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Disruption of calcitonin gene-related peptide signaling accelerates
muscle denervation and dampens cytotoxic neuroinflammation
in SOD1 mutant mice
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Abstract Amyotrophic lateral sclerosis (ALS) is a fatal

motor neuron disease. Neuronal vacuolization and glial

activation are pathologic hallmarks in the superoxide dis-

mutase 1 (SOD1) mouse model of ALS. Previously, we

found the neuropeptide calcitonin gene-related peptide

(CGRP) associated with vacuolization and astrogliosis in

the spinal cord of these mice. We now show that CGRP

abundance positively correlated with the severity of

astrogliosis, but not vacuolization, in several motor and

non-motor areas throughout the brain. SOD1 mice har-

boring a genetic depletion of the bCGRP isoform showed

reduced CGRP immunoreactivity associated with vac-

uolization, while motor functions, body weight, survival,

and astrogliosis were not altered. When CGRP signaling

was completely disrupted through genetic depletion of the

CGRP receptor component, receptor activity-modifying

protein 1 (RAMP1), hind limb muscle denervation, and

loss of muscle performance were accelerated, while body

weight and survival were not affected. Dampened neu-

roinflammation, i.e., reduced levels of astrogliosis in the

brain stem already in the pre-symptomatic disease stage,

and reduced microgliosis and lymphocyte infiltrations

during the late disease phase were additional neu-

ropathology features in these mice. On the molecular level,

mRNA expression levels of brain-derived neurotrophic

factor (BDNF) and those of the anti-inflammatory cytokine

interleukin 6 (IL-6) were elevated, while those of several

pro-inflammatory cytokines found reduced in the brain

stem of RAMP1-deficient SOD1 mice at disease end stage.

Our results thus identify an important, possibly dual role of

CGRP in ALS pathogenesis.
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Abbreviations

aBtx Alpha-bungarotoxin

ACh Acetylcholine

ALS Amyotrophic lateral sclerosis

BDNF Brain-derived neurotrophic factor

ChAT Choline acetyltransferase

CD Cluster of differentiation

CGRP Calcitonin gene-related peptide

CLR Calcitonin receptor-like receptor

GDNF Glial cell line-derived neurotrophic factor

GFAP Glial fibrillary acidic protein

Iba1 Ionized calcium-binding adapter molecule 1
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schuetzb@staff.uni-marburg.de

1 Department of Molecular Neurosciences, Institute of

Anatomy and Cell Biology, Philipps-University, Robert-

Koch-Strasse 8, 35037 Marburg, Germany

2 Institute of Anatomy, University of Lübeck, Lübeck,
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IL Interleukin

ir Immunoreactivity

NMJ Neuromuscular junction

P Postnatal day

PaGE Paw grip endurance test

RAMP1 Receptor activity-modifying protein 1

RCP Receptor component protein

RT-PCR Reverse transcriptase polymerase chain

reaction

SOD1 Superoxide dismutase 1

TGF Transforming growth factor

TNF Tumor necrosis factor

VAChT Vesicular acetylcholine transporter

VEGF Vascular endothelial growth factor

VH Ventral horn

WT Wildtype

XII Hypoglossal nucleus

Ywhaz Tyrosine 3-monooxygenase/tryptophan

5-monooxygenase activation protein, zeta

polypeptide

Introduction

Amyotrophic lateral sclerosis (ALS) is an adult-onset and

lethal neurodegenerative disease. Progressive loss of motor

neurons in cortex, brain stem, and spinal cord leads to

denervation of skeletal muscles, paralysis, and ultimately

death by respiratory failure. While 90 % of ALS cases

occur sporadically, 10 % are inherited [1–3]. A recent

comparative analysis of brain tissue led to the suggestion

that ALS is a multi-system-disorder, rather than a pure

motor neuron disease, because it shares pathological fea-

tures with other brain disorders, such as fronto-temporal

dementia [4]. Several variants of human ALS-triggering

mutations have been used to establish transgenic mouse

models that mimic human clinical symptoms and

histopathological changes [5, 6]. In the superoxide dis-

mutase 1 strain carrying a glycine to alanine mutation at

position 93 (SOD1G93A; abbrev. SOD1 throughout the

report) [7], overt motor dysfunctions start around postnatal

day (P) 90, and death occurs around P130. At the cellular

level, a vacuolization pathology, i.e., vacuolization of

motor neuronal mitochondria, is already detectable at the

early pre-symptomatic stages between P30 and P40 [8, 9].

Subsequently, denervation of skeletal muscles occurs at

P50 [10, 11], followed by changes in the morphology and

number of astrocytes (astrogliosis) and microglia (mi-

crogliosis) [12, 13], and infiltration of lymphocytes [14, 15]

at around P60. While the presence of human SOD1

immunoreactivity (ir) at the rim of the vacuolized mito-

chondria has been known for a long time [9], we found

these structures to be immunoreactive for calcitonin gene-

related peptide (CGRP) as well [16].

CGRP is a 37 amino acids long neuropeptide with two

isoforms, aCGRP and bCGRP, that are co-expressed by

motor and many other neuron types [17, 18]. The CGRP

receptor trimer consists of the G-protein coupled calcitonin

receptor-like receptor (CLR), a receptor component protein

(RCP), and the receptor activity-modifying protein 1

(RAMP1) [19, 20], which confers ligand-specificity, and is

expressed by both astrocytes and microglia [21–23]. CGRP

expression in neurons is induced or up-regulated following,

e.g., axotomy, inflammation or virus infection [24–28], and

CGRP signaling on astroglia and microglia leads to cell

activation [29–31]. Accordingly, CGRP is considered a

signal of neuronal damage, secreted to induce repair

mechanisms and supportive glial reactions [32].

Previously, we reported the presence of a close spatio-

temporal association between CGRP-containing dysmor-

phic motor neuronal dendrites and processes of activated

astrocytes in the lumbar spinal cord of pre-symptomatic

SOD1 mice [33]. We also found that motor neurons

without CGRP expression in brain stem nuclei did not

show ALS pathology, and that higher motor neuron

degeneration corresponded with higher levels of CGRP

expression [34]. Notably, aCGRP was found to be the

dominant isoform associated with motor neuron vulnera-

bility, while bCGRP was the dominant isoform present at

the rims of pathologic vacuoles and suggested to be asso-

ciated with astrogliosis. A depletion of aCGRP in SOD1

mice, however, was not associated with a clinical or

histopathological phenotype, suggesting that the other

CGRP isoform compensated this loss.

To further delineate the potential importance of CGRP

for the severity of vacuolization and/or astrogliosis during

ALS pathogenesis in SOD1 mice, we now investigated if

the abundance of CGRP positively correlated with vac-

uolization and/or astrogliosis throughout the brain,

including areas beyond the somatomotor system; and if

clinical outcome and histopathology were altered in SOD1

mice carrying a genetic depletion of either bCGRP, or

RAMP1 [21].

Materials and methods

Mouse strains

SOD1

Transgenic mice of the strain B6SJL-TgN(SOD1(-

G93A))1Gur (The Jackson Laboratory, Bar Harbor, ME)-

carrying human SOD1 with the pathogenic G93A mutation

(SOD1G93A (G1H)) in high copy number [35] were used as
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animal model for ALS. The genotypes of mice were

determined by PCR with established protocols [16], using

genomic DNA obtained from ear punch biopsies. Wild-

type (WT) littermates from breeding of SOD1 males with

non-transgenic females were taken as controls where

applicable, instead of using a WT-SOD1 overexpressing

mouse line. While few of these WT-SOD1 mouse lines [9]

show pathology features that are similar to those seen in the

ALS-causing SOD1G93A mouse line, e.g., vacuolization

and gliosis, and, hence, are valuable controls for some

experiments, vacuolization in these mice appears not until

P210, an age SOD1G93A mice do not reach. Thus, direct

comparisons between the two lines on a histological level

are not possible, which is why we consider a WT-SOD1

overexpressing mouse line not superior to WT littermates

from our colony.

