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Tumor necrosis factor receptor-associated factors (TRAFs) are
adaptor proteins important in mediating intracellular signaling.
We report here that targeted deletion of trafé greatly increases
the frequency of failure of neural tube closure and exencephaly in
traf6 (—/—) mice. The penetrance of this defect is influenced by
genetic background. Neural tube fusion requires the coordination
of several biological processes, including cell migration invoked
by contact-dependent signaling, cell proliferation, and pro-
grammed cell death (PCD). To gain greater insight into the role of
TRAF6 in these processes, neural development and migration
within the CNS of trafé (—/—) mice and controls were assessed
through temporal examination of a number of immunohisto-
chemical markers. In addition, relative levels of cellular prolifer-
ation and PCD were examined throughout embryonic develop-

ment using bromodeoxyuridine (BrdU) and in situ terminal
deoxynucleotidyl transferase-mediated dUTP biotinylated nick
end labeling (TUNEL), respectively. The data suggest that loss of
TRAF6 does not significantly alter the level of cellular proliferation
or the pattern of neural differentiation per se, but rather regulates
the level of PCD within specific regions of the developing CNS.
Substantial reductions in TUNEL were observed within the ven-
tral diencephalon and mesencephalon in exencephalic traf6
(—/—) embryos. Our results demonstrate a novel and prominent
role for TRAF6 in the regional control of PCD within the devel-
oping CNS.
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Tumor necrosis factor receptor (TNFR)-associated factors
(TRAFs) belong to a family of intracellular adaptor proteins that
mediate signaling downstream of various cell surface receptors,
including members of the TNFR superfamily (Arch et al., 1998).
TR AF family members have been described in mammals, Drosoph-
ila, and Caenorhabditis elegans and are characterized by conserved
structural motifs (Rothe et al., 1994; Cao et al., 1996; Muhlenbeck
and Scheurich, 1998; Liu et al., 1999). The TRAF C-terminal
domain is thought to mediate TR AF-TRAF and TR AF-receptor
interactions, whereas the N-terminal RING finger and zinc finger
consensus sequences appear to be essential for downstream signal
transduction (Rothe et al., 1995; Cao et al., 1996; Takeuchi et al.,
1996).

The physiological roles of TRAF2, -3, -5, and -6 have been
defined using gene-targeted mice (Xu et al., 1996; Yeh et al., 1997;
Lomaga et al., 1999; Naito et al., 1999; Nakano et al., 1999). A
characteristic phenotype of TR AF-deficient mice is immune sys-
tem dysfunction that appears to be related to defective activation of
kinases such as the c-Jun N-terminal kinases (JNKs) and/or of
transcription factors such as nuclear factor kappa B (NF-«B).
TRAFG6 is structurally the most divergent member of the TRAF
family (Cao et al., 1996), and the phenotypes exhibited by TR AF6-
deficient mice are more varied than those of other TR AF knockout
mice. We previously reported that traf6 (—/—) mice are osteope-
trotic, with defects in bone remodeling and tooth eruption because
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of impaired osteoclast function (Lomaga et al., 1999). TR AF6 has
also been shown to play crucial roles in lymph node organogenesis
and interleukin-1 (IL-1), CD40, and LPS signaling (Lomaga et al.,
1999; Naito et al., 1999). In addition, TRAF6 appears to be
essential for perinatal survival and possibly embryogenesis
(Lomaga et al., 1999; Naito et al., 1999).

Exencephaly is an embryonic-lethal condition defined by protru-
sion of the brain from the skull. In humans, neural tube defects
(NTDs) occur at a worldwide frequency of 0.1-0.9% of total births
(Neumann et al., 1994). In mice, at least 50 single-gene mutations
have been reported to cause NTDs (Harris and Juriloff, 1999).
Although the etiologies of these defects are not fully understood,
both genetic and environmental factors are believed to be involved
(Copp et al., 1990; Smith and Schoenwolf, 1997).

The process of neural tube (NT) closure involves the proper
orchestration of several biological processes, including cellular
migration and differentiation, proliferation, and apoptosis (Harris
and Juriloff, 1999). We set out to determine the role of TRAF6 in
governing NT closure by systematically examining CNS develop-
ment in traf6 (—/—) embryos and control littermates at various
stages of gestation using several well characterized immunohisto-
chemical markers. Cellular proliferation and levels of apoptosis
within the developing CNS were examined using BrdU and
TUNEL incorporation assays, respectively. The data presented in
this report indicate that TRAF6 does not play a prominent role in
mediating cellular differentiation, migration, or proliferation dur-
ing CNS development. Surprisingly, however, traf6 (—/—) embryos
exhibit significant reductions in PCD within the developing ventral
diencephalon and mesencephalon. As a result, a significant expan-
sion of these regions ensues. Thus, TRAF6 appears to regulate
neural development by controlling the level of PCD in a region-
specific manner within the CNS. These in vivo results therefore
demonstrate a novel role for TR AF6 in mediating NT closure and
site-specific PCD within the developing CNS.
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MATERIALS AND METHODS

Generation of traf6 (—/—) embryos. Embryos at various stages of gestation
were obtained by establishing timed intercrosses of traf6 (+/—) mice
(129 X C57/BL6 background) as described previously (Lomaga et al.,
1999). To assess the effect of genetic background on the incidence of
exencephaly, traf6 (+/—) mice were backcrossed to either inbred (C57/
BL6) (Taconic, Germantown, NY) or outbred (ICR/CD1) (Harlan
Sprague Dawley) mice. For timed breedings, the morning of the vaginal
plug was designated as embryonic day (E) 0.5. Mice were maintained in
accordance with the ethical guidelines of the Ontario Cancer Institute
animal facility.

