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Macrophage-Derived Tumor Necrosis Factor �,
an Early Developmental Signal for Motoneuron Death

Frédéric Sedel, Catherine Béchade, Sheela Vyas, and Antoine Triller
Laboratoire de Biologie Cellulaire de la Synapse Normale et Pathologique, Institut National de la Santé et de la Recherche Médicale Unité 497, Ecole
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Mechanisms inducing neuronal death at defined times during embryogenesis remain enigmatic. We show in explants that a develop-
mental switch occurs between embryonic day 12 (E12) and E13 in rats that is 72– 48 hr before programmed cell death. Half the motoneu-
rons isolated from peripheral tissues at E12 escape programmed cell death, whereas 90% of motoneurons isolated at E13 enter a death
program. The surrounding somite commits E12 motoneurons to death. This effect requires macrophage cells, is mimicked by tumor
necrosis factor � (TNF�), and is inhibited by anti-TNF� antibodies. In vivo, TNF� is detected within somite macrophages, and TNF
receptor 1 (TNFR1) is detected within motoneurons precisely between E12 and E13. Although motoneuron cell death occurs normally in
TNF��/� mice, this process is significantly reduced in explants from TNF��/� and TNFR1 �/� mice. Thus, embryonic motoneurons
acquire the competence to die, before the onset of programmed cell death, from extrinsic signals such as macrophage-derived TNF�.
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Introduction
During development of the vertebrate nervous system, more neu-
rons are generated than are required to innervate their target cells
(Oppenheim, 1991; Pettmann and Henderson, 1998). Excess
neurons are eliminated by programmed cell death at specified
times, usually just after the period of target innervation. The
spinal motoneuron has been the locus classicus to study this pro-
cess (Oppenheim, 1996). Developing myotubes are initially in-
nervated by supernumerary motoneurons; however, 48 hr after
contact with myotubes, excess neurons are pruned by pro-
grammed cell death (Oppenheim and Chu-Wang, 1977). There-
fore, the number of motoneurons that escape cell death is
matched to the number of myotubes that must receive innerva-
tion (McLennan, 1982). Many studies have demonstrated that
neurotrophic factors produced by muscle cells are critical for
motoneuron survival during this period (Oppenheim, 1991,
1996). Although factors promoting cell death are also involved in
achieving the elimination of excess motoneurons (for references,
see Davies, 2003), the limiting access to neurotrophic factors is
believed to play the central role.

Contrasting with knowledge on the mechanisms of cell death
during the developmental time window at which it occurs, up-

stream processes that instruct newly differentiated neurons to
undergo cell death are poorly understood. Previous data suggest
that an intrinsic death clock commits neurons to die unless they
are saved by neurotrophic factors. For example, spinal commis-
sural neurons isolated at various early developmental stages will
die in vitro at the precise time they would have died in vivo if
deprived of their targets (Wang and Tessier-Lavigne, 1999). Sim-
ilarly, motoneurons removed from chick embryos within 2 d
before the onset of programmed cell death will undergo cell death
just as they would have in vivo (Mettling et al., 1995). The time of
death seems to be tailored to match the time required for a par-
ticular neuron to reach its target. Sensory neurons from different
cranial ganglia were cultured just after their genesis. Neurons,
whose cell bodies were close to their targets in vivo, died more
rapidly in vitro than neurons with distant targets (Vogel and
Davies, 1991). Thus, in the “intrinsic clock model,” the onset of
neuronal death appears to be a developmental process timed to
coincide with the determination of whether the cell has inner-
vated its target. This model does not exclude that extrinsic signals
could tune the clock: transient application of BDNF on cultured
cranial ganglionic neurons accelerated their cell death in vitro
(Vogel and Davies, 1991).

Developmental cell death may also result from exposition to
extrinsic factors. In the zebrafish embryo, the death of an identi-
fied primary motoneuron requires cooperative extrinsic signals
(Eisen and Melançon, 2001). Another example has been docu-
mented in the horn worm Manduca Sexta, in which a defined set
of motoneurons do not die unless exposed to a steroid hormone
(Hoffman and Weeks, 1998). Experimental paradigms used to
study motoneuron developmental death in chicks and rodents
have not been designed specifically to discover such extrinsic
factors. In chicks or rodent cell cultures, motoneurons were iso-
lated relatively late in development, at a time when the cells have
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rue d’Ulm, 75005 Paris, France. E-mail: triller@wotan.ens.fr.

DOI:10.1523/JNEUROSCI.4464-03.2004
Copyright © 2004 Society for Neuroscience 0270-6474/04/242236-11$15.00/0

2236 • The Journal of Neuroscience, March 3, 2004 • 24(9):2236 –2246



already been exposed to peripheral tissue for several days (Hen-
derson et al., 1995). We also concluded, using rat spinal explants,
that embryonic day 13 (E13) motoneurons possessed a death
clock (Sedel et al., 1999); however, E13 rat motoneurons have
already been exposed to the mesenchyme for 2 d. Spinal cord
explants are an alternative to dissociated primary neuronal cul-
tures and can be isolated from peripheral tissues at earlier stages.
With this model, we demonstrate that a significant proportion of
motoneurons in the spinal cord are not committed to cell death.
Rather, these cells receive extrinsic signals that will commit them
to die later. One of these signals is tumor necrosis factor �
(TNF�), which is secreted from macrophages in the somite. Un-
like death executive factors, TNF� acts upstream of programmed
cell death as an early developmental signal for motoneuron
death.