Calcb

Mice with a targeted loss-of-function mutation in the

bCGRP-encoding gene were obtained from the Texas

A&M Institute for Genomic Medicine (Houston, TX, USA;

internal ref. no. TG0114). In these mice, exons 2–4 were

replaced by a Bgeo/Puro cassette using a pKOS-40-tar-

geting vector. Southern blot analysis identified several

clones with a targeted allele, with at least one clone (1A9)

achieving germline transmission. bCGRP-/- mice were

obtained from breeding of bCGRP?/- mice. Mice were

genotyped as described above. The mutant locus was

amplified with primers TG0114-26: TAC TGC ACG TTT

TGA GAG CTG CAG TG and GT-IRES: CCC TAG GAA

TGC TCG TCA AGA, which resulted in a 346 bp ampli-

con. As a control, the WT locus was amplified with primers

TG0114-13: TTT AAC CTG CTG ACT GCC GTA AGA

and TG0114-14: GGG CCA CTG ATT CTC CGA CA,

which resulted in a 402 bp amplicon.

Ramp1

Mice with a targeted loss-of-function mutation in the

RAMP1-encoding gene were described earlier [36]. Mice

were genotyped by PCR as described above using an

established protocol [36].

All three mouse lines were backcrossed onto a C57BL/

6 N inbred genetic background over at least 10 generations

before use.

Double transgenic mice

Male SOD1 mice were mated with female bCGRP-/- (or

RAMP1-/-) mice. Within the offspring WT:bCGRP?/-

(RAMP1?/-), females were mated with

SOD1:bCGRP?/- (RAMP1?/-) males, which resulted in

the generation of six genotypes in the expected Mendelian

frequency from which four genotypes were used for exper-

imental analysis: WT:bCGRP?/? (RAMP1?/?) = WT

control group, WT:bCGRP-/-

(RAMP1-/-) = bCGRP-/- (RAMP1-/-) control

group, SOD1:bCGRP?/? (RAMP1?/?) = SOD1 control

group, and SOD1:bCGRP-/- (RAMP1-/-) = test group.

In addition to these newly generated double transgenic mice,

tissue from previously generated SOD1 mice with a genetic

depletion of the calca gene, which codes for the aCGRP
isoform, were used (28).

All mice were housed on a 12 h dark/light cycle in

groups of two-to-four animals per cage with unrestricted

access to food and water. From the time, mice carrying the

SOD1 mutation showed motor deficits, additional mois-

turized food was placed on the cage floor. Because of

ethical considerations, transgenic animals were sacrificed

when their weight dropped below 80 % of the peak body

weight. All animal procedures were conducted in accor-

dance with the international standards on animal welfare,

EU directive 2010/63/EU for animal experiments, the

German Animal Protection Law, and animal protocols

approved by the county administrative government

(Gießen, Germany; no. 48/2010 for RAMP1, and 19/2013

for bCGRP). Adequate measures were taken to minimize

pain or discomfort.

Determination of disease progression and motor

functions

Starting at P49, the motor performances of all mice were

assessed weekly with the paw grip endurance (PaGE) test

that targets hind limb function [16, 37], and a licking test

that targets tongue motor function [38, 39]. For PaGE

testing, the mice were placed individually on a meshed

wire platform, arranged rotatable about 60 cm above the

bench. After the animal found a grip, the platform was

gently turned upside-down and the latency recorded until

the animal let loose with both hind legs. Each mouse was

given a maximum of three consecutive trials to reach the

cut-off time of 120 s, and the longest latency was recorded.

To determine tongue motor function via the lick frequency

during drinking, mice were placed in a cage equipped with

a metal floor and water bottle with a metal spout, both

connected to an analog/digital converter. Each lick of the

mouse closed the current circuit, thereby inducing a min-

imal, non-perceptible voltage peak that was recorded by

the converter and conferred on a computer. The average

time difference between 25 consecutive peaks (=tongue

licks) was calculated as lick frequency in Hertz (Hz). Body

weight and survival time were monitored as additional

parameters for disease progression. Determined, weekly,

body weight was recorded as percentage of the weight at
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the beginning of the study period (P49) to account for

absolute weight differences between individual mice. All

clinical parameters are given as mean with standard error

of the mean (SEM). Survival times and time of PaGE onset

are presented by a Kaplan–Meier plot and compared by

Log-rank testing. The other clinical data were examined for

statistical significance using the one-way ANOVA fol-

lowed by Bonferroni corrected pair-wise comparisons.

Tissue processing

Mice were sedated by an overdose of inhaled isoflurane

and, subsequently, killed by cervical dislocation (bCGRP
study) or pneumothorax (RAMP1 study). L3–L5 segments

of spinal cord and the quadriceps muscle were dissected

and frozen in -40 �C cold isopentane. Fourteen microm-

eter-thick sections were cut with a cryotome and mounted

onto silanized glass slides prior to fixation with 4 % (w/v)

paraformaldehyde. Additional lumbar spinal cord segments

and whole brains were immersion-fixed for 48 h in Bouin

Hollande fixative, containing 4 % (w/v) picric acid, 2.5 %

(w/v) cupric acetate, 3.7 % (v/v) formaldehyde, and 1 %

(v/v) glacial acetic acid. Following fixation, the tissues

were extensively washed in 70 % isopropanol, dehydrated,

cleared with xylene, and embedded in paraffin. 7 lm-thick

sections were cut with a microtome and mounted onto

silanized glass slides. Histological counter stains were done

by Giemsa staining. Finally, brain stem halves were dis-

sected, submerged in RNAlater (LifeTechnologies,

Darmstadt, Germany), and stored at 4 �C.

In situ hybridization

The generation of complementary RNA probes for the

detection of mouse calca (aCGRP) and calcb (bCGRP)
transcripts in tissue sections has been described previously

[33]. The in situ-hybridization (ISH) procedure was per-

formed on 20 lm cryostat sections as described in detail

earlier [40]. Briefly, for pre-treatment, sections were air

dried for 15 min, fixed in freshly prepared 4 % (w/v)

paraformaldehyde in PBS for 60 min at room temperature

and washed 39 for 10 min in 10 mM PBS. After a brief

wash in distilled water, sections were acetylated with tri-

ethanolamine/acetic anhydride for 10 min at room

temperature, followed by a 5 min wash in distilled water.

The sections were then dehydrated through a graded series

of isopropanol (50, 80, 96, 100 %; each 2 min), air dried

for 30 min, and either directly used for hybridization or

stored at -20 �C until use.

For hybridization, sections were covered with 30–40 ll
of hybridization solution, containing 50 % formamide,

0.6 M NaCl, 10 mM Tris (pH 7.4), 1 mM Na2EDTA, 19

Denhardts, 10 % dextran sulfate, 100 lg/ml sheared

salmon sperm DNA, 0.05 % (w/v) E. coli MRE600 tRNA,

20 mM dithiothreitol, and 50,000 d.p.m./ll riboprobe and

coverslipped. Hybridization was carried out overnight at

60 �C in a humid chamber. After hybridization, coverslips

were removed in 2 9 SSC at room temperature and the

sections washed in the following order: 20 min in

1 9 SSC, 45 min at 37 �C in RNase solution containing

20 lg/ml RNase A and 1 U/ml RNase T1, 20 min in

1 9 SSC, 20 min in 0.5 9 SSC, 20 min in 0.2 9 SSC,

60 min in 0.2 9 SSC at 60 �C, 10 min in 0.2 9 SSC at

room temperature, and 10 min in distilled water. Finally,

sections were dehydrated in 50 and 70 % isopropanol and

air dried at room temperature. For visualization of

hybridization signals, sections were first exposed to

Amersham b-Max autoradiography film for 1 to 3 days to

estimate further exposure times, then coated with Kodak

NTB2 emulsion, exposed for 21 days at 4 �C and devel-

oped. Sections were counterstained with cresyl violet,

dehydrated through a graded series of isopropanol, cleared

in xylene, and, finally, mounted under coverslips. Bright

and dark field analysis was performed using an Olympus

AX70 microscope (Olympus Optical, Hamburg, Germany).

