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NF-jB activation in astrocytes drives a
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Abstract

Astrocytes are involved in non-cell-autonomous pathogenic cascades
in amyotrophic lateral sclerosis (ALS); however, their role is still
debated. We show that astrocytic NF-jB activation drives microglial
proliferation and leukocyte infiltration in the SOD1 (G93A) ALS model.
This response prolongs the presymptomatic phase, delaying muscle
denervation and decreasing disease burden, but turns detrimental in
the symptomatic phase, accelerating disease progression. The transi-
tion corresponds to a shift in the microglial phenotype showing two
effects that can be dissociated by temporally controlling NF-jB acti-
vation. While NF-jB activation in astrocytes induced a Wnt-depen-
dent microglial proliferation in the presymptomatic phase with
neuroprotective effects on motoneurons, in later stage, astrocyte
NF-jB-dependent microglial activation caused an accelerated
disease progression. Notably, suppression of the early microglial
response by CB2R agonists had acute detrimental effects. These data
identify astrocytes as important regulators of microglia expansion
and immune response. Therefore, stage-dependent microglia modu-
lation may be an effective therapeutic strategy in ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a motoneuron (MN) disease

conceptualized as a non-cell-autonomous condition in which the

pathogenic process originates from the interaction of MNs them-

selves, other neurons, astrocytes, microglia, and immune cell

subpopulations (Boillée et al, 2006; Ilieva et al, 2009).

NF-jB is a transcription factor regulating the expression of a

large number of genes involved in immune responses and it is

considered a master regulator of inflammation (Hayden & Ghosh,

2012). NF-jB has been reported to be a key driver of microglia in

ALS: Transgenic activation of NF-jB in microglia is sufficient to

increase MN impairment, to shorten overall survival in SOD1

(G93A) mice and to cause MN dysfunction per se, whereas NF-jB
suppression in microglia produces beneficial effects (Frakes et al,

2014). Remarkably, transcriptomics and biochemical analysis of

human ALS samples revealed NF-jB activation not only in microglia

but also in astrocytes (Haidet-Phillips et al, 2011; Swarup et al,

2011). Because of the immune-related functions attributed to

astrocytes (Brambilla et al, 2009; Lattke et al, 2012; Colombo &

Farina, 2016), astrocytic NF-jB signaling has been hypothesized to

contribute to the neuroinflammatory cascade in ALS.

However, astrocyte-specific suppression of NF-jB activation

either by conditional deletion of inhibitor of NF-jB kinase subunit
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beta (IKK2) or by viral overexpression of degradation-resistant

IjB has been reported to have no effect on overall disease

progression in ALS mouse models (Crosio et al, 2011; Frakes

et al, 2014). This leaves the functional role of NF-jB in astrocyte-

mediated neuroinflammation in ALS unclear, although NF-jB is

indeed activated in ALS astrocytes (Haidet-Phillips et al, 2011;

Swarup et al, 2011) and astrocytic NF-jB has been shown to

have non-cell-autonomous toxic effects (e.g., on oligodendrocyte

function; Raasch et al, 2011). Does astrocytic NF-jB modulate the

neuroinflammatory response in ALS, and if so, in which time-

frame and direction? Given the multi-phased nature of the patho-

genic process in ALS (Saxena et al, 2013) and the age-dependent

net effect of astrocytic NF-jB (Colombo & Farina, 2016; Lattke

et al, 2017), the functional analysis of NF-jB requires experimen-

tal control over the timing and the cellular subpopulations in

which its activation takes place.

Therefore, we investigated the effect of astrocytic IKK2/NF-jB
activation in ALS using the tetracycline-regulated gene expression

system under control of the GFAP promoter (Lattke et al, 2012).

This allows astrocyte-restricted conditional expression of constitu-

tively active IKK2 (IKK2-CA). Surprisingly, IKK2/NF-jB activation

in astrocytes induces a neuroprotective phenotype in the presymp-

tomatic stages, with a decrease in MN disease burden and delayed

onset phase, associated with an abundant Wnt-dependent microglial

proliferation. At later stages, it enhances a pro-inflammatory micro-

glial activation, leading to an accelerated progression phase and a

shorter survival.

Results

The GFAP.tTA/tetO.IKK2CA module drives NF-jB activation and
target genes expression in spinal cord astrocytes

In order to activate NF-jB in astrocytes in an ALS mouse model, we

combined the GFAP.tTA/(tetO)7.IKK2-CA line, in which the consti-

tutively active IKK2 allele is expressed only upon doxycycline

(DOX) withdrawal (Lattke et al, 2012), with SOD1 (G93A) mice

(Fig 1A and B). Four experimental groups were contrasted as

follows: the SOD1(G93A)/GFAP.tTA/(tetO)7.IKK2-CA (activation of

astrocytic IKK2/NF-jB in mutant SOD1 ALS model, henceforth

SOD1/IKK), SOD1(G93A)/GFAP.tTA or SOD1(G93A)/(tetO)7.IKK2-

CA mice (mutant SOD1 but no activation of IKK2/NF-jB, henceforth
SOD1), GFAP.tTA/tetO.IKK2-CA mice (activation of astrocytic IKK2/

NF-jB only, no mutant SOD1, henceforth IKK), and GFAP.tTA or

(tetO)7.IKK2-CA (no activation of IKK2/NF-jB and no mutant

SOD1, henceforth WT; Fig 1A). All experiments were performed on

male mice, unless otherwise specified.

Upon transgene activation at P25 (DOX withdrawn; Fig 1C),

IKK2-CA mRNA (Fig 1D) and protein levels (Fig 1E and

Appendix Fig S1A) were persistently upregulated at P50, P90, or

P135 in spinal cord in IKK and SOD1/IKK mice without interfering

with the expression of mutant SOD1 (Fig 1D and E, and

Appendix Fig S1B). The ratio of phosphorylated to total p65 was

strongly increased in whole spinal cord protein extracts from IKK

and SOD1/IKK samples at P50 and at P90, indicating the activation

of the NF-jB module (Fig 1E and Appendix Fig S1C). In agreement

with the activity of the GFAP promoter, IKK2-CA was expressed in

about 60% of the total GFAP+ pool throughout the spinal cord both

in IKK and SOD1/IKK mice (Fig 1F and G). Microglial cells,

neurons, and lymphocytes (IBA1+, NEUN+, and CD3+ cells)

displayed no transgene expression (Fig 1F and G).

IKK2-CAON cells either in IKK or in SOD1/IKK mice displayed a

nuclear translocation of p65 (68 � 5% of IKK2-CAON cells; Fig 1H);

in agreement with astrocyte-restricted IKK2-CA expression,

62.5 � 10.4% and 72.1 � 7.6% of GFAP+ astrocytes in IKK or in

SOD1/IKK, respectively, showed nuclear p65, but rarely in WT and

SOD1 (at P50; Fig 1I and J). Furthermore, several NF-jB target

genes (lipocalin 2 [Lcn2], complement C3 and C1q, cathepsin S

[CtsS], MadCAM, and CCL2) were persistently expressed over time

in spinal cord from IKK and SOD1/IKK (Fig 1K) and strongly upreg-

ulated compared to WT and SOD1 (Fig 1L), confirming effective

NF-jB activation. LCN2 expression was verified on protein level

(Appendix Fig S1D and E).

▸Figure 1. GFAP.tTA/(tetO)7.IKK2-CA/SOD1(G93A) triple-transgenic mice allow cell type-specific and persistent activation of NF-jB in astrocytes.

A Breeding strategy for the generation of hGFAP.tTA/(tetO)7.IKK2-CA/hSOD1 triple-transgenic mice and control littermates.
B Schematic of the combined transgene expression systems and impact of doxycycline (DOX).
C Experimental design for IKK2-CA transgene expression from P25 until P130-135.
D Stable mRNA expression (relative to HPRT) of the hIKK2-CA and hSOD1 transgenes over time after DOX withdrawal; (n = 3–4).
E Immunoblot showing comparable levels of 17 kDa SOD1 protein in SOD1 and SOD1/IKK mice and human IKK2-CA transgene (87 kDA, IKK1/2) in IKK and SOD1/IKK

mice, respectively. Whereas p65 (NF-jB subunit, 65 kDA) is expressed in all animals equally, phosphorylated p65 (S536) is strongly elevated only in IKK and SOD1/IKK
animals, respectively.

F Immunostaining of IKK showing the distribution in the dorsal (D) and ventral (V) homolateral spinal cord of SOD1/IKK mice. The oval area represents the original
target area of the upper panels stained with IKK and GFAP. The dashed line represents the ventral horn (V) gray matter boundary, where all the pictures for all the
experiments of this manuscript were acquired. The upper panel shows the co-localization of IKK2 (red) with GFAP (green) in SOD1/IKK at P50, whereas the lower
panel does not show co-localization of the microglial marker CD11b and IKK marker in SOD1/IKK mice at P50. The nuclei are stained with DAPI (blue).

G Quantification of IKK2-CA+ cells among neuronal (NEUN), astrocytic (GFAP), microglial (IBA1), and lymphocytic (CD3) populations at P50.
H Only cells with IKK2-CA expression (IKK2-CAON, red) display nuclear translocation of p65 (green). Arrows indicate the nuclear p65; (n = 4).
I Co-immunostaining of p65 (red), GFAP (white), and DAPI (blue) in ventral horn spinal cord sections of WT and SOD1/IKK mice at P50. Arrows show nuclear

localization of the p65 in SOD1/IKK and extra-nuclear localization in WT mice.
J Quantification of nuclear p65+ in astrocytes (GFAP+/p65+, expressed as %) of WT, IKK, SOD1, and SOD1/IKK at P50.
K Expression of NF-jB target genes (P50, P90, P135) in IKK and SOD1/IKK mice as indicated (relative to HPRT, n = 4).
L Upregulation of selected NF-jB target genes (as indicated) in the spinal cord of WT, IKK, SOD1, SOD1/IKK male animals at P50 demonstrating functional NF-jB

activation (n = 3–4).