Materials and Methods
Explant cultures and treatment. Brachial regions of Sprague Dawley E12
(day 0 is the mating day) rat embryos (36 – 40 somites; Janvier) were
dissected. Ectoderm was removed using tungsten needles to expose the
dorsal neural tube. After incubation for 10 min with dispase (1 mg/ml;
Roche Diagnostics) diluted in L15 medium (Invitrogen, San Diego, CA),
somites and developing meninges were removed carefully with the dorsal
two-thirds of the neural tube. For asymmetric explants, the dissection
procedure was identical, except that a portion of the proximal somite
including (explants used in Fig. 2) or excluding (explants used in Fig. 4)
the ventral part of the dorsal root ganglia with the corresponding part of
the sclerotome (see Figs. 2 A, 4 A) was kept. Dissection was performed in
cold L15 medium supplemented with 10% horse serum (Invitrogen).
Ventral explants (two per embryo) were cultured in four-well culture
dishes coated with 50 �l of collagen prepared from rat tails. The culture
medium contained Neurobasal medium (Invitrogen) supplemented
with B27 (Invitrogen), �-mercaptoethanol (25 mM), L-glutamine (200
mM), penicillin-streptomycin (100 U/ml), and 5% horse serum. The
same procedure was used for E13 rat embryos, except that dissection was
performed without dispase. Dispase treatment did not modify motoneu-
ron survival (data not shown).

For soluble tissue extracts, embryonic tissues were homogenized in
400 �l of L15 medium and centrifuged at 15,000 � g for 45 min. The
supernatant was assayed for protein concentration and used at final con-
centration of 125 �g/ml. Conditioned medium was prepared from �200
whole somites cultured for 2 d in 1 ml of culture medium (see above).
The medium was centrifuged for 5 min at 2000 � g. The supernatant was
diluted 1:1 in fresh culture medium before use.

Explants were treated with the following exogenous factors or blocking
antibodies: recombinant rat TNF� produced in baculovirus-infected in-
sect cells (PharMingen, San Diego, CA), soluble Fas ligand (Alexis
Corp.), NGF (Tebu), bone morphogenetic protein 4 (BMP4) (a kind gift
from Dr. C. Henderson, Institut Nacional de la Santé et de la Recherche
Médicale U382, Marseille, France), CNTF (Tebu), rabbit anti- mouse
TNF� (10 �g/ml; Biosource, Camarillo, CA), FasFc (4 �g/ml; Alexis
Corp.), anti-TGF�s (monoclonal antibody 1835, 10 �g/ml; R & D Sys-
tems, Minneapolis, MN), the laspase inhibitor OEVD-CHO (20 �M;
Enzyme Systems Products, Livermore, CA), and anti-p75 low-affinity
neurotrophin receptor (1:100; Rex; Weskamp and Reichardt, 1991). To
eliminate macrophages, explants were treated with isolectin B4 saporin
(1 �g/ml; Advanced Targeting Systems) for the first 24 hr in vitro and
incubated another 24 hr with control medium

Double terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end-labeling staining and immunochemistry. Explants were
fixed for 2 hr in 4% paraformaldehyde (PFA) and PBS at 4°C, transferred
to 30% sucrose and PBS overnight, and frozen in a Tissue-Tek cryostat
(Oxford Laboratories). Transverse cryostat sections, 12 �m thick, were
mounted on Superfrost Plus glass slides (Menzel), washed for 5 min in
PBS and 0.1% Triton X-100, preincubated for 15 min with terminal

deoxynucleotidyl transferase (TdT) buffer (Roche Diagnostics), and
then incubated for 4 hr at 37°C in the terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end-labeling (TUNEL) re-
action solution as described (Sedel et al., 1999). Slides were then washed
in PBS and incubated for 30 min with PBS, 0.2% gelatin, and 0.1% Triton
X-100 (PBGT) and then overnight at 4°C with the 4D5 monoclonal
mouse anti-islet1/2 antibody (1:100; Developmental Studies Hybridoma
Bank) and streptavidin-FITC (1:500; Amersham Biosciences, Arlington
Heights, IL) diluted in PBGT. After three washes in PBS, sections were
incubated for 2 hr at room temperature with a goat anti-mouse IgG
coupled with cyanin 3 (CY3) (Jackson ImmunoResearch, West Grove,
PA) diluted 1:500 in PBGT. Sections were washed three times in PBS and
mounted in Vectashield (Vector Laboratories, Burlingame, CA). The
same procedure was used for neurofilament immunochemistry, except
that the TdT reaction was omitted, and the 4D5 antibody was replaced by
the 2H3 monoclonal antibody (Developmental Studies Hybridoma
Bank). For double or triple immunolabeling experiments using an anti-
Iba1 antibody (dilution, 1:1000; a gift from Dr. Y. Imai, National Insti-
tute of Neuroscience, Tokyo, Japan), comparable procedures were used.
For TNF receptor 1 (TNFR1) labeling, embryos were fixed for 1 hr and
processed as described above, using a polyclonal rabbit anti-TNFR1 an-
tibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA) and a biotin-
ylated goat anti-rabbit antibody (1:500; Vector Laboratories). The im-
munoperoxidase reaction was achieved with an ABC kit (Vector
Laboratories).

In situ hybridization. Embryos were fixed for 1 hr in 4% PFA and PBS
at 4°C and then processed for cryostat sections as described above. Hy-
bridization and washes were performed as described (Schaeren-Wiemers
and Gerfin-Moser, 1993). For synthesis of TNF� mRNA probes, the
N-terminal portion (100 bp) of human TNF� cDNA (86% homology
with rat TNF� cDNA) was subcloned into the pBluescript KS� plasmid.
Digoxigenin-labeled antisense and sense probes were synthesized using
T3 and T7 RNA polymerases, respectively. For combined in situ hybrid-
ization with immunochemistry, in situ hybridization was followed by
incubating sections for 30 min in PBGT and for the next 4 hr at room
temperature with biotin-conjugated isolectin-B4 (10 �g/ml; Sigma, St.
Louis, MO) and anti-islet1/2 (4D5, 1:50) diluted in PBGT. Sections were
washed three times in PBS, incubated for 2 hr at room temperature with
streptavidin FITC (1:500) and CY3-conjugated goat anti-mouse second-
ary antibody (1:500), washed again, and mounted in Vectashield.

TNF� �/� and TNFR1 �/� mice. Homozygous TNFR1 null mutation
mice generated on a 129 background and backcrossed with C57BL/6 (B6)
mice for �10 generations were kindly provided by Dr. Horst Blueth-
mann (Hoffmann-La Roche, Basel, Switzerland; Rothe et al., 1993).
TNF� �/� mice (Marino et al., 1997) backcrossed on a B6 genetic back-
ground were obtained from CDTA (Orleans, France). B6 mice obtained
from Charles River were used as the wild-type controls.

