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Tumor necrosis factor � (TNF-�) is a potent cytokine in neurodegenerative disorders, but its precise role in particular brain disorders is
ambiguous. In motor neuron (MN) disease of the mouse, exemplified by the model wobbler (WR), TNF-� causes upregulation of the
metalloprotease-disintegrin ADAM8 (A8) in affected brain regions, spinal cord, and brainstem. The functional role of A8 during MN
degeneration in the wobbler CNS was investigated by crossing WR with A8-deficient mice: a severely aggravated neuropathology was
observed for A8-deficient WR compared with WR A8 �/� mice, judged by drastically reduced survival [7 vs 81% survival at postnatal day
50 (P50)], accelerated force loss in the forelimbs, and terminal akinesis. In vitro protease assays using soluble A8 indicated specific
cleavage of a TNF-� receptor 1 (p55 TNF-R1) but not a TNF-R2 peptide. Cleavage of TNF-R1 was confirmed in situ, because levels of
soluble TNF-R1 were increased in spinal cords of standard WR compared with wild-type mice but not in A8-deficient WR mice. In isolated
primary neurons and microglia, TNF-�-induced TNF-R1 shedding was dependent on the A8 gene dosage. Furthermore, exogenous
TNF-� showed higher toxicity for cultured neurons from A8-deficient than for those from wild-type mice, demonstrating that TNF-R1
shedding by A8 is neuroprotective. Our results indicate an essential role for ADAM8 in modulating TNF-� signaling in CNS diseases: a
feedback loop integrating TNF-�, ADAM8, and TNF-R1 shedding as a plausible mechanism for TNF-� mediated neuroprotection in situ
and a rationale for therapeutic intervention.

Introduction
Tumor necrosis factor � (TNF-�) is a potent cytokine with ben-
eficial as well as proinflammatory and neurotoxic effects in the
CNS (for review, see Sriram and O’Callaghan, 2007). Its pleiotro-
pic activities are mediated by two cell surface receptors, p55
(TNF-R1) and p75 (TNF-R2). These receptors feed into diverse
signaling pathways according to differences in their intracellular
domains. A death domain in TNF-R1 not present in TNF-R2
leads to apoptotic cell death. However, alternative pathways of
TNF-R1 signaling involve activation of MAP kinase (Chen and

Goeddel, 2002), ERK kinases (ERK1/2) (Subramaniam and Un-
sicker, 2010), or signal transducers and activators of transcription
(STATs, i.e., STAT3) (Dziennis and Alkayed, 2008) serving neu-
roprotective functions.

TNF receptors are synthesized as membrane-bound proteins,
and their release from the cell surface is mediated by proteolysis,
a process known as ectodomain shedding (Peschon et al., 1998).
Proteolytic release of TNF-R1 has been described to serve a se-
questering function in binding excess TNF-� in the extracellular
compartment thereby desensitizing a cell to TNF-� action. Solu-
ble forms of TNF receptors (sTNF-Rs) are constitutively released
from cell membranes. After TNF-� stimulation, as observed un-
der disease conditions, TNF receptor release is increased. In cell
culture systems, soluble TNF receptors are produced in response
to numerous stimuli, such as TNF-�, bacterial lipopolysaccha-
rides (LPS), phorbol esters (tetradecanoylphorbol acetate), and
IL-10, or after T-cell and neutrophil activation (Leeuwenberg et
al., 1994; Pedron et al., 2003). An aminopeptidase, ARTS-1 (Cui
et al., 2002, 2003) and ADAM17/TACE (Black et al., 1997; Moss
et al., 1997), a member of the family of ADAM proteins, have so
far been identified as proteases responsible for ectodomain shed-
ding of TNF receptors. TACE can cleave pro-TNF-� as well as
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TNF-R2 and, to a lesser extent, TNF-R1 from the cell surface
(Peschon et al., 1998; Reddy et al., 2000), which could account for
the level of constitutive shedding in cells expressing TNF-R1. It is
generally accepted that neurodegeneration in the CNS causes an
inflammatory phenotype, i.e., by activation of innate immunity
effectors such as proinflammatory cytokines TNF-� and IL-1 (cf.
Gosselin and Rivest, 2007). Analysis of motor neuron degeneration
in the mouse mutant wobbler (WR) showed that proinflammatory
signaling is essential for neuron–glia signaling (Schlomann et al.,
2000). The wobbler gene (wr) is a missense allele of the gene encod-
ing VPS54, a protein involved in retrograde transport (Schmitt-John
et al., 2005), and causes a progressive motor neuron degeneration in
the cervical spinal cord, leading to forelimb atrophy, similar to dis-
ease symptoms observed in human limb gurdle atrophy and amyo-
trophic lateral sclerosis.

In wobbler mice, TNF-� causes a strong upregulation of
ADAM8 in neurons, astrocytes, and microglia in brain regions
affected by neurodegeneration, brainstem, and spinal cord
(Schlomann et al., 2000). We hypothesized that ADAM8, a pro-
tease involved in inflammatory responses (Schlomann et al.,
2002; Koller et al., 2009), as a TNF-� target gene might affect
disease progression in the wobbler mouse. Therefore, we investi-
gated the role of ADAM8 in WR mice by generating WR/
ADAM8-deficient mice and analyzed disease progression.