Data information: Data are presented as means � SD; scale bars, 5 lm. ND = not detectable.
Source data are available online for this figure.
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Activation of astrocytic NF-jB causes extensive microglial
proliferation and lymphocyte infiltration

Next, we activated astrocytic NF-jB at P20-25 in IKK and SOD1/IKK

mice and analyzed astrocytes, microglia, and leukocytes in spinal

cord sections over time. NF-jB activation in astrocytes did not

increase their number but rather their size and intermediate fila-

ment expression (Fig 2A–C): GFAP+ area was increased both in IKK

and in SOD1/IKK mice at P30 (15.2 � 7.1% in IKK and 16.1 � 5.5

in SOD1/IKK compared to 5.5 � 0.4% in WT and 6.1 � 1.1 in

SOD1) and further increased over time in SOD1, IKK, and SOD1/

IKK, being significantly higher in the latter than in SOD1 or IKK

littermates (Fig 2A and B).

Interestingly, the population of inflammatory cells was massively

expanded in IKK and SOD1/IKK mice. Both the number (not shown)

and the volume occupied by IBA1+ (or CD11b+) cells were promi-

nently (up to sevenfold) increased already at P30 (Fig 2D and E),

peaking at P50 and thereafter declined until P120 (Fig 2E). In IKK

and SOD1/IKK mice, IBA1+ cells assumed an amoeboid shape with

prominent lamellipodia at P30-P70, but turned to a retracted,

“bushy” appearance at P90-120 (Fig 2D and high-magnification,

single optical sections in Appendix Fig S2A and B). In agreement

with the expansion of microglial population, expression of micro-

glia-specific genes Olfml3 and Tmem119 (Chiu et al, 2008; Fig 2F)

and IBA1 protein levels (Appendix Fig S2C and D) were strongly

upregulated in IKK and SOD1/IKK. Nearly all CD11b+ cells were

TMEM119+ (Bennett et al, 2016; Zrzavy et al, 2017) confirming

their microglial identity (Fig EV1A and B). Only a very small

percentage of CD11b+ cells were F4/80+ (all of them located in

perivascular position; Fig EV1C and D).

Nevertheless, the expanded microglial population exhibited a

considerable phenotypic heterogeneity: A subset (34.6%; Fig EV1E

and F) of TMEM119+ cells were CD45+, discriminating reactive

microglia from resting microglia (Tan et al, 2000; Nikolakopoulou

et al, 2013) and within the CD45+ subpopulation a subset of

galectin-3/MAC-2+ cells could be distinguished (Fig EV1G and H),

whereas CD11b+CD45� cells were consistently galectin-3/MAC-2�;
in agreement with these data, only 25% of CD11b+ were MAC2+

(Fig EV1I and J, summarized in Fig EV1K). Furthermore, 25% of

microglia in SOD1/IKK mice at P50 were CD11b+/CD11c+

(Fig EV1L and M); more than 90% of the CD11c+ cells were

TMEM119+ (Fig EV1N and O) indicating their microglial origin and

identifying them as a subtype correlated with disease-associated

microglia (DAM) rather than infiltrating macrophages or dendritic

cells (Keren-Shaul et al, 2017). Confirming this view, less than 10%

of CD11c+ cells were positive for the monocyte marker CD169

(Fig EV1P and Q). Of note, we also identified a population of

TMEM119+/CD169+, corresponding to activated microglia (Bogie

et al, 2018) which was consistently negative for CD11c (Fig EV1P–

R), suggesting that CD11b+/TMEM119+/CD11c+ constitutes a

distinct subset of microglial cells. The percentage of CD11c+ cells

stayed stable also at P90, directly proportional to the total microglia

levels (Fig EV1S).

The CD45+ population varied quantitatively over time (Fig 2G):

These cells were elevated at P30 in IKK and SOD1/IKK mice,

(30.7 � 3.5 and 33.7 � 4.3 cells/104 lm2, respectively; P < 0.0001

versus WT and SOD1; Fig 2G) and peaked at P70 before declining

(Fig 2G and H). A small subpopulation of infiltrating lymphocytes

(CD3+) was also found increased in the spinal cord of IKK and

SOD1/IKK mice, peaking at P90 (4.8 � 0.5 and 2.9 � 0.3 cells/

104 lm2 for SOD1/IKK and IKK, respectively; P < 0.0001 versus WT

and SOD1) before declining (Fig 2I).

The increased cellularity in CD11b+/IBA1+/TMEM119+ cells

(for SOD1/IKK and IKK) was mainly due to proliferation: In fact,

almost all KI-67+ cells in IKK and SOD1/IKK mice were CD11b+ and

only a small fraction (< 5%) of GFAP+ or CD3+ cells was found

(Fig 2J and K). Within the microglia in IKK and SOD1/IKK mice, the

IBA1+CD45� subset represented one-third of the proliferating cells

(IBA1+CD45� PCNA+; Appendix Fig S3A–D), whereas IBA1+

CD45+-activated microglia represented two-thirds of proliferating

cells (IBA1+CD45+PCNA+; Appendix Fig S3A–D). Non-microglial

IBA1�CD45+ cells contributed only to about 5% of proliferating cells

(5 � 0.6 and 5.2 � 3% in IKK and SOD1/IKK mice, respectively;

Appendix Fig S3B and D). Proliferation of CD11b+ cells was maxi-

mal at P30 (when up to 15% of CD11b+ were also KI-67+) and

declined at later time points (Fig 2L). Even at later time points,

IBA+CD45+ microglia contributed the largest share of proliferating

cells, whereas non-microglial IBA�CD45+ cells remained largely

non-proliferative (Appendix Fig S3A, E and F).

Given the role of astrocytes in the regulation of the blood–

spinal cord barrier (BSCB), whose disruption has been associ-

ated with ALS pathogenesis (Garbuzova-Davis et al, 2007), we

monitored the expression of claudin-5 (important for the main-

tenance of BSCB integrity) in endothelial cells upon astrocytic

▸Figure 2. Prolonged NF-jB activation in astrocytes exacerbates an immune response in the spinal cord with microglia expansion, gliosis, and lymphocyte
infiltration.

A IF staining of GFAP (white) and DAPI (blue) at P50 and P90 across all genotypes; (n = 4).
B Time course of astrocytic coverage (expressed as % of GFAP+ area) in WT, IKK, SOD1, and SOD1/IKK; (n = 4).
C Gfap and Vimentin gene expression over time in SOD1, IKK, and SOD1/IKK; (n = 4).
D Immunostaining of IBA1 (green) showing microglia expansion in IKK and SOD1/IKK ventral horn spinal cord sections; (n = 4).
E Time course of microglia density expressed as IBA1+ area (% of total area) in WT, IKK, SOD1, and SOD1/IKK mice; (n = 4).
F Relative gene expression of Olfml3 and Tmem119 (specific microglia genes) over time in IKK, SOD1, and SOD1/IKK littermates; (n = 4).
G Immunostaining of CD45+ cells (red) in ventral horn spinal cord sections of IKK and SOD1/IKK mice over time; (n = 4).
H Time course of CD45+ density (number of cells/area unit) in WT, IKK, SOD1, and SOD1/IKK mice; (n = 4).
I Time course of infiltrating CD3+ cells in WT, IKK, SOD1 and SOD1/IKK animals; (n = 4).
J IF staining of CD11b (green), KI-67 (red), GFAP (white), and DAPI (blue) in SOD1/IKK at P30. Scale bar, 2 lm. Arrows show co-localization of KI-67 with CD11b but not with GFAP.
K Histogram representing % of KI-67+ cells in neuronal (NeuN), astrocytic (GFAP), microglial (CD11b), and lymphocytic (CD3) populations at P30.
L Quantification of KI-67+/CD11b+ cells per area unit in WT, IKK, SOD1, SOD1/IKK mice over time; (n = 4).

Data information: Two-way ANOVA. Data are presented as means � SD. **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. Scale bars, 10 lm (if not otherwise indicated).
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IKK activation. The presence of IgG in the parenchyma was also

measured to test BSCB permeability. In WT mice, claudin-5 is

visualized as an almost continuous ribbon inside the collagen-

IV+ vascular basal membrane (Fig 3A). However, already at

P30 in SOD1 mice, the claudin-5 ribbon becomes discontinuous,

indicating areas with changes in BSCB integrity. This disruption

was significantly higher in SOD1, SOD1/IKK, and IKK than in

WT at P30 (145.8 � 6.4%, 150.6 � 23.6%, and 136.4 � 20.1%

A B C

D E F

G H I

J K L

Figure 2.
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of WT, respectively, P < 0.01; Fig 3A and B). We observed a

progressive increase in the length of disrupted claudin-5 ribbon

in IKK, SOD1, and SOD1/IKK at P50 and P90 with SOD1/IKK

showing the greatest degree of breakdown (172.9 � 10.2% of

WT at P50 and 174.7 � 10.8% of WT at P90). Consistent with

that, we detected a significant enrichment of IgG (Garbuzova-

Davis et al, 2012) in the spinal cord parenchyma especially in

SOD1/IKK mice at P50 (IgG+ area 31.6 � 7.0% of total area,

compared with 9.9 � 2.2% in IKK, 12.5 � 0.4 in SOD1 and

3.6 � 0.5 in WT; P < 0.001; Fig 3C and D) revealing a rise in

IgG extravasation. At P90, parenchymal IgG levels increase

further in IKK and SOD1 littermates (26.21 � 9.1% and

18.81 � 5% of total area, respectively; P < 0.001; Fig 3C and D)

and remained high in SOD1/IKK (29.8 � 10% of total area;

Fig 3C and D).

Taken together, the neuroinflammatory response in IKK and

SOD1/IKK mice is characterized by prominent microglial prolifera-

tion together with an important process of differentiation and polar-

ization toward a reactive phenotype (summarized in Fig EV1K),

astrogliosis (Fig 2A–C), BSCB disruption (Fig 3A–D), and leukocyte

infiltration (Fig 2G–I).