Quantifications. For in vitro experiments, each fifth section was ana-
lyzed with a Leica (Nussloch, Germany) epifluorescence microscope
(�10 sections per explant). Quantification was performed on digitized
images focused on one motoneuron area. For each section, islet1/2 and
TUNEL images were superimposed using Adobe Photoshop software.
Both islet1/2-positive, TUNEL-negative nuclei (i.e., surviving motoneu-
rons) and TUNEL-positive nuclei within the motor area were quantified,
and mean numbers per section were calculated for each explant. These
means were used for statistical analysis. Each value on histograms repre-
sents the mean of means � SEM from at least three independent
experiments.

For in vivo motoneuron quantification, brachial embryonic regions
of wild-type and TNF� �/� mice were fixed in 4% PFA and PBS and
cut into 10-�m-thick cryostat sections as described above. E12.5 and
E14.5 embryonic sections were processed for islet1/2 immunochem-
istry with a polyclonal rabbit anti-islet1/2 antibody (K5; a kind gift
from T. M. Jessell, Howard Hughes Medical Institute, Columbia Uni-
versity, New York, NY) as described above. At postnatal day 0, when
most motoneurons are islet1/2-negative, they were identified in
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Nissl-stained sections. Counts were made in a
single lateral motor column for each spinal
cord.

Results
Motoneurons become committed to cell
death at day E13
In the rat brachial spinal cord, neuronal
precursors differentiate into ventral horn
motoneurons between embryonic day 10
(E10) and E12 (Altman and Bayer, 1984).
Motor axons start to leave the spinal cord
at E11, contact muscle cells at E13, and
form end plates at E14. From E15 to E17,
�50% of the motoneurons die (Harris and
McCaig; 1984; Oppenheim, 1986). If mo-
toneuron death is triggered exclusively by
an intrinsic clock, then one can make the
following predictions: (1) motoneurons
isolated at E13 should activate pro-
grammed cell death after 2 d in vitro, at the
equivalent of E15; and (2) motoneurons
isolated at E12 should activate pro-
grammed cell death after 3 d in vitro. We
tested these predictions by quantifying
motoneuron survival and death in cul-
tured ventral spinal cord explants. Mo-
toneuron nuclei were labeled with islet1/2
immunostaining (Tsuchida et al., 1994).
Dying cells were identified in the same ex-
plant sections by TUNEL labeling of apo-
ptotic nuclei (Gavrieli et al., 1992). As
shown in Figure 1, TUNEL-stained nuclei
in explant motor areas were weakly labeled
or negative for islet1/2 immunostaining,
suggesting that islet1/2 expression is
downregulated in apoptotic motoneu-
rons. Therefore, surviving motoneurons
in each explant section were defined as in-
tact nuclei stained positively with anti-
islet1/2 antibodies but negatively with
TUNEL in superimposed digitized images
(Fig. 1C). Both surviving motoneurons
(Fig. 1F) and TUNEL-stained nuclei (Fig.
1G) were counted. As expected, almost all
motoneurons died in E13 explants de-
prived of exogenous neurotrophic factors
(Fig. 1B,C,F,G). After 2 d in vitro (equiva-
lent to E15), 70% of motoneurons were
lost, and by 3 d in vitro (equivalent to E16),
90% had died (Fig. 1B,C,F). Similarly,
90% of motoneurons die by E16 in vivo if
deprived of muscle containing survival
factors (Kablar and Rudnicki, 1999).
Losses of islet1/2-positive nuclei in E13 ex-
plants were mirrored by a proportional in-
crease in the number of TUNEL-stained
nuclei in the motor area (Fig. 1B,C,G).
Note that 55% of motoneurons were lost
at the equivalent of E14 (after only 1 d in
vitro). This initial wave of death is likely to
be caused by both the dissection and programmed cell death.

In E12 explants, �35% of the motoneurons were lost during

the first day after explantation (Fig. 1F). Motoneuron loss and
apoptotic nuclei were in the most medial portion of the motor
area (data not shown), where motoneurons are the first to die in

Figure 1. Motoneuron cell death in E12 and E13 ventral horn explants cultured in vitro. A, Dissection of an E12 ventral horn
explant. Motoneuron areas are in blue. The relative positions of medial (m) and lateral (L) motoneurons are indicated. B–E,
Explant sections were colabeled with TUNEL staining of apoptotic nuclei (green) and islet1/2 immunolabeling of motoneuron
nuclei (red). B, C, Transverse sections of an E13 explant cultured for 3 d in vitro (DIV) at low (10�; B) and high (25�; C)
magnifications. Arrows indicate some surviving motoneurons, e.g., intact nuclei positive for islet1/2 but negative for TUNEL. D, E,
E12 explant cultured for 5 DIV at low ( D) and high ( E) magnification. Note that more surviving motoneurons are observed in
E12�5 DIV explants compared with E13�3 div explants. Note also that in E12 explants the localization of apoptotic nuclei and of
motoneuron loss corresponds to the medial part of the motor area. The observed number of apoptotic nuclei in explants is higher
than in vivo at similar embryonic stages (Kablar and Rudnicki, 1999), suggesting that, in contrast to the in vivo situation, TUNEL-
positive cells are not cleared by phagocytes in explant cultures. F, Absolute numbers of surviving motoneurons (MNs) in E12 and
E13 explants cultured for the indicated numbers of days (�n) in vitro. The number of explants in each condition is marked inside
the bars of histograms. G, Quantification of TUNEL-positive nuclei in same explants as in F. For both E12 and E13 explants, each
value obtained for a given time of culture was compared with the value from the previous day. *p � 0.05; **p � 0.01; ***p �
0.0001, Student’s t test. Scale bars, 100 �m.
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vivo (Gould et al., 1999; Yamamoto et al., 1999). These motoneu-
rons could be more vulnerable to the dissection procedure, pro-
grammed cell death, or both. However, no additional wave of
death was observed in the E12 explants at the equivalent of E15
(Fig. 1D). Even after 5 d in vitro (equivalent to E17), motoneuron
survival remained at �50% of the starting population (Fig. 1D–
F). The large number of living motoneurons in E12 explants
compared with E13 explants was not attributable to different
starting population sizes. First, in accordance with Kablar and
Rudnicki (1999), motoneuron numbers in E12 and E13 explants
were the same at the time of dissection based on islet1/2 expres-
sion (Fig. 1F). Second, the number of dying cells determined by
TUNEL labeling was decreased in the E12 explants, directly dem-
onstrating that cell death is reduced (Fig. 1G). Thus, at the equiv-

