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agreement with the reaction: lactate™ + 2H,0 + 2AQDS —
2AHDS + acetate” + HCO; + H".

Technical difficulties prevented cell growth of G. metalliredu-
cens from being monitored with humic acids as the electron
acceptor (Fig. 4); however, S. alga grew in a medium in which
humic acids were the sole electron acceptor (Fig. 4c). Growth was
associated with an accumulation of reducing potential in the
humic acids that could be transferred to Fe(ur) when Fe(1r) was
added to cell-free filtrates of the culture. Growth was not due to
degradation by S. alga of humic acids because there was no growth
in the presence of humic acids if lactate, the electron donor, was
omitted (Fig. 4c). These results show that respiration with humic
acids as the terminal electron acceptor can yield energy to support
cell growth.

Besides revealing a new form of microbial respiration, these
findings may have important implications for the biogeochemistry
of soils and aquatic sediments. For example, the reduction of
insoluble Fe(mr) and Mn(1v) oxides is one of the most geochemi-
cally significant processes that takes place in sedimentary envir-
onments'®'’, Previous investigations into the mechanisms for the
reduction of Fe(umr) and Mn(1v) have emphasized either the
abiological reduction of these metals by organics such as humic
materials and related aromatic compounds®, or the direct bio-
logical reduction of the metals by specialized metal-reducing
microorganisms®. Our results suggest that, at least in some
instances, the reduction of Fe(un) (and other metals such as
Mn(1v) that can also accept electrons from humic substances)
may actually be a combination of both processes, with micro-
organisms first donating electrons to humic substances and the
humic substances then reducing the metals. Such electron shut-
tling may greatly facilitate the ability of Fe(ur)-reducing bacteria
to pass electrons to insoluble Fe(mr) oxides and is the likely
explanation for the earlier observation® that humic acids greatly
accelerate the rate of benzene degradation in aquifer sediments in
which Fe(1n) is the terminal electron acceptor. Even when Fe(ur)

is not available to recycle humic substances back to their oxidized
form, humic substances may still be important electron acceptors
for organic matter oxidation, given the abundance of humic
substances in many soils and sediments. The known ability of
reduced humic acids to donate electrons to a variety of metals and
organics®>1*12 suggests that microbial reduction of humic acids
may have an impact on the fate of other environmental contami-
nants as well. O
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VERTEBRATES constantly remodel bone. The resorption of pre-
existing bone by osteoclasts and the formation of new bone
by osteoblasts is strictly coordinated to maintain bone mass
within defined limits. A few molecular determinants of bone
remodelling that affect osteoclast activity' have been character-
ized, but the molecular determinants of osteoblast activity are
unknown. To investigate the role of osteocalcin, the most abun-
dant osteoblast-specific non-collagenous protein®, we have gen-
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erated osteocalcin-deficient mice. These mice develop a
phenotype marked by higher bone mass and bones of improved
functional quality. Histomorphometric studies done before and
after ovariectomy showed that the absence of osteocalcin leads to
an increase in bone formation without impairing bone resorp-
tion. To our knowledge, this study provides the first evidence that
osteocalcin is a determinant of bone formation.

Osteocalcin, the most abundant non-collagenous protein
(NCP) of the bone extracellular matrix (ECM), is synthesized
only by osteoblasts®®. The mouse osteocalcin cluster contains
three genes, two of which (OGI and OG2) encode osteocalcin.
Their coding sequences are 96% identical, and they are expressed
only by osteoblasts, whereas the third gene, osteocalcin-related
gene (ORG), is expressed in kidney but not in bone’. To investi-
gate the function of osteocalcin during bone remodelling, osteo-
calcin-deficient mice (osc™/osc™) were generated by
simultaneously deleting both OGI and OG2 using embryonic
stem (ES) cell technology (Fig. 1). Heterozygous mice were
phenotypically normal. Crosses between these heterozygotes
produced homozygous mutant osc™/osc™ mice at predicted
mendelian frequencies. Because both OGI and OG2 were
deleted, osteocalcin was not expressed in these mice (Fig. 1d—f).
There was no ectopic expression of ORG in bone (Fig. 1d),
indicating that osc™ is a null allele for osteocalcin. These mice
were normal at birth, viable and fertile, and had no skeletal-
patterning defects and no ectopic bone formation. The expression
of other NCPs such as osteopontin, matrix gla protein, and bone
sialo protein was not significantly affected by the absence of
osteocalcin (Fig. 1g and data not shown). The ultrastructure of
the bone ECM of 3- and 6-month-old wild-type and mutant
animals examined by electron microscopy was identical (data
not shown).
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Over time the mutant mice developed abnormalities of bone
remodelling which became noticeable in 6-month-old animals.
Radiographic analysis of the long bones of 6-month-old wild-type
and mutant animals revealed that the mutant long bones had
increased cortical thickness and density compared to wild-type
littermates, consistent with an increased amount of mineralized
bone matrix (Fig. 2a). In the bones of 9-month-old animals, the
same features were present and were accompanied by an increase
in the width of the diaphysis (Fig. 2b).