Northern blot analysis. A 398 bp murine traf6 cDNA probe (encoding
approximately the first 130 amino acids of TR AF6) was radiolabeled and
hybridized to a commercially available mouse RNA master blot (Clontech,
Palo Alto, CA) per the manufacturer’s instructions. The master blot was
composed of RNA dot blots containing normalized amounts of poly(A ™)
RNA from 22 different adult mouse tissues and whole embryos at various
stages of gestation.

Histology and immunohistochemistry. Mice were deeply anesthetized
with sodium pentobarbital (Somnitol 80 mg/kg) before they were killed,
and embryos from E10.5 to E18.5 were isolated in ice-cold PBS. Samples
were fixed overnight in fresh 4% paraformaldehyde in 0.1 M PBS at 4°C,
dehydrated, and embedded in paraffin. Serial sets of 7 wm sagittal sections
were prepared through the central two-thirds of each embryo. The interval
between successive slides in a given set was typically 35 wm. Individual sets
were processed and subjected to either (1) TUNEL assay to determine
apoptosis, (2) BrdU labeling to assess proliferation, (3) traf6 in situ hybrid-
ization to examine gene expression, (4) 0.1% thionin staining to examine
cellularity, or (5) immunohistochemical analysis to determine protein
expression, as described below. With the exception of samples used for
in situ hybridization, the number of exencephalic traf6 (—/—) and control
embryos examined at each age for the described assays was as follows:
E10.5,n = 2 traf6 (—/—), 2 control; E13.5,n = 3,4; E14.5,n = 6, 5; E15.5,
n =15,5; E16.5, n = 2, 2; and E18.5, n = 2, 2. For TUNEL, BrdU, and
immunohistochemical analyses at E14.5 and E15.5, several sets of sections
(data not shown) were also derived in the horizontal plane.

For immunohistochemistry, peroxidase activity was first quenched using
3% H,0, in 100% methanol for 30 min. Samples were then blocked in 5%
normal goat serum, 0.2% Tween-20 in PBS, pH 7.4, for 1 hr at room
temperature. Primary antibody was added to sections in blocking buffer,
and samples were incubated overnight at 4°C. Sections were incubated with
biotinylated secondary antibody at a dilution of 1:200 for 2 hr at room
temperature, followed by incubation with streptavidin—-HRP (BA-1000;
Vector Laboratories, Burlingame, CA) at 1:100 for 1 hr at room temper-
ature and visualization with 3,3 diaminobenzidine (SK-4100; Vector Lab-
oratories). Both anti-calbindin antibody (C-8666; Sigma, St. Louis, MO)
and anti-calretinin antibody (AB-149; Chemicon, Temecula, CA) were
used at a dilution of 1:400. Anti-GFAP hydroxylase antibody (M AB 360;
Chemicon) was used at 1:300, anti-neurofilament light chain antibody
(AB-1983; Chemicon) at 1:100, and anti-tyrosine hydroxylase antibody
(AB-152; Chemicon) at 1:600. Anti-p75 (Rex) antibody, the kind gift of Dr.
L. Riechardt (University of California, San Francisco) was used at 1:2500.
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After antibody staining, sections were dehydrated and mounted according
to standard procedures.

Scanning electron microscopy. Specimens were fixed in 2% glutaralde-
hyde in 0.1 M sodium cacodylate buffer, post-fixed in 1% osmium tetroxide
in 0.1 M sodium cacodylate buffer, and dehydrated in 100% alcohol.
Embryos were then dried in a critical point dryer, mounted on aluminum
stubs with carbon paste, and gold sputter-coated. Samples were viewed
using a Hitachi S-2500 scanning electron microscope.

BrdU labeling. Cell division (passage through S-phase) was examined by
incorporation of the thymidine analog bromodeoxyuridine (B-5002;
Sigma) as described previously (Hakem et al., 1998). Briefly, pregnant
females were injected intraperitoneally with BrdU (100 pg/g body weight)
and killed 45 min later. Embryos were removed and fixed in 4% parafor-
maldehyde overnight at 4°C. The desired tissues were excised, and samples
were prepared as wax specimens. Serial sections of 7 um were prepared
through the regions of interest. After dewaxing, sections were incubated
for 30 min in a solution of 0.01% pepsin, 10 mm HCI in PBS at 37°C. After
a wash, sections were placed in a solution of 2N HCI for 30 min at room
temperature and neutralized in a solution of 0.1 M sodium borate, pH 8.5,
for 10 min. Samples were blocked in a solution consisting of 5% horse
serum, 3% BSA, and 0.3% Tween-20 in PBS. Slides were incubated in
primary anti-BrdU antibody (Becton Dickenson; cat: 347580, diluted 1:25
in blocking solution) for 2-3 hr at room temperature. Specimens were
washed three times for 5 min each in PBST (PBS plus 0.3% Triton X-100),
followed by several washes in PBS to remove detergent, then incubated for
1 hr in secondary antibody (1:100 dilution of biotinylated anti-mouse
antibody in PBS) (Vectastain mouse IgG ABC kit; Vector Laboratories;
cat: SK-4100). After washing, specimens were incubated in avidin—-HRP
(Vectastain ABC kit, as above) at a dilution of 1:100 in PBS for 45-60 min
at room temperature. After washing, sections were equilibrated in 100 mm
Tris, pH 7.5, and stained using a Vectastain DAB substrate kit according
to the manufacturer’s instructions.

