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The multiple roles of noggin during dorsal fate specifica-
tion in Xenopus embryos, together with noggin’s ability to
directly induce neural tissue, inspired an effort to deter-
mine whether a similar molecule exists in mammals. Here
we describe the identification of human and rat noggin and
explore their expression patterns; we also localize the hu-
man NOGGIN gene to chromosome 1722, and the mouse
gene to a syntenic region of chromosome 11. Mammalian
noggin is remarkably similar in its sequence to Xenopus
noggin, and is similarly active in induction assays per-
formed on Xenopus embryo tissues. In the adult mammal,
noggin is most notably expressed in particular regions of
the nervous system, such as the tufted cells of the olfac-
tory bulb, the piriform cortex of the brain, and the Purkinje
cells of the cerebellum, suggesting that one of the earliest
acting neural inducers also has important roles in the adult
nervous system.

[Key words: noggin, neural inducer, Spemann organizer,
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Developmental biologists have long been concerned with the
mechanistic basis of inductive events that shape early embryo-
genesis. One particularly intriguing experiment performed over
70 years ago revealed that a small piece of tissue from the
dorsal mesodermic region of the early salamander embryo,
known as the Spemann organizer, can induce a second head-
to-tail body axis when ectopically positioned in the ventral half
of a recipient embryo (Spemann et al., 1924; Spemann, 1938).
Recent studies have identified a number of secreted proteins
that may play roles in this and other early inductive events.
One such protein is noggin, which was originally cloned based
on its ability to restore a normal dorsal-ventral body axis in
Xenopus embryos that had been artificially ventralized (Smith
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et al., 1992). Maternally encoded noggin may play a role in
dorsal fate specification during Xenopus embryogenesis as part
of the early-acting Nieuwkoop center (Smith et al., 1992). The
Nieuwkoop center is comprised by endodermal cells of the
vegetal half of the embryo, and it induces dorsal mesoderm
and formation of the Spemann organizer; noggin can mimic
these effects of the Nieuwkoop center. Noggin is also subse-
quently expressed in the Spemann organizer, and can mimic its
most important actions as well. For example, noggin can act
during gastrulation to specify mesoderm to achieve more dorsal
fates (e.g., to form muscle as opposed to blood and mesen-
chyme), and noggin can also act on isolated ectoderm tissue to
directly induce formation of neural tissue (Lamb et al., 1993;
Smith et al., 1993). Noggin on its own seemingly induces neu-
ral tissue of an anterior nature, but can act in combination with
other signals to elicit more posterior neural fates, consistent
with the notion that initial neuralization results in forebrain
specification that is subsequentally caudalized to produce more
posterior structures (Lamb et al., 1993).

The intriguing actions of noggin during dorsal fate specifi-
cation and neural induction in Xenopus embryos raised the is-
sue of whether a similar molecule exists in mammals. In ad-
dition, since noggin appears to be so pleiotropic early in de-
velopment, we also wondered whether noggin might have ad-
ditional actions later in life; a number of other factors, such as
CNTF (Ip et al., 1993) and Wnt-3 (Salinas et al., 1994), have
been shown to have functions both early in development as
well as in later stages. Here we describe the identification of
human and rat noggin and explore their expression patterns;
we also localize the human and mouse NOGGIN genes. Mam-
malian noggin is remarkably similar in its sequence to Xenopus
noggin, and is similarly active in induction assays performed
on Xenopus embryo tissues. In the adult mammal, noggin is
most notably expressed in the nervous system, suggesting that
one of the earliest acting neural inducers also has important
roles in the adult nervous system.

Materials and Methods

Cloning of mammalian Noggin genes and cDNAs. A partial mouse nog-
gin cDNA clone was obtained using the Xenopus cDNA as a probe.
This ¢cDNA had an uncharacterized rearrangement but did display a
short region of homology to the Xenopus noggin; oligonucleotide prim-
ers based on these conserved regions [the sequence of these 5’ (sense)
and 3’ (antisense) primers were 5'-CAGATGTGGCTGTGGTCAC-3’
(amino acids QMWLWS) and 5'-GCAGGAACACTTACACTCGG-3'
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Figure 1.

Comparison of human and rat noggin to Xenopus noggin. Asterisks indicate identity, dots over sequence indicate conserved cysteines.

The signal peptide sequence is underlined, and “variable regions” are indicated.