Single immunohistochemistry

Tissue sections were deparaffinized in xylene and rehydrated

through a graded series of isopropanol, including 30 min

incubation in methanol/0.3 % H2O2 to block endogenous

peroxidase activity. Antigen retrieval was achieved by

incubation in 10 mM sodium citrate buffer (pH 6.0) at

92–95 �C for 15 min, and non-specific binding sites were

blocked with 5 % bovine serum albumin (BSA) in 50 mM

phosphate buffered saline (PBS, pH 7.45) for 30 min, fol-

lowed by an avidin–biotin blocking step (Avidin–Biotin

Blocking Kit, Boehringer, Ingelheim, Germany) for 20 min

each. Primary antibodies were rabbit-anti-CGRP (1:200.000;

Dr. Nyberg, Uppsala, Sweden), goat-anti-SOD1 (order no.

sc-8637, final dilution 1:1.000; Santa Cruz Biotech., Hei-

delberg, Germany), goat-anti-ChAT (AB144P, 1:500;

Chemicon, Hofheim, Germany), guinea pig-anti-GFAP

(GP52, 1:5.000; Progen, Heidelberg, Germany), rabbit-anti-

Iba1 (019-19741, 1:2.500; Wako Chemicals, Neuss, Ger-

many), and rabbit-anti-CD3 (MCA1477, 1:3.000; DAKO,

Hamburg, Germany), and applied in PBS/1 % BSA over

night at 16 �C followed by 2 h at 37 �C. After several

washes in PBS, the sections were incubated for 45 min at

37 �C with species-specific biotinylated secondary antibod-

ies (Dianova, Hamburg, Germany), diluted 1:200 in PBS/

1 % BSA, washed again, and, subsequently, incubated for

30 min with avidin–biotin–peroxidase complex (Vectastain

Elite ABC kit; Vector Laboratories, Burlingame, CA).

Immunoreactions were visualized by 8 min incubation in

3,3-diaminobenzidine (DAB, Sigma Aldrich, Deisenhofen,
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Germany), enhanced by the addition of 0.08 % ammonium

nickel sulfate (Fluka, Bucks, Switzerland). After three 5 min

washes in distilled water, the sections were dehydrated

through a graded series of isopropanol, cleared in xylene,

and, finally, mounted under coverslips. Digital bright-field

pictures were taken with an Olympus AX70 microscope

(Olympus Optical, Hamburg, Germany), equipped with a

SPOT RT Slider Camera and SPOT Image Analyses soft-

ware (Version 3.4; Diagnostic Instruments Inc., Seoul,

Korea).

Double immunofluorescence

To assess the association of astrocyte activation with vac-

uolization, standard double immunofluorescence was

performed on paraffin sections as follows: After deparaf-

fination and blocking procedures (see above), goat-anti-

SOD1 (1:500) and either guinea pig-anti-GFAP (1:2.000),

or rabbit-anti-CGRP (1:10.000) primary antibodies were

co-applied in PBS/1 % BSA and incubated overnight at

4 �C, followed by 2 h at 37 �C. After extensive washing in

distilled water followed by PBS, SOD1 immunoreactions

were visualized with anti-goat secondary antibodies

labeled with Alexa Fluor 647 (MoBiTec, Göttingen, Ger-

many), diluted 1:200 in 1 % BSA/PBS. The GFAP and

CGRP antibodies were visualized, respectively, by a two-

step procedure, including species-specific biotinylated

secondary antibody (Dianova), diluted 1:200 in 1 % BSA/

PBS followed by streptavidin conjugated with Alexa Fluor

488, diluted 1:200 in 1 % BSA/PBS. Incubation times were

45 min with the biotinylated secondary antibody only,

followed by 2 h incubation with a mixture of fluo-

rochrome-conjugated secondary antibody and streptavidin.

A modified histo- and immuno-fluorescence procedure

was applied for the detection of neuromuscular endplates

using a-bungarotoxin (aBtx): Paraformaldehyde-fixed

cryostat sections of muscle tissue were processed without

antigen retrieval. Following the blocking steps, a rabbit-

anti-vesicular acetylcholine transporter antibody (VAChT,

1:5.000; Dr. Eiden, Bethesda, USA) was used in combi-

nation with aBtx (Invitrogen, Eugene, USA) conjugated

with Alexa Fluor 647, to label the post-synaptic acetyl-

choline receptors on muscle fibers. VAChT binding was

visualized with an anti-rabbit secondary antibody conju-

gated with Alexa-488 (1:200, Dianova). Incubation times

and washing steps were analog to the standard double

immunofluorescence described above.

Immunofluorescence signals were documented as dig-

itized false color images (8-bit tiff format) with an

Olympus BX50WI confocal laser scanning microscope

(Olympus Optical, Hamburg, Germany) and Olympus

Fluoview 2.1 software without modifications in brightness

and contrast.

Quantitative assessment of histopathology

For each aspect investigated, four animals per genotype

and age, and five sections per animal were analyzed. To

assess correlations between CGRP abundance, pathologic

vacuolization, and astrogliosis, sagittal brain sections

stained with single immunohistochemistry against CGRP,

SOD1, and GFAP were digitized using a Leica CTR 6500

microscope equipped with Metamorph Leica MMAF

(Version 1.4.0.) and a Leica DCF310 FX camera. Whole

sections were scanned in frames with tenfold optic mag-

nification (numerical aperture = 0.4) and assembled by

seamless multichannel rendering to 100 megapixel images,

with a resulting resolution of 1 lm/pixel. The scans were

displayed in zoomify Web pyramid image format, coordi-

nates for the different regions of interest (see Table 1) were

set, and images extracted as jpeg using Python/PIL and

Numpy.

To quantify the immunoreactivities of CGRP, SOD1,

and GFAP, the images were analyzed with Image J (Na-

tional Institutes of Health, Bethesda, Maryland, USA) by

setting a constant threshold of optic density. All

immunoreactions above threshold were gathered and given

as percentage immunoreactive area. Data values are given

as mean with standard error of the mean (SEM), and ana-

lyzed with Kruskal–Wallis one-way analysis of variance by

ranks followed by Bonferroni corrected pair-wise com-

parisons, and by calculation of Pearson’s correlation

coefficient. p values less than 0.05 were regarded as

significant.

For quantitative assessment of neurodegeneration, motor

neurons labeled by ChAT-ir were counted manually,

including only soma with clearly cut and healthy looking

(round) nucleus to exclude neurons in degeneration. In

addition, multiple sections from a single tissue were 21 lm
apart to avoid double counting of neurons.

To assess muscle denervation, aBtx-labeled neuromus-

cular endplates with and without associated VAChT-

immunoreactivity were counted manually. Sections were

14 lm apart to avoid double counting.

Quantification of neuroinflammation was performed as

previously described [41]. Briefly, images from bright-field

staining against GFAP (astrocytes), Iba1 (microglia), and

CD3 (lymphocytes) were acquired with MCID EliteTM 7.0

software (Imaging Research Inc., St. Catherines, Canada)

and analyzed with ImageJ. In the area of interest, i.e., the

lateral aspect of the ventral horn grey matter [8] and the

para-medial brain stem, immunoreactive structures were

determined by setting a constant threshold of optic density.

All immunoreactions above threshold were gathered and

given as percentage immunoreactive area for astrocytes

and as number of immunoreactive particles (at least 20

connected pixels) per area for microglia and lymphocytes,
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respectively. These data were analyzed with Kruskal–

Wallis one-way analysis of variance followed by Bonfer-

roni corrected pair-wise comparisons. p values less than

0.05 were regarded as significant.

Gene expression analysis by quantitative RT-PCR

Messenger RNA expression levels were measured by

quantitative real-time PCR (qPCR) using the ABI PRISM�

7900HT System (Applied Biosystems, Foster City, CA,

USA). First, tissue samples were mechanically disrupted in

a PreCellys 24 homogenizer (PeqLab, Erlangen, Germany)

for 2 9 20 s at 5.000 rpm. Total RNA was then extracted

using the RNeasy Mini Kit� (Qiagen, Hilden, Germany),

its degree of purity and integrity analyzed by the Expe-

rionTM automated gel electrophoresis system (Bio Rad

Laboratories GmbH, Munich, Germany), and RNA quan-

tity determined using a Nanodrop 2000c spectrophotometer

(Peqlab). 800 ng of total RNA with a 260/280 nm ratio of

1.9–2.1 and a 260/230 nm ratio of 1.8–2.0 were translated

into cDNA using the RT2 HT First Strand Kit (Qiagen)

according to the manufacturer’s instructions. This included

a non-RT reaction for each sample to check for genomic

DNA contamination. For all subsequent PCR reactions,

gene-specific QuantiTect primer pairs (Qiagen) were used

to detect transcripts of Actb (GenBank NM_007393, order

no. QT00095242), arginase-1 (NM_007482,

QT00134288), BDNF (NM_007540, QT00097118), CCl2

(NM_011333, QT00167832), CCL3 (NM_011337,

QT00248199), CCL5 (NM_013653, QT01747165), CD68

(NM_009853, QT00254051), CXCL10 (NM_021274,

QT00093436), GDNF (NM_010275, QT00115290), IGF-1

(NM_001111274, QT00154469), Il-1b (NM_008361,

QT01048355), Il-6 (NM_031168, QT00098875), NOS2

(NM_010927, QT00100275), TGFb (NM_011577,

QT00145250), TNFa (NM_013693, QT00104006), VEGF

(NM_001025250, QT00160769), Ym1 (Chil3)