TUNEL assay. In situ detection of PCD was determined by TUNEL
assay (Boehringer Mannheim, Indianapolis, IN; cat: 1684817) according to
the manufacturer’s instructions. Briefly, this assay monitors the number of
free 3' OH termini through terminal deoxynucleotidyl transferase (TdT)-
dependent incorporation of fluorescein-labeled dUTP. Paraffin sections
for TUNEL analysis were dewaxed and equilibrated in PBS, pH 7.4,
followed by incubation in proteinase K (20 ug/ul in 10 mm Tris-HCI, pH
7.5) for 15 min at 37°C. The TUNEL reaction mixture containing TdT,
labeled nucleotides, and DNA polymerase was applied to sections in a
humidified chamber and incubated for 1 hr at 37°C. Sections were subse-
quently mounted in antifade medium and photographed using fluorescent
optics.

Whole-mount in situ hybridization. Antisense and sense (control) probes
for traf6 were derived from an ~200 bp murine cDNA encoding amino
acids 400-467. Briefly, E9.5 wild-type embryos (n = 7, ICR/CD1 back-
ground) were isolated in ice-cold diethyl pyrocarbonate (Sigma)-treated
PBS and fixed overnight in 4% paraformaldehyde (Sigma) at 4°C with
agitation. Samples were then hybridized with digoxigenin-UTP-labeled
traf6 antisense or sense riboprobes at 65°C, washed, and developed using
nitro-blue tetrazolium salt and 5-bromo-4-chloro-3-indolyl-phosphate

Table 1. Genotype analysis of progeny from TRAF6 (+/—) intercrosses

Number genotyped (percentage)

% TRAF6 (—/—) Total number of

embryos exhibiting animals examined

Stage +/+ +/= —/= exencephaly at this stage
129J X C57BL6
E12.5 4 (18) 12 (55) 6 (27) 17 22
E13.5 6 (15) 19 (48) 15 (37) 33 40
E14.5 10 (19) 27 (50) 17 (31) 23 54
E15.5 15 (27) 27 (48) 14 (25) 29 56
El6.5 3(18) 7 (41) 7 (41) 71 17
E17.5 8(27) 15 (50) 7(23) 57 30
P14 104 (32) 187 (57) 36 (11) 0 327
ICR/CD1
P14 21 (25) 46 (55) 17 (20) 0 84
C57BL6
E18.5 2 (20) 6 (60) 2 (20) 100 10
“Wild-type
P14 allele = 150 8(5) 0 158

TRAF6 (—/—) animals were derived from timed matings of TRAF6 (+/—) mice, with the morning of the plug
designated as E0.5. No exencephaly was observed in TRAF6 (+/—) or (+/+) littermates. P14 represents the number of
viable progeny observed at P14 derived from TRAF6 (+/—) mice in the mixed C57BL6 X 129J background or
backcrossed more than two times onto either C57BL6 or outbred ICR/CD1 genetic backgrounds.

“Indicates the number of animals exhibiting one or more wild-type allele(s) from intercrosses of C57BL6 TR AF6 (+/—) mice.
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Figure 1. Exencephaly in TR AF6-deficient
embryos. A-D, Comparison of representative
traf6 (—/—) and (+/—) embryos at E10.5 by
scanning electron microscopy. A, On-axis cau-
dal view of the roof of the hindbrain (fourth
ventricle) of a traf6 (+/—) embryo at E10.5
showing NT fusion in progress. B, Compara-
tive view of a traf6 (—/—) littermate showing
failure of NT fusion. C, Off-axis caudal view
of the roof of the hindbrain of an E10.5
traf6(+/—) embryo. D, Comparative off-axis
caudal view of an E10.5 fraf6 (—/—) embryo.
E-H, Overview and corresponding cross sec-
tions of representative fraf6 (+/—) and exen-
cephalic (—/—) embryos at E13.5. E, Anterior
overview and (F) cross section of a represen-
tative traf6 (+/—) embryo. G, Anterior over-
view and (H ) cross section of a representative
traf6 (—/—) embryo. Lines in overviews indi-
cate the relative level of the corresponding
thionin-stained cross section. I, Overview of
an E14.5 traf6 (+/—) embryo. J, Overview of
two E14.5 exencephalic traf6 (—/—) embryos.
K, Overviews of a viable traf6 (+/—) and two
deceased exencephalic (—/—) littermates at
P1. Note the lack of cephalic tissue in traf6
(—/—) as a result of injury during birth. Scale
bars (E-J): 1 mm.

(Boehringer Mannheim) as described previously (de la Pompa et al., 1997;
del Barco Barrantes et al., 1999). After development, sections were coun-
terstained with toluidine blue.

RESULTS

TRAF6 deficiency results in exencephaly

Heterozygous intercrosses of TRAF6 (+/—) mice yielded lower
than expected ratios of traf6 (—/—) progeny on several different
genetic backgrounds. As shown in Table 1, postnatal day 14 (P14)
traf6 (—/—) mice represented 11% of the total population in the
mixed 129J/C57BL6 background, 20% in the outbred ICR/CD1
background, and 5% in the inbred C57BL6 background. No signif-
icant reductions in the numbers of viable traf6 (—/—) animals
occurred between P1 and P14 (data not shown). These results
indicate that traf6 (—/—) mice died immediately before or after
(likely as a process of) birth as a result of trauma to the CNS (Fig.
1K) and that the extent of perinatal death was influenced by
genetic background. Thus the degree of exencephaly/postembry-
onic lethality is subject to the influence of additional (as yet
unidentified) genetic modifiers.