(amino acids SECKCSC); see Fig. 1] were used to amplify a mouse
probe used to identify clones from a human placental genomic library
(Clontech Cat#HL1067]), a human temporal cortex cDNA library (Stra-
tagene Cat#935205 in Lambda ZAP), and a rat brain cDNA library
(Stratagene, Cat.#937502 prepared from brains of 14 and 16 d old male
and female Sprague-Dawley rats). PCR probe preparation, library
screening and DNA sequencing of clones were performed as previously
described (Valenzuela et al., 1993). The human and rat noggin gene and
cDNA sequences have been submitted to GenBank: accession numbers
U31202 and U31203, respectively.

Noggin protein activity assay in Xenopus. Human or Xenopus nog-
gin conditioned media from transfected COSm5 cells were diluted in
a low Ca?* and Mg?* Ringer’s solution, LCMR (Stewart et al., 1990),
and used to treat Stl10 1/4 Xenopus ventral marginal zone tissue as
described (Smith et al., 1993). Treated tissue was allowed to age to
St20 and harvested for Northern analysis using a muscle actin probe.
The conditioned media were generated as follows. The human noggin
genomic clone and a Xenopus noggin ¢cDNA clone were subcloned
into an SV40-based mammalian expression vector and transfected into
COSmS5 cells using a DEAE/chloroquine based protocol (Davis et al.,
1991). Conditioned media were collected 2 d after transfection,
cleared of debris by cenirifugation and sterile-filtered using a low
protein binding 0.22 wm cellulose acetate filter (Nalgene) and stored
at —20°C until use.

m-actin—-

Figure 2. Dorsalizing activity of Xenopus and and human noggin in
a ventral marginal zone (VMZ) assay. H-nog and X-nog refer to human
and Xenopus noggin, respectively. The numbers indicate the dilutions
of conditioned media used, resulting in 100, 10, and 2 ng/ml of Xenopus
and 400, 40, and 8 ng/ml of human noggin in each assay. “Mock™
refers to conditioned medium from cells transfected with the expression
vector without the noggin cDNA. The position of the muscle actin
mRNA is shown.

Northern blotting analysis and in situ hybridization. Dissection of rat
tissues, preparation of total RNAs and Northern blotting (using 10 pg
of total RNA per lane) was performed as described previously (Valen-
zuela et al., 1993). Amounts of RNA in the agarose gel were controlled
by staining the gel with ethidium bromide. By this criteria all lanes
shown in Figure 3 have approximately the same amount of RNA. A
280 bp PCR fragment containing the mouse noggin DNA sequence (1o
be described in more detail elsewhere) encompasing amino acids 146
to the termination codon (Fig. 1) was used as the probe for both North-
ern blotting and in situ hybridizations. For the latter, the probe was
subcloned into Bluescript (KS+) for generating single-stranded RNA
probes. *S-Radiolabeled antisense or sense strand probes were tran-
scribed off linearized plasmids using a transcription kit from Promega.
Coronal sections (10 pm thick) from adult rat brain were thawed,
mounted into polylysine coated slides, and in situ hybridization was
performed as described previously (Valenzuela et al., 1993).

Fluorescence in situ chromosomal hybridization. Human metaphase
cells were prepared from phytohemagglutinin-stimulated peripheral
blood lymphocytes. Fluorescence in situ hybridization was performed
as described previously (Rowley et al., 1990). A biotin-labeled human
NOGGIN genomic probe (hgNogh10) was prepared by nick-translation
using Bio-11-dUTP (Enzo Diagnostics). Hybridization was detected
with fluorescein isothiocyanate (FITC)-conjugated avidin (Vector Lab-
oratories), and chromosomes were identified by staining with 4,6-dia-
mino-2-phenylindole-dihydrochloride (DAPI).