(NM_009892, QT00108829), and Ywhaz (NM_011740,

QT00105350). Each PCR reaction consisted of 12.5 ll
Power SYBR Green PCR Master Mix (Applied Biosys-

tems), 2.5 ll gene-specific primer pair, 1 ll cDNA, and
9 ll H2O, and was performed with RT2 ProfilerTM PCR

Array 96-well plates (Qiagen). Amplification conditions

were: 95 �C for 10 min, followed by 35 cycles at 95 �C for

15 s, and 60 �C for 30 s. A dissociation curve analysis

confirmed the amplification of a single band. In addition,

each cDNA underwent a mouse genomic DNA contami-

nation and a reverse transcription control. Fluorescence

signals were normalized to the passive internal reference

dye, ROX, and a threshold (CT) set within the first half of

the exponential phase of the reaction. After calculating the

mean value from triplicate reactions, relative abundances

of transcripts in a given sample were first calculated as

differences in CT compared with the geomean of two

independent housekeeping genes, Actinb and Ywhaz (DCT),

and then relative to WT (DDCT). GraphPad Prism 6.0

Table 1 Brain regions selected for histopathology analysis

Abbr. Region CGRP* SOD1* Function Area (lm2)

IntP Interposed cerebellar nucleus ? ?? Extrapyramidal motor system 400

RN Red nucleus ? ?? Extrapyramidal motor system 200

SNC Substantia nigra pars compacta ? ??? Extrapyramidal motor system 1600

LC Locus coeruleus ? ??? Other/multifunctional 1600

AD Anterodorsal thalamic nucleus ? ??? Other/multifunctional 400

HDB Horizontal diagonal band ? ?? Other/multifunctional 400

Hc Hippocampus ? ?? Other/multifunctional 1600

Hyp Hyopthalamus ? ? Other/multifunctional 2500

VII Facial nucleus ??? ??? Pyramidal motor system 1600

FF Field of forel ?? ? Other/multifunctional 400

LS Lateral septal nucleus ??? ? Other/multifunctional 900

SolT Solitary tract ??? ? Sensory system 400

EPL External plexiform layer of olfactory bulb ? ? Sensory system 200

GrO Granular layer of the olfactory bulb 0 ? Sensory system 200

Thal Thalamus 0 0 Other/multifunctional 6400

M1/2 Primary and secondary motor cortices ? ? Pyramidal motor system 6400

CPu Caudate nucleus and putamen (striatum) ? ? Extrapyramidal motor system 2500

Abbr., abbreviation of region name; CGRP*, selection criterion = CGRP abundance in cell bodies and/or fibers (subjective estimation),

determined in P120 WT mice; SOD1*, selection criterion = severity of SOD1-positive vacuolization (subjective estimation), determined in end

stage SOD1 animals; ???, high; ??, medium; ?, low; 0, non; ?, to be determined
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(GraphPad Software Inc., La Jolla, CA, USA) was used for

layout and statistical testing. Data from 3 to 5 samples per

genotype and age were averaged and analyzed by one-way

ANOVA followed by Bonferroni correction. For all anal-

yses, a p value\0.05 was considered significant.

Results

Spatio-temporal correlations of CGRP abundance

with vacuolization and with astrogliosis in motor

and non-motor areas throughout the brain of SOD1

mice

Previously, we had observed a close spatio-temporal

association of CGRP-immunoreactive vacuoles with

astrogliosis in the spinal cord of SOD1 mice [33]. The

appearance and morphological dynamics of CGRP-ir vac-

uolization were found also to be true for ALS-vulnerable

motor nuclei in the brain stem (Suppl. A). However,

because both, vacuolization and astrogliosis, develop

throughout the brain in SOD1 mice [42, 43], we now

quantified the level of vacuolization and astrogliosis in 18

brain areas (see Table 1) at two disease stages (early: P40/

P60, and late: P120/end stage; see Suppl. C), and asked if

CGRP abundance in the affected brain areas correlated

with the severity of these neuropathologic hallmarks. Sin-

gle and double immunohistochemical analyses using GFAP

as a marker for astrocytes and SOD1 for ALS-related

vacuoles revealed varying degrees of astrogliosis compared

with the level of vacuolization throughout the brain. For

example, in the anterodorsal nucleus of the thalamus (AD)

and in the substantia nigra (SNC), two nuclei being densely

vacuolated, no prominent astrogliosis was found in SOD1

end-stage mice compared with WT (Fig. 1A and Suppl. B).

In contrast, less pronounced vacuolization of, e.g., the red

nucleus (RN) and the locus coeruleus (LC) was accompa-

nied with strong astrogliosis (Fig. 1A and Suppl. B).

Interestingly, we found CGRP-immunoreactive fibers pre-

sent in WT mice in regions with strong glial activation, but

largely absent in regions with weak glial activation (e.g.,

AD and RN, Fig. 1A). To test if CGRP abundance posi-

tively correlated with astrogliosis and vacuolization

throughout all regions investigated, we performed a com-

parative analysis of GFAP- and SOD1-ir with CGRP

(Suppl. C). While the correlation analysis between CGRP

abundance and vacuolization did not reach significance

(Pearsons correlation coefficient r = 0.48 for P40 and

r = 0.49 for end stage, Fig. 1C, panel a ? b), a positive

correlation was detected between CGRP abundance and

astrogliosis at both disease stages (r = 0.59 for P60,

p = 0.01; r = 0.62 for end stage, p = 0.006; Fig. 1B,

panel a ? b). In addition, the increase of GFAP-ir from

early disease stage to end stage correlated with CGRP

abundance (r = 0.56, p = 0.015) as well, whereas the

increase of SOD1-ir was neither significantly correlated

with CGRP abundance in WT (r = 0.44: Fig. 1B, panel c),

nor with the increase of GFAP-ir SOD1 mice (r = 0.48,

not shown).

Taken together, these data demonstrate a clear positive

correlation of CGRP abundance and the severity of

astrogliosis. This indicates an involvement of CGRP in

ALS-related neuroinflammation that is independent of the

SOD1 mutation and, thus, the overexpression of either

wild-type or mutated SOD1.

Outcome of a genetic depletion of bCGRP in SOD1

mice

One of our previous studies suggested that CGRP

immunoreactivity at the rim of the pathologic vacuoles was

mainly attributable to the bCGRP isoform, because the

genetic depletion of aCGRP had no effect on CGRP

immunoreactivity in vacuolization or on astrogliosis in

SOD1 mice [33]. We now benefited from the generation of

a bCGRP-deficient mouse strain and were able to cross-

breed these mice with the SOD1 strain. The bCGRP-
deficient mice were born with the expected Mendelian

frequency. They did not show any obvious phenotype,

developed normally, and were fertile. Successful disruption

of the bCGRP gene locus was proven by the absence of

bCGRP-specific mRNA using ISH. Shown for the lumbar

spinal cord, motor neurons still expressed aCGRP, but

signals for bCGRP-mRNA were absent (Fig. 2A). After

successfully obtaining SOD1:bCGRP-/- mice, we found

CGRP-ir at the rims of the vacuoles in the ventral horn to

be largely reduced compared with SOD1:aCGRP-/- and

SOD1:WT mice (Fig. 2B). On the other hand, CGRP-ir in

sensory fibers in the dorsal horn of SOD1: bCGRP-/-

mice was similar to WT, but reduced in SOD1:aCGRP-/-

mice. These results show that CGRP-ir in soma and neu-

rites of motor (and sensory) neurons are mostly based on

the a-isoform [34], while the pathological immunoreac-

tivity related to vacuolization is derived from

mislocalization of bCGRP [33].

