages
We confirmed our results obtained on BM-derived proliferat-
ing macrophages in non-proliferating resident peritoneal 
macrophages. This confirmation was also important to prove 
essential role of ERK in M2 polarization of various types 
of IL-4-stimulated macrophages. Similar to BM-derived 
macrophages, ERK pathway was critical for IL-4-induced 
upregulation of Arg1 and Mrc1, but not Ym1 or Fizz1 
(Figures 10A–D). ATF3 was even further upregulated by ERK 
inhibitor U0126 when compared to BM-derived macrophages 
(Figure 10E). As expected, CCDN1 was not expressed in non-
proliferating peritoneal macrophages, but it was induced by 
IL-4 and completely blocked by ERK inhibitor (Figure 10F). 
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FigUre 8 | Analysis of the role of ERK pathway in upregulation of M2 markers and proliferative capacity of bone marrow (BM)-derived macrophages polarized with 
IL-4. BM-derived macrophages were grown for 5 days in the presence of M-CSF and were analyzed as untreated (control) or treated with IL-4, or IL-4 with ERK 
inhibitor U0126 for 24 h as for Figure 2. (a–F) Analysis of M2 marker expression. To assess expression of M2-associated and proliferation markers, RNA was 
isolated and the expression of Arg1, Mrc1, Ym1, Fizz1, ATF3, and CCDN1 (Cyclin D1) was analyzed by real-time RT-PCR as described in Section “Materials and 
Methods.” (g,h) Analysis of macrophage expansion. To assess macrophages proliferation, BrdU was added 14–16 h before analysis to cell cultures, after which the 
cells were stained for surface markers CD11b and F4/80 and intracellular BrdU and analyzed by three-color flow cytometry as described in Section “Materials and 
Methods.” Representative contour-plots for CD11b+F4/80+ gated cells are shown in panel (g). Expression of F4/80 is shown on x-axis and expression of BrdU is 
shown on y-axis. Percentages of BrdU-positive cells are shown on upper right quadrants of each contour-plot. Quantitative analysis for mean ± SE of percentages 
of CD11b+F4/80+BrdU+ cells is shown in panel (h). In panels (a–F,h), mean ± SE of three to five culture wells is shown (**p < 0.01; ***p < 0.001; ****p < 0.0001; 
*****p < 0.00001).
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FigUre 9 | Analysis of the role of ERK pathway in upregulation of M1 markers in bone marrow (BM)-derived macrophages polarized with IFNγ. BM-derived 
macrophages were grown for 5 days in the presence of M-CSF and were analyzed as untreated (control) or treated with IFNγ, or IFNγ with ERK inhibitor U0126 as 
described in Section “Materials and Methods.” (a) Analysis of expression of surface markers MHC class II and CD86 on BM-derived macrophages. To assess 
expression of macrophage activation marker MHC class II and M1 marker CD86, macrophages were stained for CD11b and F4/80, MHC class II and CD86. 
CD11b+F4/80+ gated cells were analyzed for the expression of MHC class II and CD86 by four-color flow cytometry as described in Section “Materials and 
Methods.” A representative histogram for the expression of MHC class II (upper row) and CD86 (bottom row) of CD11b+F4/80+ gated cells is shown. The solid line 
indicated staining for MHC class II or CD86, and the dotted line indicated staining for isotype-matched control. The bar shows percentage of MHC class II or 
CD86-positive cells. The mean fluorescence intensity (MFI) of expression of MHC class II or CD86 is shown at the bottom of each histogram. (B,c) Analysis of 
expression of nitric oxide synthetase (NOS)2 and TNF M1 markers. To assess expression of two other M1-associated markers NOS2 and TNF, RNA was isolated 
and expressions of NOS2 and TNF were analyzed by real-time RT-PCR as described in Section “Materials and Methods.” In panels (B,c), mean ± SE of three to five 
culture wells is shown (***p < 0.001; ****p < 0.0001).

TaBle 3 | Effect of ERK inhibitor U0126 on expression of cell surface markers 
MHC class II and CD86 in M2 (IL-4)- and M1 (IFNγ)-polarized bone marrow (BM)-
derived macrophages.a

Marker Untreated il-4 il-4 U0126 iFnγ iFnγ U0126

MHC class II 9 ± 1 15 ± 1 31 ± 1b 140 ± 7 129 ± 5c

CD86 17 ± 1 15 ± 1 23 ± 1d 38 ± 2 37 ± 1

aBM-derived macrophages were grown for 5 days in the presence of M-CSF and 
were analyzed as untreated (control) or treated with IL-4 or IFNγ without or with ERK 
inhibitor U0126 for 24 h as for Figure 5. After, which macrophages were stained for 
CD11b, F4/80, MHC class II, and CD86. CD11b+F4/80+ gated cells were analyzed for 
the expression of MHC class II and CD86 by four-color flow cytometry as described in 
Section “Materials and Methods.” Mean ± SE of mean fluorescence intensity of MHC 
class II or CD86 on macrophages from four separate wells are shown. These data are 
representative of two separate experiments.
bp < 0.0001 when compared to IL-4 only treated cells (IL-4).
cNot significant difference when compared to IFNγ only treated cells (IFNγ).
dp < 0.01 when compared to IL-4 only treated cells (IL-4).
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We confirmed that IL-4-treated peritoneal macrophages did 
not proliferate in vitro (data not shown), indicating that other 
co-factors (e.g., M-CSF) and other pathways (e.g., Akt) (35) 
are likely to be required for their reported IL-4-driven prolif-
eration in vivo. Thus, these data demonstrate the importance 
of ERK pathway in IL-4-induced expression of Arg1, Mrc1, 
and Cyclin D2 in peritoneal macrophages. This also supports 
our general concept that ERK is essential pathway for M2 
activation.