Materials and Methods
Reagents
Recombinant TNF-� was obtained from Peprotech with a specific activ-
ity of 10 U/ng. LPS from Escherichia coli was purchased from Sigma,
dissolved in PBS, and used at concentrations indicated.

Mouse breeding and maintenance
Adam8-deficient (Kelly et al., 2005) and wr/� mice (Kaupmann et al.,
1992; Rathke-Hartlieb et al., 1999) were kept on a C57BL/6 background
for at least 10 generations before starting the crossing experiments. In our
studies, we used a large number of mice by crossing wr/� with homozy-
gous A8-deficient (Adam8�/�) mice. The resulting F1 was crossed to
obtain the required genotypes. Littermates were taken as controls. Both
genders of mice were used for experiments, and no gender differences
were observed in the neurological disease phenotype. All animal experi-
ments were performed in accordance with the German law on the pro-
tection of Animals (“Tierschutzgesetz”) and with permission by the
Local Authorities (Regierungspräsidium Detmold).

PCR diagnosis of the wr allele
The wr allele was diagnosed by a duplex PCR based on the molecular iden-
tification of the wr mutation (Schmitt-John et al., 2005). For the wild-type
(WT) allele, the primers Vps54–WT forward (5� cgt tct ctg ttg aag cca ca 3�)
and Vps54–WT reverse (5� ccc aga tct cgg cca tat tta 3�) were used. For the
wobbler mutation, the primers Vps54–wr forward (5� agg cct taa aga tct gga
tca 3�) and Vps54–wr reverse 255 (5� tgc tcc tta ctc agg gat gc 3�) were used.
All four primers were mixed with the template DNA, and PCR was per-
formed at 65°C annealing temperature. The PCR products have a size of 413
bp for the wild-type allele and 255 bp for the wr allele of Vps54.

Scoring muscular atrophy
Force measurements were performed on a grid connected to a force
meter (Mitsumoto et al., 1994) detecting forces within a range of 0 to
200 cN. Mice were placed on the grid, and, after they have grasped the
grid using both paws, a force from the tail was applied to pull the mice
from the grid. The force required to pull the mice from the grid was
recorded, and the mean value from at least five attempts was taken as
one data point.

Morphological analyses
Mice were deeply anesthetized and transcardially perfused with fixative,
as described previously (Laage et al., 1988) for preparation of paraffin
serial sections of spinal cords. For motor neuron counts, cryosections (10

�m) and paraffin sections from spinal cords were serially cut (5 �m), and
every 10th section was processed by counting motor neuron numbers in
the ventrolateral motor neuron pool. In this area, motor neurons can be
distinguished from interneurons. The raw counts were corrected for
double counting of split nuclei as described previously (Rathke-Hartlieb
et al., 1999). For each experimental group, four mice were analyzed and
10 sections were evaluated for numbers (n) of healthy motor neurons in
the anterior horn on each side of one section. Differences between groups
were evaluated with Student’s t test (significance level p � 0.05, un-
paired), using Microsoft Excel.

Immunohistochemistry
For immunofluorescence, cryosections (10 �m) of CNS tissues were
fixed for 5 min in 3% formaldehyde at room temperature or with meth-
anol at �20°C for 6 min. For detection of reactive gliosis, we used a
monoclonal cyanine 3 (Cy3)-conjugated anti-glial fibrillary acidic pro-
tein (GFAP) (1:800; Sigma), and for microglia detection, a rat anti-CD45
(BD Biosciences) was used in conjunction with a secondary goat anti-rat
IgG (1:200; Dianova) conjugated with Cy3. For combined anti-CD45
and Nissl stains, a goat anti-rat HRP antibody with diaminobenzidine
(DAB) as a substrate was used. To detect TNF-R1 and ADAM8, the
polyclonal antibodies a-TNF-R1nt (1:50, sc-1069; Santa Cruz Biotech-
nology) and a-ADAM8 cytoplasmic domain antibody (1:50) (Schlo-
mann et al., 2000) were used as primary antibodies. Secondary antibodies
were rabbit anti-goat Alexa488 (1:250; Dianova) and goat anti-rabbit
Cy3 (1:300; Sigma).
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Figure 1. Absence of ADAM8 aggravates the wobbler (WR) disease. A, Kaplan–Meier sur-
vival curves of wr/� Adam8�/� (black line; n � 45), wr/� Adam8�/� (dashed black line;
n � 34), wr/wr Adam8�/� (gray line; n � 32), and wr/wr Adam8�/� (dashed gray line; n �
38) mice for 54 d after birth. Significance was calculated by pairwise log rank tests for survival
with p � 0.07. B, Grip strengths of forelimbs of wr/� Adam8�/� (squares), wr/�
Adam8�/� (circles), wr/wr Adam8�/� (rhombs), and wr/wr Adam8�/� (triangles) mice. For
all genotypes, n � 15. Mean � SD values. Note the total loss of force within 24 d after birth in
wr/wr Adam8�/� individuals, leading to complete akinesis and premature death. p.n.,
Postnatal.
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Quantitative reverse transcription-PCR
Total RNA from cultured cells was prepared with
Trizol reagent (Invitrogen) according to the in-
structions of the manufacturer. RNA samples
were stored at �80°C pending reverse transcrip-
tion (RT)-PCR. Three micrograms of total RNA
were transcribed using the Bioline RT kit in a vol-
ume of 20 �l. Subsequently, 1 �l of RT product
was used for PCR in a 20 �l reaction volume.
The following primers were used: ADAM8 for-
ward, 5�-ctccagatcccatcatgctt-3�; ADAM8 re-
verse, 5�-ggtccaggggctactgct-3� (amplicon 70
nt); ADAM10 forward, 5�-gggaagaaatgcaagct-
gaa-3�; ADAM10 reverse, 5�-ctgtacagcag-
ggtccttgac-3� (amplicon 64 nt); ADAM17
forward, 5�-ctttggtgcctttcgtcct-3�; ADAM17 re-
verse 5�-gagcaaagaatcaagcttctcaa-3� (amplicon 89
nt). For referencing, the amplicons for Ubiquitin
C (UBC) and ribosomal protein L7 (RPL7) were
used: UBC forward, 5�-gtctgctgtgtgaggactgc-3�;
UBC reverse, 5�-gtcttgcctgtcagggtctt-3� (ampli-
con 76 nt); RPL7 forward, 5�-tggaaccatggaggctgt-
3�; RPL7 reverse, 5�-cacagcgggaacctttttc-3�
(amplicon 115 nt). The resulting PCR products
were initially separated on a 4% agarose gel and
subjected to sequencing to verify identities of the
PCR products. Real-time PCR was performed in
a 20 �l reaction volume with QuantiTect SYBR
Green PCR kit (Qiagen); between 2 �l of undi-
luted and 1 �l of a 1:10 dilution of the RT product
was used as template. Samples were run on a
LightCycler (Roche). Each sample was analyzed
in duplicate in three independent experiments.
Differences in ADAM mRNA concentrations
were assessed relative to controls, and signif-
icance was analyzed by Student’s t test. Dif-
ferences with p � 0.01 were considered
significant.