Prolonged activation of astrocytic NF-jB delays disease onset
but accelerates progression

We then explored the impact of astrocytic NF-jB activation on

disease progression in SOD1/IKK mice. Although survival of SOD1/

IKK and SOD1 littermates was comparable (Mantel–Cox,

P = 0.5763; Fig 4A), SOD1/IKK mice reached motor impairment

(Hatzipetros et al, 2015) stages 1, 2, and 3 significantly later than

their SOD1 counterparts (SOD1 stayed in stage 1 from day 77–91

versus 84–122 of SOD1/IKK; P < 0.05; SOD1 stayed in stage 2 from

day 84–105 versus 109–126; P < 0.05; stage 3 from day 105–119

versus 125–136; P < 0.05; Fig 4B; IKK mice displayed no motor

phenotypes). However, later in disease, stages 4 and 5 were reached

at comparable time points (day 133–140; Fig 4B). Notably, overall

survival and clinical progression of SOD1/IKK mice continuously

administered DOX (i.e., without IKK expression) was comparable to

those of SOD1 mice, ruling out possible effects of transgene interfer-

ence (Fig EV2A and B). We then used peak body weight to discrimi-

nate presymptomatic and progression phases (Boillée et al, 2006;

Fig 4C and D). SOD1 mice had a presymptomatic phase 63–77 days

long, and after onset, they kept losing body weight during a progres-

sion phase of 49–84 days. However, SOD1/IKK body weight peaked

at 91–126 days (29 days later than single-tg SOD1; P < 0.0001;

Fig 4C) but then, weight loss rate was dramatically faster in SOD1/

IKK than in SOD1 mice, resulting in a significantly shorter progres-

sion phase (28.5 days in SOD1/IKK compared to 67.1 for SOD1;

P < 0.0001; Fig 4D). Clinical progression was slower, and survival

was longer in female SOD1 and SOD1/IKK mice, but the astrocytic

IKK effects were comparable to those observed in male mice of the

same genotype (Fig EV2C–F). Thus, astrocytic NF-jB displayed a

beneficial effect early on and a detrimental one in the progression

phase in both genders. In fact, levels of misfolded SOD1 in MNs,

detected by the conformation-specific antibody B8H10 (Gros-Louis

et al, 2010), were significantly lower in SOD1/IKK than in SOD1

littermates between P30 and P70 (fraction of high-burden mSOD1

MN—see Materials and Methods—SOD1/IKK versus SOD1:

4.6 � 1.2% versus 24.4 � 3.65%; 8.5 � 4.4% versus 38.6 � 5.5%;

22.5 � 5.5% versus 43.4 � 4.7% at P30, P50, and P70, respec-

tively; P < 0.05) but this difference disappeared at P90

(78.8 � 8.5% versus 73.4 � 8.2%; P > 0.05; Fig 4E and F). Like-

wise, the accumulation of disease-related autophagy markers LC3A

and p62 (Goode et al, 2016) was reduced in SOD1/IKK. LC3Abright

MNs were fewer in SOD1/IKK than in SOD1 at P30 and at P50 (%

LC3Abright MNs: 23.4 � 2.2% versus 9.3 � 3.8% at P30,

39.4 � 4.5% versus 12.5 � 3.9% in SOD1 versus SOD1/IKK,

respectively; P < 0.05); this difference was reduced at P70 and was

no longer significant at P90 (60.4 � 10.2% versus 49.8 � 13.4%;

P > 0.05; Fig 4G and H). Also, the burden of p62 aggregates per MN

was significantly lower in SOD1/IKK than in SOD1 MN at P50 (me-

dian [range]: 5.04%[0.14-19.3] and 3.13%[0.1-9.4] in SOD1 versus

SOD1/IKK, respectively; P < 0.01; Fig 4I and J).

The production of reactive oxygen species (ROS) has been linked

to MN loss in ALS (Harraz et al, 2008). We therefore evaluated the

levels of oxidative damage in MN by monitoring the levels of 8-

hydroxydeoxyguanosine (8-OH-dG). Immunostaining for 8-OH-dG

(displaying the cytoplasmic and nuclear pattern previously reported:

Bender et al, 2013; Maity-Kumar et al, 2015) revealed a significant

increase in immunofluorescence intensity in SOD1 MNs compared

with WT or with IKK mice at P50 (1,377 � 250 a.u. integrated inten-

sity in SOD1 versus 789 � 13 and 964 � 290, respectively, in WT

and IKK mice; Fig 4K and L). Notably, in SOD1/IKK, 8-OH-dG fluo-

rescence intensity in MN was significantly reduced compared to

SOD1 at P50 (941.8 � 16 a.u., P < 0.0001; Fig 4K and L). Interest-

ingly, and in agreement with the other markers of disease, at P90,

there was no difference between SOD1 and SOD1/IKK mice in the

fraction of neurons with high 8-OH-dG burden (both significantly

higher than in WT or IKK; 1,498 � 250 and 15,552 � 250 a.u.

SOD1 and SOD1/IKK versus 936 � 240 and 1,184 � 290 in WT and

IKK; P < 0.0001).

Finally, whereas in SOD1 mice, the neuromuscular junction

(NMJ) in the l1 subcompartment of the lateral gastrocnemius (inner-

vated by fast-fatigable MNs) was totally denervated at P55 (Pun

et al, 2006), in SOD1/IKK mice, vulnerable NMJ was still largely

innervated (64.3 � 5.9%, P < 0.001; Fig 4M and N). No loss of

▸Figure 3. Astrocytic NF-jB activation promotes BSCB disruption.

A, B Early and progressive disruption of tight junctions in spinal cord vascular endothelium. Expression of claudin-5 within collagen-IV+ vessels is visualized as
continuous ribbon in WT vessels; claudin-5 ribbon is fragmented in IKK, SOD1, and SOD1/IKK mice from P30 on, and the length of vascular segments devoid of
claudin-5 increases progressively until P90, in particular in SOD1/IKK mice. Scale bar, 30 lm; (n = 4).

C, D Immunostaining and quantification of IgG deposits in the parenchyma of spinal cord. At P50, no IgG deposit can be detected in WT samples, although IKK and
SOD1 samples display some IgG accumulation, which is greatly increased in SOD1/IKK mice. At P90, IgG deposition in spinal cord is greatly increased in IKK and
SOD1/IKK mice, but less so in SOD1 mice. (n = 4). Insets are shown at higher magnification. Scale bar, 60 lm and 20 lm for the insets.

Data information: Two-way ANOVA. Data are presented as means � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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NMJ innervations was found in WT and IKK mice. In agreement

with these data, SOD1 mice displayed a progressive loss of MNs in

ventral spinal cord (L3-L5) between P55 and P120 (9.2 � 1.3 cells/

lm2 at P55 and 3.6 � 0.5 cells/lm2 at P120), whereas SOD1/IKK

mice showed a significantly higher number of surviving MNs at P55

and P70 (12.1 � 1.4 and 10 � 1.9 cells/104 lm2, respectively;

P < 0.0001 versus SOD1 at P50 and P < 0.001 at P70), but not at

P90 or P120 (7.4 � 1 and 5.3 � 0.3 cells/104 lm2, respectively;

Fig 4O and P).

These data support the view that astrocytic IKK/NF-jB activation

produces beneficial effects on multiple MN disease pathways in the

early phases of the disease.

Early-stage NF-jB activation in astrocytes enhances beneficial
microglial polarization

To explore the mechanisms underlying the differential outcome of

NF-jB activation in astrocytes, we characterized the polarization of

the neuroinflammatory response. Flow cytometry of spinal cord-

isolated immune cells confirmed that microglia, defined as

CD11b+CD45low-intermediate (Solomon et al, 2006), were already

upregulated in IKK and SOD1/IKK starting at P30 and P50 (respec-

tively, 34.2 � 5.0% and 39.8 � 6.8% of parental at P30 and

50.25 � 4.3% and 40.6 � 4.4% of parental at P50) compared to

WT and SOD1 littermates (at P50 19.8 � 2.6% and 20.8 � 1.0%,

respectively, P < 0.01) but decreased at P90 in IKK and SOD1/IKK

(respectively, 23.6 � 1.6% and 24.7 � 1.9%, Fig 5A and B)

contrarily to WT or SOD1 mice. The CD11b+CD45high fraction was

comparably low at P30 in all groups, but increased at P50 and P90

in IKK (from 1.2 � 0.61% at P30 and 7.67 � 1.68% at P50 to

13.47 � 1.42% at P90) and SOD1/IKK (0.92 � 0.22% and

4.25 � 0.35% to 10.9 � 3.69%; P < 0.0001; Fig 5A and C). Like-

wise, the CD11b�CD45high population increased from P30 and P50

in IKK (from 1.84 � 0.76% at P30 to 9.4 � 0.94% at P50) and

SOD1/IKK (P < 0.001) but no further change was observed at P90 in

both groups (Fig 5A and D).

Interestingly, microglial polarization significantly changed

between early and late phases: Both at P30 and at P50, IKK and

SOD1/IKK spinal cord contained an abundant population of

anti-inflammatory, M2-like CD11b+CD163+ (43.6 � 3.1% and

52.1 � 7.7%, 57.3 � 3.0% and 46.6 � 2.4% of parental at P30 and

P50, respectively) that decreased at P90 (respectively, 46.3 � 3.4%

of parental, P < 0.05 versus P50 in IKK, and 33.3 � 4.0% of

parental, P < 0.05 versus P50 in SOD1/IKK mice; Fig 5E and F).

Conversely, CD11b+CD68+t M1-like microglia sharply increased in

SOD1/IKK mice at P90 (from 21.3 � 5.0% at P30 and 24.2 � 3.8%

at P50 to 47.1 � 0.8% at P90; P < 0.0001, P50 versus P90; Fig 5G

and H) but remained unchanged in IKK mice from P50 to P90

(12.2 � 1.8% at P30, 41.7 � 1.2% at P50 versus 39.5 � 2.2% at

P90; P > 0.05 P50 versus 90; Fig 5G and H).

We further characterized the polarization of the neuroinflamma-

tory response separately considering CD11b+/CD45low-intermediate

and CD11b+/CD45high subsets (Fig EV3A). Notably, a large fraction

of cells expressing CD163 was detected only among CD11b+/

CD45low-intermediate cells at P30 and P50, declining at P90, whereas

CD11b+/CD45high cells expressed low levels of CD163 (Fig EV3A

and B). On the other hand, CD11b+/CD45high represented the subset

in which a strong increase in CD68 expression was seen from P30

and P50 to P90, whereas expression of CD68 on CD11b+/

CD45low-intermediate remained low and displayed a trend toward

further decrease from P30 and P50 to P90 (Fig EV3C). Thus, change

in polarization takes place within microglial subsets with distinct

activation status (resting versus activated).