Forskolin Upregulate mir-124 in  
BM-Derived Macrophages in  
creB/aTF3-Dependent Manner
We have previously found that miR-124 plays an important role 
in M2 macrophage polarization in the CNS and the periphery 
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FigUre 10 | Analysis of the role of ERK pathway in the upregulation of M2-associated markers in peritoneal macrophages polarized with IL-4. Peritoneal 
macrophages were isolated as described in Section “Materials and Methods” and were analyzed as untreated (control) or treated with IL-4, or IL-4 with ERK inhibitor 
U0126 for 24 h as for Figure 8. To assess expression of M2-associated and proliferation markers, RNA was isolated and the expression of Arg1, Mrc1, Ym1, Fizz1, 
ATF3, and CCDN1 (Cyclin D1) was analyzed by real-time RT PCR as for Figure 3. In panels (a–F), mean ± SE of three to five culture wells is shown (*p < 0.05; 
**p < 0.01; ***p < 0.001; NS, not significant).
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leading to suppression of EAE (10, 17). Here, we found that 
Forskolin affected miR-124 expression in macrophages. We 
hypothesized that Forskolin induced transcription of precursors 
of miR-124 affecting cAMP-responsive transcription factors. By 
performing in silico analysis of promoter areas of miR-124 pre-
cursor RNAs pre-miR124-1, pre-miR-124-2, and pre-miR-124-3, 
we found the presence of binding sites for several transcription 

factors from cAMP-responsive CREB/ATF family of transcrip-
tion factors in pre-miR124-2 and pre-miR-124-3 promoter areas 
(Figure S2 in Supplementary Material). The most important 
factors from the list of potential regulators of miR-124 (Figure 
S1 in Supplementary Material) were ATF3 and CREB. CREB was 
upregulated by Forskolin (Figure 6A), while ATF3 was upregu-
lated in M2 macrophages by IL-4 (Figures 8E and 10E). It was 
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FigUre 11 | Model of changing balance toward M2 by Forskolin in mixed 
inflammatory conditions in the presence of IFNγ and IL4 in the central 
nervous system (CNS) during EAE. Our study demonstrated that IFNγ results 
in the upregulation of M1 marker nitric oxide synthetase (NOS)2 in an 
ERK-independent manner, since IFNγ alone did not result in phosphorylation 
of ERK. However, IFNγ and Forskolin resulted in ERK1/2 phosphorylation, 
contributing to NOS2 expression. IL-4 alone resulted in upregulation of M2 
markers microRNA (miR)-124, arginase (Arg)1, and Mcr1 in an ERK-
dependent manner. Forskolin synergized IL-4 to cause ERK phosphorylation 
and further upregulation of miR-124, Arg1, and Mrc1 in ERK-dependent 
manner. Upregulation by IL-4 and/or Forskolin miR-124 further upregulates 
Arg1 and downregulates NOS2, contributing to skewing macrophages 
toward M2 by Forskolin in the presence of both IL-4 and IFNγ. Thus, 
Forskolin skews balance toward M2 in mixed inflammatory conditions such 
as the CNS autoimmune inflammation during EAE.
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shown to be induced by IFNβ, a known FDA-approved drug (38). 
In addition, ATF3 was recently found to be induced in myeloid 
cells by dimethyl fumarate, another drug used for MS treatment 
(39, 40). ATF3 was also shown to promote anti-inflammatory 
TGFβ signaling and inhibited TNF, which is associated with the 
phenotype of M2 macrophages (41–43). However, when we used 
taurolidin, a known activator of ATF3 (44), we found only modest 
1.5-fold upregulation of miR-124 (Figure S3 in Supplementary 
Material). It was recently shown that CREB-CREBβ axis play a 
major part in induction of expression of M2-associated genes 
Arg1 and Mrc1 (28). Forskolin induced early phosphorylation of 
CEBPβ (Figure 6B) showing activation of CREB–CEBPβ axis in 
macrophages by Forskolin. Thus, we found that Forskolin sub-
stantially upregulated miR-124 in macrophages acting through 
activation of CERB.

resT Does not Play a role in 
Upregulation of mir-124 in Unmanipulated 
or Forskolin-Treated Macrophages
It was shown that miR-124 is highly expressed in neurons due 
to inactivation of transcriptional repressor REST (45). We also 
found that in contrast to neuronal cells, REST (but not the other 
alternative splicing isoform REST4) was highly expressed in 
macrophages on mRNA (Figure S4A in Supplementary Material) 
and protein (Figure S4B in Supplementary Material) levels. 
Importantly, the REST expression was not downregulated by 
Forskolin (Figures S4A,B in Supplementary Material). Thus, REST 
was not downregulated or functionally inhibited by Forskolin. 
Moreover, REST inhibitor X5050 failed to upregulate miR-124 
in unstimulated macrophages (Figure S4C in Supplementary 
Material), while application of REST inhibitory RNA (NRSE) 
resulted in only modest 1.5-fold upregulation of miR-124 
(Figure S4D in Supplementary Material). Thus, we demonstrated 
that Forskolin upregulated miR-124 in macrophages in REST-
independent manner.

DiscUssiOn

This study showed that cAMP pathway is more important to 
modulate function of macrophages rather than T cells during 
EAE. We demonstrated the importance of ERK pathway for 
M2 polarization induced by IL-4 alone or by the synergetic 
action of Forskolin and IL-4 leading to the upregulation of 
miR-124, Arg1, and Mrc1. Forskolin also synergized action of 
IFNγ leading ERK phosphorylation and upregulation of NOS2; 
however, this effect was about 10-fold weaker when compared 
with stimulation of Arg1. In addition, we found that in contrast 
to Forskolin and IL-4, IFNγ alone did not induce ERK phos-
phorylation. We have previously found that miR-124 promote 
expression of Arg1 and Mrc1 and inhibit NOS2 (10, 17) further 
contributing to M2 phenotype. Summarizing all our data, we 
proposed the model in which IL-4 and Forskolin activated 
ERK pathway that promote expression of miR-124, Arg1, and 
Mrc1 (Figure 11). Forskolin alone or in combination with IFNγ 
also promoted NOS2, but this pathway is likely antagonized by 
miR-124, which we found to be critical for M2 phenotype of 

macrophages in the CNS (10) (Figure 11). Our in vitro studies 
were further tested in in vivo in mouse model of autoimmune 
neuroinflammation demonstrating strong therapeutic effect 
of Forskolin and changing balance toward M2 in the CNS in 
mouse model of MS.