At the clinical level, disease progression in

SOD1:bCGRP-/- mice was found unaltered compared

with SOD1:bCGRP?/? mice (Fig. 2C). Median survival

was determined to be 140 days for SOD1:bCGRP-/- and

141 days for SOD1:bCGRP?/? mice (p = n.s.). All four

study groups showed a comparable, initial increase in body

weight. While WT (n = 19) and bCGRP-/- (n = 12)

mice constantly gained weight over time, SOD1:bCGRP?/

? (n = 18) and SOD1:bCGRP-/- (n = 18) mice reached

their maximum weight at around P80, and started to

gradually lose weight thereafter. The SOD1:bCGRP?/?
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and SOD1:bCGRP-/- groups did not show a significant

difference at any time point, and both genotypes were

equally different from their respective control groups

starting with P105 (p\ 0.05). In the PaGE test,

SOD1:bCGRP?/? and SOD1:bCGRP-/- mice showed a

very similar progressive decline in grip endurance, as well

as a comparable decline in lick frequency of the tongue.

At the cellular level (Fig. 2D), no differences in motor

neuron numbers or astrogliosis were present between end

stage SOD1:bCGRP?/? and SOD1:bCGRP-/-, neither

in the lumbar spinal cord (corresponding to the tested hind

limb motor function) nor in the brainstem (exemplified

here for the hypoglossal nucleus corresponding to the tes-

ted tongue motor function).

Taken together, the absence of bCGRP in SOD1 mice

largely reduced occurrence of CGRP-ir at the rims of

pathologic vacuoles. However, clinical symptomatology

and survival as well as neurodegeneration and astrogliosis

remained unaltered when compared with WT, probably

because the remaining aCGRP was sufficient to function-

ally compensate the depletion of bCGRP.

A RAMP1 deficiency accelerates disease onset

and decelerates disease progression in SOD1 mice

Given the large overlap of aCGRP and bCGRP expression

patterns and the high homology between the two isoforms,

it seemed likely that one isoform substituted the function of

Fig. 1 Correlation analyses between SOD1-related vacuolization and

astrogliosis with CGRP abundance. A CGRP abundance in WT mice

in regions with strong and weak astrogliosis in SOD1 mice.

Immunohistochemical analysis revealed a marginal increase of GFAP

immunoreactivity (ir) in the anterodorsal nucleus of the thalamus

(upper panel) in SOD1 end-stage mice (left) compared with WT

(middle) as well as the absence of CGRP-immunoreactive fibers in

WT (right). In contrast, in the red nucleus (lower panel), GFAP-ir in

SOD1 mice (left) was found largely increased compared with WT

(middle), and contained CGRP-immunoreactive fibers (right). Bar in

A represents 50 lm and accounts for all pictures. B Correlation

analysis between vacuolization and astrogliosis with CGRP abun-

dance. Calculation of Pearson’s correlation coefficient (r) of CGRP-

abundance in WT with the increase of SOD1- and GFAP-ir (DSOD1
and DGFAP) in SOD1 mice compared with WT. a Comparison of

WT with P40 (for SOD1) and P60 (for GFAP) SOD1 mice.

b Comparison of WT with P120 (end stage) SOD1 mice. c Compar-

ison of the increases of SOD1- and GFAP-ir between early and end-

stage SOD1 mice
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the other in a single knockout situation, which explains the

lack of an overt phenotype in either aCGRP- or bCGRP-
deficient SOD1 mice. Thus, a complete loss of CGRP

signaling was needed to further elucidate the function of

this neuropeptide in ALS pathology. Since both CGRP

genes are located in close proximity on the same chro-

mosome, a crossbreeding of aCGRP-/- and bCGRP-/-

mice to obtain a panCGRP knockout seemed an impossible

Fig. 2 Characterization of a bCGRP-deficient mouse strain and

outcome of crossbreeding with SOD1 mice. A In situ-hybridization

for the presence of aCGRP and bCGRP-mRNA in WT and

bCGRP-/- mice. aCGRP-mRNA was detected in both WT and

bCGRP-/- mice, while bCGRP-mRNA was detected in WT, but

undetectable in bCGRP-/- mice. The bar equals 100 lm and

accounts for all pictures. B CGRP-ir in lumbar spinal cord of end-

stage SOD1 mice with and without CGRP isoform depletions. Note

that in the ventral horn (top), CGRP-ir in SOD1-related vacuolization

is similar in SOD1:CGRP?/? (a) and SOD1:aCGRP-/- (b), but

reduced in SOD1:bCGRP-/- mice (c). In contrast, CGRP-ir in

sensory fibers in the dorsal horn (bottom) is reduced in

SOD1:aCGRP-/- (e) but unaltered in SOD1:bCGRP-/- (f) com-

pared with SOD1:CGRP?/? (d). The bar in a equals 20 lm and also

accounts for b and c; bar in d equals 100 lm and also accounts for e,

f. C Clinical outcome of a bCGRP deficiency in SOD1 mice. Note

that deficiency of bCGRP had no effect on survival, disease-related

decline in body weight, and hind limb and tongue motor perfor-

mances. D Histopathological outcome of a bCGRP deficiency in

SOD1 mice. The number of motor neurons (MN) in hemi-sections of

the hypoglossal nucleus (XII) and in the ventral horn of the lumbar

spinal cord (VH) was reduced to about 50 and 30 %, respectively,

until end stage in SOD1 mice, without differences between bCGRP-
competent and -deficient littermates. GFAP-positive area, indicating

activated astrocytes, was largely increased in both brain stem and

spinal cord, without differences between bCGRP-competent and -

deficient littermates
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strategy to further investigate the functional relevance of

CGRP signaling as a whole in ALS mice. Therefore, we

crossbred a Ramp1-deficient mouse line into SOD1 mice to

completely perturb CGRP signaling.

At the clinical level, the median survival was assessed as

142 days for SOD1:RAMP1-/- mice and 137 days for

SOD1:RAMP1?/? mice (p = n.s., Fig. 3a). WT (n = 10)

and RAMP1-/- (n = 15) mice constantly gained weight

over time, while both SOD1:RAMP1?/? (n = 22) and

SOD1:RAMP1-/- (n = 17) mice reached their maximum

weight at around P80, and started to gradually lose weight

thereafter, without significant differences between the

groups. However, during the period of weight gain,

SOD1:RAMP1-/- mice differed significantly from

RAMP1-/- already at P70, while SOD1:RAMP1?/? did

not differ from WT until they reached the peak at P91

(Fig. 3a). When tested for PaGE, 3 of the 17

SOD1:RAMP1-/- mice did not reach the 2 min cut-off

time even during the first assessment at P49. Accordingly,

the SOD1:RAMP1-/- group showed a significant reduc-

tion in the hind limb performance compared to

RAMP1-/- as early as P49 (Fig. 3a). In contrast, the

decline in hind limb motor performance in

SOD1:RAMP1?/? compared with WT mice reached sig-

nificance only from P77 onward. Notably, the initial

decline in hind limb performance in SOD1:RAMP1-/-

mice did not further progress between P56 and P98, and

both SOD1:RAMP1-/- and SOD1:RAMP1?/? mice

showed a similar and fast reduction of hind limb grip

endurance from P105 until end stage. In contrast, tongue

motor performance did not differ between

SOD1:RAMP1-/- and SOD1:RAMP1?/? groups at any

analyzed time point. However, similar to body weight and

hind limb weakness, SOD1:RAMP1-/- differed from

RAMP1-/- earlier than SOD1:RAMP1?/? from WT

(P105 vs. P119, Fig. 3a).

Thus, SOD1:RAMP1-/- mice showed an accelerated

symptom onset in all clinical parameters we assessed,

although a significant difference to SOD1:RAMP1?/? was

only found for hind limb grip endurance. In addition,

matching disease onset in individualmice based on hind limb

symptoms (i.e., the time point, where the cut-off time in the

PaGE was not reached anymore) instead of defining disease

onset by comparing whole, age-matched groups revealed a

change in the time course of symptom development between

SOD1:RAMP1-/- and SOD1:RAMP1?/?mice (Fig. 3b):

Disease onset was found accelerated (P56.5 ± 30.4 in

SOD1:RAMP1-/- vs. P92.0 ± 20.0 in SOD1:RAMP1?/

?,p\ 0.001, Fig. 3b, left panel), while disease durationwas

prolonged when compared with SOD1:RAMP1?/? mice

(85.7 ± 26.5 in SOD1:RAMP1-/- vs. 46.9 ± 22.3 days in

SOD1:RAMP1?/?; p\ 0.001; Fig. 3b, middle panel).