Interspecific backcross mapping. Interspecific backcross progeny
were generated by mating (C57BL/6] X M. spretus)F1 females and
C57BL/6] males (Copeland and Jenkins 1991). A total of 205 N2 prog-
eny were obtained to map the Noggin locus (see text for details). DNA
isolation, restriction enzyme digestion, agarose gel electrophoresis,
Southern blot transfer were performed essentially as described (Jenkins
et al., 1982). All blots were prepared with Hybond-N* nylon membrane
(Amersham). The probe, a 280 bp EcoRI/Kpnl fragment from the mouse
Noggin clone in Bluescript (KS+) described above, was radiolabeled
with =*2P-dCTP using a random primer labeling kit (Stratagene); wash-
ing was done to a final stringency of 1.0 X SSCP, 0.1% SDS, 65°C. A
major fragment of 13.0 kb was detected in HindIII digested C57BL/6]
DNA and a major fragments of 15.0 kb was detected in HindIII digested
M. spretus DNA. The presence or absence of the 15.0 kb M. spretus-
specific HindIII fragment was followed in backcross mice.

A description of the probes and RFLPs for the loci linked to Noggin
including myeloperoxidase (Mpo), nerve growth factor receptor (Ngfr)
and colony stimulating factor, granulocyte (Csfg) has been reported pre-
viously (Buchberg et al., 1989). Recombination distances were calcu-
lated as described previously (Green, 1981) using the computer program
SPRETUS MADNESS. Gene order was determined by minimizing the num-
ber of recombinant events required to explain the allele distribution
patterns.
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Northern blot analysis of the expression of noggin in the adult rat and during development. A, Noggin expression in rat adult neural

and non-neural tissues. B, Noggin expression in newborn rat brain regions. C, Noggin expression in brain and spinal column at different devel-
opmental ages. Arrows indicate a 2.5 kb noggin transcript. Chm, cerebellum; Cix, cortex; Dien, diecephalon; HBr, hindbrain; Hip, hippocampus;
Init, intestine; Kid, kidney; MBr, midbrain; Mus, muscle; Olf, olfactory bulb; Rer, retina; Sp Cd, spinal cord; Spl, spleen; Sci, sciatic nerve. Day of
sperm positivity is designated as day E1, and day of birth is designated as day P1; Ad refers to tissue obtained from 6-8 week old adults.

Resulis

Identification of human and rat noggin

To clone mammalian counterparts to Xenopus noggin, we used
the Xenopus noggin cDNA to screen a variety of genomic and
cDNA libraries prepared from mammalian sources. This strategy
eventually yielded a genomic clone encompassing the human
NOGGIN gene, as well as a cDNA clone encoding the complete
human noggin protein and a partial rat cDNA clone. Comparison
of the human genomic and cDNA clones revealed that the nog-
gin coding region is not interrupted by any introns, as both the
genomic clone and the ¢cDNA clone contained an open reading
frame of 696 nucleotides that encoded a protein of 232 amino
acids (Fig. 1). Human noggin displays 81% amino acid identity
to Xenopus noggin, with most of the differences clustered within
the signal peptide region and two additional ‘“‘variable™ regions
(Fig. 1). The first of these two variable regions in human noggin
contains a 7 amino acid insertion, including five glycines, as
compared to the Xenopus version (Fig. 1). Sequence of the par-

tial rat noggin ¢cDNA fragment revealed the presence of the last
144 amino acids of rat noggin containing only two amino acid
differences with human noggin (Fig. 1). Altogether, our cloning
and analysis of human and rat noggin, and comparison to the
Xenopus sequence, reveals that noggin is a highly conserved
protein in vertebrates.

Human noggin has inductive effects on Xenopus embryos

To determine whether mammalian noggin retained the inductive
capabilities of Xenopus noggin, we produced human noggin pro-
tein and compared it to Xenopus noggin for its ability to dor-
salize ventral marginal zone tissue (Smith et al., 1993). The hu-
man noggin gave similar induction of muscle actin on Xenopus
tissue as compared to Xenopus noggin (Fig. 2). These results
reveal that the conservation in the structure of noggin between
Xenopus and mammals underlies a conservation in the function
of this protein.
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Figure 4. In situ localization of noggin transcripts in coronal section from adult rat olfactory bulb. A, Low magnification (20x); B, high magni-

fication (120:<) of the area indicated in A.
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Figure 6. In situ localization of noggin transcripts in coronal section from adult rat cerebellum. The upper panel shows a 35X magnification of
a cerebellum section hybridized to the Noggin probe. Below is the inset area shown at 175X at left with the corresponding hematoxylin-stained
view at right. G, Granular cell layer; M, molecular cell layer; P, Purkinje cell layer; W, white matter; the arrowheads point to the layer of Purkinje

cells.