alent of E17, only 50% of motoneurons
have died in E12 explants despite the ab-
sence of muscle-derived neurotrophic fac-
tors, whereas in E13 explants, 90% of mo-
toneurons have died. Together, these
results indicate that (1) the program that
commits rat motoneurons to cell death is
fully activated not at E12 but at E13; and
(2) a large proportion of motoneurons do
not autoactivate this program if they are
isolated from peripheral tissues at E12.
These data already suggested that develop-
mental cell death is not an entirely intrin-
sic differentiation process but also de-
pends on extrinsic signals from peripheral
tissues.

Cell death of motoneurons is induced by
a mesenchyme-derived factor
The somitic mesenchyme lies adjacent to
motoneuron somata between E12 and E13
(Fig. 2A). To test whether a signal from
this tissue could initiate a death program
in E12 motoneurons, we examined mo-
toneuron survival and death in E12 spinal
cord–somite explants (Fig. 2). In these
asymmetric explants, one ventral horn re-
mained in contact with the proximal
somite. Contralateral motoneurons, sepa-
rated from peripheral tissue, served as in-
ternal controls (Fig. 2A,B). After 2 d in
vitro, many apoptotic nuclei were ob-
served in the motor area adjacent to the
mesenchyme (Fig. 2C). Only 37.5% of
neurons survived, compared with explants
without the attached mesenchyme tissue
( p � 0.0001; Fig. 2D). Although some cell
death was observed in the ventral horn op-
posite to the attached mesenchyme, most
motoneurons survived; specifically, 73%
of the cells survived compared with simple
explants of the ventral horn ( p � 0.01; Fig.
2D). These results indicate that the proxi-
mal mesenchyme is able to drive a death
program in E12 motoneurons. Further-
more, the signal from the mesenchyme ap-
pears to be diffusible because motoneuron
survival in the opposite ventral horn was
also decreased.

If such a diffusible factor exists, mesenchyme conditioned me-
dium should be able to initiate cell death. When E12 ventral
explants were treated for 2 d with conditioned medium prepared
from cultured E12 somites, motoneuron numbers were de-
creased by 39% compared with controls (Fig. 3B,D). Because
cultured somites may release nonspecific toxic factors in the
culture medium, we also tested the effect of soluble extracts
from noncultured E12 somites. Again, motoneuron numbers
were decreased by 35% in E12 explants cultured for 2 d with
these extracts (Fig. 3C,D). This was accompanied by an in-
crease in TUNEL-stained nuclei in the motoneuron area (Fig.
3C). Interestingly, the effect of somite extracts was totally
abolished after heat denaturation, suggesting that the signal is
a diffusible protein. The motoneuron death induced by this

Figure 2. The proximal somite induces motoneuron death in spinal explants. A, Dissection of an E12 asymmetric explant. som,
Somite; DRG, dorsal root ganglia; O, ventral horn opposite to the somite; A, ventral horn adjacent to the somite (red arrowhead).
B, Transverse section of an E12 asymmetric explant cultured for 2 d in vitro. The explant section is immunolabeled with an
anti-neurofilament antibody to show the position of the somite (red arrowhead). C, The section adjacent to that shown in B was
double-labeled with TUNEL (green) and islet1/2 immunostaining (red). Note that there are numerous TUNEL- and fewer islet1/
2-stained nuclei in the motor area (dotted) close to the somite (red arrowhead). Although some apoptotic nuclei are observed
outside the motor area, most of them appear confined to the motor region (dotted). D, Quantification of surviving motoneurons
(MNs) opposite (O) and adjacent (A) to the somite compared with control (Ct) E12 explants cultured for 2 d in vitro (8 explants
quantified in each condition).**p � 0.01; ***p � 0.0001 (O and A vs Ct), Student’s t test. Scale bars, 100 �m.
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protein involves caspase activation be-
cause it was inhibited by the caspase in-
hibitor DEVD-CHO (20 �M; Li et al.,
1998) (Fig. 3D). By contrast, soluble ex-
tracts prepared from limb bud, heart, or
E13 body wall did not enhance cell death
(Fig. 3D). Our data therefore suggest
that a diffusible protein present in the
somite mesenchyme at E12 commits
motoneurons to cell death.

Macrophage cells produce the death
signal from the somite
Using asymmetric explant experiments
(see above), we observed that the most
proximal part of the somite could induce
motoneuron cell death in the adjacent
ventral horn but not in the opposite one
(Fig. 4). In these asymmetric explants, the
somite prodeath effect was weaker than
that observed when larger portions of the
proximal somite were included (compare
Figs. 2D, 4E2). This most proximal part of
the somite corresponds partly to the devel-
oping meninges, which start to differenti-
ate at �E12 in rats (Kamiryo et al., 1990).
Developing meninges contain macro-
phages (Cuadros et al., 1992) known to in-
duce cell death in cultured cortical neu-
rons (Thery et al., 1991) or in the retina (Frade and Barde, 1998).
Therefore, we postulated that embryonic macrophages could be
the source of the somite-derived motoneuronal prodeath signal.
In our experiments, macrophages were identified with an anti-
Iba1 antibody (Ito et al., 1998). In 36-somite old rat embryos
(corresponding to E12), numerous Iba-1-positive macrophages
were found in the somite mesenchyme (Fig. 4B). These cells were
dispersed throughout the somite, including its proximal portion
and occasionally within the neural tube (Fig. 4B). In E12 asym-
metric explants with the most medial somite cultured for 2 d,
there were 2.5 times more macrophages in the side containing the
proximal somite than in the opposite one (Fig. 4C1, quantified in
E1). To evaluate whether these macrophages were responsible for
the induction of motoneuron cell death, explants were cultured
for 2 d with the toxin isolectin B4-saporin (IB4sap), which spe-
cifically binds macrophages (Maddox et al., 1982) and kills them
already after 12 hr (data not shown). Explants were analyzed
using double-labeling experiments for simultaneous identifica-
tion of motoneurons (islet1/2) and macrophages (Iba1). When
these explants were cultured for 2 d without IB4sap, the number
of motoneurons in the somite side was 60% of that in the oppo-
site side ( p � 0.0001; Fig. 4C2,E2). In contrast, when explants
were cultured for the first 24 hr with IB4sap and then 24 hr
without IB4sap, the prodeath effect of the proximal somite was
totally abolished (Fig. 4D2,E2). Despite a dramatic reduction, rare
macrophages were occasionally observed in IB4sap-treated explants
(Fig. 4E1) but did not induce significant motoneuron death. Alto-
gether, these experiments underline the involvement of macro-
phages in the prodeath activity of the proximal mesenchyme on E12
motoneurons.