Histological analysis of 6- and 9-month-old animals showed
the presence of more cancellous bone in mutant animals than
in wild-type littermates (Fig. 2c, d and data not shown). The
width of cortical bone in 6-month-old mutant mice was increased
compared with that of their wild-type littermates, reaching 150%
of the wild-type width by 9 months of age (osc™/osc™ mice,

257 £ 28 um; Osc*/Osc*, 169 +20um, n = 3; Fig. 2g~j). The
functional consequences of this increase in bone mass were
analysed biomechanically. In 6-month-old mutant mice, a
significant increase in failure load, a biomechanical indicator
of bone strength®, was observed compared with that of wild-
type littermates (osc™/osc™ mice, 33.79 £ 5.41N; Osc*/Osct,
27.08 £3.25N; P < 0.05 ANOVA, n = 6). This result indicates
that the increase in bone tissue had a beneficial effect on the
mechanical properties of the bones.

To determine whether this increase in bone mass was due to
an increase in bone formation, histomorphometry analysis was
performed by double-labelling with tetracycline, a marker of
the amount of newly formed bone’. At both 4.5 and 6 months
of age there was a 50% increase (P < 0.05, n = 4) in the percen-
tage of labelled surface in mutant animals compared to wild-type
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FIG. 1 Gene targeting at the osteocalcin locus. a, Representation of the
expected gene replacement at the mouse Osteocalcin locus’ (Osc). Exon 4
of osteocalcin gene 1 (0OG1), which codes for the mature protein, and the
entire osteocalcin gene 2 (0G2) sequence were deleted, while osteocalcin-
related gene (ORG) was retained. Correct targeting resulted in the replace-
ment of the entire mature osteocalcin protein-coding sequences by the
pGKNeo cassette!. The MC1-tk (thymidine kinase) expression cassette'®
was used for negative selection. The 5’ and 3' external probes used for
Southern-blot analysis are shown as patterned boxes. b, Southern blot
analysis of targeted ES cell DNA. The presence of a 5.8-kb Xbal fragment
indicates proper targeting of the Osc locus at the 3’ end. ¢, Southern biot
analysis of DNA from the offspring of heterozygous matings. Genomic DNA
(5 ug) isolated from the tails of one litter was digested with BamHI| and
analysed with the 5’ probe. The presence of a single 7.7-kb fragment
indicates a homozygous mutant (—/—) genotype. d, RNase protection
analysis of RNA from the offspring of heterozygous matings. 15 pg of
total RNA collected from bone or kidney was hybridized with a labelled
riboprobe corresponding to mouse osteocalcin cDNA (OG1 + 0G2) or to the
first exon of ORG (ORG). Arrowheads denote the positions of the expected
protected products. The 201-nucleotide (nt) band observed with the 0G1/
0OG2 probe in homozygote mutant animals corresponds to the expected
protected product of the first three exons of OG1. tRNA was used as a
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negative control. 5 pug of RNA from bone and kidney was hybridized with a
control B-actin riboprobe. e, Western blot analysis of protein from the bone
ECM of wild-type (+/+), heterozygote (+/—), and homozygote mutant
(—/-) mice. f, Radioimmunoassay of serum osteocalcin in wild-type
(+/+), heterozygote (+/—), and homozygous mutant (—/—) animals.
Numbers in parentheses indicate numbers of animals tested. g, Northern
blot analysis of RNA from 6-week-old wild-type (+/+) and homozygote
mutant (—/—) mice. 15 pg of total RNA from bone was hybridized with a
labelled probe corresponding either to the mouse maitrix gla protein cDNAY"
(MGP) or to the rat osteopontin cDNA® (OPN). A glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) probe was used to normalize the quantity of
RNA in each lane.