To determine the nature of the perinatal lethality, E10.5-18.5
embryos from fraf6 (+/—) matings were isolated. Surprisingly, an
overall average of ~35% of traf6 (—/—) embryos of the mixed
129J/C57BL6 background exhibited failure of NT closure resulting
in exencephaly (Table 1). Although scanning EM analysis of the
hindbrain regions of traf6 (+/—) embryos showed normal NT
closure at E10.5 (Fig. 14, C), the lateral ridges failed to elevate in
the region of the fourth ventricle in #raf6 (—/—) embryos (Fig.
1B,D). Continued cell proliferation along the rostral and lateral
margins of the open NT resulted in an accumulation of neuroec-
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toderm and eversion of the NT. Defects in other regions of the NT
were not observed. At E13.5, exencephaly was even more pro-
nounced in affected #raf6 (—/—) mutants (Fig. 1, compare G with
the traf6 (+/—) embryo in E). Thionin staining of cross sections of
these embryos confirmed the failure of NT fusion in the traf6
(—/—) exencephalic embryos (Fig. 1, compare H with the control in
F), and exencephaly continued to be a prominent feature at E14.5
in affected #raf6 (—/—) mutants (Fig. 1, compare J with the control
in 7). The majority of exencephalic traf6 (—/—) mice died shortly
before or during parturition as a result of traumatic CNS injury
suffered during birth, because this process frequently removed
most or all of the exencephalic tissue (Fig. 1K). Traf6 (—/—) mice
also exhibited an overall reduction in body size compared with
wild-type littermates.

TRAF6 gene expression in the embryo

To determine whether #raf6 mRNA is expressed during embryonic
development, Northern blot analysis was performed on tissues of
wild-type mice. In contrast to the low levels of #raf6 expressed in
various adult organs, high levels of rraf6 mRNA were detected at all
stages of embryonic development examined (E7-E17) (Fig. 24).
To determine the spatial distribution of #raf6 gene expression,
wild-type embryos at E9.5 were analyzed by in situ hybridization
using an antisense fraf6 probe (Fig. 2B,C). At this developmental
stage, traf6 mRNA was strongly expressed in the neuroepithelium
of the telencephalic (arrowhead) and mesencephalic vesicles, in the
optic stalk, and in the otic vesicles. A #raf6 sense probe failed to
generate a visible signal (data not shown).
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Figure 2. Expression of traf6 during embryonic development. Northern
blot analysis of traf6 mRNA prepared from wild-type adult tissues and
whole embryos at E7, E11, E15, and E17, showing relative levels of traf6
expression. panc, Pancreas; thyr, thyroid; thym, thymus; submx, submaxil-
lary; test, testes; ovar, ovary; prost, prostate; epid, epididymus. B, In situ
hybridization of a whole mount of an E9.5 wild-type embryo showing traf6
expression in the developing brain. The highest levels of expression occur in
the forebrain (arrowhead), with lower expression in the midbrain and
hindbrain regions. C, Rostral view (magnified) of the embryo in B showing
traf6 expression in the developing forebrain (arrowhead).
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Analysis of neural migration and CNS development in
TRAF6-deficient embryos

Neural tube closure requires the proper coordination of several
basic processes, including cell migration invoked by contact-
dependent signaling, cell proliferation, and apoptosis. To examine
the developmental consequences of TRAF6 deficiency with re-
spect to cell migration and differentiation, the spatial distribution
of several well characterized cellular markers, including the low-
affinity nerve growth factor receptor p75, calretinin, calbindin,
tyrosine hydroxylase, and neuropeptide Y, was examined using an
immunohistochemical approach. The expression pattern of p75 in
traf6 (+/—) and (—/—) embryos is shown in a series of paired
photomicrographs in Figure 3, whereas patterns for the other
markers appear in Figure 4. On the whole, the morphological
changes observed in exencephalic fraf6 (—/—) embryos represent
largely structural displacement rather than overt disruption of
normal architecture. Although only medial sagittal sections are
shown in Figures 3 and 4, the observed regional identities were
based on serial sections obtained throughout the CNS proper
(typically in two planes) for each of the indicated markers. The
relative positions of structural features identified by each of these
markers were subsequently compared between traf6 (—/—) exen-
cephalic embryos and wild-type littermates. Summaries of regional
comparisons between fraf6 (+/—) and (—/—) embryos are shown as
parts of Figures 5 and 6.

Because of the known interaction of TRAF6 with p75 (Khursi-
gara et al., 1999; Ye et al., 1999), we first examined the expression
of p75 in exencephalic traf6 (—/—) mutants and wild-type or traf6
(+/-) littermate controls at various stages of gestation. As shown
in Figure 3 (color-coded arrows), comparable groups of neurons
positive for p75 were present in traf6 (+/—) (Fig. 34,C,E,G) and
traf6 (—/—) (Fig. 3B,D,F,H,I) embryos at both E14.5 (Fig. 34—
D,I) and E18.5 (Fig. E-H). Even within regions of prominent
morphological perturbation, such as the cerebral cortex (which
contained numerous aberrant invaginations), segments of orga-
nized cortical lamination could still be observed in traf6 (—/—)
embryos (Fig. 3, compare yellow arrowheads in E, G and F, H).
These data suggest that the loss of TRAF6 does not significantly
alter the development of p75 " neurons.