Interestingly, when the macrophages were killed in E13 ex-
plants cultured for 2 d, motoneuron numbers remained unaf-
fected (Fig. 4F1,F2). Therefore, macrophages are instrumental at
E12 but not at E13 for motoneuron developmental cell death.

This suggests that macrophages are involved in the developmen-
tal switch that commits motoneurons to cell death between E12
and E13 rather than in the active killing of motoneurons after
E13.

TNF� is a diffusible activator of motoneuron cell death
To identify the mesenchyme-derived death-inducing factor, we
screened known proapoptotic diffusible signaling proteins using
the induction of cell death in E12 explants as our bioassay. We
found that TNF� added at 10 ng/ml for 2 d induced 25% of the
motoneurons to die compared with control E12 explants cul-
tured for 2 d with medium alone ( p � 0.0001; Fig. 5A). When
TNF� was added at 100 ng/ml, 35% of the motoneurons died
compared with controls (Fig. 5A). This decrease in motoneuron
survival was in the same range as that obtained with somite ex-
tracts (Fig. 3D). The decrease in survival was mirrored by an
increasing number of TUNEL-stained nuclei in the motor area of
TNF� treated explants (data not shown). Cell death was not in-
duced by BMP4 (Graham et al., 1994), NGF (Sedel et al., 1999),
soluble Fas ligand (Raoul et al., 1999), and CNTF (Kessler et al.,
1993), tested at concentrations reported to induce neuronal ap-
optosis. Thus, exogenous TNF� specifically mimics the prodeath
effect of somite extracts on E12 motoneurons.

Moreover, TNF� is necessary for activation of the death program
by the somite. In E12 explants treated for 2 d with somite extracts,
islet1/2-positive nuclei counts decreased by 35%, and TUNEL pro-
files within the motor area increased by 40% compared with controls
(Fig. 4B). This effect was totally abolished when somite extracts were
pretreated with anti-TNF� blocking antibodies (10 �g/ml; Fig. 5B).
Importantly, anti-TNF�alone did not modify motoneuron survival,
indicating that the protective effect of these antibodies does not re-
sult from a direct action on motoneurons (Fig. 5B). Furthermore,
blocking agents against TGF�s (Krieglstein et al., 2001), Fas ligand
(Raoul et al., 1999), and NGF signaling (Sedel et al., 1999), which
have been reported to inhibit motoneuron apoptosis at later embry-

Figure 3. Induction of motoneuron death by a somite-derived soluble protein. A–C, Double islet1/2–TUNEL labeling of E12
explants cultured for 2 d with culture medium alone ( A), somite conditioned medium ( B), or soluble somite extracts ( C). Numer-
ous apoptotic nuclei (green) and few surviving motoneurons (red) are present in the motor area of somite-treated explants. D,
Numbers of surviving motoneurons (MNs) in E12 explants cultured for 2 d with control medium or medium supplemented with
various soluble extracts as indicated. The number of explants quantified is indicated inside the bars of the histogram. **p � 0.01;
***p � 0.0001, Student’s t test. Scale bar, 100 �m.
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onic stages, did not suppress the death effect of E12 somite extracts
(Fig. 5B). These results indicate that TNF� is specifically required for
the somite-dependent activation of a death program in E12
motoneurons.

TNF� is expressed within macrophages and TNFR1 is
expressed within motoneurons during spinal cord
development in rats
In the simplest model, TNF� secreted by somite macrophages
commits motoneurons to cell death between E12 and E13 in rats.
Thus, TNF� should be expressed in macrophages, and it should
be expressed in these cells at E12. TNF�-producing cells were
identified using in situ hybridization. Digoxigenin-labeled anti-
sense and sense RNA probes were synthesized from the

N-terminal region of TNF� cDNA. Before
the 36-somite stage (corresponding to
E12), no TNF� mRNA labeling was ob-
served in the environment of the develop-
ing neural tube (Fig. 6B; data not shown).
After the 36-somite stage, some TNF�-
expressing cells were observed within the
proximal somite close to, but outside, the
neural tube (Fig. 6A). The TNF�-positive
cells were round in shape and were located
both surrounding the ventral horn near
the motor area and also near the interme-
diate and dorsal parts of the cord. Labeled
cells were also found rarely within the neu-
ral tube (Fig. 6A; data not shown). Expres-
sion of TNF� close to the neural tube was
observed at all stages examined between
E12 and E12.5 (36 – 41 somites). However,
by E13, TNF� expression was no longer
detected in the vicinity of the neural tube
(Fig. 6C). This transient expression of
TNF� mRNA was previously reported by
Ohsawa and Natori (1989) using Northern
analysis in mouse embryos.