The exact role of ERK pathway in macrophage polarization 
remains enigmatic. It was shown that ERK pathway is required for 
macrophage development and M2 skewing of monocytes under 
the action of M-CSF during their growth and differentiation vs. 
M1 phenotype when monocytes are expanded in differentiated 
under the action of GM-CSF (30, 37). However, the role of ERK 
pathway in conventional M2 macrophages that were polarized 
with IL-4 was not investigated in details. Much less is known 
about the activation of ERK pathway in macrophages during 
EAE in mixed inflammatory conditions (IL-4 and IFNγ) and 
possible outcome of activation of this pathway in macrophages 
for the development and resolution of neuroinflammation. Our 
data confirmed that M-CSF-induced ERK phosphorylation, 
but we also demonstrated that IL-4 induced ERK1/2 phos-
phorylation, which was dramatically increased when IL-4 was 
used together with Forskolin. Moreover, we demonstrated that 
ERK1/2 phosphorylation was critical for the expression of 
miR-124, Arg1, Mrc1, and Cyclin D1 in M2 macrophages that 
were polarized by IL-4 with or without Forskolin. In addition 
to M2 activation by IL-4, it was shown in diabetes model that 
TGFβ1 in combination with high level of glucose resulted in 
ERK-dependent upregulation of Arg1, suggesting that ERK 
pathway is involved regulation of Arg1 induced by other M2 
stimuli such as TGFβ1 (46). These data support our findings 
that ERK inhibitor blocked upregulation of Arg1 caused by 
IL-4. In further support of our data with ERK inhibitors, it was 
recently shown that anticancer drug puerarin inhibited ERK 
pathway in TIMs or in IL-4-treated macrophages by skewing 
balance toward M1 (29). Thus, stimulation of ERK pathway in 
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macrophages appeared to be beneficial for M2-skewing and 
downmodulation of Th1/17-driven autoimmune inflammation, 
and vice versa, inhibition of ERK pathway is advantageous for 
M1 skewing in tumor microenvironment and stimulation of 
anticancer immunity. Taken together, modulation of ERK path-
way in macrophages open new possibilities to change M1/M2 
balance in various spectrum of disorders ranging from diabetes 
and cancer to autoimmune disorders and allergy.

ERK pathway is traditionally connected with proliferative 
capacity of the cells; however, its role in proliferation of mac-
rophages is still not clear (47). It was discovered that tissue-
resident M2 macrophages (including CNS-resident microglia 
during EAE) have high-proliferating capacity in  vivo when 
compared with M1 macrophages, but molecular basis for this 
phenomenon remained not known (14, 34). It was shown 
that Forskolin-induced proliferation of thioglycollate-elicited 
macrophages demonstrating important role of CREB in prolif-
eration of macrophages during inflammation (48). Our study 
linked Forskolin with ERK activation and highlighted impor-
tance of ERK pathway in terms of upregulation of expression 
of Cyclin D1 and enhancement of macrophage proliferation by 
IL-4. However, we also found that activation of ERK pathway is 
required but not sufficient to induce and mediate proliferation of 
M2 macrophages. Further studies will elucidate the role of other 
pathways besides ERK in this process. One possible candidate 
is Akt pathway, which is also induced by M-CSF and probably 
IL-4 (35, 48).

ERK pathway was shown to be important in vivo for allergic 
lung inflammation (33). In EAE model, it was recently shown 
that inhibition of ERK resulted in downregulation of GM-CSF, 
a cytokine that promote M1 polarization (49, 50). However, the 
role of ERK is difficult to estimate in vivo during autoimmune 
neuroinflammation since besides macrophages, ERK inhibitors 
also affect CD4 T  cells and dendritic cells (51, 52). Our study 
suggests that stimulation of ERK pathway is beneficial during 
neuroinflammation by changing balance toward M2 in inducing 
miR-124. We previously demonstrated that miR-124 was very 
important in vivo for EAE and allergic lung inflammation models 
promoting M2 polarization while not affecting CD4 T cells and 
dendritic cells (10, 17). Therefore, Forskolin is promising drug 
that stimulate miR-124 in macrophages and suppress autoim-
mune neuroinflammation.

The role of cAMP in M2 polarization was recently high-
lighted in several studies (24, 25, 28). It was also demonstrated 
that treatment of cultured macrophages with 8-bromo-cAMP 
together with IL-4 synergistically activated Arg1 promoter 
(53). We confirmed that cAMP-elevating agent Forskolin also 
synergized IL-4 to induce 18-fold upregulation of Arg1. Our 
study also demonstrated for the first time important role of 
ERK pathway that most likely modulate or serve as a co-factor 
for other known pathways such as CREB–CEBPβ axis and 
STAT6 (28, 53). Currently, the role of cAMP in the modulation 
of ERK activity remains controversial. It was shown that dur-
ing macrophage development cAMP inhibit M-CSF-induced 
ERK expression demonstrating negative role in macrophages 
activation/polarization (54). Our study clearly demonstrate 
that cAMP activate not only CREB but also ERK, which play an 

important role in M2 polarization. In addition to CREB, we also 
found that other members of this family of cAMP-induced tran-
scriptions factors such as ATF3 are upregulated in IL-4-treated 
M2 macrophages. Quite interesting that ATF3 is downregulated 
sevenfold by Forskolin as shown for human macrophages (55). 
Our data also demonstrated that ATF3 was downregulated 
fivefold by Forskolin in mouse BM-derived macrophages (data 
not shown). Thus, CREB and ATF3 are regulated by Forskolin 
in opposite ways. This implies that upregulation of ATF3 in M2 
macrophages treated with ERK inhibitors could happen due to 
compensatory mechanism. In the CNS, ATF3 was upregulated 
early in EAE during preclinical stage, when few infiltrating 
leukocytes were migrating into CNS (56), suggesting that ATF3 
was most likely induced in microglial cells, which become acti-
vated before the onset of EAE (14). Thus, cAMP pathway has 
multiple actions in M2 skewing of macrophages in vitro acting 
through multiple transcriptional factors, which require further 
investigation.