Expression of noggin in neuronal and non-neuronal tissues

The cloning of mammalian noggin genes allowed for the prep-
aration of probes to study the mRNA expression profile of nog-
gin in mammals. Although noggin is currently known only for
its inductive actions during early embryogenesis, we were un-
expectedly able to detect substantial amounts of noggin expres-

&~

sion in the adult. Northern analysis of a variety of RNA samples
prepared from adult rat tissues revealed that a main 2.5 kb nog-
gin transcript was prominently observed in most parts of the
central nervous system (Fig. 3A); a minor transcript of about 2
kb, which may correspond to an alternatively spliced version of
the main Noggin transcript, was also present in some regions of

Figure 5.

In situ localization of noggin transcripts in coronal sections from adult rat brain. Low-power magnification views (10X) of brain sections

hybridized to the noggin probe; sections A—C are from anterior to posterior. Pir, Piriform cortex; OTu, olfactory tubercle; CPu, caudate-putamen;
LS, lateral septum; Ent, entorhinal cortex; SO, supraoptic nucleus; Pa, paraventricular hypothalamic nucleus; Cx, cerebral cortex.
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Figure 7. In situ hybridization of a
biotin-labeled NOGGIN probe to meta-
phase cells from phytohemagglutinin-
stimulated peripheral blood lympho-
cytes. The chromosome 17 homologs
are identified with arrows; specific la-
beling was observed at 17q22. The in-
set shows partial karyotypes of two
chromosome 17 homologs illustrating
specific labeling at 17922 (arrow). Im-
ages were obtained using a Zeiss Axio-
phot microscope coupled to a cooled
charge coupled device (CCD) camera.
Separate images of DAPI stained chro-
mosomes and the hybridization signal
were merged using image analysis soft-
ware (NU200 and IMAGE 1.25b).

the nervous system. In contrast to the findings in the nervous
system, low or undetectable levels of noggin expression were
found in peripheral nerve or in non-neural tissues (Fig. 34); in
non-neural tissues detectable levels were seen in lung, skeletal
muscle, and skin. Examination of noggin expression in newborn
brain regions as compared to adult brain regions revealed po-
tential developmental differences—for example, in the adult the
cerebellum has markedly higher levels of noggin expression than
does the hindbrain, while the reverse is true in the newborn. To
further examine developmental changes in noggin expression,
we analyzed noggin mRNA levels in the brain and spinal cord
at different developmental ages (Fig. 3B,C). In the brain, noggin
expression clearly increased, rather steadily, from embryonic
day 17 to postnatal day 19. In contrast, noggin expression in the
spinal cord revealed a peak on the day of birth. The earliest age
we could detect Noggin transcripts was in RNA prepared from
whole embryos at embryonic day 9 (data not shown).

In situ localization of noggin in brain

Our Northern analysis suggested that noggin, which can promote
neural induction and other specifications in the very early em-
bryo, may also act much later in both the developing and the
adult CNS. To gain further insight into such potential roles, we
attempted to localize noggin expression in the adult brain using
in situ hybridization; this analysis was performed on serial co-
ronal sections from anterior to posterior.

Anteriorly, noggin was found to be prominently expressed in
the olfactory bulb, which is the first processing station in the
olfactory pathway. Noggin is expressed mainly by the middle
tufted cells that are scattered in the external plexiform layer of
the bulb, and by the large mitral cells (Fig. 4A). The tufted and
mitral cells are related neurons whose extensively ramified den-
drites make direct synaptic contacts with incoming olfactory
nerve fibers at the glomeruli, and which form the main source
of projections out of the bulb; the axons of the tufted and mitral
cells form the lateral olfactory tract that project to various ol-
factory areas of the forebrain (Paxinos, 1985). Interestingly,
granular cells in the glomerular and inner granular layers, as
well as other intrinsic interneurons of the bulb, do not express
notable levels of noggin (Fig. 44,B).