To determine whether TNF�-expressing
cells are macrophages, we labeled E12
embryo sections simultaneously with iso-
lectin B4 to identify macrophages, a TNF�
antisense RNA probe to identify TNF�-
expressing cells, and islet1/2 antibodies to
identify motoneurons. All cells that ex-
pressed TNF� mRNAs were also colabeled
with isolectin B4 (Fig. 6F–H; data not
shown). However, the converse was not
true; not all isolectin B4-labeled cells ex-
pressed TNF�, suggesting that TNF� ex-
pression is restricted to a subpopulation of
macrophages or that, because of the tran-
sient expression of TNF� within macro-
phages, this expression is only observed in
a subset of macrophages at a given time.
The arrest of TNF� expression around the
neural tube at E13 was not attributable to
migration of macrophages because isolec-
tin B4-labeled cells (but TNF�-negative)
were still detected at this stage (data not
shown; Fig. 6 J). Therefore, macrophages
located in the proximal somite around the
motor area only transiently express TNF�

in vivo between E12 and E13.
TNF� mediates its intracellular effects by binding to the cognate

receptors TNFR1 and TNFR2, of which TNFR1 is primarily respon-
sible for its death-inducing activity (Vandenabeele et al., 1995).
TNFR1 expression was studied in the rat spinal cord by immuno-
chemistry. At E12, TNFR1 immunoreactivity was observed within
the motor area and appeared not to be restricted to any specific
motoneuron pool (Fig. 6I). The TNFR1 immunoreactivity was weak
and restricted to somata. Our results therefore favor an action of
macrophage-derived TNF� via somatic TNFR1, although one can-
not exclude the possibility that TNFR1 was also expressed in axons
but below the immunodetection threshold.

Expression of TNFR1 was also detected within macro-
phages in the proximal somite and in dorsal root ganglia (Fig.

Figure 4. Macrophages provide the death signal to E12 but not to E13 motoneurons. A, Scheme of dissection of an asymmetric
explant in which the most proximal part of the somite was left in contact with one ventral horn (same abbreviations and
representation as in Fig. 2 A). B, Macrophages and motoneurons simultaneously labeled with anti-Iba1 (green) and anti-islet1/2
(red) antibodies on a 36-somite (E12) rat embryo section passing through the brachial region. Motoneuron areas (mn), somites
(som), and dorsal root ganglia (drg, only visible on one side) are outlined (dotted line). Note that numerous macrophages are
within the somite, and some of them (arrows) are also detected in the proximal somite and occasionally within the neural tube
(asterisks). C1–D2, Asymmetric explants cultured for 2 d without (C1, C2) or with (D1, D2) the macrophage-specific toxin IB4sap.
Triple labeling identifying Iba1 (C1, D1), islet1/2 (C2, D2, red) immunoreactivities and TUNEL (C2, D2, green) are shown. The
position of the somite is indicated by a large arrow, and Iba1-positive macrophages are indicated by small arrows. E, F, Quantifi-
cation of macrophages (E1, F1) and motoneurons (E2, F2) on same sections from E12 (E1, E2) and E13 (F1, F2) explants cultured for
2 d. E12-ct, Explants cultured without somite; ct-asym-O, ct-asym-A, asymmetric explants cultured without IB4sap, ventral horn
opposite (ct-asym-O) and adjacent (ct-asym-A) to the somite; IB4sap-O, IB4sap-A, asymmetric explants cultured with IB4sap,
ventral horn opposite (IB4sap-O) and adjacent (OB4sap-A) to the somite. Note that in E12 explants, the somite prodeath effect is
abolished in IB4sap-treated explants, which contain almost no macrophages. In E13 explants, the elimination of macrophages has
no effect on motoneuron survival. ***p � 0.0001, Student’s t test. Numbers of explants quantified in each condition are indicated
on the histograms. Scale bars: B, 250 �m; C1–D2, 100 �m.
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6 I). At E12, TNFR2 expression was only detected within mac-
rophages, as revealed by in situ hybridization (data not
shown). Interestingly, TNFR1 expression was no longer de-
tected in the motor area from E13 onward (Fig. 6 J), indicating
that, as for TNF�, TNFR1 expression is transient. Therefore,
motoneurons specifically express TNFR1 between E12 and
E13, at the same time that TNF� is expressed within macro-
phages in the proximal somite and motoneurons become
committed to cell death.

Studies on TNF��/� and TNFR1 �/� mice reveal a role for
TNF� in the early commitment of motoneurons to cell death
To further analyze the role of TNF�, we examined both the mo-
toneuron commitment to cell death using explant cultures and
the period of motoneuron developmental death in TNF��/� and
TNFR1 �/� mice. Developmental stages in rat embryos are ex-
tended by 1.5 d compared with mouse embryos (Butler and
Juurlink, 1987). Thus, E12 rat embryos are at the equivalent stage
of E10.5 mouse embryos (36 somites). This stage just precedes the
in vivo exposure to TNF� and the commitment to cell death (see
above). Similarly, E13 rat embryos are at the equivalent stage of
E11.5 mouse embryos, i.e., potentially after exposure to TNF�
and the commitment to cell death have occurred. Motoneuron
death was quantified by counting TUNEL-stained nuclei in the
motor area of explant sections. When explants were isolated from
E11 wild-type mouse embryos and cultured for 2 d in vitro, two
times more TUNEL profiles were detected compared with E10.5
explants cultured for 2.5 d in vitro (Fig. 7; p � 0.0001). These
results suggest that, as in rats, mouse motoneurons become com-
mitted to cell death between E10.5 and E11. By contrast, in
TNF��/� or TNFR1 �/� mice, numbers of apoptotic nuclei were
the same in both E10.5 explants cultured for 2.5 d and in E11
explants cultured for 2 d in vitro (Fig. 7). Thus, motoneurons do
not become committed to cell death at E11 in TNF��/� and
TNFR1 �/� mice, demonstrating that both TNF� and TNFR1 are
required in this early process.