The mechanisms how Forskolin skew macrophages toward 
M2 in vivo during EAE is even complex when compared with 
in vitro models since Forskolin affect many different cell types. 
Macrophages are known to be critical for onset of EAE (57), 
but this disease is also initiated by autoimmune Th1 and Th17 
effector cells (58). Forskolin was shown to inhibit proliferation 
of T cells in vitro during their priming by inhibiting IL-2 signal-
ing (23). In our model, we started administration of Forskolin 
on the day of disease onset (day 14), when Forskolin affected 
already primed effector cells. The role of cAMP pathway is 
more complex in case of effector CD4 T  cells, since there are 
contradictory studies demonstrating either inhibition or stimu-
lation of Th1 and Th17 cells by this pathway (6, 23, 59). Thus, 
there is a possibility that Forskolin also promote expansion of 
Th1 and Th17 cells in vivo during EAE. If this is the case, we 
demonstrated that direct action of Forskolin on macrophages 
could overcome direct effect on T cells. However, what Forskolin 
was doing with encephalitogenic effector CD4 T  cells in  vivo 
remained enigmatic, since Forskolin could affect T  cells indi-
rectly by modulating function of antigen-presenting cells in the 
CNS. To address this conundrum, we performed in vitro experi-
ment investigating direct effect of Forskolin on the proliferation 
of primed MOG-specific enriched population of CD4+Vβ11+ 
T  cells. Our study demonstrated that Forskolin did not have 
significant effect on proliferation of CD4 T cells that were re-
stimulated with MOG peptide. Same results we received when 
we analyzed MOG-specific enriched population of CD4+Vβ11+ 
cells: comparable level of proliferation was observed. On the 
other hand, we confirmed previously published studies that dur-
ing polyclonal stimulation of T cells with anti-CD3, Forskolin 
decreased CD4 T cell proliferation. Our in vitro data indicate 
that MOG-specific autoimmune CD4 T cells were not substan-
tially affected by Forskolin. Thus, we strongly believe that it is 
unlikely that Forskolin directly inhibits effector autoimmune 
CD4 T cells during EAE; rather, Forskolin affect macrophages, 
which result to indirect inhibition of encephalitogenic T cells in 
the CNS. Since Forskolin did not skew balance toward to M2 in 
the periphery (spleen) and did not have direct effect of autoim-
mune CD4 T  cells, this likely explains why proliferation and 
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IFNγ production by CD4 T cells in the spleen was not decreased 
by Forskolin during EAE. We believe that Forskolin affected 
macrophages in the CNS but not in the spleen is due to the 
presence of specific CNS microenvironment such as presence of 
internal source of IL-4 in the CNS (9). Indeed, our data indicate 
that Forskolin skew macrophages toward M2 in the presence of 
IL-4 or IL-4 and IFNγ.

In addition to macrophages, Forskolin is known to affect 
neuronal cells activating BDNF–TrkB–CEBPβ signaling pathway. 
In neurons, CREB–CEBPβ axis increase survival, repair, and 
plasticity (59, 60). Finally, Forskolin may affect oligodendrocytes 
and astrocytes by elevating cAMP and/or ERK1/2 levels and pro-
moting their maturation and differentiation (61–63). We found 
increased LFB staining in the spinal cords of Forskolin-treated 
mice in comparison to within unmanipulated (control) mice; this 
increase could not be attributed to staining artifact. This suggests 
that Forskolin might improve myelination during recovery from 
EAE. Further experiments will establish other cell targets for this 
drug during EAE/MS.

Taken together, our data demonstrated new ERK-dependent 
mechanism of action of Forskolin in skewing of macrophages 
toward M2 in  vitro and in  vivo during EAE. Our study dem-
onstrate an important role of M1/M2 balance in the CNS for 
the regulation of autoimmune inflammation and stimulation 
of pathogenic T  cells, which has potential applications for the 
usage of Forskolin for the therapy of MS and other Th1-mediated 
autoimmune disorders.
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FigUre s1 | Effect of Forskolin on the activation of downstream signaling 
pathways CREB, CEBPβ, and ERK1/2 at a baseline level of BM-derived 
macrophages (Control), or M2 (IL-4) vs. M1 (IFNγ) polarizing conditions. 
BM-derived macrophages were grown for 5 days in the presence of M-CSF 
and were treated with Forskolin, or IL4, or IFNγ, or Forskolin/IL4, or Forskolin/
IFNγ, or Forskolin/IL4/IFNγ for durations of 10, 20, and 30 min or for 24 h. ERK 
inhibitor U0126 was used to block ERK1 and ERK2 phosphorylation (see 
Materials and Methods). Expressions of CREB, CEBPβ, and ERK1/2 and their 
phosphorylated forms (p-CREB, p-CEBPβ, and p-ERK1/2) were analyzed by 
Western blot as described in Section “Materials and Methods.” β-Actin was 
used as a loading control. The same stripped membrane was used to evaluate 
the expression of all proteins including β-actin. These data are representative of 
three separate experiments (abbreviations: I, IFNγ; 4, IL-4; F, Forskolin; U, 
U0126).

FigUre s2 | In silico analysis of the presence of cAMP-response elements 
(CRE) in promoter areas of microRNA (miR)-124 precursor molecule pre-
miR-124-3 and potential transcription factors, which upregulate miR-124 
expression in macrophages. (a) Mapping of cAMP-response elements within 
2,000 bp promoter region upstream of miR-124 precursor molecule pre-
miR-124-3. A list of transcription factors that could potentially bind CRE sites are 
shown on the right. Two selected transcription factors CREB and activating 
transcription factor (ATF)3 are marked in red. Similar CRE sites for binding of 
CREB/ATF family transcriptions factors were also found for pre-miR-124-2 but 
not pre-miR-124-1 precursor molecule (data not shown). (B) Promoter area for 
pre-miR-124-3 with CRE sites are shown for mouse chromosome 2 and human 
chromosome 20.

FigUre s3 | Influence of activating transcription factor (ATF)3 activator taurolidin 
on microRNA (miR)-124 expression in bone marrow (BM)-derived macrophages. 
BM-macrophages were treated with taurolidin for 24 h and miR-124 expression 
was analyzed as described in Section “Materials and Methods.” Mean ± SE of 
triplicate is shown (**p < 0.01).

FigUre s4 | The role of RE1-silencing transcription factor (REST) in the 
expression of microRNA (miR)-124 in macrophages. Bone marrow (BM)-derived 
macrophages were cultured for 5 days as described in Section “Materials and 
Methods.” Then, samples that were untreated (Control), treated with Forskolin 
(a,B), or treated with REST inhibitors (c,D) for the indicated periods were 
analyzed for the expression of REST (a,B) or miR-124 (c,D). (a) Analysis of the 
expression of REST and REST4 in BM-derived macrophages on the mRNA 
level by RT-PCR. BM-derived macrophages were analyzed as untreated 
(Control) or treated with Forskolin (FSK) for 2–4 h. Mouse primary cortical 
neurons (Neu) were used as a control with a low level of REST and REST4 
expressions. Negative control (Neg) was a medium. MW indicate molecular 
weight marker (in bp). GADPH loading control is shown below. (B) Analysis of 
the modulation of the expression of REST in BM-derived macrophages that 
were untreated for 4 or 24 h or treated with Forskolin for 4 or 24 h. Expressions 
of REST were analyzed with Western blot as described in Section “Materials 
and Methods.” Actin was used as a loading control. Representative image is 
shown on the left, quantitative analysis of expression of REST normalized do 
β-actin is shown on the right. Mean ± SE of three separate experiments is 
shown. (c) BM-derived macrophages were incubated with REST inhibitor 
X5050 for 6 or 16 h (overnight), after which the expression of miR-124 was 
assessed by real-time RT-PCR as described in Section “Materials and 
Methods.” (D) BM-derived macrophages were incubated with REST inhibitory 
dsRNA NRSE for 16 h, after which expression of miR-124 was assessed by 
real-time RT-PCR as described in Section “Materials and Methods.” REST 
inhibitory dsRNA NRSE resulted in 1.5-fold upregulation of miR-124. 
Mean ± SE of triplicate is shown (*p < 0.05).