Cell culture
Microglial cells were obtained from neonatal
mice (P0 –P4). The brain hemispheres were
dissected and subsequently homogenized by
mincing them with scissors, incubating in pa-
pain solution and shearing them through a
Pasteur pipette and a syringe with a 21 gauge
needle. The cells were spun down, resuspended
in DMEM, 10% fetal calf serum (FCS), and 1%
glutamine, and seeded on a poly-D-lysine-
coated 75 cm 2 tissue culture flask (cells from
three brains per flask). The medium was re-
moved after 48 h, 96 h, and 1 week, clarified,
and stored at �20°C for the microglia cultures.
After 12 d, the cells were resuspended by trypsination and subsequently
incubated for 20 min on two and 90 min on one bacterial grade plates.
Cells attached to the bacterial plates were cultivated in a one-to-one
mixture of culture medium and the stored medium. After 12 d, the
conditioned medium was replaced by normal cell culture medium to obtain
resting microglia that were used for additional experiments. Purity of micro-
glial cultures was assessed by mouse anti-CD11b (clone OX42; 1:1000;
MCA275EL; Serotec) and was shown to be �95%. Primary astrocytes and
cerebellar neurons were generated as described previously (Schlomann et al.,
2000; Naus et al., 2004). Purity of primary cultures was determined by
parallel stainings with monoclonal GFAP–Cy3 (Sigma) and neuronal-
specific nuclear protein (MAB377; Millipore Bioscience Research Re-
agents), respectively. Purities of �90% were obtained and further
processed. TNF-� or LPS stimulation was performed 2 d after seeding
in serum-reduced medium (1% FCS). Cell death rates were deter-
mined 5 d after seeding by cell counts and MTT assays.

ELISAs. Cell culture supernatants were removed, clarified by cen-
trifugation, and directly used for ELISAs. Tissue was extracted by
homogenizing in 10 �l/mg tissue in ice-cold PBS containing a pro-
tease inhibitor cocktail (EDTA-free; Roche). The homogenate was
spun down for 10 min at 4°C, and the supernatant was directly used
for ELISAs. ELISA for soluble TNF receptors (TNF-R1 and TNF-R2)
were used according to the manual of the supplier (R & D Systems).
All ELISA measurements were done in triplets from five mice with
identical genotypes (n � 15). Data are expressed as mean � SD.
Values were compared using an unpaired Student’s t test, and p values
�0.05 were considered significant.

Peptide assays. Peptides were obtained from CPC Scientific and as-
sayed as described previously (Naus et al., 2006). Briefly, peptides were
incubated with either recombinant human (R & D Systems) or mouse
ADAM8 ectodomain (Naus et al., 2006) for 16 h at 37°C in a buffer
containing 10 mM Tris-HCl, pH 7.5, 10 mM calciumchloride, 1 �M zinc