Likewise, in immunostained spinal cord sections, anti-inflamma-

tory, M2-polarized CD11b+CD206+ cells strongly decreased in

number from P50 to P90 (from 5.4 � 1.4 and 10.0 � 2.4 cells/

104 lm2 in IKK and SOD1/IKK at P50 to 1.1 � 1.0 and 0.2 � 0.2

cells/104 lm2 in IKK and SOD1/IKK at P90, respectively; P < 0.01;

▸Figure 4. Prolonged NF-jB activation in astrocytes causes a biphasic response with delayed disease onset and accelerating disease progression.

A Kaplan–Meier curves of overall survival. No difference in survival between SOD1/IKK and SOD1 (Mantel–Cox P = 0.5763) in the prolonged activation design.
B Time course of the neurological score progression, showing delayed symptoms onset in SOD1/IKK mice. Data are shown as box and whiskers plot: The horizontal

red lines in the middle represent median, box limits represent 10% to 90%, while left and right whisker represent min. and max. value range, respectively. Values
were calculated by nonparametric Mann–Whitney test. *P ≤ 0.05; **P ≤ 0.01; ns = not significant, P > 0.05; (WT n = 3, IKK n = 10, SOD1 n = 13, SOD1/IKK n = 7).

C Kaplan–Meier curves representing the percentage of animals in the presymtpomatic phase (based on peak weight) (Mantel–Cox ****P < 0.0001).
D Kaplan–Meier curves representing duration of the progression phase expressed as duration of survival after onset (Mantel–Cox ****P < 0.0001; WT n = 3, IKK

n = 10, SOD1 n = 13, SOD1/IKK n = 7).
E, F Co-immunostaining for misfolded SOD1 and VAChT in SOD1 and SOD1/IKK at P50 and P90. Green arrows indicate mSOD1 accumulation in MN. Quantification of

misfolded SOD1 burden reveals decreased in the fraction of MN with high mSOD1 burden in SOD1/IKK mice versus SOD1 and SOD1/IKK mice at P30, P50, P70 but
not at P90; (n = 4). Scale bar, 40 lm.

G, H Representative images and quantification of autophagy marker LC3A in MN (identified by VAChT) in SOD1 and SOD1/IKK, showing a decrease fraction of MN with
high LC3A accumulation in SOD1/IKK versus SOD1 at P30, P50, P70 but not P90. Arrows indicate LC3A aggregates accumulation in MN; (n = 4). Scale bar, 40 lm.

I, J Immunostaining for autophagy marker p62 and VAChT in SOD1 and SOD1/IKK at P50. Arrows show p62 buildup in MN. Distribution of p62 aggregate burden
(expressed as % of p62 aggregates area/total cell body area) shows a reduced p62 aggregates burden in SOD1/IKK versus SOD1 at P50; (n = 4). Scale bar, 40 lm.

K, L Co-immunostaining for 8-hydroxydeoxyguanosine (8-OH-dG) and VAChT; quantification of the 8-OH-dG burden in MN (arrows) reveals reduced oxidative stress in
SOD1/IKK versus SOD1 mice at P50 but no longer at P90; (n = 4). Scale bar, 40 lm.

M, N Co-immunostaining for synaptophysin and bungarotoxin (BTX) showing denervation of l1 subcompartment of the lateral gastrocnemius in WT, IKK, SOD1, and
SOD1/IKK mice at P55 (n = 4, 2 gastrocnemius per mouse). At P55, SOD1/IKK displays a significantly larger percentage of l1 NMJ still innervated compared to SOD1;
(n = 4). Scale bar, 10 lm.

O, P Quantification of the density of MN (identified by immunostaining for VAChT and DAPI) at P38, P55, P70, P90, and P120; whereas WT and IKK mice do not display
a loss of MN, SOD1 display the progressive decrease in MN in spinal cord; however, MN loss is less severe in SOD1/IKK animals at P55, P70, and P90 but not at
P120; (n = 4). Scale bar, 40 lm.

Data information: Mantel–Cox test for data in panels (A, C, D); Mann–Whitney test for data in panels (B, J); two-way ANOVA for data in panels (F, H, J, L, N, P). Data in
panels (F, H, L, N, P) are presented as means � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns = not significant, P > 0.05.
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Fig 5I and J). At the same time, the M1-like IBA1+CD68+ subpopu-

lation gets strongly upregulated (from 2.2 � 0.5 to 15.5 � 3.4 cells/

104 lm2 in SOD1/IKK; P < 0.05, P50 versus P90; Fig 5K and L).

Expression of IL1A, IL-1b, TNF-a, IFN-c, and TGFB was higher in IKK

and SOD1/IKK than in WT or SOD1 mice but did not change at P50

and P90. Their expression increased later on in SOD1/IKK at P135

(Appendix Fig S4A–F). Only IL-6 levels (Appendix Fig S4D) declined

from P50 to P90.

Taken together, these data suggest that a shift in microglia acti-

vation state, from an anti- to pro-inflammatory polarization status,

characterizes the transition from beneficial to detrimental phases in

SOD1/IKK mice.

Along with microglial cells, we detected in all experimental

groups a population of CD3+CD11b� lymphocytes (Fig EV4A and

B) and a subset of CD3+CD11bhigh lymphocytes (Fig EV4A and C);

almost all CD3+ cells were CD4+ (Fig EV4D) and only a small

minority were CD8+ (Fig EV4D). Notably, whereas the

CD3+CD11b� subset did not change between P50 and P90, the swap

in polarization was accompanied by the distinctive loss of the

CD3+CD11b+ subset of lymphocytes, which is represented by a

mixed population of regulatory T cells including Th17 and NKT cells

(Solomon et al, 2006), in SOD1/IKK (44.6 � 4.2% versus

20.5 � 3.2% P50 versus P90, P < 0.001; Fig EV4A and C) but not in

IKK mice (43.4 � 3.2% versus 33.4 � 1.4%).

Thus, astrocytic NF-jB enhances a beneficial microglial response

in the early phase of the disease contrasted by a pro-inflammatory

polarization later on (Casella et al, 2016).

Temporal dissociation of astrocytic NF-jB effects on early and
late neuroinflammatory response

We then explored the effect of astrocytic NF-jB in the early and late

phases of the disease (Fig 6A). When astrocyte NF-jB was activated

only after P80 (henceforth SOD1/IKK-L), an accelerated rate of

body weight loss culminated in a significantly shorter survival

(127 days versus SOD1 median 140 days, SOD1/IKK-L Mantel–Cox

P = 0.0044; Fig 6A and B). Thus, while SOD1/IKK-L did not differ

from SOD1 mice in the time to onset (since the transgene is off

before P80; Fig 6C), SOD1/IKK-L displayed a significantly shorter

progression phase than SOD1 littermates (median 45 days versus

61 days; P = 0.0024; Fig 6D) causing the earlier death. On the other

hand, activating astrocytic NF-jB between P25 and P80 (henceforth

SOD1/IKK-E) resulted in a longer SOD1/IKK-E survival than SOD1

littermates (SOD1/IKK-E median 149 days versus SOD1 median

140 days, Mantel–Cox P = 0.00435; Fig 6A and B). However, SOD1/

IKK-E mice showed a strongly delayed onset (median 128 days

versus 70 days in SOD1; P < 0.0001; Fig 6C), followed surprisingly

by an even shorter progression phase (median 21 days versus

61 days in SOD1 mice; P < 0.0001; Fig 6D). Nevertheless, the

summated effects lead to a prolonged overall survival (Fig 6B).

SOD1/IKK mice from which DOX was withdrawn only between P28

and P50 (SOD1/IKK-ES; Fig 6A and B) did not differ from the SOD1

littermates in survival. Similar effects were observed in female

SOD1/IKK-E and SOD1/IKK-L compared to female SOD1 mice: Early

activation significantly prolonged presymptomatic phase and overall

survival despite shortening the symptomatic phase, whereas late

activation showed only a trend toward shortened symptomatic

phase (Appendix Fig S5A–D).

In order to provide a mechanistic interpretation of faster progres-

sion in the SOD1/IKK-E versus SOD/IKK-L, we analyzed the size of

the astroglial and microglial populations at P130-135. Interestingly,

despite the transgene was activated at different times during the

progression, at P130-135, SOD1/IKK-E and SOD1/IKK-L showed the

same level of astrogliosis (Fig 6E) and of microglia expansion

(Fig 6F). In particular, astrocytes occupied the same area irrespec-

tively if subject to early, late, or persistent IKK2/NF-jB, in the

SOD1, SOD1/IKK, and IKK mice; of note, in the IKK-ES group, inter-

rupting IKK2/NF-jB activation allows the gliosis to revert to base-

line values. Microglial expansion, on the other hand, was

comparable in early- and late-activated SOD1/IKK mice and was

significantly larger than in the according SOD1 group (42.3 � 9.8%

and 43.2 � 8.9% in SOD1/IKK-E and SOD1/IKK-L versus

28.2 � 5.4% in the SOD1 mice, P < 0.05) and comparable to the

SOD1/IKK-P (activation from P25 on; 53.2 � 9.9% P > 0.05;

Fig 6F). However, in the ES and E group, IKK microglia density had

almost reversed to the WT levels. Irrespective of when the transgene

was activated, SOD1/IKK-E and -L mice displayed the same extent

of microglia polarization (low-to-undetectable numbers of

▸Figure 5. Microglia immunophenotype characterization after IKK/NF-jB activation in astrocytes.

A Representative FACS dot-plots of CD11b+ and CD45+ immune cells at P30, P50, and P90 (P30: WT n = 4, IKK n = 5, SOD1 n = 4, SOD1/IKK n = 7; P50: WT n = 4, IKK
n = 6, SOD1 n = 4, SOD1/IKK n = 4; P90: WT n = 3, IKK n = 6, SOD1 n = 4, SOD1/IKK n = 5).