METHODS. Culture and transfection of ES cells have been described?®.
Briefly, AB2.1 ES cells were transfected with 25 ug linearized targeting
vector per 107 cells with a Biorad Gene Pulser and grown under double
selection™*®. Targeted ES cell clones were identified by Southermn blot
hybridization and were injected into C57BL/6 blastocysts?. Male chimaeras
were mated to C57BL/6 females and their heterozygous offspring were
intercrossed to generate osc™/osc™ mice. RNase protection assays were
done with an RPA li kit (Ambion), following the manufacturer’s instructions.
Radioimmunoassay and western blot analysis were done with an anti-
mouse osteocalcin antibody?*.
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FIG. 2 Radiological and his-
tological analysis of the
bones of osc™/osc™ mice.
a, b, X-ray of femora of wild-
type (+/4) and mutant
(—/-) littermates of 6 (a)
and 9 months old (b). Note
the denser aspect and
increase in cortical thick-
ness of the long bones of
mutant compared with wild-
type animals. The head of
the femur of the 9-month-
old mutant mouse was
sectioned for histological
analysis in a separate
experiment. ¢, d, Histolo-
gical analysis of cancellous
bone in 9-month-old wild-
type (c) and osc™/osc™
mice (d). Longitudinal sec-
tions were made through
the femora. Note the abun-
dance of calcified can-
cellous bone surrounding
the growth-plate cartilage.
e, j, Histological analysis of
cortical bones of wild-type
(e, & 1 and osc™/osc™
mice (f, h, j) of 3 (e, f), 6
(g, h), or 9 months old
(i, j). Longitudinal sections
are through the femora.
Note the progressive increase
in cortical thickness in the
bones of mutant mice.

METHODS. Mice were killed by cetrvical dislocation, and tissues were fixed in
fresh 4% paraformaldehyde for 10 to 24 h. Samples were demineralized for
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2 days in 10% formic acid, dehydrated, embedded in paraffin, sectioned at

5 um and stained with haematoxylin/eosin.

FIG. 4 In vivo analysis of bone resorption
in osc™/osc™ mice. 5-month-old wild-
type (+/+) and homozygous osc™/osc™
(—/-) mice were sham-operated
(SHAM) or ovariectomized (OVX), and
killed 28 days later. a, X-ray analysis of
long bones (humerus) of SHAM (left) or
OVX (right) 6-month-old animals. Note
the lighter aspect of the bones of the OVX
mice, indicating a loss of bone mass. b,
Histomorphometric measurements of
the bone-marrow cavity area, which is
significantly larger in OVX osc™/osc™
mice (Student’s t-test). c—e, Biomech-
anical analysis of the quality of the
femora. Yield energy is an indicator of
ductility of bone specimens. Failure load
is a measure of the strength of the bone,
and stiffness is an indicator of the elas-
ticity of the bone®. The decreases in yield
energy, failure load, and stiffness in OVX
animals indicate a bone fragility similar
to that in osteoporosis. *P < 0.05,
**P < 0.001,n = 6.

METHODS. Femora were tested to failure
by four-point bending on an MTS servo-
hydraulic testing machine at a constant
displacement rate of 0.5 mms~* (ref. 8).
Stiffness was calculated as the slope of
the linear portion of the load-displace-
ment curve, and yield energy was deter-
mined as the area under the load-
displacement curve. Statistical signifi-
cance was determined by one-way
ANOVA with Tukey's post-hoc test for
group comparison.
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Labelled surface (%)
+/+ -/-
45months 24 £6 39 £5 %
6months 31 +6 57 +10%

FIG. 3 In vivo analysis of bone formation in osc™/osc™ mice. a, Tetracyclin/
calcein double-labelling analysis in osc™/osc™ mice. a—d, Fluorescent
micrographs of the two labelled mineralization fronts in representative
sections of the mid-diaphysis of the femora of wild-type (a, c¢) and
osc™/osc™ mice (b, d) of 4.5 (a, b) and 6 months old (¢, d). Note the
increase in cortical thickness and in the distance between the two labelled
areas, as well as the wider aspect of the labelled areas in the mutant
animals, reflecting the increase in bone-matrix deposition rate. e, Quanti-
fication of the percentage of labelled surface in wild-type (+/+) and mutant
(—/-) littermates. B, Static and dynamic histomorphometric analysis of
vertebrae and femora of wild-type (+/+) and homozygous osc™/osc™
(—/-) mice. Measurement of bone-formation rates (a, b) and cell surfaces
(c—e) in wild-type and osc™/osc™ mice of 4.5 and/or 6 months old. Bars
represent means +s.e.m. Asterisks indicate a statistically significant