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.nc3rs.org.uk/arrive-guidelines
http://www.nc3rs.org.uk/arrive-guidelines
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00050/full#supplementary-material
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00050/full#supplementary-material


20

Veremeyko et al. Forskolin Suppress Neuroinflammation

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 9 | Article 50

reFerences

1. Wehbi VL, Taskén K. Molecular mechanisms for cAMP-mediated immuno-
regulation in T cells – role of anchored protein kinase a signaling units. Front 
Immunol (2016) 7:222. doi:10.3389/fimmu.2016.00222 

2. Mudoz E, Zubiaga AM, Merrow M, Sauter NP, Huber BT. Cholera toxin 
discriminates between T helper 1 and 2 cells in T  cell receptor-mediated 
activation: role of cAMP in T cell proliferation. J Exp Med (1990) 172:95–103. 
doi:10.1084/jem.172.1.95 

3. Datta SK, Sabet M, Nguyen KPL, Valdez PA, Gonzalez-Navajas JM, Islam S, 
et al. Mucosal adjuvant activity of cholera toxin requires Th17 cells and protects 
against inhalation anthrax. Proc Natl Acad Sci U S A (2010) 107:10638–43. 
doi:10.1073/pnas.1002348107 

4. Mangmool S, Kurose H. Gi/o protein-dependent and -independent actions 
of pertussis toxin (ptx). Toxins (Basel) (2011) 3:884–99. doi:10.3390/
toxins3070884 

5. Wakatsuki A, Borrow P, Rigley K, Beverley PCL. Cell-surface bound pertussis 
toxin induces polyclonal T cell responses with high levels of interferon-γ in 
the absence of interleukin-12. Eur J Immunol (2003) 33:1859–68. doi:10.1002/
eji.200323675 

6. Li X, Murray F, Koide N, Goldstone J, Dann SM, Chen J, et  al. Divergent 
requirement for Gαs and cAMP in the differentiation and inflammatory pro-
file of distinct mouse Th subsets. J Clin Invest (2012) 122:963–73. doi:10.1172/
JCI59097 

7. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: 
time for reassessment. F1000Prime Rep (2014) 6:13. doi:10.12703/P6-13 

8. Ransohoff RM. A polarizing question: do M1 and M2 microglia exist. Nat 
Neurosci (2016) 19:987–91. doi:10.1038/nn.4338 

9. Ponomarev ED, Maresz K, Tan Y, Dittel BN. CNS-derived interleukin-4 is 
essential for the regulation of autoimmune inflammation and induces a state 
of alternative activation in microglial cells. J Neurosci (2007) 27:10714–21. 
doi:10.1523/JNEUROSCI.1922-07.2007 

10. Ponomarev ED, Veremeyko T, Barteneva N, Krichevsky AM, Weiner HL. 
MicroRNA-124 promotes microglia quiescence and suppresses EAE by 
deactivating macrophages via the C/EBP-α-PU.1 pathway. Nat Med (2011) 
17:64–70. doi:10.1038/nm.2266 

11. Ponomarev ED, Veremeyko T, Weiner HL. MicroRNAs are universal regulators 
of differentiation, activation, and polarization of microglia and macrophages 
in normal and diseased CNS. Glia (2013) 61:91–103. doi:10.1002/glia.22363 

12. Starossom SC, Veremeyko T, Yung AWY, Dukhinova M, Au C, Lau AY, 
et al. Platelets play differential role during the initiation and progression of 
autoimmune neuroinflammation. Circ Res (2015) 117:779–92. doi:10.1161/
CIRCRESAHA.115.306847 

13. Ponomarev ED, Shriver LP, Maresz K, Pedras-Vasconcelos J, Verthelyi D, Dittel BN.  
GM-CSF production by autoreactive T cells is required for the activation of 
microglial cells and the onset of experimental autoimmune encephalomyelitis. 
J Immunol (2007) 178:39–48. doi:10.4049/jimmunol.178.1.39 

14. Ponomarev ED, Shriver LP, Maresz K, Dittel BN. Microglial cell activation and 
proliferation precedes the onset of CNS autoimmunity. J Neurosci Res (2005) 
81:374–89. doi:10.1002/jnr.20488 

15. McGeachy MJ. GM-CSF: the secret weapon in the TH17 arsenal. Nat Immunol 
(2011) 12:521–2. doi:10.1038/ni.2044 

16. Cherry JD, Olschowka JA, O’Banion M. Neuroinflammation and M2 microg-
lia: the good, the bad, and the inflamed. J Neuroinflammation (2014) 11:98. 
doi:10.1186/1742-2094-11-98 

17. Veremeyko T, Siddiqui S, Sotnikov I, Yung A, Ponomarev ED. IL-4/IL-13-
dependent and independent expression of miR-124 and its contribution to 
M2 phenotype of monocytic cells in normal conditions and during allergic 
inflammation. PLoS One (2013) 8:e81774. doi:10.1371/journal.pone.0081774 

18. Sapio L, Gallo M, Illiano M, Chiosi E, Naviglio D, Spina A, et al. The natural 
cAMP elevating compound Forskolin in cancer therapy: is it time? J Cell 
Physiol (2017) 232:922–7. doi:10.1002/jcp.25650 

19. Kuwabara T, Hsieh J, Nakashima K, Taira K, Gage FH. A small modulatory 
dsRNA specifies the fate of adult neural stem cells. Cell (2004) 116:779–93. 
doi:10.1016/S0092-8674(04)00248-X 

20. Follin-Arbelet V, Hofgaard PO, Hauglin H, Naderi S, Sundan A, Blomhoff R, 
et al. Cyclic AMP induces apoptosis in multiple myeloma cells and inhibits 
tumor development in a mouse myeloma model. BMC Cancer (2011) 11:301. 
doi:10.1186/1471-2407-11-301 