Perturbations in the spatial distribution of several groups of
p75 " neurons, however, were observed in exencephalic traf6 (—/—)
animals, most notably in neurons of the facial nucleus [Fig. 3, green
arrowheads, compare A (+/—) with B, D, I (—/—)] and cerebellar
Purkinje neurons [Fig. 3, black arrowheads, compare A, G (+/—)
with B, F, H, I (—/—)]. Neurons in these groups exhibited a
substantially broader distribution in the hindbrain in exencephalic
traf6 (—/—) mice compared with control littermates, presumably
because of alterations in neuronal survival and/or migration after
eversion of the NT. Although the trigeminal ganglia [Fig. 3, red
arrowheads, compare C (+/—) with B, D (—/-)] of traf6 (—/-)
embryos appeared somewhat enlarged at E14.5, analysis of the
numbers of p75™ neurons within this site revealed no significant
differences compared with controls (data not shown). Similarly,
gross histological examination of traf6 (—/—) dorsal root ganglia at
E18.5 did not reveal significantly different numbers of p75 * neu-
rons compared with controls (data not shown).

The patterns of expression of the additional neuronal markers
calbindin, calretinin, tyrosine hydroxylase, and neuropeptide Y in
traf6 (+/—) and exencephalic traf6 (—/—) embryos are shown in
Figure 4. Calbindin, calretinin, and tyrosine hydroxylase were
examined in a series of sagittal sections from E18.5 embryos.
Similar expression patterns were observed in E14.5 (data not
shown) and E18.5 embryos, but the cellular relationships were
more easily defined at E18.5. The nonspecific staining in Figure 4,
B, D, and F (open arrowheads), represents intracerebral hemor-
rhaging frequently observed in exencephalic traf6 (—/—) animals at
this stage. Calbindin staining at E18.5 was comparable in traf6
(+/—) and (—/—) mice (Fig. 4, compare A and B, yellow arrow-
head). Equivalent staining for calretinin was also detected in fraf6
(+/-) and (—/—) embryos (Fig. 4, compare C and D, yellow
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Figure 3. Analysis of p75 expression in exence-
phalic TR AF6-deficient embryos. Paired pho-
tomicrographs (4-B, C-D, E-F, G-H) of sagittal
sections from representative traf6 (+/—) (A, C, E,
G) and exencephalic (—=/—) (B, D, F, H) litter-
mates stained with anti-p75 antibody. Section
pairs are equivalent with respect to their medial-
lateral position to the sagittal midline. Sections
are oriented such that rostral structures are lo-
cated to the left and caudal structures to the right.
Colored arrowheads denote the following struc-
tures: green, fac1a1 nucleus; red, trigeminal gan-
glion; black, p75™* Purkln]e neurons of the cere-
bellum; yellow p75 ™" cortical axons; orange, p75 *
inputs of developing fimbria- formx blue, p75*
neurons of the developmg thalamus; whzte optic
chiasma; gray, p75 " axons innervating dorsal spi-
nal cord. A, B, Sagittal sections from E14.5 traf6
(+/-) and’ (—/—) embryos, 200 um from the
sagittal midline. C, D, Matched E14.5 sections
500 um from the sagittal midline. E, F, Sagittal
sections from E18.5 traf6 (+/—) and (—/—) em-
bryos, 800 um from the sagittal midline. G, H,
E18.5 sections showing the midbrain and hind-
brain, 800 wm from the sagittal midline. /, Sagittal
section from an exencephalic E14.5 traf6 (—/—)
embryo, 300 um from the sagittal midline, show-
ing the transition region of the facial nucleus.
Scale bars: ~1 mm.

arrowhead). In traf6 (+/—) mice, these calcium-binding proteins
identify clusters of interneurons bordering thalamic nuclei. The
presence of calbindin- and calretinin-positive clusters in traf6
(—/—) mice thus aids in delineating the position of comparable
regions in traf6 (—/—) mice. Similarly, tyrosine hydroxylase staining
in E18.5 traf6 (+/—) and (—/—) embryos identified comparable
regions of dopaminergic neurons located proximal to the mid-
brain-hindbrain junction (Fig. 4, compare E and F, yellow arrow-
head). Although substantially displaced in fraf6 (—/—) embryos,
this boundary region can nonetheless be identified in the mutants.

In addition to alterations in the CNS, several changes in endo-
crine tissues were observed in exencephalic traf6 (—/—) mice.
Analysis of serial sections of fraf6é (—/—) embryos stained for
neuropeptide Y showed that the mutants sustained a substantial
reduction in the size of their thyroid glands compared with het-
erozygous littermates (Fig. 4, compare G and H, yellow arrow-
heads). In addition, the development of Rathke’s pouch (primor-
dium of the pituitary gland) was noticeably abnormal in traf6 (—/—)
mice compared with controls (Fig. 4, compare insets in G and H).

Figure 5, 4 and B, shows morphological summaries derived from
the distribution of all neural markers examined from E12.5 to
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E18.5 in traf6 (+/—) and (—/—) embryos. Comparison of these data
indicates that the morphological disruption observed in exence-
phalic traf6 (—/—) mice is caused principally by cellular expansion
of the hindbrain (yellow lines) and the ventral diencephalon ( yellow
arrowhead). In contrast, traf6 (—/—) mice exhibit a significant
reduction in cerebral cortical volume (black arrow) and fewer nasal
turbinates.