B Quantification of CD11b+/CD45low-intermediate cells.
C Quantification of CD11b+/CD45high cells.
D Quantification of CD11b�/CD45+ cells.
E Histograms of CD163 expression gated on CD11b+ cells at P30, P50, and P90 (P30: WT n = 4, IKK n = 5, SOD1 n = 4, SOD1/IKK n = 7; P50: WT n = 4, IKK n = 6, SOD1

n = 4, SOD1/IKK n = 4; P90: WT n = 3, IKK n = 6, SOD1 n = 4, SOD1/IKK n = 5).
F Quantitative analysis of CD163+ cells.
G Histograms of CD68 expression gated on CD11b+ cells at P30, P50, and P90 (P30: WT n = 4, IKK n = 5, SOD1 n = 4, SOD1/IKK n = 7; P50: WT n = 4, IKK n = 6, SOD1

n = 4, SOD1/IKK n = 4; P90: WT n = 3, IKK n = 6, SOD1 n = 4, SOD1/IKK n = 5).
H Quantification of CD68+ cells.
I Co-immunostaining of CD206 (red), CD11b (green), and DAPI (blue) in the ventral horn of IKK and SOD1/IKK spinal cord sections at P50 and P90; (n = 4).
J Quantification of CD206+/CD11b+ cell density at P50 and P90 (presented as number of cells/per area unit).
K Co-immunostaining of CD68 (white), IBA1 (green), and DAPI (blue) in ventral horn spinal cord sections of IKK and SOD1/IKK mice; (n = 4).
L Quantification of CD68+/IBA1+ cell density at P50 and P90 expressed as number of cells/per area unit in WT, IKK, SOD1, and SOD1/IKK.

Data information: The quantification of cells expressed in (B, C, D, F, and H) is represented as % of parental cells in WT, IKK, SOD1, and SOD1/IKK mice at P30, P50, and
P90. Two-way ANOVA. Data are presented as means � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. Scale bars, 10 lm.
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CD11b+CD206+ cells [not shown] and comparable numbers of

IBA1+CD68+ cells, which are significantly higher in SOD1/IKK-P

mice; Fig 6G). However, SOD1/IKK-E and IKK-E had, at P130-135, a

significantly decreased population of CD45+ cells compared to the

according L and P group (Fig 6H), suggesting that persistence of

these cells depends on the presence of IKK2-CA expression.

Wnt5A is involved in astrocyte-driven microglial proliferation

Since early expansion of microglial cells is a major effect of astro-

cytic NF-jB, we explored possible mediators involved. We focused

on WNT family members, since they are (i) targets of NF-jB
(Blumenthal et al, 2006), (ii) secreted by astrocytes (Richards et al,

2015), and (iii) induce macrophage and microglia proliferation (Sen

& Ghosht, 2008; Halleskog et al, 2012).

Out of 12 Wnts screened at P50, only Wnt1, Wnt4, Wnt5a, and

Wnt7a were detectable (Figs 7A and B, and EV5A). Levels of Wnt4a

mRNA were not different across genotypes, and levels of Wnt1

(Fig EV5A) and Wnt7a mRNA were upregulated only in IKK but

unchanged or downregulated in SOD1/IKK samples, suggesting that

they are not likely critical mediators of astrocytic NF-jB activation.

Only Wnt5a was significantly and equally upregulated in IKK and

SOD1/IKK at P50 (152.4 � 12.4% and 149.7 � 6.7% for IKK and

SOD/IKK versus WT, respectively; Fig 7A–C) and was also elevated

later on (Fig 7C). WNT5a immunoreactivity was restricted to astro-

cytes (60% of astrocytes were WNT5a+, but microglia, neurons,

and CD3+ cells were almost WNT5�; Fig 7D and E), whereas

WNT7a was localized in a small number of round, GFAP� cells

(Fig EV5B). WNT5a immunoreactivity in astrocytes was strongly

upregulated in IKK and SOD1/IKK at P30, P50, and P90, but was

increased in SOD1 samples only after P90 (Fig 7D and F). Therefore,

WNT5a was considered as relevant candidate involved in astrocyte-

mediated microglia expansion.

We next explored the functional role of WNT proteins, in particu-

lar WN5a molecular function (being the only one whose expression

matches the IKK genotype) in the astrocytic NF-jB-driven neuropro-

tection in ALS. For this, we blocked WNT release by administering

the Porcupine WNT acyltransferase inhibitor C59, 10 mg/kg daily

by oral gavage (Proffitt et al, 2013; Koo et al, 2015) to P25 mice for

12 days after transgene activation before sacrifice at P38. In all

C59-treated mice, WNT5a immunoreactivity was markedly

downregulated (< 10% of vehicle-treated (Veh) SOD1/IKK;

Fig EV5C). Notably, C59 administration decreased microglial

density (number of cells/104 lm2: from 30.4 � 1.8 to 18.2 � 1.7

cells/104 lm2 in IKK mice; P < 0.001 and from 36.2 � 6.1 to

20.2 � 4.0 in SOD1/IKK; P < 0.0001; single optical section images

Fig 7G and H) and overall IBA1+ area (30.5 � 4.6% in IKK-C59

versus 52.1 � 6.5 in IKK-Veh and 39.2 � 4.9% in SOD1/IKK-C59

versus 53.6 � 3.9 in SOD1/IKK-Veh, P < 0.0001; Fig EV5D and E).

The decrease in the number of microglial cells upon Porcupine inhi-

bitor treatment was associated with the reduction in proliferation:

The number of CD11b+KI-67+ decreased from 11.0 � 3.0 in IKK-

Veh to 5.4 � 0.2 in IKK-C59 and from 18.0 � 2.0 cells in SOD1/

IKK-Veh to 5.0 � 1.3 in SOD1/IKK-C59 (cells per 104 lm2;

P < 0.0001; Fig 7I). Likewise, C59 administration strongly decreased

the number of CD45+ (P < 0.0001; Fig 7J). The loss of IBA1+ cells

and of CD45+ induced by C59 administration completely abolished

the neuroprotective effect of astrocytic NF-jB activation: In fact,

whereas vehicle-treated SOD1/IKK mice showed a significant

decrease in misfolded SOD1 (Fig 7K and L) and LC3A levels (Fig 7M

and N) compared to SOD1 littermates, this decrease was completely

reverted by WNT inhibitor treatment.

Notably, C59 administration significantly decreased microglial

density even when applied in the late phase (from P90 to P102); In

fact, at P102, the number of IBA1+ cells was 7.8 � 0.3 in IKK-C59

versus 16.5 � 0.7 in IKK-Veh (Fig EV5F and G) and 9.41 � 0.35 in

SOD1/IKK-C59 versus 15.8 � 0.2 in SOD1/IKK-Veh (P < 0.001;

Fig EV5F and G). Likewise, the number of CD45+ cells was signifi-

cantly decreased in C59-treated IKK and SOD1/IKK mice

(P < 0.0001; Fig EV5H). These data indicate the persistent role of

WNT proteins in microglial proliferation, activation, and the

neuroinflammatory response evoked by astrocytic IKK2/NF-jB
activation in ALS.

Pharmacological enhancement of microglial early-stage
protective effects decreases ALS disease markers

Time-restricted astrocytic NF-jB activation in the ALS mouse

model initiates a specific neuroimmunological response that was

found neuroprotective in early stages of disease progression. In

order to validate this effect in an independent model system and

to provide a translational perspective to our findings, we explored

▸Figure 6. Time-dependent transgene expression allows the dissociation of onset phase from the progression phase.

A Overall experimental design illustrating the different time windows of transgene activation induced by DOX withdrawal (DOX out, purple): prolonged (P, shown in
panels E-H), early-short (ES; lilac), early (E; turquoise), or late (L; dark blue) as indicated.

B Kaplan–Meier curves of survival of SOD1/IKK mice in the E, ES, and L transgene activation window compared to SOD1 (light blue) mice (SOD1/IKK-L versus SOD1:
Mantel–Cox **P = 0.0044; SOD1/IKK-E versus SOD1 and SOD1/IKK-P (shown in Fig 4A): Mantel–Cox **P = 0.00435).

C Kaplan–Meier curves representing % of time in the preonset phase of SOD1/IKK animals in the E and L phases of transgene activation compared to SOD1 mice (light
blue) (SOD1/IKK-E versus SOD1: Mantel–Cox, ****P < 0.0001).

D Kaplan–Meier curves representing % of time in the progression phase of SOD1/IKK-E and L compared to SOD1 mice (light blue) (SOD1/IKK-E versus SOD1: Mantel–Cox
test ****P < 0.0001; SOD1/IKK-L versus SOD1: Mantel–Cox test **P = 0.0024).

E Quantification of astrocyte density (%GFAP+ of total area) in WT, IKK, SOD1, and SOD1/IKK activated at different stages (P, ES, E, and L); (n = 4); statistical significance
is displayed for the comparison of different SOD1/IKK groups (P versus ES, E versus L).

F Quantification of microglia density (% IBA1+ of total area) in all four experimental groups activated at different stages (P, ES, E, and L); (n = 4); statistical significance
is displayed for the comparison of different SOD1/IKK groups (P versus ES, E versus L) and between SOD1 and SOD1/IKK in E and L transgene activation group.

G Histograms showing number of IBA1+/CD68+ per area unit at P130-135 in WT, IKK, SOD1, and SOD1/IKK activated at different time windows (P, L, E). (n = 4).
H Histograms representing number of CD45+/CD68 cells per area unit at P130-135 in all genotypes activated at different time windows (P, L, E); (n = 4).

Data information: (E–H) Two-way ANOVA. Data are presented as means � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns = not significant, P > 0.05.
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pharmacological approaches to modulate neuroinflammation at

early stages.

In particular, we targeted the microglia-specific (Schmöle et al,

2015) cannabinoid receptor 2 (CB2), reasoning that enhancing early

microglial response pharmacologically would be beneficial, whereas

suppressing it would worsen disease markers. Since the selectivity

of current small molecules targeting CB2 has been debated

(Soethoudt et al, 2017), we have characterized a new set of CB2

agonist and inverse agonists originating from three structurally

diverse chemotypes (Table EV1). CB2 ligands RO6866945,

RO689589, RO6871085 (Grether et al, 2014), and RO6851228

proved to be potent binders for mouse and human CB2 (Table EV1)

with binding selectivity against CB1 (Table EV1) ranging between

44-fold (cf. RO6871085) and 939-fold (for RO6866945). In cAMP
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functional assays (Ullmer et al, 2012), RO6866945, RO6895896, and

RO6871085 demonstrated to be full agonists for mouse and human

CB2 with EC50 in the low nM/pM range. On the other hand,

RO6851228, structurally close to RO6871085, showed inverse

agonist activity (Table EV1). To assess the suitability of these CB2

ligands for targeting CB2 in the SOD1-G93A model, physicochemical

and in vitro ADME properties were profiled (Table EV2). Overall,

these CB2 ligands showed suitable physicochemical properties to

ensure brain penetration and they were further evaluated in vitro to

assess their clearance and plasma protein-binding (Table EV3).