21. Veremeyko T, Starossom SC, Weiner HL, Ponomarev ED. Detection of 
microRNAs in microglia by real-time PCR in normal CNS and during neu-
roinflammation. J Vis Exp (2012) 65:e4097. doi:10.3791/4097 

22. Sotnikov I, Veremeyko T, Starossom SC, Barteneva N, Weiner HL, Ponomarev ED.  
Platelets recognize brain-specific glycolipid structures, respond to neurovas-
cular damage and promote neuroinflammation. PLoS One (2013) 8:e58979. 
doi:10.1371/journal.pone.0058979 

23. Rodriguez G, Ross JA, Nagy ZS, Kirken RA. Forskolin-inducible cAMP path-
way negatively regulates T-cell proliferation by uncoupling the interleukin-2  
receptor complex. J Biol Chem (2013) 288:7137–46. doi:10.1074/jbc.M112. 
408765 

24. Luan B, Yoon Y-S, Le Lay J, Kaestner KH, Hedrick S, Montminy M. CREB 
pathway links PGE2 signaling with macrophage polarization. Proc Natl Acad 
Sci U S A (2015) 112:201519644. doi:10.1073/pnas.1519644112 

25. Montero J, Gómez-Abellán V, Arizcun M, Mulero V, Sepulcre MP. 
Prostaglandin E2 promotes M2 polarization of macrophages via a cAMP/
CREB signaling pathway and deactivates granulocytes in teleost fish. Fish 
Shellfish Immunol (2016) 55:632–41. doi:10.1016/j.fsi.2016.06.044 

26. Hu J, Roy SK, Shapiro PS, Rodig SR, Reddy SPM, Platanias LC, et al. ERK1 
and ERK2 activate CCAAAT/enhancer-binding protein-β-dependent gene 
transcription in response to interferon-γ. J Biol Chem (2001) 276:287–97. 
doi:10.1074/jbc.M004885200 

27. Gorgoni B, Maritano D, Marthyn P, Righi M, Poli V. C/EBP beta gene 
inactivation causes both impaired and enhanced gene expression and inverse 
regulation of IL-12 p40 and p35 mRNAs in macrophages. J Immunol (2002) 
168:4055–62. doi:10.4049/jimmunol.168.8.4055 

28. Ruffell D, Mourkioti F, Gambardella A, Kirstetter P, Lopez RG, Rosenthal N,  
et al. A CREB-C/EBP cascade induces M2 macrophage-specific gene expres-
sion and promotes muscle injury repair. Proc Natl Acad Sci U S A (2009) 
106:17475–80. doi:10.1073/pnas.0908641106 

29. Kang H, Zhang J, Wang B, Liu M, Zhao J, Yang M, et al. Puerarin inhibits M2 
polarization and metastasis of tumor-associated macrophages from NSCLC 
xenograft model via inactivating MEK/ERK 1/2 pathway. Int J Oncol (2017) 
50:545–54. doi:10.3892/ijo.2017.3841 

30. Zhang Y, Choksi S, Chen K, Pobezinskaya Y, Linnoila I, Liu ZG. ROS play a 
critical role in the differentiation of alternatively activated macrophages and 
the occurrence of tumor-associated macrophages. Cell Res (2013) 23:898–914. 
doi:10.1038/cr.2013.75 

31. Zhou Y, Zhang T, Wang X, Wei X, Chen Y, Guo L, et al. Curcumin modulates 
macrophage polarization through the inhibition of the toll-like receptor 4 
expression and its signaling pathways. Cell Physiol Biochem (2015) 36:631–41. 
doi:10.1159/000430126 

32. Lee MKS, Moore X-L, Fu Y, Al-Sharea A, Dragoljevic D, Fernandez-Rojo MA, 
et al. High-density lipoprotein inhibits human M1 macrophage polarization 
through redistribution of caveolin-1. Br J Pharmacol (2016) 173:741–51. 
doi:10.1111/bph.13319 

33. Duan W, Chan JHP, Wong CH, Leung BP, Wong WSF. Anti-inflammatory 
effects of mitogen-activated protein kinase kinase inhibitor U0126 in 
an asthma mouse model. J Immunol (2004) 172:7053–9. doi:10.4049/
jimmunol.172.11.7053 

34. Jenkins SJ, Ruckerl D, Cook PC, Jones LH, Finkelman FD, van Rooijen N, 
et al. Local macrophage proliferation, rather than recruitment from the blood, 
is a signature of TH2 inflammation. Science (2011) 332:1284–8. doi:10.1126/
science.1204351 

35. Jenkins SJ, Ruckerl D, Thomas GD, Hewitson JP, Duncan S, Brombacher F, 
et al. IL-4 directly signals tissue-resident macrophages to proliferate beyond 
homeostatic levels controlled by CSF-1. J Exp Med (2013) 210:2477–91. 
doi:10.1084/jem.20121999 

36. Yang K, Hitomi M, Stacey DW. Variations in cyclin D1 levels through the 
cell cycle determine the proliferative fate of a cell. Cell Div (2006) 1:32. 
doi:10.1186/1747-1028-1-32 

37. Richardson ET, Shukla S, Nagy N, Boom WH, Beck RC, Zhou L, et  al. 
ERK signaling is essential for macrophage development. PLoS One (2015) 
10:e0140064. doi:10.1371/journal.pone.0140064 

38. Labzin LI, Schmidt SV, Masters SL, Beyer M, Krebs W, Klee K, et al. ATF3 is a 
key regulator of macrophage IFN responses. J Immunol (2015) 195:4446–55. 
doi:10.4049/jimmunol.1500204 