littermates (Fig. 34), indicating that the lack of osteocalcin leads
to an increase in bone formation. Likewise, the cancellous and
cortical bone-formation rates were significantly increased in
the long bones and vertebrae of osc™ josc™ mice (Fig. 3B, a and
b). Remarkably, considering the increase in bone-formation
rates, the osteoblast surface, which is a reliable indicator of the
number of osteoblasts®'?, was not increased in the mutant animals
(Fig. 3B, ¢).

Another important finding of the histomorphometry analysis
was the increase in osteoclast number and surface in the bones of
osc™ Josc™ mice (Fig. 3B, d and e). This raised the possibility that
the osteoclasts were functioning poorly in mutant mice. To test the
function of the osteoclasts in vivo, 5-month-old wild-type and
mutant mice were ovariectomized. Ovariectomy, and the oestro-
gen depletion it creates, causes a rapid increase in bone resorption
which ultimately leads to osteoporosis''2. X-ray analysis one
month after ovariectomy showed the expected slight decrease in
bone density in wild-type mice. This decrease was greater in
osc™josc™ animals (Fig. 4a). Histomorphometric analysis showed
an increase in bone-marrow area, a good indicator of osteoclast
function!®!®, in both wild-type and mutant animals after ovariect-
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difference between wild-type and osc™/osc™ mice groups (*P < 0.05,
**P < 0.005). For 4.5 months, n = 4; for 6 months,n = 7.

METHODS. Double labelling has been described?2. Tetracycline injection
(25 mg per kg body weight) was followed by the same dose of calcein 10
days later. Animals were killed 2 days after the second injection, and their
bones were dissected and fixed in PBS-buffered formaldehyde (pH 7.1).
After embedding in methylmethacrylate and sectioning at 6 um, a blind
analysis of the unstained samples was conducted under fluorescent light.
Histomorphometric parameters follow the recommended nomenclature®®.
Osteoblast surface was measured according to published protocols® with
the Bioquant Image Analysis System (R&M Biometrics). Osteoclast surface
was measured as the surface of tartrate-resistant acid-phosphatase-posi-
tive cells*-?®, Statistical differences between groups were assessed by
Student’s t-test.

omy (Fig. 4b). Biomechanical studies showed that the long bones
of ovariectomized osc™ /osc™ mice were weaker than the bones of
sham-operated animals (Fig. 4c—e). These results demonstrate
that bone resorption occurs normally in osc™/osc™ mice. Con-
sistent with the increase in osteoclast surface in mutant mice
before ovariectomy, these animals may develop a more severe
osteroporosis than their wild-type littermates after oestrogen
depletion.

To determine whether osteocalcin plays a role in bone miner-
alization, von Kossa staining was performed, and both mineral
apposition rates and bone mineral contents were measured. By
these criteria, wild-type and mutant bones were indistinguishable
(data not shown), indicating that the absence of osteocalcin did
not affect bone mineralization.

Thus, osteocalcin normally functions to limit bone formation
without impairing bone resorption or mineralization. The mol-
ecular mechanism by which osteocalcin controls bone matrix
deposition is unknown. The increase in bone formation rates
occurs without a comparable increase in osteoblast surface,
indicating that each osteoblast is laying down more matrix. This
suggests that osteocalcin, like other members of the family of
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proteins to which it belongs'**, may bind to a specific, yet to be

identified, receptor to fulfil its function. The identification of
osteocalcin as a negative regulator of bone formation suggests
that an antagonist of osteocalcin synthesis or function, in con-
junction with oestrogen replacement therapy, may be of some
therapeutic use. O
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Induction of a specific
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hedgehog-like protein
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THE notochord plays a central role in vertebrate development,
acting as a signalling source that patterns the neural tube and
somites'™. In in vitro assays, the secreted protein Sonic hedgehog
mimics the inducing effects of notochord on both presomitic
mesoderm and neural plate explants of amniote embryos, sug-
gesting that both patterning activities of the notochord may be
mediated by this protein in vivo>®. In zebrafish, however, mutants
with disrupted notochord development lack a specific muscle cell
type, the muscle pioneers, although they retain the ability to
induce neural differentiation, raising the possibility that neural
tube and somite patterning may be mediated by distinct
signals®'’, Here we describe a new member of the hedgehog family,
echidna hedgehog, that is expressed exclusively in the notochord
and has the ability to rescue the differentiation of muscle pioneer
cells in mutants with no notochord. Moreover, we show that a
combination of ectopic echidna hedgehog and sonic hedgehog
expression induces supernumary muscle pioneers in wild-type
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embryos, suggesting that both signals act sequentially to pattern
the developing somites.