Previous in vivo studies have shown that motoneuron death
occurs principally between E13 and E15 in the brachial region of
the mouse spinal cord (Lance-Jones, 1982; Yamamoto and Hen-
derson, 1999). Brachial motoneurons were identified and quan-
tified in both wild-type and TNF��/� mouse embryos by using
islet1/2 immunostaining on E12.5 and E14.5 and Nissl staining
on postnatal day 0. Unfortunately, the analysis revealed no dif-
ference in motoneuron numbers between wild-type and
TNF��/� mouse embryos (data not shown). The same negative
results were observed with TNFR1�/� and double TNFR1/
TNFR2�/� mice (data not shown). As discussed below, these
results suggest that compensatory mechanisms can trigger mo-
toneuron death in vivo when TNF� or TNF receptor genes are
lacking.

Discussion
Our results indicate that the process that causes motoneurons to
undergo programmed cell death at a specific time in development
is not exclusively an intrinsic differentiation process. The sur-
rounding macrophages constitute an early source of death-
inducing signals. TNF� secreted from macrophages in the somite
mesenchyme is one of the signaling molecules, and its effects on
motoneurons are mediated through the TNFR1 receptor.

The motoneuron commitment to cell death requires
extrinsic signals
Very little is known about the process that commits motoneurons
to undergo programmed cell death. Evidence from previous in
vivo and in vitro work indicates that motoneurons die in an or-
derly manner depending on when they are born, earliest born
motoneurons of the medial motor column dying �3 d before
latest born motoneurons of the lateral motor column (Mettling et
al., 1995; Gould et al., 1999; Yamamoto et al., 1999). This fixed

Figure 5. TNF� activates a death program in E12 motoneurons, and the somite prodeath
effect is specifically inhibited by anti-TNF� blocking antibodies. A, E12 explants were treated
for 2 d with increasing concentrations of TNF� or other proteic factors known to trigger neuro-
nal death. B, E12 explants were treated for 2 d with somite extracts alone, somite extracts
preincubated with anti-TNF� antibodies, or other blocking antibodies as indicated. An analysis
of double islet1/2–TUNEL labeling experiments is shown. Note that anti-TNF� reverses the
somite prodeath effect. Values corresponding to each test condition are compared with the
control condition (black bar). **p � 0.01; ***p � 0.0001, Student’s t test.
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interval between neuron birth and death might depend on an
intrinsic clock set within the neuroepithelium. However, in in
vivo experiments, motoneurons were still in association with ad-
jacent tissues. Similarly, in cell cultures, motoneurons are iso-
lated relatively late in development. We have used explant cul-
tures to determine the time after which motoneurons will die in
vitro if deprived of target-derived neurotrophic factors. Our ex-
periments indicate that a developmental switch occurs in vivo
between E12 and E13 in rats: whereas only 10% of E13 motoneu-

rons in explants survive after 3 d, 50% of
E12 motoneurons escape cell death even
after 5 d in vitro. Furthermore, part of the
motoneuron loss in explants probably re-
sults from the explantation procedure,
suggesting that �50% of E12 motoneu-
rons are unable to autonomously activate a
death program. This indicates for the first
time that the countdown for death of mo-
toneurons is not activated from neurogen-
esis, which occurs at E10 –E12, but at
�E13, which is 2 d before the onset of pro-
grammed cell death (Altman and Bayer,
1984; Oppenheim, 1986). Almost all mo-
toneurons activate a death program if they
are isolated after this critical point in de-
velopment; if they are isolated 24 hr be-
fore, most of them remain uncommitted
to cell death, unless they are exposed to
extrinsic factors such as TNF�. Interest-
ingly, TNF� induces the death of only 35%
of motoneurons in E12 explants, indicat-
ing that other extrinsic factors are required
to commit all motoneurons to a cell death
fate.

Somite macrophages provide an early
death signal to motoneurons
The appearance of macrophages within
the developing brain often coincides
with cell death phenomena (Cuadros
and Navascues, 1998). In many cases,
brain macrophages migrate to regions of
cell death where they phagocyte cellular
debris. Macrophages can themselves in-
duce cell death by secreting molecules
such as reactive oxygen intermediates,
glutamate, and NGF (Thery et al., 1991;
Giulian et al., 1993, Frade and Barde,
1998). Similarly, in the nematode Cae-
norhabditis elegans, extrinsic signals
from ungulfing cells are implicated in
the execution of motoneuron pro-
grammed cell death (Reddien et al.,
2001). Here we show that the proximal
somite provides a death signal to E12
motoneurons, and this prodeath effect is
mediated by macrophages. These results
are in apparent contradiction with those
of Phelan and Holliday (1991), who
found that the in vivo extirpation of the
somite in E2 chick embryos induced ad-
ditional death in the operated side, indi-
cating that the somite has a trophic

rather than a killing effect on motoneurons. However, in the
chick, macrophages originating in the yolk sac are first seen
near the neural tube from E3 onward (Cuadros et al., 1992).
Therefore, the somite removal at E2 is not likely to prevent the
subsequent migration of macrophages through remaining op-
erated tissues. As a consequence, the additional motoneuron
death seen in vivo on the operated side is likely to result from
death factors issued from macrophages combined with the

Figure 6. Transient TNF� mRNA and TNFR1 protein expression in spinal cord region during embryonic development in rats.
A–C, In situ hybridization to detect TNF� mRNA with digoxigenin-labeled TNF� antisense (AS) probe. A, E12 (38 somites); B,
E11.5 (31 somites); C, E13 spinal cord sections at the brachial level. Note that at E12, numerous round-labeled cells (arrowheads)
are located close to the neural tube in the somite. Labeling is absent at E11.5 and E13. D, E, In situ hybridization of an E12 section
labeled with islet-1 antisense (AS) probe, which labels motoneurons and dorsal root ganglia ( D) and TNF� sense probe ( E) as a
negative control. F–H, E12 section at the brachial level triple-stained with TNF� antisense probe ( F), Islet1/2 immunolabeling
( G), and isolectin B4 ( H ). TNF�-expressing cells (arrows) are located in the somite close to motoneurons (G, dotted) and are
stained with the macrophage marker isolectin B4 ( H ). SC, Spinal cord; DRG, dorsal root ganglia. I, J, TNFR1 immunoperoxidase of
E12 ( I ) and E13 ( J) spinal cord sections at the brachial level. On E12 ( I ), immunoreactivity (IR) is detected in the motor area
(dotted), in the dorsal root ganglia, and in macrophage cells (arrowheads), whereas on E13 ( J), immunoreactivity is only detected
within macrophages. Scale bars, 100 �m.
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absence of neurotrophic factors derived from muscle cells,
which normally differentiate in the external portion of the
somite.