These studies were followed by a thorough in vivo pharmacokinetic

assessment in mice (Table EV3). These data indicated that all four

compounds are bioavailable and allow efficient interaction with the

CB2 receptor in all relevant tissues of the SOD1 mouse if provided at

10 mg/kg i.p.

We administered the three CB2 full agonists (10 mg/kg, once

daily i.p.) to SOD1 mice from P25 to P35. Microglial expansion was

prevented by all three drugs (%IBA1+ area SOD1+RO6866945,

RO6895896, and RO6871085, respectively, versus SOD1-veh:

4.9 � 0.2%, 6.0 � 0.2%, 5.2 � 0.3% versus 9.7 � 0.4%; P < 0.05;

Fig 8A and B), and microglial cells displayed a reduced branching.

However, when applied in WT animals, RO6866945 and RO6895896

did not affect microglial size (Fig 8A and B). Conversely, when we

applied the CB2 inverse agonist (which enhances cAMP signaling by

blocking the constitutive Gi signaling), using the identical schedule

of application (30 mg/kg, once daily i.p.), we observed a non-signif-

icant change in overall microglial density (9.5 � 0.3%, P > 0.05;

Fig 8A and B), but a significant change in morphology, with expan-

sion of the size and of the complexity of microglial processes

(Fig 8A). In agreement with the beneficial role of early neuroin-

flammatory activation, levels of misfolded SOD1 were actually

increased in CB2-agonist-treated mice (high-burden MN fraction:

25.4 � 5.5%, 42.3 � 8.7%, 72.4 � 11.3% and 69.1 � 9.5% in

vehicle, RO6866945, RO6895896, RO6871085-treated mice, respec-

tively; P < 0.001 versus vehicle; Fig 8C and D), and the fraction of

LC3Abright MN was similarly increased (fraction of LC3Abright MN:

23.4 � 7.7, 70.8 � 11.2, 73.4 � 12.4, 45.4 � 5.6% in vehicle,

RO6866945, RO6895896, RO6871085-treated mice, respectively;

P < 0.001 versus vehicle; Fig 8E and F), suggesting an overall detri-

mental effect of the suppression of microglial activation. On the

other hand, the CB2 inverse agonist RO6851228 decreased misfolded

SOD1 burden (high-burden MN fraction: 25.4 � 5.5% versus

10.2 � 5.1% for vehicle or RO6851228, respectively; P < 0.04;

Fig 8C and D) and of the levels of LC3A (23.4 � 7.7 versus

11.4 � 13.9% for vehicle or RO6851228, respectively, P < 0.05;

Fig 8E and F). Since CB2 is widely expressed on T, B cells and

monocytes in the peripheral immune system, we verified if treat-

ment with CB2 agonist affected the known infiltration of CD4+

lymphocytes in the spinal cord of SOD1 mice at early stages.

Notably, CB2 agonist RO6866945, RO689589, and the CB2 inverse

agonist RO6851228 did not affect lymphocyte infiltration at this age,

whereas the CB2 agonist RO6871085 actually increased the number

of CD4+ cells in spinal cord (Fig 8G and H). Thus, effect on CD4+

infiltration was not consistently correlated with the effect of CB2 on

microglia and disease markers.

Taken together, these findings prove that early-phase

neuroimmunological response can be enhanced by appropriate

pharmacological manipulations to promote beneficial ALS

outcome and it is therefore a translational target for clinical

intervention.

Discussion

The transcription factor NF-jB, when activated in microglial cells,

has been shown to regulate the inflammatory, neurotoxic phenotype

of these cells in the symptomatic phase of ALS (Frakes et al, 2014).

However, the role of NF-jB in astrocytes over the disease course, and

more broadly, its functions as modulator of the neuroimmunological

response in ALS have not yet been elucidated. In the present work,

we have shown that astrocytic NF-jB regulates microglial activation

and proliferation and markedly upregulates the neuroimmunological

▸Figure 7. Wnt signaling is involved in astrocyte-driven microglia expansion after prolonged IKK activation.

A, B Screening of Wnt genes expression in WT, IKK, SOD1, and SOD1/IKK at P50; only Wnt1, Wnt4, Wnt5a, and Wnt7a are expressed at relevant levels (depicted in detail
in panel B); (n = 3–4).

C Progressive increase in Wnt5a gene expression in WT, IKK, SOD1, and SOD1/IKK between P50 and P130 (relative to HPRT); (n = 3–4).
D Co-immunostaining of GFAP, WNT5a, and DAPI in WT, IKK, SOD1, and SOD1/IKK over time. Scale bar, 10 lm.
E Histograms showing quantification of WNT5a+ cells among neuronal (NEUN), astrocytic (GFAP), microglial (IBA1), and lymphocytic (CD3) populations at P50,

expressed as % of total; (n = 4).
F Time course of astrocytic WNT5a protein expression in WT, IKK, SOD1, and SOD1/IKK over time; (n = 4).
G IBA1 and DAPI immunostaining of ventral spinal cord for IKK and SOD1/IKK treated with PORCN inhibitor (P26-P38) and vehicle-treated (Veh) controls at P38. Scale

bar, 10 lm.
H Quantification of microglia density (IBA1+ cells expressed as number of cells/per area unit) after PORCN inhibitor C59 treatment in WT, IKK, SOD1, and SOD1/IKK

mice compared to Veh-treated controls.
I Quantification of CD11b+/KI-67+ cell density per area unit in WT, IKK, SOD1, and SOD1/IKK mice treated with C59 PORCN inhibitor versus Veh-treated controls.
J Quantification of CD45+ cell density per area unit in WT, IKK, SOD1, SOD1/IKK littermates treated with C59 PORCN inhibitor versus Veh-treated controls.
K Co-immunostaining of misfolded SOD1 (white) and VAChT (red) in SOD1 and SOD1/IKK ventral horn spinal cord sections after C59 and Veh treatment at P37. Arrows

indicate misfolded SOD1 accumulation in MN. Scale bar, 40 lm.
L Quantification of the fraction of high mSOD burden MNs in SOD1 and SOD1/IKK mice treated with C59 and vehicle.
M Co-immunostaining of LC3A and VAChT of ventral spinal cord sections of SOD1 and SOD1/IKK C59-treated and control mice at P38. Arrows indicate LC3A-bright MN.

Scale bar, 40 lm.
N Histograms showing quantification of LC3A burden in SOD1 and SOD1/IKK mice treated with C59 PORCN inhibitor versus Veh.

Data information: (G–N) C59-treated: WT n = 4, IKK n = 3, SOD1 n = 2 SOD1/IKK n = 4; Vehicle-treated: WT n = 2, IKK n = 2, SOD1 n = 2, SOD1/IKK n = 7. Two-way
ANOVA. Data are presented as means � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns = not significant, P > 0.05.
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response in WT as well as in the SOD1(G93A) ALS model (although

astrocytic NF-jB may also control additional disease-relevant path-

ways). Nevertheless, the consequence of such massive induction of

microglia response is not obviously neurotoxic, but rather proves to

be beneficial in the early presymptomatic phase (decreasing disease

markers, delaying loss of motoneurons and denervation, and

prolonging the presymptomatic phase) and turns detrimental in the

symptomatic phase (shortening the progression phase; Fig 9).

Despite endogenous astrocytic NF-jB activation takes place in ALS

(Haidet-Phillips et al, 2011; Swarup et al, 2011; Frakes et al, 2014),

the net effect has not been detected by inhibition studies (Crosio et al,

2011; Frakes et al, 2014), possibly because the endogenous early acti-

vation may take place at low levels and may be concealed by autono-

mous microglial events later on (Frakes et al, 2014).

Surprisingly, NF-jB activation resulted in the proliferation of

microglia but not in the proliferation of astrocytes themselves, but

rather in their hypertrophy (astrogliosis); thus, astrocytic NF-jB
appears to regulate the relative density of these two glial popula-

tions and in particular to regulate the expansion of microglia (De

Biase et al, 2017). In agreement with recent data obtained with

single-cell transcriptomics (Keren-Shaul et al, 2017; Krasemann

et al, 2017; Mathys et al, 2017), the immune cells and microglia

population activated by astrocytic NF-jB are highly complex both in

composition and in evolution over time. The large majority of the

immune cells expanded under astrocytic NF-jB activation is

composed by microglia, as shown by their CD11b+/IBA1+ and

TMEM119+ phenotype (Satoh et al, 2016). TMEM119 is currently

considered a bona fide marker of microglia even under inflamma-

tory conditions (Zrzavy et al, 2017). However, CD11b�/CD45high

clearly identify other immune cells that infiltrate the CNS (such as

macrophages and monocytes) prominently at P50. The expanded

microglia branch into distinct subsets, both in IKK and in SOD1/IKK

mice (at P50), by expression levels of CD45 and galectin-3/MAC-2,

suggesting that activation of astrocytic NF-jB is sufficient to reveal

a disease-independent heterogeneity of the microglial population (as

suggested by Mathys et al, 2017).

Flow cytometry and immunostaining under continuous astrocytic

NF-jB showed that a significant shift in the microglial immunopheno-

type takes place between P50 and P90 time points; although microglial

polarization in M1 and M2 states is no longer tenable (Ransohoff,

2016), the shift may be described in broad terms as the transition of

the microglial immunophenotypes from a CD163+/CD206+-enriched

state in the beneficial phase toward a CD68+, pro-inflammatory one

in the detrimental phase. Notably, the shift takes place only in the

ALS mice, indicating that it does not originate from an intrinsic

program driven by astrocytic NF-jB. Both in IKK and SOD1/IKK mice,

a population of CD11b+CD11c+, highlighting a class of disease-asso-

ciated microglia (DAM) (Keren-Shaul et al, 2017; Krasemann et al,

2017), was identified. However, the substantial stability of this popu-

lation between the P50 and P90 time points suggests that it is not

involved in the polarization shift, although it may have significant

effect later in the progression phase (Keren-Shaul et al, 2017).