Embryos homozygous for the zebrafish mutations no tail (ntl)
and floating head ( flh) lack differentiated notochords and exhibit
concomitant somite defects™'’. In both cases, somites are irregu-
larly shaped and lack a horizontal myoseptum, a structure of the
dorsoventral midline of the myotome. They also lack a specialized
group of muscle cells, the muscle pioneers (MPs), which are
amongst the earliest differentiating and migrating cells of the
myotome® 2. MPs can easily be distinguished from other muscle
cells as they express engrailed (en)'. In wild-type fish, between two
and six MPs form directly apposed to the notochord in each
somite, aligned at the level of the horizontal myoseptum'".

Both the ntl and flh genes encode transcription factors whose
expression is principally confined to the axial mesoderm that gives
rise to the notochord™'’. Thus the somite defects seen in each
mutant are secondary consequences of their effects on notochord
differentiation, reflecting the role of the notochord in somite
patterning. Importantly, however, expression of the putative
notochord-derived signal, sonic hedgehog (shh), is retained
during early stages of development in flh and ntl embryos and,
in line with this observation, induction of floorplate differentia-
tion in the ventral neural tube occurs, to varying extents in both
mutants'®®, Taken together these findings suggest that Shh
activity is not sufficient for MP induction and imply the existence
of some other notochord-derived MP-inducing activity.

We identified one member of the hedgehog (hh) gene family
cloned in zebrafish®, echidna hedgehog (ehh), which is expressed
exclusively within cells of the presumptive notochord. The
sequence of the ehh open reading frame reveals a high degree
of sequence identity with other Hedgehog proteins (Fig. 1a). All
amino-acid motifs implicated in Shh function are conserved in the
Ehh protein, and like shh, ehh can activate the hh signalling
pathway in Drosophila when misexpressed in imaginal discs
(unpublished observations). In the developing zebrafish embryo,
expression of ehh is first detectable somewhat later than is
expression of shh, at the mid-gastrula stage in cells of the axial
midline” (data not shown). Expression spreads along the midline
as the axial mesoderm extends towards the animal pole (Fig. 2a),
and by early somitogenesis its anterior and dorsoventral limits can
be seen to coincide with that of the notochord (Fig. 2a—c). As
somitogenesis continues, expression diminishes in a rostral-to-
caudal progression along the length of the notochord, becoming
confined to the tail notochord by the 26-somite stage (Fig. 2¢) and
disappearing completely by the end of somitogenesis. By com-
parison, shh expression is found within cells of the neural tube and
notochord during somitogenesis and this expression is maintained
after somitogenesis is completed (Fig. 24, f).

Unlike shh, expression of ehh cannot be detected at any stage in
either n#l or flh homozygous embryos (Fig. 2g—j, and data not
shown). Thus absence of MPs correlates with absence of ehh
expression, suggesting that ek may be required for MP induction.
To test this, we assayed the activity of ehh using the same over-
expression methods used previously to analyse shh function®.
Injection of shh sense messenger RNA into 1-2-cell-stage
embryos produces a number of morphological abnormalities,
notably a disruption of eye development, but has no obvious
morphological effect on the development of the somites™ !
(80%, n = 96; data not shown). Similar effects are induced by
ectopic expression of another hedgehog-family gene, tiggy-winkle
hedgehog (twhh) (67%, n = 45)", that is also expressed along the
midline of the developing embryo'®. By contrast, ehh sense mMRNA
fails to produce any morphologically detectable phenotype when
injected under identical conditions (n = 162), or even when
injected at 5 times higher concentrations (n = 45). To test the
possibility that this lack of effect reflects an inefficient processing
of the Ehh protein, we generated a truncated mRNA that encodes
only the predicted mature amino-terminal fragment of Ehh.
Injection of this mRNA under identical conditions similarly
resulted in no morphological defects (n = 53). However, when
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