Analysis of neuronal proliferation in
TRAF6-deficient embryos

To examine the mechanism underlying the regional hypertrophy
observed in the hindbrain and ventral diencephalon of exence-
phalic traf6 (—/—) mutants, the level of cell proliferation in traf6
(+/+), (+/=), and (—/—) animals was determined using BrdU
immunohistochemistry. The pattern of BrdU labeling was assessed
at E14.5, a period that follows the principal wave of neurogenesis
that continues within secondary ventricular zones. Like heterozy-
gous and wild-type littermates, the cortical tissue of E14.5 traf6
(—/—) mice contained a secondary germinal zone (Fig. 5, compare
C-E with F-H), but the structure of the germinal zone was aber-
rant. In addition, multiple ectopic BrdU-labeled foci (Fig. 5G,H,
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arrowheads) could be observed within the cortical tissue of traf6
(—=/—) embryos. However, although the overall level of BrdU
incorporation appeared to be somewhat reduced in exencephalic
traf6 (—/—) mice at E14.5, analysis of BrdU incorporation at earlier
stages (E10-E12) did not demonstrate any significant differences
between fraf6 (+/—) and (—/—) mice (data not shown). We con-
clude that the deletion of TRAF6 does not induce the observed
changes in CNS morphology by altering rates of cellular
proliferation.

Exencephalic TRAF6-deficient embryos exhibit regional-
specific defects in programmed cell death

In addition to neural proliferation, we examined the effect of
TR AF6 deficiency on the pattern of PCD during embryonic de-
velopment. TUNEL-labeled serial sections of E12.5-E14.5 traf6
(+/-) and (—/-) littermates were examined in relation to regional
neural markers to delineate comparative regions within the devel-
oping CNS. Summaries of the CNS regions examined in traf6
(+/—) and exencephalic (—/—) mice are shown in Figure 6, 4 and
B, respectively. TRAF6 (—/—) embryos at E12.5-E14.5 showed
substantially reduced levels of apoptosis within specific regions of
the CNS compared with control littermates. A dramatic reduction
(>75%) in the level of TUNEL labeling was observed within the
mutant ventral diencephalon at E14.5 (Fig. 6D,F, region 4) com-
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Figure 4. Immunohistochemical character-
ization of exencephalic TR AF6-deficient em-
bryos. Each photomicrograph pair (A4-B,
C-D, E-F, G-H ) shows sagittal sections from
the same traf6 (+/—) (A4, C, E, G) or exence-
phalic (=/=) (B, D, F, H) littermates shown
in Figure 3. Sections are oriented such that
rostral structures are located to the left and
caudal structures to the right. A, B, Calbindin
staining of traf6 (+/—) and (—/—) littermates
at E18.5. Sections are ~750 um from the
sagittal midline. C, D, Calretinin staining of
E18.5 traf6 (+/—) and (—/—) embryos 850
wm from the sagittal midline. E, F, Tyrosine
hydroxylase staining of E18.5 traf6 (+/—) and
(—/—) embryos 950 wm from the sagittal mid-
line. Arrowheads denote particular groups of
immunopositive neurons within the brains of
traf6 (+/—) embryos or their cellular equiva-
lents in fraf6 (—/—) mice as indicated in the

&  Figure 3 legend. Scale bars, 1 mm. Insets

-~ represent threefold magnifications of the ad-

V - jacent boxed regions. G, H, Neuropeptide Y
) . staining of E14.5 thyroid gland ( yellow arrow-

"3 = head) of traf6 (+/—) and (—/—) embryos 100
~+ pm from the sagittal midline. Insets show

cross sections of Rathke’s pouch.

pared with heterozygous controls (Fig. 6C,E). A more modest
reduction in PCD (60%) within this region was also observed at
E15.5 for traf6 (—/—) mice (Fig. 6 H) compared with controls (Fig.
6G). In addition, a smaller but still significant decrease in PCD
(>20%) was observed within the mesencephalon of traf6 (—/—)
mice at E14.5 compared with controls (Fig. 61,J, compare region 6).
No significant differences in apoptosis were observed between traf6
(=/—) mice and controls in the medulla oblongata, trigeminal
ganglion, tongue epithelium, and nasal epithelium (Fig. 6, K, L, M,
N, respectively; data shown for #raf6 (—/—) samples only) or the
retina, dorsal root ganglion, or superior cervical ganglion at E13.5-
E15.5 (data not shown). Interestingly, increased levels of apoptosis
were observed in the cortex (region 1) of exencephalic traf6 (—/—)
embryos at E15.5 (data not shown). However, this increase in PCD
appears to occur subsequent to the reductions in apoptosis ob-
served within the ventral diencephalon and mesencephalon. Thus
the results indicate that TR AFG6 is involved in regulating PCD in
several regions of the CNS during development.

DISCUSSION

In this study, we have examined the functional consequences of a
null mutation of the #raf6 gene on the development of the CNS in
mice. Surprisingly, loss of TRAF6 had a striking effect on the
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Figure 5. BrdU incorporation in exence-
phalic TR AF6-deficient embryos. A4, B,
Composite photomicrographs of thionin-
stained sagittal sections of E16.5 traf6
(+/=) and (—/—) embryos, respectively.
Colored arrowheads indicate comparable
cellular regions as determined by mor-
phology, BrdU labeling, and immunohis-
tochemical data. C, F, Sagittal overviews
of BrdU labeling within the cerebral cor-
tex of E14.5 traf6 (+/—) and exencephalic
(—/—) embryos, respectively. D, Magni-
fied view of the boxed region shown in C.
E, Additional view of BrdU labeling
within the rostral cortex of a traf6 (+/—)
embryo at a similar level. G, Magnified
view of the boxed region shown in F. H,
Additional view of BrdU labeling within
the cortex of a traf6 (—/—) embryo at a
level similar to that shown in E. In G and
H, the arrowheads denote regions of ectopic
cell proliferation. Scale bars, 1 mm.

development of the CNS, resulting in exencephaly in a substantial
subpopulation of traf6 (—/—) mice. Because this condition is not
compatible with survival, these mutant embryos die between E18
and PO. The number of live-born #raf6 (—/—) mice was found to
vary substantially in different genetic backgrounds, suggesting that
additional factors act in concert with TRAF6 to influence neural
tube closure. This is perhaps not surprising given the multifactorial
nature of this process as demonstrated previously for other neural
tube mutants (Sah et al., 1995; Berk et al., 1997; Harris and Juriloff,
1999).