Macrophage-derived TNF� acts before motoneuron
programmed cell death
Our results identify a new function for macrophages to commit a
neuronal population to a cell death fate 2 d before this process
begins in vivo. This function is mediated by TNF� between E12
and E13 in rats, and TNF� is not involved in the execution of the
cell death program after E13. Actually, at E12 in rats, TNF� is
present in somite macrophages surrounding motoneurons,
which express the corresponding receptor (TNFR1). However,
both TNF� and TNFR1 were no longer detected from E13 on-
ward. This observation is consistent with a physiological effect of
TNF� on E12 motoneurons but not on older ones. This notion
was further reinforced by the use of knock-out animals: explants
from TNF��/� and TNFR1 �/� mice displayed reduced mo-
toneuron cell death when isolated at a stage equivalent to rat E13,
suggesting that the in vivo exposure to TNF� at E12 provides a
death signal for motoneurons. However, TNF� or anti-TNF�
antibodies had no effect on E13 rat motoneurons in explants or in
E14 dissociated cultures of purified motoneurons (data not
shown), indicating that TNF� has no role after E13.

This role of TNF� in developing motoneurons differs from its
known action on embryonic sympathetic and trigeminal sensory

neurons (Barker et al., 2001). In the latter case, TNF� triggers
neuronal death during the period of programmed cell death and
is expressed in neurons together with TNFR1, thus functioning as
an autocrine executive signal. Analogous autocrine death-
executive functions have been described for Fas ligand (FasL) and
TGF�s on motoneurons (Raoul et al., 1999; Krieglstein et al.,
2001). These factors were shown to trigger motoneuron death
during the period of cell death and were expressed together with
their cognate receptors within motoneurons. Although FasL trig-
gered the death of motoneurons at E14 in rats (Raoul et al., 1999),
we did not find a proapoptotic effect on E12 motoneurons in
explants. This suggests that different prodeath molecules act in an
orderly manner: whereas TNF� is involved before motoneuron
cell death (i.e., between E12 and E13 in rat), FasL and TGF�s act
during the period of motoneuron elimination.

The notion that an external factor is an early signal for mo-
toneuron cell death has been demonstrated in the hawk moth
Manduca sexta (Hoffman and Weeks, 1998). In this model, some
identified accessory planta retractor (APR) motoneurons die
within 24 to 48 hr after pupal ecdysis. Exposure to the steroid
hormone 20-hydroxyecdysone 24 hr before pupal ecdysis triggers
the death of these APR motoneurons. If motoneurons are iso-
lated before this 24 hr period, they escape cell death, and if they
are isolated just after (at the pupal stage or later), they autono-
mously activate a death program on schedule. Our results now
suggest that a similar mechanism exists in vertebrates.

Motoneuron cell death occurred normally in vivo in TNF��/�

mice. Similarly, although caspase 3 and Fas are known to be required
for the induction of in vitro motoneuron death (Li et al., 1998; Raoul
et al., 1999), no change in motoneuron number after the cell death
period has been reported in vivo in caspase 3 or Fas knock-out mice
(Oppenheim et al., 2001; Ugolini et al., 2003). In our experiments,
the discrepancy between in vitro and in vivo data can indeed result
from the explant isolation procedure. However, our results favor the
notion that TNF� plays a physiological role. First, mRNAs for TNF�
are transiently detected in vivo at E12–E13 in the vicinity of mo-
toneurons, whereas the TNFR1 protein is detected at the same stage
within these cells. Second, when spinal cord explants from TNF�/�

and TNFR1�/� mice are isolated just after this stage, motoneurons
are partially protected from in vitro cell death compared with wild-
type mouse explants. Therefore, the in vivo exposure to TNF� at
E12–E13 has played a role in sensitizing motoneurons to cell death as
revealed in vitro. Thus, in vivo, between the TNF� exposure at E12–
E13 and the onset of the in vivo motoneuron death period at E15,
other factors are likely to compensate for the lack of TNF�. The
absence of compensation in isolated spinal cords from TNF��/�

and TNFR1 �/� mice indicates that redundant factor(s) may origi-
nate from tissues surrounding the spinal cord.

TNF�, a link between physiological and degenerative
neuronal death?
TNF� is overexpressed in several human neurodegenerative dis-
eases, including amyotrophic lateral sclerosis (Poloni et al., 2000),
Alzheimer’s disease (Fillit et al., 1991), and Parkinson’s disease (Boka
et al., 1994). In the latter study, TNF� was found in activated brain
macrophages surrounding degenerating neurons. In an experimen-
tal mouse model of amyotrophic lateral sclerosis, TNF� was shown
to mediate neuronal death (Robertson et al., 2001), whereas data
from Parkinsonian patients suggest that TNF� signaling is involved
in death of dopaminergic neurons (Hartmann et al., 2002). More-
over, polymorphism in the regulatory region of the human TNF�
gene constitutes a risk factor for Alzheimer’s disease (McCusker et

Figure 7. Motoneuron death in TNF��/� and TNFR1 �/� mouse explants. A comparison of
apoptotic nuclei numbers per motor area in E10.5 explants cultured for 2.5 d in vitro (E10.5�2.5) or in
E11explantsculturedfor2d(E11�2)isshown.Notethat inexplantsfromwild-typemice(WT),there
are twice as many apoptotic nuclei in E11�2 explants than in E10.5�2.5 explants. In contrast, no
difference in apoptotic nuclei numbers is observed between E11�2 and E10.5�2.5 explants from
both TNF��/� and TNFR1 �/� mice. ***p � 0.0001, Student’s t test. ko, Knock-out.
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al., 2001). An intriguing link therefore exists between a role for
TNF� in developmentally regulated and pathological neuronal
death. The TNF�-signaling system may constitute a potent target for
therapeutics designed to impede neurodegenerative diseases.
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