Furthermore, the onset matching of individual mice revealed

a continuous but decelerated decline of hind limb grip

endurance in SOD1:RAMP1-/- compared with

SOD1:RAMP1?/?mice from 3 weeks after symptom onset

until end stage (Fig. 3b, right panel).

Taken together, the RAMP1 deficiency resulted in an

accelerated disease onset that was followed by a deceler-

ated disease progression (Fig. 3b), and added up to an

unaltered survival rate (Fig. 3a).

The RAMP1 deficiency accelerates muscle

denervation in SOD1 mice

Next, we assessed histopathological events that may

account for the observed differences between SOD1 mice

with and without CGRP signaling with respect to disease

initiation and progression. While motor neuron degenera-

tion in both the hypoglossal nucleus (XII, tongue

innervation) and in the ventral horn of the lumbar spinal

cord (hind limb innervation) followed a similar time course

in SOD1:RAMP1?/? and in SOD1:RAMP1-/- mice,

muscle denervation initiated earlier in the latter (Fig. 3c).

As determined by a combined histochemical and immuno-

fluorescence against alpha-bungarotoxin (aBtx, labeling

post-synaptic site of the NMJ) and the vesicular acetyl-

choline transporter (VAChT, labeling the pre-synaptic site

of the NMJ), respectively, denervation of both tongue and

cFig. 3 Clinical and histopathological outcome of the RAMP1

depletion in SOD1 mice. a Clinical outcome. Deficiency of RAMP1

did not result in any significant differences in survival or on the

disease-related decline in body weight and licking frequency of the

tongue, but onset of hind limb weakness was accelerated. In addition,

for all three clinical parameters, the symptom onset, i.e., the time

point where SOD1 mice significantly differed from their respective

control groups (indicated by arrowheads) was earlier for RAMP1-/-

mice compared to their RAMP1?/? littermates. b Disease develop-

ment. Determination of hind limb grip endurance revealed that

SOD1:RAMP1-/- mice showed an accelerated symptom onset and a

prolonged disease duration compared with SOD1:RAMP1?/? litter-

mates. Matching individual mice by symptom onset instead of age

revealed a continuous decline in hind limb grip endurance that was

decelerated in SOD1:RAMP1-/- mice. c Neurodegeneration and

muscle denervation. Motor neuron loss determined in hemi-sections

of the hypoglossal nucleus (XII) and of the ventral horn (VH) of the

lumbar spinal cord was similar in SOD1:RAMP1-/- and in

SOD1:RAMP1?/? mice. Combined histochemical (aBtx, Alexa

647-conjugated) and immuno-fluorescence (VAChT, Alexa 488-con-

jugated) discriminated innervated (VAChT-positive, arrow) and

denervated (VAChT-negative, arrowhead) neuromuscular junctions

(NMJ). d Neuroinflammation. Astrogliosis was significantly reduced

in SOD1:RAMP1-/- mice compared with SOD1:RAMP1?/? mice

in all stages investigated. Microgliosis and infiltration of lymphocytes

were similarly reduced in SOD1:RAMP1-/-, however, reaching

significance only in the late stage of the disease at P120. Ash indicates

differences to the corresponding RAMP1-/- or RAMP?/? wild

type (WT); and asterisk indicates differences between

SOD1:RAMP1-/- and SOD1:RAMP1?/? genotypes of the same

age
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quadriceps muscle neuromuscular junctions (NMJ) was

already more pronounced at P60 for SOD1:RAMP1-/-

compared with SOD1:RAMP1?/? mice. In the tongue, the

total number of NMJ (detected by aBtx staining) remained

unchanged at around 120/mm2 for both WT and

RAMP1-/- as well as SOD1:RAMP1-/- and

SOD1:RAMP1?/? at P60 and P90, before dropping to

about 80/mm2 until end stage in both SOD1:RAMP1?/?

and SOD1:RAMP1-/- mice (not shown).

However, although no changes were detected in tongue

motor performance, the proportion of innervated (aBxt- and
VAChT-positive) NMJ at P60 and P90 was significantly

higher in SOD1:RAMP1?/?, while in both genotypes, about

half of the remainingNMJwere still innervatedat end stage. In

contrast, the proportion of innervated NMJ in the M. quadri-

ceps was significantly lower at P60 (86.4 ± 4.0 % in

SOD1:RAMP1?/?vs. 61.9 ± 2.4 % inSOD1:RAMP1-/-,

p\ 0.001), similar at P90 (about 45 % each), and signifi-

cantly higher at P120 (77.3 ± 3.5 % in SOD1:RAMP1-/-

vs. 43.4 ± 3.5 % in SOD1:RAMP1?/?, p\ 0.001). How-

ever, the total number of NMJ was equally reduced to about

10/mm2 at disease end stage for both SOD1:RAMP1-/- and

SOD1:RAMP1?/? (Fig. 3c), meaning that in

SOD1:RAMP1-/-, about 8 NMJ/mm2were still innervated,

while in SOD1:RAMP1?/?, only about 4 functional NMJ/

mm2 remained at disease end stage. In contrast, at P60, the

total number of NMJ was unaltered in SOD1:RAMP1?/?

(74.9 ± 2.3/mm2) compared with WT (75.9 ± 1.6/mm2),

while already reduced in SOD1:RAMP1-/- (52.1 ± 0.7/

mm2) compared with RAMP1-/- (72.1 ± 1.6/mm2,

p\ 0.001), resulting in a total of about 65 innervated

(functional)NMJ/mm2 in SOD1:RAMP1?/? comparedwith

only 32 innervated (functional) NMJ/mm2 in

SOD1:RAMP1-/-, which may explain the differences in

hind limb motor performance in the early disease stages.

The RAMP1 deficiency dampens neuroinflammation

and lymphocyte infiltration in SOD1 mice

Shown here for the brainstem (Fig. 3d), astrogliosis was

significantly reduced in SOD1:RAMP1-/- mice when

compared with SOD1:RAMP1?/? mice at all stages

investigated (P60: 6.9 ± 0.4 % vs. 2.8 ± 0.3 %,

p\ 0.001; P90: 7.6 ± 0.7 % vs. 4.9 ± 0.5 %, p\ 0.001;

P120: 15.8 ± 0.4 % vs. 9.4 ± 0.7 %, p\ 0.001). Exem-

plified for hypothalamus (Fig. 4a–d) and red nucleus

(Fig. 4e–h), this obvious reduction in astrogliosis in

SOD1:RAMP1-/- mice was observed throughout the

brain, suggesting that the correlation we found between

CGRP abundance in WT and astrogliosis in SOD1 mice

(Fig. 1C) was based on a functional relation.

Since the different cell types involved in neuroinflam-

mation are known to influence each other via an extensive,

cytokine-mediated crosstalk, we extended or investigations

to microglia and lymphocytes: While microgliosis and

infiltration of CD3-positive lymphocytes (i.e., T cells)

started around P60 in SOD1:RAMP1?/? mice (microglia:

14.5 ± 1.1 cells/mm2 in WT vs. 24.5 ± 1.8 cells/mm2 in

SOD1:RAMP1?/?, p\ 0.05; lymphocytes: 1.3 ± 0.2

cells/mm2 in WT vs. 4.0 ± 0.3 cells/mm2 in

SOD1:RAMP1?/?; p\ 0.05), no significant increase in

Iba1- and CD3-positive cells was detected prior to disease

Fig. 4 Qualitative morphological assessment of astrogliosis in motor

and non-motor brain regions. Both in the ventral hypothalamus (a–
d) and in the red nucleus (e–h), the massive increase in GFAP-

immunoreactive area seen in SOD1 mice at disease end stage

(c ? g) when compared with age-matched WT (a ? e) and

RAMP1-/- mice (b ? f) is dampened in SOD1:RAMP1 knockout

mice (d ? h). The bar in a equals 100 lm and accounts for all

pictures
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end stage at P120 in SOD1:RAMP1-/- mice (Fig. 3d). At

P120, both microgliosis and T-cell infiltration were largely

reduced in SOD1:RAMP1-/- compared with

SOD1:RAMP1?/? (microglia: 112.7 ± 6.7 cells/mm2 in

SOD1:RAMP1?/? vs. 86.6 ± 6.0 cells/mm2 in

SOD1:RAMP1-/-, p\ 0.001; lymphocytes: 21.0 ± 1.5

cells/mm2 in SOD1:RAMP1?/? vs. 6.3 ± 0.8 cells/mm2

in SOD1:RAMP1-/-; p\ 0.05).