Exencephaly in TR AF6-deficient embryos was first observed at
E10 and appears to result from a failure of NT closure in the region
of the fourth ventricle. Specifically, neuroepithelia along the lateral
edges of the NT fail to elevate properly, resulting in eversion of the
NT. In addition, thickening of the neuroepithelia is observed along
the lateral and rostral margins of the exposed NT. Thus, the NT
defect in exencephalic traf6 (—/—) mice may be classified as a “zone
B” failure in closure (Harris and Juriloff, 1999). Previous work on
other zone B NT mutants has demonstrated that various mecha-
nisms, including aberrant cell migration and proliferation, failure
of overlying mesenchyme, deficiency of basal lamina, and dysregu-
lation of neural apoptosis, can contribute to this process (Harris
and Juriloff, 1999).

To determine the mechanism by which TRAF6 influences the
development of the CNS, we examined structural morphology,
BrdU incorporation, TUNEL staining, and the expression pattern
of several immunohistochemical markers in traf6 (+/+), (+/-),
and (—/—) littermates from E10 to E18.5. The results demonstrate
that TRAF6 is more important in the CNS for the promotion of
PCD rather than for influencing cellular migration or proliferation.
Immunohistochemical analysis of BrdU incorporation did not re-
veal significant differences in the degree of cell proliferation in traf6
(—/—) mutants compared with controls, except within the cortex
where numerous invaginations and ectopic zones of neural prolif-
eration were observed. Within this region, some increase in PCD
was observed in traf6 (—/—) mice compared with traf6 (+/-)
littermates. However, this increase in PCD is likely secondary to
structural disruption of the cortex, given that it occurs subsequent
to the reductions in PCD within the ventral diencephalon of traf6
(—/—) mice. This may also be related to local disruptions in blood
flow and perhaps other factors such as pressure-induced cortical
hypoxia. In addition, it should be noted that although secondary
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germinal zones within the telencephalon were aberrant, segments
of well organized laminar cortex could still be identified in traf6
(—/—) embryos. This is in contrast to the previously reported
phenotypes of exencephalic caspase 3, caspase 9, and Apaf-1 null
mutants (Kuida et al., 1996; Hakem et al., 1998; Yoshida et al.,
1998).

Analysis of TUNEL labeling in exencephalic traf6 (—/—) mu-
tants suggests that the observed exencephaly results from cellular
expansion of the ventral diencephalon, and to a lesser extent the
hindbrain. The profound reduction in PCD within the ventral
diencephalon of traf6 (—/—) embryos was characterized at E13.5-
14.5, long after neural tube closure, and a significant reduction in
PCD continued to be observed at E15.5. These data indicate that
TRAF6 acts to regulate endogenous PCD within specific neural
populations over a substantial developmental period known to be
critical for proper functional organization of the CNS. For reasons
of feasibility, the level of PCD was not examined at the time of
NT closure (E8-E10); however it is possible that the defects
observed in fraf6 (—/—) mice may relate to TR AF6-mediated
changes in PCD. The presence of comparable groups of differen-
tiated neurons in fraf6 (—/—) and wild-type mice suggests that loss
of TRAF6 does not alter neural differentiation per se, but instead
affects apoptosis in a region specific manner, which in turn results
in the structural reorganization seen within the CNS of traf6
mutants.

As has been shown previously for a number of other proteins, we
observe that the loss of TRAF6 has its greatest functional conse-
quences in regions that do not necessarily correspond to its stron-
gest sites of expression. These differences may be related to various
factors, including the presence of structurally (or functionally)
homologous proteins, variations in the level of upstream activators
or downstream effectors within a cellular population, or variations
in levels of modifiers that may alter the level of functional protein.
In addition, within the nervous system it is important to consider
that the site of mRNA production in neural cells may not neces-
sarily reflect the spatial distribution of the functional protein.

With respect to the morphology of the exencephalic traf6 (—/—)
mice, it is interesting to note that these animals exhibit a striking
similarity to embryos doubly deficient for jukl and jnk2 (Kuan et
al., 1999; Sabapathy et al., 1999). Both traf6 (—/—) and jnkl/jnk2
(—/—) mutants exhibit failure of NT closure at E9-E10 at the level
of the fourth ventricle and show neuroepithelial thickening around
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this region, resulting in eversion of the NT. Furthermore, both
mutants exhibit a protrusion of brain tissue from the cranial vault,
principally because of enlargement of the diencephalon. In both
cases, this results in a lateral displacement of cortical tissue. De-
spite disruption in its overt structure, normal segments of cortical
lamination are observed in both #raf6 and jnkli/jnk2 mutants. Sig-
nificant abnormalities in other structures such as the spinal cord,
trigeminal ganglion, and dorsal root ganglia are not observed in
either traf6 (—/—) or jnkl/jnk2 (—/—) embryos. Given the strong
similarities between these two mutants, it will be of interest to
determine whether TRAF6 is required for JNK activity during
this period of CNS development.