In addition to the proliferation and polarization of resident

microglia, activation of astrocytic NF-jB might also lead to the

recruitment of immune cells from the periphery. In fact, peripheral

immune cell contributions have been hypothesized to shape disease

progression (Henkel et al, 2013). Although we identified a subset of

CD11b�/CD45high cells that could be classified as infiltrating periph-

eral immune cells, they represented only around 7–8% at P50 and

around 10% at P90 (and even less enriched at P30). In contrast,

CD11b+/CD45high cells might be either infiltrating cells or activated

microglia cells. However, the expression of TMEM119 and the previ-

ously reported upregulation of CD45 in microglia upon stimulation

suggest that these cells too are native of the CNS and do not include

large peripheral populations.

While prolonged activation of NF-jB leads to an enhancement of

both the beneficial and detrimental responses, the two phases can

be dissociated by restricting the activation of NF-jB to the presymp-

tomatic or symptomatic phases: Activation restricted to the early

phase is sufficient to prolong survival, whereas activation in the late

phase boosts the inflammatory response and shortens survival, as

predicted by Frakes et al, 2014; Fig 9. This lets us hypothesize that

NF-jB in astrocytes may not be involved predominantly (but not

exclusively, see below) in determining the polarization but rather

the expansion of the microglia, acting therefore as a quantitative but

not as a qualitative regulator of the neuroimmunological response.

In fact, at P120, irrespective of early or late activation of NF-jB, the
levels of CD68+ microglial population are comparable in prolonged-

, early-, or late-activated groups. Nevertheless, astrocytic NF-jB
seems to be necessary to recruit CD45+ cells in the late phase: In

fact, at P120, CD45+ cells are decreased in early- (NF-jB is off at

this stage) but not in late-activated mice, despite the two groups

have the same microglial overall population. Actually, the rate of

progression is slower in late-activated than in early-activated SOD1/

IKK mice, and this effect correlates with the persistence of high

levels of CD45+ cells in the latter but not in the former.

On the other hand, proliferation of microglia seems to respond

strongly to NF-jB activation both in case of early or late activation.

▸Figure 8. Early-stage modulation of microglial activation in SOD1 (G93A) animals by CB2R agonists and inverse agonist.

A, B Immunostaining for IBA1 of ventral horn spinal cord from WT mice treated with vehicle (Veh), SOD1 mice treated with CB2R agonists (CB2-A1:RO6866945, CB2-A2:
RO6895896, and CB2-A3:RO6871085), inverse agonist (CB2-InvA:RO6851228), or Veh. Quantification of IBA1+ area reveals that, while ineffective in WT, CB2R agonists
decrease the expansion of microglia, whereas CB2-InvA only affect microglial morphology.

C, D Burden of misfolded SOD1 in SOD1 mice treated with CB2-A1, A2, A3, InvA, and Veh (fraction of high-burden MN). Treatment with CB2 agonists, which reduce
microglia expansion, strongly increases misfolded SOD1 burden, whereas CB2-InvA reduces it. Yellow arrows indicate MN with lesser accumulation of mSOD1 in
the Veh- and CB2 InvA-treated group.

E, F Co-immunostaining for LC3A and VAChT in spinal cord SOD1 mice treated with CB2 agonists and inverse agonist and quantification (fraction of high-burden MN).
Treatment with CB2 agonists increases autophagy impairment in MN, whereas CB2-InvA reduces it. Yellow arrows indicate MN with lesser LC3A accumulation in
the Veh- and CB2 InvA-treated group.

G, H Immunostaining of CD4 and DAPI in ventral spinal cord of SOD1 mice treated with CB2R agonists, inverse agonist (CB2-InvA), and Veh as indicated. The number of
CD4+ cells per 104 lm2 was not affected by CB2-A1, CB2-A2, or CB2-InvA, although it was increased by CB2-A3 only.

Data information: Scale bars, 40 lm. Two-way ANOVA, n = 4. Data are presented as means � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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Indeed, genetic programs for cell proliferation are a hallmark of

microglial subsets in neurodegeneration (Mathys et al, 2017). We

have identified Wnt5a as one of the possible mediators involved in

microglial expansion: Suppression of overall Wnt secretion blocks

astrocyte-driven microglial proliferation and differentiation, leuko-

cyte recruitment as well as any beneficial effect on disease markers.

In fact, Wnt5a can drive proliferation of microglia in vitro and trig-

gers CCL2 release which contributes to the recruitment of macro-

phages and lymphocytes (Richards et al, 2015). Interestingly,

Wnt5a does not seem to polarize the immune phenotype per se and

it has been reported to cause pro- or anti-inflammatory polarization

in microglia and macrophages (Halleskog et al, 2011; Halleskog &

Schulte, 2013), suggesting that additional factors may determine the

astrocyte-driven activation of microglia. Since microglia depletion by

CSF-R1 inhibitor in symptomatic animals has prolonged survival in a

rat model of ALS (Trias et al, 2016), manipulation of Wnt signaling

may offer an additional target for controlling microglia in ALS.

If astrocyte-specific NF-jB activation controls microglial density,

what does control the shift in microglial polarization? It is noteworthy

that change in polarization takes places soon after the loss of the first

population of vulnerable motoneurons at P50 (Pun et al, 2006),

whereas after short-term NF-jB activation (P30), CD163+ cells are

enriched. Therefore, the degeneration of MNs may provide the

instructive signal, changing the phenotype of the neuroimmune

response. In fact, exposure to apoptotic neurons is sufficient to induce

a disease-associated microglia phenotype (Krasemann et al, 2017). In

addition, activation of the extra-cerebral immune response has been

shown to be a strong contributor to the neuroinflammatory process,

and both monocytes (Zondler et al, 2016) and lymphocytes (Henkel

et al, 2013) may provide polarization signals. Interestingly, transfer

of regulatory lymphocytes from early-stage animals to late-stage

animals has been reported to boost anti-inflammatory polarization of

microglia significantly and prolongs survival (Beers et al, 2008,

2011). Notably, we have identified a shift in lymphocytes subset, with

the loss of the CD3+CD11b+ population, taking place only in SOD1/

IKK mice, in correspondence to the transition between the beneficial

and detrimental phases. Mechanistically, the shift from the early to

the late phase does not involve significant changes in inflammatory

cytokines but it is correlated to the decrease in IL-6 levels, whose

expression has been linked with anti-inflammatory and repair-

inducing macrophages (Solomon et al, 2006; Casella et al, 2016).

Based on these data, manipulation of the neuroimmunological

response for therapeutic purposes should include differential and

actually opposite approaches when applied to symptomatic or

presymptomatic (e.g., gene carrier) patients. Having demonstrated

the therapeutic potential of enhancing the early neuroprotective

inflammatory reaction, we have explored an independent applica-

tion to confirm in single-tg SOD1 mice the conceptual framework

arising from astrocytic NF-jB activation. We have also investigated

a set of new small molecules highly selective for the CB2 receptor to

increase or decrease microglia reactivity in vivo. CB2 agonists

resulted in the decrease in beneficial microglial activation, which

Figure 9. Schematic overview of temporal control of NF-jB activation in astrocytes affecting onset phase and disease progression.

Representation of the different NF-jB activation time windows and the critical mediators involved in the specific microglia polarization that interact with and influence the
onset phase and progression phase. 1. Panel: Typical course of presymptomatic and progression phase in association with anti- and pro-inflammatory microglia response in
SOD1mice without specific NF-jB activation in astrocytes. 2. Panel: Prolonged astrocyte-specific NF-jB activation (P25–P135) in SOD1/IKK mice increases anti-inflammatory
microglia response (upregulation of IL-6; CD206, CD163; primed for phagocytosis), after microglia proliferation (Wnt5a), resulting in a delayed disease onset but also changes
the pro-inflammatory response (CD68, TGF-b, TNF-a) that accelerates disease progression and overall survival remains unaffected. 3. Panel: Timely restricted (early) NF-jB
activation (P25–P80) prolongs presymptomatic phase (sustained by microglia proliferation—Wnt5a -) followed by a fast progression phase with specific microglia
polarization (CD68high/CD45high). Overall survival is increased. 4. Panel: Timely restricted (late) NF-jB activation (P80–P135) does not affect presymptomatic phase but
accelerates progression phase leading to reduced overall survival.

18 of 23 The EMBO Journal 37: e98697 | 2018 ª 2018 The Authors

The EMBO Journal Astrocytic NF-jB in ALS Najwa Ouali Alami et al



resulted in the worsening of disease burden in MN; on the other

hand, the CB2 inverse agonist treatment caused the appearance of a

highly branched microglia subtype and the significant decrease in

MN disease markers. Since CB2 is expressed on B and T lympho-

cytes, besides monocytes and microglia (Centonze et al, 2008), we

cannot exclude an impact of CB2-targeting molecules on these cells.

However, no consistent change in T lymphocytes in the spinal cord

was found upon compound treatment, suggesting that even consid-

ering effects on other immune cells, microglia may be the main

effector mediating protective or detrimental effects. Interestingly,

CB2 agonist treatment delivered after symptom onset has been

reported to prolong survival (Shoemaker et al, 2007), in agreement

with the differential targeting of two distinct stages of the disease by

small molecules acting on CB2. Likewise, our results suggest that

the biphasic effect of cannabinoid administration (delaying onset

but not affecting overall survival; Weydt et al, 2005) in ALS can be

interpreted in terms of interference with the beneficial and detri-

mental phases of microglial activation.

Taken together, our study provides evidence that astrocytic NF-

jB may play a role in the regulation of the neuroimmunological

response level in ALS and that the enhancement of the presymp-

tomatic immune response is a viable treatment option for presymp-

tomatic patients. However, different strategies may be required for

presymptomatic and symptomatic patients, possibly via highly

selective CB2-targeting compounds.