Figure 2. WR histopathology of spinal cord is aggravated by ADAM8 deficiency. A–C, Morphology of spinal cord neurons in the
anterior horn of mice with wr/� Adam8�/� (A), wr/wr Adam8�/� (B), and wr/wr Adam8�/� (C) genotypes, respectively.
Spinal cord sections were stained with cresyl violet and immunohistochemistry/DAB staining (brown) for microglia (CD45). The
ventrolateral part of the spinal cord is shown (white matter to the left in A and to the right in B and C). Motor neurons in A show
normal morphology (black arrows). Motor neurons in wr/wr Adam8�/� mice (B) display early stages of degeneration, character-
ized by chromatolysis and fading, characteristic features of neurodegeneration in WR mice (asterisks). In addition, compared with
A, increased staining of small CD45-positive microglia is detectable surrounding degenerating motor neurons (white arrows in B).
In C, increased numbers of degenerated neurons in the spinal cord of wr/wr A8�/� compared with wr/wr Adam8�/� mice (black
arrows, unaffected neuron) and degenerating neurons of different stages (* and ** reflect different stages of degeneration,
respectively). D, E, More detailed views of degenerating motor neurons in wr/wr Adam8�/� and wr/wr A8�/� WR mice with
additional vacuolized motor neurons (E). There were no signs of morphological differences between degeneration observed in
wr/wr Adam8�/� and wr/wr A8�/� spinal cords. In F–H, immunohistochemistry for GFAP (reactive gliosis) and CD45 immuno-
staining for microglia activation (I–M ) for genotypes wr/� Adam8�/� (I ), wr/wr Adam8�/� (J, L ), and wr/wr Adam8�/�

(K, M ) genotypes. L, M, Enlarged view of microglia indicated by arrowheads in J and K, respectively. Note the chain-like appear-
ance of microglia in wr/wr A8�/� mice, resulting from lesser ramification. Scale bars: (in A) A–C, 50 �m; (in D) D, E, 10 �m; (in
F ) F–K, 50 �m; (in L) L, M, 10 �m.
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chloride, and 0.015% Brij-35. Peptide fragments were purified by HPLC,
and sequence determination was performed by mass spectrometry as
described previously (Naus et al., 2006).

Microphotography and image analysis
Fluorescence images were documented using either a Nikon Coolpix
camera attached to Leitz Fluorescence microscope or by confocal laser
scanning microscopy (TCS SP2; Leica). Digital images with identical
sampling fields were transferred to an NIH ImageJ program equipped
with a plug-in to quantify the pixel values and numbers above a given
threshold value. For each histological sample, sections were obtained
from four mice, and 10 serial sections per mouse were quantified (n � 4).

Data were averaged for each of the mice and presented as mean values �
SEM (n � 4). For statistical significance, data were compared using an
unpaired Student’s t test with p � 0.05 considered significant.

Results
Absence of ADAM8 aggravates the wobbler pathology
To assess the contribution of ADAM8 in neurodegeneration, WR
mice deficient in ADAM8 were generated. The effect of ADAM8
on the progression of the WR motor neuron disease was exam-
ined in four cohorts of wr/� Adam8�/� (“wild type”), wr/�
Adam8�/� (“ADAM8 deficient”), wr/wr Adam8�/� (“standard
wobbler WR”), and wr/wr Adam8�/� (“ADAM8-deficient WR”)
mice. The survival times of these cohorts (n � 32) of mice within
50 d after birth were determined for each genotype (Fig. 1A). The
survival of ADAM8-deficient WR individuals (wr/wr Adam8�/�)
was down to 0% after 55 d compared with wild-type/ADAM-
deficient mice (88% survival after 55 d, respectively) and stan-
dard WR mice (wr/wr Adam8�/�) with 69% survival after 55 d.
Control wr/� Adam8�/� and wr/� Adam8�/� mice did not dif-
fer in survival rates, demonstrating that Adam8 deficiency in het-
erozygous wr/� mice has no effect on survival within 50 d and
thereafter, which is consistent with a normal life expectancy of
ADAM8-deficient mice (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). To monitor the disease
onset and progression in these four cohorts of mice, force mea-

Figure 3. Quantitative evaluation of histopathological data. A, Motor neuron numbers in
ventrolateral pool of anterior horns, judged by Nissl staining; B, GFAP immunoreactivity, given
as pixel values per spinal cord section; C, quantification of CD45 immunoreactivity. In each bar
graph, quantification of image data were performed for wr/� Adam8�/� (black bars), wr/wr
Adam8�/� (gray bars), and wr/wr Adam8�/� (white bars). Pixel values from individual im-
ages were acquired using NIH ImageJ analysis software. *p � 0.05, ***p � 0.001.