The possibility that TRAF6 mediates JNK activity and NT
closure in mammals is also supported by previous studies of the
Drosophila gene Basket (Bsk), a homolog of JNK. Failure to
activate Bsk leads to defective dorsal closure, a process in which

Figure 6. Reduction of programmed
cell death in the CNS of exencephalic
TR AF6-deficient embryos. A, B, Mor-
phological summaries of the regions an-
alyzed for TUNEL-positive neurons in
E15.5 traf6 (+/—) and exencephalic
(=/—) embryos, respectively. C, E, Two
representative examples of TUNEL
staining within the developing dienceph-
alon (hypothalamus, region 4) of E14.5
traf6 (+/—) embryos. D, F, Sections of
traf6 (—/—) littermates comparable with
those in C and E. G, H, TUNEL staining
in region 4 of E15.5 traf6 (+/—) and (—/—)
embryos, respectively. 7, /, TUNEL stain-
ing within the diencephalon (thalamus, re-
gion 6) of E14.5 traf6 (+/—) and (—/—)
embryos, respectively. K—-N, Representa-
tive examples of TUNEL staining within
the (K) medulla oblongata (region 7), (L)
trigeminal ganglion, (M) tongue epithe-
lium, and (N) nasal epithelium (region 0)
in E14.5 traf6 (—/—) embryos.

lateral epithelial cells migrate over the embryo and join at the
dorsal midline (Riesgo-Escovar et al., 1996; Sluss et al., 1996). Of
the two Drosophila TR AFs identified to date, DTRAF2 shares
most homology with mammalian TRAF6 (Liu et al., 1999). At
present, the kinase(s) recruited by DTR AF2 is unknown; however,
one logical candidate is Src42A, a Drosophila homolog of the
mammalian proto-oncogene c-src (Tateno et al., 2000). Interest-
ingly, flies mutated in Src42A exhibit a phenotype similar to those
lacking Bsk, suggesting that the Bsk pathway is required down-
stream of Src42A in the dorsal closure pathway (Tateno et al.,
2000). The hypothesized connection between DTRAF2 and
Src42A stems from a recent study demonstrating the ability of the
mammalian TRAF6 to interact with and enhance the kinase ac-
tivity of c-src (Wong et al., 1999). It can thus be speculated that
DTRAF2 may interact with and activate Src42A, which in turn
stimulates Bsk during dorsal closure. A similar pathway may exist
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in mammals for the regulation of NT closure. A subset of c-src-
deficient mice has been reported to die in utero (Soriano et al.,
1991), but it is unclear whether these embryos exhibited a
“TRAFG6-like” defect in NT closure leading to exencephaly.

In addition to c-src, there are a number of other intracellular
molecules that interact with TRAF6, including transforming
growth factor B activating kinase (Ninomiya-Tsuji et al., 1999),
apoptosis-signal regulating kinase (Hoeflich et al., 1999), and evo-
lutionary conserved signaling intermediate in Toll pathways (Kopp
et al., 1999). Any of these TR AF6-interacting proteins could be
involved in regulating JNK phosphorylation and/or apoptosis. Re-
cent studies have demonstrated that TR AF6 also interacts with the
cell death-inducing kinase RIP2/RICK (McCarthy and Dixit,
1998), which in turn interacts with CARD4, a novel member of the
CED-4/Apaf-1 family (Bertin et al., 1999). Thus, it is possible that
TRAF6 recruits RIP2/RICK and/or CARD4, which in turn leads
to induction of PCD. The generation of mutant mice deficient in
these TR AF6-interacting proteins will help determine which one
of them operates in a TR AF6-dependent signal transduction path-
way involved in controlling NT fusion and apoptosis during CNS
development.

TRAF6 has also been shown to interact with a number of cell
surface receptors. The in vivo functions of many of these mole-
cules, including IL-1R, CD40, RANK, and TLR4, have been
characterized previously using gene-targeted mice (Kawabe et al.,
1994; Glaccum et al., 1997; Dougall et al., 1999; Hoshino et al.,
1999). However, the phenotype of exencephalic fraf6 (—/—) mice
does not closely parallel that of any of these null mutants, suggest-
ing that the principal receptor(s) mediating NT fusion and PCD
during development of the CNS has yet to be identified. Similarly,
although TRAF6 has been reported to interact with the low-
affinity nerve growth factor receptor p75, the embryonic phenotype
of both exencephalic and nonexencephalic traf6 (—/—) mice differs
markedly from that of p75-deficient mice. First, gross histological
examination has shown that neither group of #raf6 (—/—) mice
exhibits significant decreases in dorsal root ganglia or retinal apo-
ptosis, in contrast to p75 (—/—) mice. Second, viable traf6 (—/—)
mice do not exhibit signs of reduced cutaneous innervation, skin
ulcerations, or defects in thermoception (data not shown). Last,
viable, postnatal TR AF6-deficient mice exhibit progressive post-
natal lethality at the time of weaning (Lomaga et al., 1999), in
contrast to p75-deficient animals. At this point in our studies,
however, we cannot exclude the possibility that TR AF6 mediates
other aspects of postembryonic p75 signal transduction.

In conclusion, this study suggests a new role for TRAF6 in the
development of the CNS. Through the generation and analysis of
TR AF6-deficient embryos, we have demonstrated critical roles for
TR AF6 in mediating NT closure and apoptosis, possibly through
an as yet uncharacterized receptor. Our findings have the potential
to contribute to the understanding of the genetic mechanisms
underlying defects in NT closure.
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