39. Müller S, Smatlik N, Burian M, Ghoreschi K, Röcken M, Yazdi AS. 
Differential induction of ATF3 and HO-1 in myeloid cells and keratinocytes 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.3389/fimmu.2016.00222
https://doi.org/10.1084/jem.172.1.95
https://doi.org/10.1073/pnas.1002348107
https://doi.org/10.3390/toxins3070884
https://doi.org/10.3390/toxins3070884
https://doi.org/10.1002/eji.200323675
https://doi.org/10.1002/eji.200323675
https://doi.org/10.1172/JCI59097
https://doi.org/10.1172/JCI59097
https://doi.org/10.12703/P6-13
https://doi.org/10.1038/nn.4338
https://doi.org/10.1523/JNEUROSCI.1922-07.2007
https://doi.org/10.1038/nm.2266
https://doi.org/10.1002/glia.22363
https://doi.org/10.1161/CIRCRESAHA.115.306847
https://doi.org/10.1161/CIRCRESAHA.115.306847
https://doi.org/10.4049/jimmunol.178.1.39
https://doi.org/10.1002/jnr.20488
https://doi.org/10.1038/ni.2044
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1371/journal.pone.0081774
https://doi.org/10.1002/jcp.25650
https://doi.org/10.1016/S0092-8674(04)00248-X
https://doi.org/10.1186/1471-2407-11-301
https://doi.org/10.3791/4097
https://doi.org/10.1371/journal.pone.0058979
https://doi.org/10.1074/jbc.M112.
408765
https://doi.org/10.1074/jbc.M112.
408765
https://doi.org/10.1073/pnas.1519644112
https://doi.org/10.1016/j.fsi.2016.06.044
https://doi.org/10.1074/jbc.M004885200
https://doi.org/10.4049/jimmunol.168.8.4055
https://doi.org/10.1073/pnas.0908641106
https://doi.org/10.3892/ijo.2017.3841
https://doi.org/10.1038/cr.2013.75
https://doi.org/10.1159/000430126
https://doi.org/10.1111/bph.13319
https://doi.org/10.4049/jimmunol.172.11.7053
https://doi.org/10.4049/jimmunol.172.11.7053
https://doi.org/10.1126/science.1204351
https://doi.org/10.1126/science.1204351
https://doi.org/10.1084/jem.20121999
https://doi.org/10.1186/1747-1028-1-32
https://doi.org/10.1371/journal.pone.0140064
https://doi.org/10.4049/jimmunol.1500204


21

Veremeyko et al. Forskolin Suppress Neuroinflammation

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 9 | Article 50

via dimethylfumarate or cyclosporine A. J Dermatol Sci (2017) 87:246–51. 
doi:10.1016/j.jdermsci.2017.06.005 

40. Dargahi N, Katsara M, Tselios T, Androutsou ME, De Courten M, Matsoukas J,  
et al. Multiple sclerosis: immunopathology and treatment update. Brain Sci 
(2017) 7:78. doi:10.3390/brainsci7070078 

41. Yin X, Wolford CC, Chang Y-S, McConoughey SJ, Ramsey SA, Aderem A, 
et  al. ATF3, an adaptive-response gene, enhances TGF signaling and can-
cer-initiating cell features in breast cancer cells. J Cell Sci (2010) 123:3558–65. 
doi:10.1242/jcs.064915 

42. Gong D, Shi W, Yi S, Chen H, Groffen J, Heisterkamp N. TGFβ signaling plays 
a critical role in promoting alternative macrophage activation. BMC Immunol 
(2012) 13:31. doi:10.1186/1471-2172-13-31 

43. Hu C, Meng X, Huang C, Shen C, Li J. Frontline science: ATF3 is responsible 
for the inhibition of TNF-a release and the impaired migration of acute 
ethanol-exposed monocytes and macrophages. J Leukoc Biol (2015) 9:0–0. 
doi:10.1189/jlb.2HI1115-491R 

44. Chromik AM, Hahn SA, Daigeler A, Flier A, Bulut D, May C, et  al. Gene 
expression analysis of cell death induction by taurolidine in different malig-
nant cell lines. BMC Cancer (2010) 10:595. doi:10.1186/1471-2407-10-595 

45. Conaco C, Otto S, Han J-J, Mandel G. Reciprocal actions of REST and a 
microRNA promote neuronal identity. Proc Natl Acad Sci U S A (2006) 
103:2422–7. doi:10.1073/pnas.0511041103 

46. Su N, Li Y, Wang J, Fan J, Li X, Peng W, et al. Role of MAPK signal pathways in 
differentiation process of M2 macrophages induced by high-ambient glucose 
and TGF-β1. J Recept Signal Transduct Res (2015) 35:396–401. doi:10.3109/ 
10799893.2014.960933 

47. Mebratu Y, Tesfaigzi Y. How ERK1/2 activation controls cell proliferation and 
cell death is subcellular localization the answer? Cell Cycle (2009) 8:1168–75. 
doi:10.4161/cc.8.8.8147 

48. Misra UK, Pizzo SV. Coordinate regulation of Forskolin-induced cellular 
proliferation in macrophages by protein kinase A/cAMP-response ele-
ment-binding protein (CREB) and Epac1-Rap1 signaling: effects of silencing 
CREB gene expression on Akt activation. J Biol Chem (2005) 280:38276–89. 
doi:10.1074/jbc.M507332200 

49. Birkner K, Wasser B, Loos J, Plotnikov A, Seger R, Zipp F, et al. The role of ERK 
signaling in experimental autoimmune encephalomyelitis. Int J Mol Sci (2017) 
18:1990. doi:10.3390/ijms18091990 

50. Jaguin M, Houlbert N, Fardel O, Lecureur V. Polarization profiles of human 
M-CSF-generated macrophages and comparison of M1-markers in classically 
activated macrophages from GM-CSF and M-CSF origin. Cell Immunol 
(2013) 281:51–61. doi:10.1016/j.cellimm.2013.01.010 

51. Brereton CF, Sutton CE, Lalor SJ, Lavelle EC, Mills KHG. Inhibition of ERK MAPK 
suppresses IL-23- and IL-1-driven IL-17 production and attenuates autoimmune 
disease. J Immunol (2009) 183:1715–23. doi:10.4049/jimmunol.0803851 

52. Chang C-F, D’Souza WN, Ch’en IL, Pages G, Pouyssegur J, Hedrick SM. Polar 
opposites: Erk direction of CD4 T cell subsets. J Immunol (2012) 189:721–31. 
doi:10.4049/jimmunol.1103015 

53. Morris SM, Kepka-Lenhart M, Poljakovic A, Ghosh KE, Sheldon H, Shandilya D,  
et  al. The arginase I promoter activate IL-4 and cyclic AMP synergistically 
shaping the murine macrophage phenotype: shaping the murine macrophage 

phenotype: IL-4 and cyclic AMP synergistically activate the arginase I pro-
moter. J Immunol (2013) 191:2290–8. doi:10.4049/jimmunol.1202102 

54. Zhu N, Cui J, Qiao C, Li Y, Ma Y, Zhang J, et al. CAMP modulates macrophage 
development by suppressing M-CSF-induced MAPKs activation. Cell Mol 
Immunol (2008) 5:153–7. doi:10.1038/cmi.2008.19 

55. Hertz AL, Bender AT, Smith KC, Gilchrist M, Amieux PS, Aderem A, et al. 
Elevated cyclic AMP and PDE4 inhibition induce chemokine expression in 
human monocyte-derived macrophages. Proc Natl Acad Sci U S A (2009) 
106:21978–83. doi:10.1073/pnas.0911684106 