Figure 4. ADAM mRNA levels in WR mice and in primary CNS cells. Levels of ADAM8,
ADAM10, and ADAM17 mRNA in cortex, cerebellum, and spinal cords of WT and WR mice are
elevated by neurodegeneration (wobbler CNS), LPS, and TNF-� in neurons, astrocytes, and
microglia. A, Quantitative RT-PCR analysis of Adam genes encoding ADAM8, ADAM10, and
ADAM17 in the CNS of WT and WR cortex, cerebellum, and spinal cord. B, Quantitative RT-PCR
analysis for Adam8 in primary neurons (cerebellar granular cells), spinal cord astrocytes, and
cortical microglia cells from mouse CNS in the presence of recombinant mouse TNF-� (100
ng/ml) or LPS (250 ng/ml). Light cycler data were normalized to reference mRNAs (Ubiquitin C
and ribosomal protein L7) and given relative to WT. Mean � SD values were derived by three
independent runs performed in triplets for each sample (n � 9). *p � 0.05, **p � 0.01,
***p � 0.001.
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surements of forelimb muscles were performed between days 10
and 40 after birth (Fig. 1B). Wild-type (wr/� Adam8�/�) and
ADAM8-deficient (wr/� Adam8�/�) mice gained significant
force during postnatal development ranging from initial 15 to 80
cN, and they were indistinguishable from wild-type C57BL/6
mice. In contrast, wobbler mice, because of their progressive
forelimb atrophy, were not able to gain force after disease onset at
approximately day 18 after birth (cf. Mitsumoto et al., 1994).
After disease onset, the forelimb force in wobbler mice (wr/wr
Adam8�/�) reached a constant value (�20 cN) and dropped on
day 22 after birth. ADAM8-deficient Wobbler mice (wr/wr
Adam8�/�) showed a more dramatic decline in the forelimb
force at P18 and complete loss of force at approximately day 24
after birth. Concomitant with the observed muscle atrophy, 80%
of the ADAM8-deficient wobbler mice (wr/wr Adam8�/�) were
akinetic from P30 onward. These data suggest an essential role for
ADAM8 in the wobbler pathology. With respect to survival times
and force development, the control mice with the genotypes
wr/� Adam8�/� and wr/� Adam8�/� were indistinguishable.
Thus, only the genotype wr/� Adam8�/� was used as control
genotype for additional analyses.

ADAM8 deficiency in wobbler mice leads to changes in
neuron numbers, reactive gliosis, and microglia activation
The aggravated disease phenotype of A8-deficient WR mice was
assessed at the histological level. Monitoring for neurodegenera-
tion, reactive gliosis, and microglia activation in mice was per-
formed with genotypes wr/�Adam8�/�, wr/wr Adam8�/�, and
wr/wr Adam8�/�, using cresyl violet (Nissl) staining, and GFAP
and tyrosine phosphatase (CD45) immunostaining, respectively
(Fig. 2). Morphological analyses of ventrolateral motor neurons
pools in spinal cords revealed all stages of motor neuron degen-
eration (Fig. 2B–E), including chromatolytic neurons (Fig. 2C),
vacuolized cell bodies (Fig. 2E), and faded neurons (Fig. 2C,D).
Motor neuron counts revealed that standard wobbler individuals
(wr/wr Adam8�/�) had decreased numbers of motor neurons
(17 � 4 per section, p � 0.001, n � 4) compared with ADAM8-
deficient non-WR individuals (wr/� Adam8�/�; 22 � 2, p �
0.001, n � 4). In accordance with the aggravated disease phe-
notype of ADAM8-deficient WR mice (wr/wr Adam8�/�), we
observed an additional reduction of motor neuron counts in
spinal cords of wr/wr Adam8�/� mice (8 � 3 per section, p �
0.001, n � 4) compared with wr/wr Adam8�/� individuals (Fig.
3A). There were no apoptosis in spinal cords of WR mice defi-
cient in ADAM8, suggesting that the mode of cell death is not
affected by ADAM8 deficiency.

Aggravated neurodegeneration in double mutants was ac-
companied by only an additional moderate increase in GFAP-
positive astrocytes, suggesting that reactive gliosis in standard
wobbler mice is already maximal (Figs. 2, 3B). Also, no differ-
ences in astrocyte morphology was observed between standard
wobbler and double mutants (Fig. 2G,H). In contrast, there is a
more significant increase in microglial activation as judged by
CD45 staining and quantification (Fig. 3C). CD45 staining in

wr/� Adam8�/� control mice was very low with 8 � 1.2. The
relative signals for microglia increased from 150 � 16 in standard
wobbler mice (wr/wr Adam8�/�, p � 0.001) to 250 � 13 in
ADAM8-deficient Wobbler individuals (wr/wr Adam8�/�, p �
0.001). Moreover, microglia morphology in wr/wr Adam8�/�

spinal cords appeared less ramified and had a chain-like mor-
phology (Fig. 2). These data show that the absence of ADAM8 has
a significant effect on both the primary effect of the wr mutation,
neurodegeneration, and its secondary consequences on micro-
glial activation.

ADAM8 mRNA levels are upregulated in the wobbler CNS
We have shown previously that ADAM8 mRNA levels are ele-
vated in affected CNS regions of WR mice and that the ADAM8
mRNA levels and distribution correlate with TNF-� concentra-
tion. To test whether this correlation is specific for ADAM8, rel-
ative levels of mRNAs for ADAM8, ADAM10, and ADAM17 in
WT and in WR CNS regions were determined by quantitative
RT-PCR (Fig. 4A). ADAM8 mRNA levels were significantly in-
creased in WR cerebellum (	3.0 � 0.5 compared with WT) and,

Figure 5. A, Concentrations of soluble TNF-R1 in the spinal cord of wobbler mice determined
by ELISA. Lysates from cortex and spinal cord from wild-type Adam8�/� wr/� (white bars),
Adam8�/� wr/wr (black bars), Adam8�/� wr/� (hatched bars), and Adam8�/� wr/wr
(gray bars) were analyzed with an sTNF-R1 ELISA kit. Mean � SD values from three indepen-
dent experiments performed in triplets (n �9). Data were analyzed by t test. *p �0.05, **p �
0.01, ***p � 0.001. B, Immunohistochemistry of TNF-R1 in spinal cord sections corresponding
to the samples analyzed in A: i, wr/� Adam8�/� with large intact motor neurons, weakly
stained for TNF-R1; ii, wr/� Adam8�/� with vesicular and membrane-associated TNF-R1
signals; iii, wr/wr Adam8�/� increased vesicular TNF-R1 staining compared with ii; iv, wr/wr
Adam8�/� with strong TNF-R1 staining throughout the cell body; v, negative control (omis-
sion of primary antibody). Scale bar, 50 �m. Immunostaining for TNF-R1 is indicated by white
arrowheads.