Materials and Methods

Transgenic animal generation and triple-transgenic mouse
breeding strategy

GFAP.tTA/(tetO)7.IKK2-CA double-transgenic mice were previously

reported (Lattke et al, 2012). To get triple-transgenic SOD1(G93A)/

GFAP.tTA/(tetO)7.IKK2-CA mice, at first, GFAP.tTA/SOD1(G93A)

mice were generated by direct crossing of GFAP.tTA mice (C57BL/6

background) with the high-copy SOD1(G93A) mouse line (C57BL/6

background). The double-transgenic GFAP.tTA/SOD1(G93A) mice

in C57BL/6 background were then crossed to (tetO)7.IKK2-CA mice

(NMRI background; with a luciferase reporter gene regulated by the

same bidirectional promoter) resulting in triple-transgenic SOD1

(G93A)/GFAP.tTA/(tetO)7.IKK2-CA mice with defined C57BL/6:

NMRI background (1:1). The breeding strategy and the resulting

genotypes are reported in Fig 1. Littermates were always used as

controls. Pregnant mothers and their offspring were administered

with DOX (0.5 g/l; MP Biomedicals) in 1% sucrose drinking water

until P20-P25 and thereafter either no DOX (for sustained activa-

tion) or 0.1 g/l DOX until P80 (for late activation). For early or

early-short activation, DOX was withdrawn at P20-25 and reinstated

(0.1 g/l as above) from P80 or P50. Male mice were used in experi-

ments if not otherwise stated. Mice were maintained under specific

pathogen-free conditions in the animal facility of the University of

Ulm. Animals were kept in groups of 3–5 mice in a 12-h light–dark

cycle and were given ad libitum access to food and water. Mice

were checked daily for the motor condition, determining end stage

as the time point where animals could no longer right themselves

from the back within 15–30 s (Ludolph et al, 2007). All experi-

ments were performed in compliance with institutional guidelines

(Tierforschungszentrum, Ulm) and German animal protection law

and approved by Regierungspräsidium Tübingen (Tübingen,

Germany).

Histology and immunofluorescence

Spinal cord samples were obtained and processed as previously

reported (Saxena et al, 2013). Briefly, after perfusion-fixation (2 ml/

g cold PBS followed by 2.5 ml/g of 4% PFA), spinal cords were

postfixed in 4% PFA for 18 h at 4°C, cryoprotected in 30% sucrose,

embedded in OCT (TissueTek), and sectioned at 40 lm. Free-

floating sections were blocked in PBS + 3% BSA + 3% Donkey

serum + 0.3% Triton and incubated with the appropriate antibodies

combination (see Appendix Table S1) in the blocking buffer for 48–

72 h at 4°C, followed by washing in PBS (45 min × 3) and incuba-

tion with the appropriate combination of secondary antibodies (see

Appendix Table S1) for 2 h at room temperature; after washing,

sections were mounted with FluoroGold mounting medium (Life

Technologies). For the immunostaining of CD45, GFAP, CD4,

CD169, Ki-67, and 8-OH-dG, a citrate-heat antigen retrieval was

performed as previously reported (Hussaini et al, 2013). For each

experimental group or time points, at least four animals were

processed and analyzed.

Confocal imaging and image analysis

Confocal images were acquired using a LSM-710 (Carl Zeiss AG)

inverted microscope, fitted with a 20× air or 40× or 63× oil objective.

Imaging parameters were set in order to obtain signal for the

immunostained antigen > 150 while avoiding saturation in high-

intensity neurons. All images were acquired in correspondence of

the gray matter of the ventral horn of the spinal cord (Fig 1F). Confo-

cal stacks (5–9 optical sections) were collapsed in the maximum-

intensity projection, regions of interest (ROIs) were manually traced

around MN (using the VAChT staining as reference), and the inte-

grated mean gray value was obtained; fluorescence intensity was

expressed in arbitrary units (a.u.) corresponding to the grayscale

value (in 12-bit images, ranging from 0 to 4,095). For the determina-

tion of “high-burden” population of MN, we considered as threshold

the value corresponding to the 75th percentile in the SOD1 mice

(when compared to other genotypes) or in SOD1 mice treated with

vehicle (in pharmacological experiments). The percentage of MN

with values above the threshold was then computed for each experi-

mental group (as previously reported by Saxena et al, 2013). For the

quantification of p62 burden, the cytoplasm area of individual MN

was determined by manually tracing the cellular contour (using

VAChT as reference and excluding the nucleus); for the quan-

tification of p62 aggregates burden, the images were thresholded (to

separate the dimmer diffuse soluble p62 staining from the bright p62

aggregates) and the cumulative area of p62 aggregates was

computed; p62 burden was then quantified as the ratio between the

area occupied by the p62 aggregates and the area of the cytoplasm.

For the study of denervation, the l1 subcompartment was identified

based on anatomical landmarks (Goode et al, 2016). Innervated

NMJs were defined for > 70% coverage of postsynaptic plaques by

presynaptic terminals. For the cell density quantification, the ratio

between total cell number, based on co-localization with the marker

of interest and DAPI staining, and total area was considered.
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Threshold of brightness was prefixed. The quantification of the frac-

tion of area occupied by GFAP+, IBA1+, or IgG structures was

performed as previously reported (Saxena et al, 2013); briefly, arti-

fact-free ROI was considered in the ventral horn, and for each, we

computed the ratio between the area displaying GFAP or Iba1

immunostaining above a set intensity threshold and the total area of

the ROI. For quantitative analysis, a minimum of 8–10 artifact-free

sections per mouse were analyzed. For the BSCB disruption analysis,

we considered a region of interest in the ventral spinal cord. We

traced the total length of vessels in the ROI, identified by collagen-

IV+ staining and thereafter we traced the length of vascular

segments in which the claudin-5 ribbon appeared disrupted or frag-

mented (“gaps”) and computed the ratio between the cumulative

gaps length along claudin-5 ribbons and the total length of the

vessels.

Microglia and lymphocytes isolation

Microglia and lymphocytes were isolated according to a modified

version of a protocol previously described (Cardona et al, 2006).

Briefly, mice were perfused 30 ml of cold PBS, and lumbar spinal

cord was quickly dissected, minced, and incubated in 10% collage-

nase D (Roche), 20% dispase II (Roche), DNaseI (Roche), and

TLCK (Sigma) at 37°C for 1 h. After protease neutralization, the

suspension was centrifuged (400 g, 5 min), filtered through a

nylon strainer, and dissociated further. The cell suspension was

layered on a 37–30–70% Percoll gradient and centrifuged (800 g,

45 min). Microglia and other immune cells were recovered at the

30% interface.

Flow cytometry

Staining for flow cytometry was performed in PBS + 5% FCS; details

of the conjugated antibodies are provided in the Appendix Table S1.

Flow cytometry was performed with the FACSCanto II BD, and the

analysis was performed using BD FACSDiva software. Electronic

gates were set on live cells by a combination of forward/side scatter

and Sytox Blue. To classify CD45 population identified by flow

cytometry, we used the arbitrary nomenclature high/low intermedi-

ate to discriminate the different populations. By immunostaining,

we preferred to use positive/negative (+/�).

RNA extraction and gene expression quantification

RNA was extracted from the lumbar part of the spinal cord with the

Peqlab peqGOLD TriFast kit (#30-2010), and cDNA was synthesized

with the Roche Transcriptor High-Fidelity cDNA Synthesis Kit

(#05081955001) according to manufacturer’s instructions. This

assay was performed in the Roche LightCycler 480 with the LightCy-

cler 480 Probe Master (#04707494001) according to manufacturer’s

instructions. Primers are listed in Appendix Table S2.

Western blot

Western blot was performed as previously reported (Baumann et al,

2007). Details of the antibodies are reported in Appendix Table S1.

The chemiluminescence signal was detected on X-ray films (Fuji);

films were scanned and mean gray value was quantified with ImageJ.

Body weight and clinical assessment

Body weight for all four genotypes was obtained every 3 days. Clini-

cal score was evaluated according to Hatzipetros et al (2015). End

stage was determined as the time point where animals could no

longer right themselves from the back within 15–30 s (Ludolph

et al, 2007).

Wnt inhibitor C59 administration

The Porcupine inhibitor C59 was suspended in PBS + 5% Tween-

80 + 5% PEG-400 and was administered to P25 or P90 mice (pro-

longed activation cohort) of all four genotypes via oral gavage

(10 mg/kg) for 12 days.

In vitro pharmacology

Ligand-binding assays were performed with membranes prepared

from cells expressing human CB2 or CB1 or mouse CB2 receptors

using [3H]-CP55940 (Perkin Elmer) as radioligand. Ki values were

calculated from a single experiment using triplicates of 10 different

concentrations of compound as previously reported (Ullmer et al,

2012). cAMP assays were performed using CHO cells stably express-

ing human CB2 or CB1 or mouse CB2 receptors, as previously

described (Ullmer et al, 2012). Efficacies are expressed in % relative

to 1 lM CP55940.

Physicochemical and in vitro ADME properties

PAMPA (parallel artificial membrane permeability assay) was

performed as previously reported (Kansy et al, 1998). Microsomal

clearance was performed as previously reported (Di et al, 2012).

Plasma protein-binding potential was assessed as previously

reported (Zamek-Gliszczynski et al, 2011) using diazepam as refer-

ence. The determination of unbound compound was performed on

Teflon equilibrium dialysis plate and cellulose membranes (12–

14 kDa cut-off; HT-Dialysis, Gales Ferry, Connecticut).

In vivo pharmacokinetics and pharmacology

C57Bl/6 mice were used to study the pharmacokinetics of CB2

ligands after p.o., i.v. and i.p. administration. To verify the results

for i.p. administration 120-min postinjection, plasma, brain, and

spleen samples were collected and subjected to exposure measure-

ments. For pharmacology experiments, 10 mg/kg of the three CB2

agonists RO6866945, RO6895896, and RO6871085 and 30 mg/kg of

the CB2 inverse agonist RO6851228 (microsuspension in 1% Tween-

80 in 0.9% NaCl preserved with 0.2% parabens) were administered

daily i.p.

Statistical analysis

One-way ANOVA with Bonferroni correction for multiple compar-

isons was applied for the comparison of multiple groups. Two-

way ANOVA and nonparametric statistical analysis for the

comparison of multiple groups with various conditions were

applied. Survival analysis was performed using the Mantel–Cox

statistical test. Statistical analysis was performed with the Prism
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software (GraphPad). All values are expressed as mean � SD

unless otherwise indicated.

Expanded View for this article is available online.
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