56. Frezel N, Sohet F, Daneman R, Basbaum AI, Braz JM. Peripheral and central 
neuronal ATF3 precedes CD4+ T-cell infiltration in EAE. Exp Neurol (2016) 
283:224–34. doi:10.1016/j.expneurol.2016.06.019 

57. Ajami B, Bennett JL, Krieger C, McNagny KM, Rossi FMV. Infiltrating mono-
cytes trigger EAE progression, but do not contribute to the resident microglia 
pool. Nat Neurosci (2011) 14:1142–50. doi:10.1038/nn.2887 

58. Ponomarev ED, Shriver LP, Dittel BN. CD40 expression by microglial cells is 
required for their completion of a two-step activation process during central 
nervous system autoimmune inflammation. J Immunol (2006) 176:1402–10. 
doi:10.4049/jimmunol.176.3.1402 

59. Ma TC, Barco A, Ratan RR, Willis DE. CAMP-responsive element-binding 
protein (CREB) and cAMP co-regulate activator protein 1 (AP1)-dependent 
regeneration-associated gene expression and neurite growth. J Biol Chem 
(2014) 289:32914–25. doi:10.1074/jbc.M114.582460 

60. Kellner Y, Gödecke N, Dierkes T, Thieme N, Zagrebelsky M, Korte M. The 
BDNF effects on dendritic spines of mature hippocampal neurons depend 
on neuronal activity. Front Synaptic Neurosci (2014) 6:5. doi:10.3389/
fnsyn.2014.00005 

61. Afshari FS, Chu AK, Sato-Bigbee C. Effect of cyclic AMP on the expression 
of myelin basic protein species and myelin proteolipid protein in committed 
oligodendrocytes: differential involvement of the transcription factor CREB. 
J Neurosci Res (2001) 66:37–45. doi:10.1002/jnr.1195 

62. Paco S, Hummel M, Plá V, Sumoy L, Aguado F. Cyclic AMP signaling restricts 
activation and promotes maturation and antioxidant defenses in astrocytes. 
BMC Genomics (2016) 17:304. doi:10.1186/s12864-016-2623-4 

63. Ishii A, Furusho M, Bansal R. Sustained activation of ERK1/2 MAPK in oligo-
dendrocytes and Schwann cells enhances myelin growth and stimulates oligo-
dendrocyte progenitor expansion. J Neurosci (2013) 33:175–86. doi:10.1523/
JNEUROSCI.4403-12.2013 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Veremeyko, Yung, Dukhinova, Kuznetsova, Pomytkin, Lyundup, 
Strekalova, Barteneva and Ponomarev. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.jdermsci.2017.06.005
https://doi.org/10.3390/brainsci7070078
https://doi.org/10.1242/jcs.064915
https://doi.org/10.1186/1471-2172-13-31
https://doi.org/10.1189/jlb.2HI1115-491R
https://doi.org/10.1186/1471-2407-10-595
https://doi.org/10.1073/pnas.0511041103
https://doi.org/10.3109/10799893.2014.960933
https://doi.org/10.3109/10799893.2014.960933
https://doi.org/10.4161/cc.8.8.8147
https://doi.org/10.1074/jbc.M507332200
https://doi.org/10.3390/ijms18091990
https://doi.org/10.1016/j.cellimm.2013.01.010
https://doi.org/10.4049/jimmunol.0803851
https://doi.org/10.4049/jimmunol.1103015
https://doi.org/10.4049/jimmunol.1202102
https://doi.org/10.1038/cmi.2008.19
https://doi.org/10.1073/pnas.0911684106
https://doi.org/10.1016/j.expneurol.2016.06.019
https://doi.org/10.1038/nn.2887
https://doi.org/10.4049/jimmunol.176.3.1402
https://doi.org/10.1074/jbc.M114.582460
https://doi.org/10.3389/fnsyn.2014.00005
https://doi.org/10.3389/fnsyn.2014.00005
https://doi.org/10.1002/jnr.1195
https://doi.org/10.1186/s12864-016-2623-4
https://doi.org/10.1523/JNEUROSCI.4403-12.2013
https://doi.org/10.1523/JNEUROSCI.4403-12.2013
http://creativecommons.org/licenses/by/4.0/

	Cyclic AMP Pathway Suppress Autoimmune Neuroinflammation by Inhibiting Functions of Encephalitogenic CD4 T Cells and Enhancing M2 Macrophage Polarization at the Site of Inflammation
	Introduction
	Materials and Methods
	Mice
	Cells
	EAE Induction
	Real-time PCR
	Western Blotting
	Flow Cytometry
	T-Cell and Macrophage Proliferation Assay
	Cytokine Production by CD4 T Cells
	T-Cell Recall Response
	Immunohistochemistry
	Statistical Analysis

	Results
	Forskolin Downregulate MHC Class II and CD86 on Microglia and Macrophages in the CNS during EAE Resulting in Decrease of Neuroinflammation and Recovery from the Disease
	Forskolin Upregulated Arg1 and Inhibited NOS2 in the CNS during EAE by Changing Balance toward M2
	Forskolin Decreased Proliferation and IFNγ Production by Autoimmune CD4 T Cells in the CNS, but Not in the Periphery
	Forskolin Did Not Have Direct Effect on Proliferation of MOG-Specific Autoimmune CD4 T Cells
	Forskolin Synergize IL-4 in Upregulation of miR-124 and Arg1 Even in the Presence of IFNγ
	Forskolin Activate ERK and Synergize Activation of ERK Pathway by IL-4
	ERK Inhibitors Block Upregulation of Arg1, Mrc1, and miR-124 Induced by Forskolin with IL-4
	ERK Inhibitor Block Upregulation of Arg1, Mrc1, and Cyclin D2 and Upregulate NOS2 in IL-4 Activated BM-Derived Macrophages
	ERK Inhibitor Upregulate Expression of M1 Marker CD86 in IL-4-Activated Macrophages and NOS2 in IFNγ-Activated Macrophages
	ERK Inhibitor Block Upregulation of Arg1, Mrc1, and Cyclin D1 in IL-4-Activated Resident Peritoneal Macrophages
	Forskolin Upregulate miR-124 in BM-Derived Macrophages in CREB/ATF3-Dependent Manner
	REST Does Not Play a Role in Upregulation of miR-124 in Unmanipulated or Forskolin-Treated Macrophages

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