Table 1. Cleavage of mouse and human TNF receptor peptides by recombinant mouse and human ADAM8

Peptide Origin mADAM8 hADAM8 Cleavage site Reference

NPQDSGTAVL mTNF-R1 ��� � NPQs DSGTAVL Mohan et al., 2002
LPQLENVKGTED hTNF-R1 0 �� LPQLEs NVKGTED This work
PPLANVTNPQ mTNF-R2 0 0 ND Pinckard et al., 1997
CMKLCLPPPL hTNF-R2 0 0 ND Reddy et al., 2000

Cleavage sites were analyzed using coupled HPLC/MS. For details, see supplemental data (available at www.jneurosci.org as supplemental material). m, Mouse; h, human; ND, not determined.
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more dramatically, in WR spinal cord (	23 � 3 compared with
WT). No ADAM8 induction was observed in the WR cortex. In
contrast to ADAM8, mRNA levels for ADAM10 remained un-
changed, whereas a significant induction of ADAM17 (	4 � 1,
p � 0.001) was observed in the WR spinal cord, arguing for a
TNF-� inducible expression of ADAM8 and ADAM17 under
inflammatory conditions in the CNS.

In addition, the induction characteristics of ADAM8 mRNA
levels by TNF-� and LPS were evaluated in isolated primary cells
from mouse CNS, cerebellar neurons, spinal cord astrocytes, and
primary microglia (Fig. 4B). After administration of 100 U/ml
TNF-�, a 7- to 10-fold induction of ADAM8 mRNA was ob-
served, whereas higher concentrations (�500 U/ml) of TNF-�
lead to a decline in ADAM8 mRNA levels. Similarly, the effect of
LPS shows an induction optimum at 250 ng/ml and declines at
higher LPS concentrations of 1000 ng/ml.

ADAM8 cleaves TNF-R1 in vitro but not TNF-R2
We determined the TNF-R1 cleavage site with soluble recombi-
nant human and mouse ADAM8 comparing four different TNF
receptor peptides (Table 1) (supplemental Figs. 2, 3, available at
www.jneurosci.org as supplemental material). In this assay, a
species-specific cleavage preference was observed, as recombi-
nant human ADAM8 effectively cleaved human TNF-R1 peptide,

whereas mouse recombinant ADAM8 cleaved the respective
mouse TNF-R1 peptide much more efficiently than human
TNF-R1 peptide. However, for ADAM8 from both species, the
position of the cleavage site was identical, arguing for a physio-
logical cleavage site recognized by ADAM8. Peptides with the
sequences of the juxtamembraneous cleavage sites of TNF-R2
were cleaved by neither human nor mouse ADAM8, indicating
that ADAM8 is not a potential shedding enzyme for TNF-R2.

TNF-R1 release correlates with the Adam8 gene dosage in
CNS tissue
The concentrations of sTNF-R1 were determined in several tis-
sues and cell preparations to confirm that TNF-R1 release and
ADAM8 expression correlate in situ under pathological condi-
tions. Brain lysates of ADAM8-deficient mice (wr/� Adam8�/�)
and standard wobbler mice (wr/wr Adam8�/�) were analyzed to
quantify the levels of sTNF-R1 by ELISA. No differences in the
amounts of sTNF-R1 were observed in lysates from cortex, in
accordance with the absence of neurodegeneration in these CNS
regions (Fig. 5A). However, in spinal cord lysates of standard
wobbler mice (wr/wr Adam8�/�), the concentration of sTNF-R1
was significantly increased. This increase was not observed in
wobbler mice with a homozygous Adam8 deficiency (wr/wr
Adam8�/�), arguing for a role of ADAM8 in the release of
TNF-R1 under pathological conditions. In addition, TNF-R1 lo-
calization was determined by immunohistochemistry (Fig. 5B).
In WT spinal cords, motor neurons express TNF-R1 weakly, mainly
localized to vesicles (Fig. 5Bi). Accumulations of TNF-R1 in vesicles
and on the cell surface were detected in motor neurons of wr/�

Figure 6. Effect of TNF-� on cultured cerebellar neurons from wild-type and Adam8-
deficient mice. A, TNF-� (10 ng/ml � 100 U/ml) induces the release of soluble TNF-R1 from
A8 �/� neurons (white bars), which is dependent on ADAM8, because there is no induction in
ADAM8-deficient neurons (black bars). In B, ADAM8-deficient neurons show a higher sensitivity
to TNF-�-induced cell death. Less than 10% of the cells survive a TNF-� dosage of 500 ng/ml,
whereas�80% of wild-type cells survived. In C, TNF-� (100 U/ml)-induced neuronal cell death
was prevented by incubation with an excess of soluble TNF-R1 (10 ng/ml) but not with soluble
recombinant CHL1 (sCHL1-Fc; 50 ng/ml), a neuronal substrate of ADAM8 that was shown to
protect neurons from constitutive cell death. *p � 0.05, **p � 0.01, ***p � 0.001.