The RAMP1 deficiency alters the expression

of neurotrophic factors and key inflammatory

chemokines in SOD1 mice

To assess if the observed reductions in the morphological

activation states of glia were accompanied by gene

expression changes of neurotrophic factors and inflamma-

tory chemokines that may depend on CGRP signaling, we

investigated brain stem tissue from 3 to 5 SOD1:RAMP1?/

? and SOD1:RAMP1-/- mice each at P60, P90, and

P120, and 3 WT and RAMP-/- mice each at P60 as

controls by semi-quantitative RT-PCR.

Regarding neurotrophic factors (Fig. 5a), expression of

glial cell line-derived neurotrophic factor (GDNF) was

found unchanged in end-stage SOD1 mice of both geno-

types when compared with WT. Expression of vascular

endothelial growth factor (VEGF) was reduced to

52 ± 22 % in end-stage SOD1:RAMP1?/? mice when

compared with WT (0.53 ± 0.08 fold vs. 1.01 ± 0.1 fold,

p\ 0.05), while no decrease was detected in

SOD1:RAMP1-/- when compared with RAMP1-/-

(0.77 ± 0.14 fold vs. 0.99 ± 0.03 fold, p = n.s.). Finally,

brain-derived neurotrophic factor (BDNF) was found ele-

vated in SOD1:RAMP1-/- mice compared with

SOD1:RAMP1?/? (2.02 ± 0.42 fold vs. 0.81 ± 0.15

fold, respectively, p\ 0.01) at disease end stage. The

expression level of insulin like growth factor 1 (IGF-1) was

similar in SOD1:RAMP1?/? and SOD1:RAMP1-/-

animals in all stages investigated (data not shown).

CD68 (macrosialin), a microglia marker, was found

reduced in end-stage SOD1:RAMP1-/- mice compared

with SOD1:RAMP1?/? mice (15.51 ± 2.91 fold vs.

22.71 ± 0.27 fold, p\ 0.01) (Fig. 5b). No expression

changes were found for the specific marker genes for

alternatively activated, anti-inflammatory (M2) microglia,

arginase 1 and Ym1, or for the specific marker for classi-

cally activated, pro-inflammatory (M1) microglia,

inducible nitric oxide synthase (data not shown).

With respect to pro- and anti-inflammatory cytokines,

the expression levels of transforming growth factor beta

(TGFb), tumor necrosis factor alpha (TNFa), and inter-

leukin 1 beta (IL-1b) were all found reduced in

SOD1:RAMP1-/- compared with SOD1:RAMP1?/? at

disease end stage (TGFb: 3.5 ± 0.26 fold vs. 2.34 ± 0.56

fold, p\ 0.001; TNFa: 12.1 ± 4.25 fold vs. 25.8 ± 8.8

fold, p\ 0.001; IL-1b: 11.83 ± 3.7 fold vs. 17.1 ± 25.6

fold, p\ 0.05; Fig. 5c). In contrast, expression of inter-

leukin 6 (IL-6) was enhanced in SOD1:RAMP1-/- end-

stage mice only (5.6 ± 1.9 fold compared with WT:

p\ 0.05) while unaltered in SOD1:RAMP1?/?

(1.79 ± 1.9 fold; compared with WT, p\ 0.05).

Since we found lymphocyte infiltration largely reduced

in SOD1:RAMP1-/- mice, we also analyzed the yet

unknown expression profiles of several T-cell attracting

C-X-C and C-C motive chemokine ligands (CXCL and

CCL, respectively) [44–46] in SOD1 mice at pre- as well as

early and late symptomatic disease stages (Fig. 5d). While

no changes in expression could be detected at the pre-

symptomatic phase at P60 for CXCL10, CCL2 (monocyte

chemoattractant protein 1; MCP-1), CCL3 (macrophage

inflammatory protein 1a; MIP-1a), CCL5 (regulated on

activation, normal T cell expressed and secreted;

RANTES), and CCL8 (MCP-2, not shown), their expres-

sion was similarly elevated about 3–30-fold in end-stage

mice (p\ 0.01 for CXCL10 and CCL8; p\ 0.001 for

CCL2, CCL3, and CCL5). However, no differences in

chemokine expression levels were detected between

SOD1:RAMP1?/? and SOD1:RAMP1-/- mice at any

time point investigated.

Discussion

Involvement of CGRP in muscle denervation

during ALS pathology

CGRP is synthesized by many, but not all motor neurons

[34, 47, 48], and accumulates in the pre-synaptic NMJ

[49, 50], where it is co-released with acetylcholine (ACh)

in an action potential-dependent manner [51–53]. Subse-

quently, CGRP upregulates the ACh receptor [54–57] and

the associated collagen ColQ [58] in the post-synaptic

NMJ, and, therefore, has been implicated in the develop-

mental formation of the NMJ [57, 59, 60]. While it has

already been shown that aCGRP-deficient mice do not

exhibit any disturbances in neuromuscular development

[61] and motor performance [33], we now show for the first

time that neither mice deficient in bCGRP (Fig. 2C) nor

RAMP1 (Fig. 3a), with CGRP signaling fully eliminated in

the latter, exert any deficits in hind limb grip endurance,

fore limb grip strength (data not shown), and licking fre-

quency. Thus, CGRP signaling is not essential for the

development and the maintenance of the neuromuscular

end plate and motor function under physiological

conditions.

Our finding that muscle denervation in

SOD1:RAMP1-/- mice precedes muscle denervation in
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SOD1:RAMP1?/? mice without any differences in motor

neuron degeneration (Fig. 3c) implies a CGRP-dependent

mechanism that allows the harmed motor neurons to

maintain the NMJ until severe damage occurs (Fig. 6). A

likely option is trophic support mediated via GDNF, the

most potent neurotrophic factor for motor neurons [62–66].

A recent study showed that CGRP enhances GDNF

secretion by myotubes in vitro [67], while GDNF delivery

increased the number of CGRP-immunoreactive motor

neurons in vivo [68, 69]. These findings suggest a recip-

rocal interaction between motor neuron-derived CGRP and

muscle-derived GDNF that are essential for the mainte-

nance of the NMJ in the early stages of motor neuron

degeneration (Fig. 6). Accordingly, we hypothesize that

the interruption of these interactions by RAMP1 depletion

is accountable for the accelerated denervation and associ-

ated earlier symptom onset in SOD1:RAMP1-/- mice.

Notably, a decrease in expression of muscle-derived GDNF

Fig. 5 Gene expression analysis in SOD1 brain stem tissue across

disease stages. Real-time semi-quantitative RT-PCR was performed

for 3–5 mice per genotype each at age P60, P90, and P120. Shown are

the relative expression levels normalized to the geomean of Actb and

Ywhaz (expression level %HC), and relative to WT (fold expression

change). Group means were plotted ± SEM. *p\ 0.05, **p\ 0.01,

***p\ 0.001 (within the same age), #p\ 0.05 and ###p\ 0.001

(compared with WT)
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at early disease stages most likely is functionally inde-

pendent of the increase of GDNF expression that we found

in the brain stem of SOD1:RAMP1-/- mice at later dis-

ease stages (see below).

Involvement of CGRP in neuroinflammation

during ALS pathogenesis

A common characteristic that ALS shares with other neu-

rodegenerative diseases is the occurrence of

neuroinflammation, i.e., the activation of astrocytes and

microglia [70, 71]. Both cell types express the CGRP-

specific receptor complex [32, 72–75], and CGRP signaling

on astrocytes and microglia in culture leads to the induction

of c-fos followed by an upregulation of the activation

marker GFAP and OX-42, respectively [30, 31, 76]. This is

in line with our findings that in SOD1 mice, the degree of

astrogliosis in affected brain regions was positively corre-

lated with the abundance of CGRP in this region

throughout the investigated disease stages (Fig. 1B), and

that astrocyte and microglia activations on the morpho-

logical levels were largely reduced in SOD1:RAMP1-/-

mice in most stages investigated (Fig. 3d).