Figure 7. A, B, Release of soluble TNF-R1 (A) and TNF-R2 (B) from primary microglia cells
isolated from wild-type, heterozygous, and homozygous Adam8 knock-out mice and induced
with indicated concentrations of LPS or TNF-�. ELISA data (in picograms per milliliter medium)
were acquired from three independent experiments performed in triplets (n � 9) and were
given as mean � SD. *p � 0.05, **p � 0.01.
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Adam8�/� mice (Fig. 5Bii), with increased
vesicular localization of TNF-R1 in motor
neurons of wr/wr Adam8�/� mice (Fig.
5Biii) and deficient shedding in wr/wr
Adam8�/� motor neurons (Fig. 5Biv), re-
sulting in intracellular accumulations of
TNF-R1.

Neuronal survival is impaired in
ADAM8-deficient primary neurons
We used a neuronal survival assay as a
physiological readout for TNF-�-induced
ADAM8-mediated TNF-R1 shedding
(Fig. 6). The comparative analysis of wild-
type and Adam8-deficient primary neu-
rons, isolated from cerebellum, revealed
that TNF-�-induced TNF-R1 shedding
was almost nil in the absence of ADAM8
(Fig. 6A). To determine whether this af-
fected neuronal survival, wild-type and
ADAM8-deficient neurons were treated
with increasing concentrations of TNF-�.
TNF-� at 100 and 500 U/ml caused a 20%
loss of wild-type neurons. In comparison,
loss of A8-deficient neurons under identi-
cal conditions was dramatic, amounting
to �90% (Fig. 6B). TNF-� induction of ADAM8-deficient neu-
rons was performed in the presence of recombinant soluble
TNF-R1 (10 ng/ml) (Fig. 6C). Cell numbers were comparable
with those of wild-type neurons, indicating that the observed
neuronal loss is attributable to a lack in TNF-R1 shedding. In
contrast, no effect on neuronal loss was observed when primary
neurons were treated with soluble recombinant CHL1-Fc protein
(10 ng/ml), an ADAM8 substrate in the CNS (Naus et al., 2004).
Together, these experiments demonstrate that shedding of
TNF-R1 has a protective effect on neuronal survival during
TNF-� administration (Fig. 6).

ADAM8-mediated TNF-R1 shedding is gene dosage
dependent in microglia cells
Having shown that ADAM8 expression correlated with TNF-R1
release, we prepared primary microglia from 4-d-old Adam8�/�,
Adam8�/�, and Adam8 �/� mice (Fig. 7A). Microglia cultures
were treated with either LPS or TNF-�, and, after 12 h, concen-
trations of soluble TNF-R1 were determined by ELISA. As with
neurons, the extent of constitutive and TNF-�-induced TNF-R1
shedding was positively correlated with the gene dosage of
Adam8, whereas TNF-R2 shedding was slightly increased in
Adam8�/� microglia (Fig. 7B).

Discussion
The data presented here provide experimental evidence for TNF-�-
induced shedding of TNF-R1 by the metalloprotease-disintegrin
ADAM8 in the mammalian CNS and in cell culture. The resulting
feedback loop consists of a dose-dependent induction of ADAM8 by
TNF-�, leading to enhanced release of TNF-R1 from the cell
membrane. In turn, soluble TNF-R1 can bind extracellular
TNF-�, so that overall, ADAM8-dependent TNF-R1 shedding
can serve neuroprotective effects (Fig. 8).

We demonstrate a significant impact of this feedback loop on
the progression of a neurodegenerative disease by analyzing dis-
ease progression and survival of wobbler mice. Although there is
up to now no human disease known that is genetically homolo-

gous to the WR disease of the mouse, we have made use of this
stringent phenotypic model because the symptoms develop rap-
idly and with full penetrance. Double-mutant ADAM8-deficient
WR mice obtained by genetic crossing show an aggravated phe-
notype and drastically reduced survival compared with standard
WR mice. From our data, we conclude that ADAM8-dependent
TNF-R1 shedding dampens TNF-�-induced motor neuron de-
generation in WR, as demonstrated by a neuroprotective effect of
ADAM8 in cultured primary neurons.

For a number of CNS diseases, the control of TNF-� function
is of crucial importance for neuronal function and survival
(Sriram and O’Callaghan, 2000; O’Callaghan et al., 2008). In par-
ticular, TNF-R1 signaling is instrumental in mediating neuro-
protective effects (Taoufik et al., 2008), i.e., by inducing
intracellular neuroprotective pathways (MAP, phosphatidylino-
sitol 3-kinase) or by scavenging extracellular TNF-� through
binding to sTNF-R1. The importance of systemic TNF-R1 shed-
ding has been demonstrated in TRAPS (TNF receptor associated
periodic syndrome) (McDermott et al., 1999; Hull et al., 2002)
patients with mutations in TNF-R1 leading to shedding defi-
ciency (Galon et al., 2000) and in TRAPS model mice expressing
a knock-in non-sheddable TNF-R1 (TNF-R1
NS) variant (Xan-
thoulea et al., 2004). These mice show enhanced inflammation in
the liver, are sensitive to septic shock (LPS-induced lethality), and
display an increased susceptibility to multiple sclerosis-like symp-
toms in experimental autoimmune encephalitis (EAE) (Xanthoulea
et al., 2004). Compared with these cases, the progression of EAE in
ADAM8-deficient mice is not significantly affected (A. Pagenstecher
and J.W.B., unpublished observations), and ADAM8-deficient
mice were not susceptible to LPS-induced lethality to the extent
observed in TNF-R1
NS mice (supplemental Table 1, available at
www.jneurosci.org as supplemental material). As a result of this
difference, we conclude that only TNF-�-induced but not con-
stitutive TNF-R1 shedding levels are affected by ADAM8 defi-
ciency, so that rather a reduction but not a complete lack of
TNF-R1 shedding (as observed in TNF-R1
NS mice) accounts
for the aggravated neuropathology of A8-deficient wobbler mice.

Figure 8. Proposed neuroprotective feedback loop involving TNF-�, TNF-R1, and ADAM8. At low TNF-� concentrations, the
transcription rate of the Adam8 gene is low and very low levels of soluble TNF-R1 are found in the extracellular compartment. At
high TNF-� concentrations (e.g., 100 U/ml), TNF-R1 activates intracellular pathway(s) strongly stimulating transcription of the
Adam8 gene. Its product, the cell-surface-exposed protease ADAM8 cleaves the transmembrane protein TNF-R1 and releases
sTNF-R1 from the cell into the intercellular space, in which high concentrations of sTNF-R1 are able to scavenge free TNF-�. This in
turn reduces the cellular response to TNF-�, i.e., preventing activation of TNF-dependent genes involved in neuronal cell death.
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In the normal CNS with low levels of ADAM8, constitutive
TNF-R1 shedding is probably catalyzed by the aminopeptidase
ARTS-1 (Cui et al., 2002, 2003) and TACE/ADAM17 (Reddy et
al., 2000). Because of its abundance under physiological condi-
tions, ADAM17 is considered the constitutive shedding enzyme
for TNF-R1 (Reddy et al., 2000), but, in contrast to ADAM8,
transcriptional induction of the Adam17 gene by TNF-� was only
moderate. It is likely that ADAM17 activation occurs as an acute
response, i.e., by vesicle recruitment to the cell membrane (Black,
2002), whereas the effect of TNF-� on transcription of the Adam8
gene might be a long-term response.

We suspect, however, that activation of a TNF-�–A8–TNF-R1
feedback loop might be a general feature of neurodegeneration in the
CNS involving astrogliosis and inflammatory processes. In this re-
spect, the role of TNF-� in other types of motor neuron diseases
has been discussed extensively, in particular in the mouse model
of familial amyloid lateral sclerosis, superoxide dismutase 1
(SOD1)G93A transgenic (tg) mice. In these mice, an essential
role for TNF-� in disease progression has been excluded by cross-
ing TNF-�-deficient with SOD1(G93A) tg mice (Gowing et al.,
2006). The minor importance of TNF-� in these mice might be
reflected by a relatively low response of glial cells to motor neuron
degeneration in the spinal cord, whereas astrogliosis and micro-
glia activation are prominent in WR spinal cord and brainstem
(Laage et al., 1988; Rathke-Hartlieb et al., 1999). Nevertheless,
ADAM8 is upregulated in spinal cords of SOD1(G93A) tg under
disease conditions, most likely by other proinflammatory cyto-
kines such as IL-1� (U. Schlomann and J.W.B., unpublished
data). Interestingly, ADAM8 upregulation was also observed af-
ter spinal cord injury (Mahoney et al., 2009). Under these condi-
tions, ADAM8 was reported to be involved in angiogenesis by
colocalization with PECAM-1 in endothelial cells in the CNS,
suggesting that, apart from inflammatory modulation, ADAM8
has additional functions in CNS pathologies.

For these reasons, analyses of other genetic mouse models of
neurodegeneration, such as the SOD1(G93A) tg mice, the 3xTg–AD
Alzheimer’s disease model mice (Oddo et al., 2003), as well as spinal
cord injury models, are required to define the functional importance
of ADAM8 in these CNS pathologies.

Scavenging excess TNF-� has been predicted to result in benefi-
cial effects on the WR pathology (Naus et al., 2007). Therapeutic
application of a recombinant TNF-� binding protein (rh-TBP-1)
resulted in a milder disease progression in WR mice (Bigini et al.,
2008), thus proving this hypothesis. In all likelihood, TNF-�-
induced TNF-R1 release by ADAM8 in the WR motor neuron dis-
ease serves neuroprotective functions by balancing physiological
levels of free TNF-� through a positive feedback loop. Based on
our findings, induction rather than inhibition of ADAM8 might
be a promising therapeutic approach to neuronal disorders, char-
acterized by pro-inflammatory cytokine activation.
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