Remarkably, neuroinflammation in ALS proceeds in two

phases [15, 77–80]: In the early, pre-symptomatic disease

stage, signals from damaged neurons induce

Fig. 6 Pathophysiological relevance of CGRP signaling in ALS. 1

While mutant SOD1 triggers motor neuron degeneration, a reciprocal

interaction between motor neuron-derived CGRP and muscle-derived

GDNF may be important for the maintenance of the NMJ in the early

stages of motor neuron degeneration. An interruption of this

interaction by a RAMP1 depletion accounts for the accelerated

muscle denervation and the earlier symptom onset in

SOD1:RAMP1-/- mice. 2 From early symptomatic stages onward,

the degree of astrogliosis correlates with the abundance of CGRP, and

an anti-inflammatory microglia activation state (M2) may be

supported by CGRP (early neuroinflammation). During late-disease

stages, continuous CGRP signaling leads to an enhancement of

neurotoxic (TGFb, TNFa, IL-1b) gene expression and dampened

neurotrophic (BDNF) and anti-inflammatory (Il-6) gene expression in

astrocytes and microglia (late neuroinflammation). Both glia reactions

are reduced on the morphological level in SOD1:RAMP1-/- mice,

with accompanying elevations or reductions in gene expression levels

of neurotrophic, anti- and pro-inflammatory factors, respectively. 3

CGRP signaling onto lymphocytes is chemoattractant and promotes

their infiltration into the brain parenchyma, both in early and in late-

disease stages. A lymphocyte subtype change from Th2/Treg to Th1/

Th17/CD8? occurs during disease progression, analog to the switch

of the anti-inflammatory microglia phenotype (M2) to a pro-

inflammatory one (M1). The reduced recruitment of lymphocytes at

late-disease stages in SOD1:RAMP1-/- mice, thus may prevent a

disease-promoting interaction with neurotoxic microglia

Disruption of calcitonin gene-related peptide signaling accelerates muscle denervation and… 353

123



neuroprotective glia activation that is characterized by

alternatively activated microglia (M2) secreting anti-in-

flammatory cytokines and neurotrophic factors that aid

recovery. In contrast, when the neuroinflammation

becomes chronic, the milieu switches to a neurodestruc-

tive phenotype characterized by classically activated

microglia (M1) secreting pro-inflammatory cytokines and

reactive oxygen species (ROS) that harm neighboring

astrocytes and neurons. These mechanisms are thought to

be the main drivers of the progression of motor neuron

degeneration and, consequently, symptom development

[81–83], and may lead to a progressive instability of the

dynamic balance between pro- and anti-inflammatory

chemokines [84]. Thus, our findings imply that CGRP

induces and/or promotes cytotoxic neuroinflammation

(Fig. 6).

This view is supported by our finding that the expression

levels of two key pro-inflammatory chemokines, IL-1b and

TNFa—the latter also known to exert direct toxic effects

on motor neurons in vitro and in ALS mice [85–88]—were

reduced in SOD1:RAMP1-/- end-stage animals (Fig. 5c).

On the other hand, TGFb, an anti-inflammatory cytokine

that is considered to induce neuroprotective components of

neuroinflammation in ALS [89], was reduced in

SOD1:RAMP1-/- mice, while IL-6, that is suggested as

pro-inflammatory cytokine in ALS-related neuroinflam-

mation [83, 90, 91], was elevated. However, a recent study

showed that overexpression of TGFb accelerated disease

progression, while treatment with a TGFb antagonist

extended the lifespan in SOD1 mice [92]. This is in line

with our finding of reduced TGFb expression and decel-

erated disease progression in SOD1:RAMP1-/- mice.

Likewise, IL-6 is a multifunctional chemokine [90] that

improves neuronal survival following axotomy, oxidative

stress, and excitotoxicity, and may, therefore, positively

modulate central pathomechanisms in ALS in vivo and

in vitro [93, 94], especially in the presence of BDNF [95]

which we found elevated on the mRNA level in

SOD1:RAMP1-/- compared with SOD1:RAMP1?/?

mice at end stage. Similarly, GDNF and VEGF mRNA

expression levels were slightly higher in

SOD1:RAMP1-/- compared with SOD1:RAMP1?/?

mice at P90 and at disease end stage, respectively, indi-

cating that at later disease stages, the central neurotrophic

support delivered by glia cells was generally stronger in

SOD1:RAMP1-/- mice.

Taken together and in light of the decelerated disease

progression found in SOD1:RAMP1-/- mice, we con-

sider the reduction in glial activation and the changes of the

cytokine expression patterns in the late-stage

SOD1:RAMP1-/- mice as beneficial, and hypothesize, in

turn, that CGRP promotes the neurotoxic features of the

neuroinflammation at the late disease stages (Fig. 6).

Involvement of CGRP in T-cell recruitment

during ALS pathogenesis

Besides the activation of astro- and microglia, the infil-

tration of T-lymphocytes is another hallmark of ALS-

related neuroinflammation [15, 77–80]. In the early disease

stages, regulatory T cells (Treg) and T helper type 2 cells

(Th2) exert anti-inflammatory effects that delay symptom

onset [15, 96], whereas in later disease stages, Th1 and

Th17 cells as well as cytotoxic T cells (CD8 ?) contribute

to the cytotoxic inflammatory milieu and motor neuron

degeneration. All T-cell subsets express the CGRP-specific

receptor complex [72, 97], and CGRP functions as a potent

chemoattractant for lymphocytes [98–100]. This might

explain why we found lymphocyte infiltration largely

reduced in SOD1:RAMP1-/- mice (Fig. 3d), even though

the expression of none of the key chemokines was altered

compared with SOD1:RAMP1?/? mice (Fig. 5d). In line

with their contribution to the inflammatory milieu, the

reduction of anti-inflammatory and regulatory T-cell sub-

types in the early disease stages might contribute to the

accelerated symptom onset. On the other hand, the reduc-

tion in pro-inflammatory and cytotoxic T-cell subsets in the

late disease stages might contribute to the decelerated

disease progression in SOD1:RAMP1-/- mice (Fig. 6).

Considering that RAMP1-/- mice are resistant to the

induction of experimental autoimmune encephalomyelitis

due to the absence of T-cell infiltration [101], we conclude

that CGRP is an essential factor for the recruitment of T

cells to the CNS in ALS.

In addition, IL-6 aids to maintain the integrity of the

blood–brain barrier by antagonizing TNFa- and IL-1b-
mediated regulation of integrin expression in astrocytes

[102–104]. Consequently, our results that TNFa and IL-1b
expression levels are reduced while IL-6 is elevated sug-

gest that the blood–brain barrier might be largely unharmed

in the late-stage SOD1:RAMP1-/- mice which might

impede T-cell infiltration as well.

Involvement of additional RAMP1-mediated

pathways

It has been shown in vitro that RAMP1 can also bind to the

calcium-sensing receptor (CaSR) [105, 106] and the

vasoactive intestinal peptide/pituitary adenylate cyclase-

activating peptide 1 receptor (VPAC1) [107] and facilitate

their shuttling to the cell surface. CaSR seems to be an

essential protein for the organism, because CaSR knockout

mice die prematurely due to metabolic problems [108]. If

the RAMP1 proteins were essentially required for traf-

ficking of the CaSR to the cell surface, a RAMP1

deficiency should prevent this trafficking and ultimately

result in the same lethal phenotype, which is not the case
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([36], this study). Similarly, the association of RAMP1

with VPAC1 found in vitro [107, 109] is not an obligatory

relationship [105] and a validation in vivo still needs to be

shown. Thus, we conclude that the RAMP1 deficiency

should not interfere with the function of the aforemen-

tioned receptors and that the RAMP1 phenotype we

observe in our study using the mutant SOD1 mouse

resulted from a CGRP signaling deficit only.

Conclusion

CGRP signaling through the RAMP1/CLR/RCP receptor

complex may serve a dual role in ALS pathogenesis.

Pharmacological or immunological targeting of panCGRP,

or of the CGRP receptor complex in future experiments

should be pursued, as long as treatment direction (agonism

vs. antagonism) and disease stage (early vs. late) are

properly controlled for.
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