In the forebrain the piriform cortex, alternatively known as
the primary olfactory cortex because it is a main target of ol-
factory bulb projections, displays conspicuously prominent nog-
gin expression (Fig. 5A,B). The adjacent cerebral cortex also
expresses significant levels of noggin, but not nearly as con-

spicuously as the piriform cortex except in the region of the
entorhinal cortex, which is contiguous to the piriform cortex and
represents a caudal extension of the olfactory cortex that also
receives substantial olfactory input. There is a hint of a laminar
distribution of noggin expression in the cortex, particularly in
dorsal regions, with strongest expression in the more superficial
layers. The olfactory tubercle, which extends medially from the
piriform cortex and is another major projection site for the ol-
factory bulb, is conspicuous for its lack of noggin expression as
compared to the piriform cortex (Fig. 54, B); this lack of noggin
expression may reflect the fact that the tubercle has been sug-
gested to be an extension of the striatum (Paxinos, 1985), that
also includes the caudate and putamen, which unlike the cortex
all seem to generally lack noggin expression (Fig. 54). Other
parts of the forebrain that express notable levels of noggin in-
clude the lateral septal nucleus (Fig. 5B), and the supraoptic and
paraventricular nuclei of the hypothalamus (Fig. 5C); the latter
two nuclei contain the neurons which synthesize and deliver to
the pituitary, via their axons, vasopressin and oxytocin, and thus
comprise the hypothalamo-neurohypophysial system (Paxinos,
1985).

A number of midbrain and brainstem nuclei, most notably the
interpeduncular nucleus, express notable levels of noggin (not
shown); low levels can also be detected in cells populating
regions of the thalamus and hippocampus (not shown). But the
most conspicuous levels of noggin mRNA in remaining brain
regions is found in the Purkinje cells of the cerebellum (Fig. 6).
Interestingly Purkinje cells are somewhat reminiscent of the tuft-
ed and mitral cells of the olfactory bulb, in that both are large
highly arborized neurons that are the principal relay cells that
form the sole projections out of their respective brain regions
(Paxinos, 1985). While noggin expression is highly localized to
the Purkinje cells in the cerebellum, low levels can also be ob-
served in the white matter and molecular layer, but not in a form
that would represent cell perikarya, suggesting the possibility
that noggin message is transported to Purkinje cells dendrites
and axons. As in the bulb, granular cells and other interneurons
in the cerebellum do not express notable levels of noggin.

Chromosomal localization of the human NOGGIN gene

To localize the human NOGGIN gene, we performed fluores-
cence in situ hybridization of a biotin labelled genomic NOG-
GIN probe to normal human metaphase chromosomes. Hybrid-
ization of this probe resulted in specific labeling only of chro-
mosome 17 (Fig. 7). Specific labeling of 17q22 was observed



in four (18 cells), three (6 cells), or two (1 cell) chromatids of
the chromosome 17 homologs in 25 cells examined. Of 92 sig-
nals observed (92 of 100 17q chromatids from 25 metaphase
cells were labeled), 90 (98%) signals were located at 17g22, and
2 (2%) signals were located at 17q23. Signal was not observed
at any other chromosomal site. We observed specific signal at
1722 in a second hybridization experiment using this probe.
These results suggest that the NOGGIN gene is localized to
chromosome 17q22.

Chromosomal localization of the mouse Noggin gene

The mouse chromosomal location of the Noggin locus was de-
termined by interspecific backcross analysis using progeny de-
rived from mating of [(C57BL/6J X Mus spretus) F, X C57BL/
6J)] mice. This interspecific backcross mapping has been typed
for over 1700 loci that are well distributed among all the auto-
somes as well as the X chromosome (Copeland and Jenkins,
1991). C57BL/6J and M. spretus DNAs were digested with sev-
eral enzymes and analyzed by Southern blot hybridization for
informative restriction fragment length polymorphism (RFLPs)
using a cDNA probe. The 15.0 kb M. spretus-specific HindIII
RFLP (see Material and Methods) was used to follow the seg-
regation of the Noggin locus in backcross mice. The mapping
results indicated that Noggin is located in the distal region of
mouse chromosome 11 linked to Mpo, Ngfr, and Csfg. Although
134 mice were analyzed for every marker and are shown in the
segregation analysis (Fig. 8), up to 145 mice were typed for
some pairs of markers. Each locus was analyzed in pair wise
combinations for recombination frequencies using the additional
data. The ratios of the total number of mice exhibiting recom-
binant chromosomes to the total number of mice analyzed for
each pair of loci and the most likely order are: centromer-Mpo-
1/134-Noggin-9/136-Ngfr-1/145-Csfg-. The recombination fre-
quencies [expressed as genetic distances in centiMorgans (cM)
+ the SE] are —~Mpo — 0.8 = 0.7 — Noggin ~ 6.6 + 2.1 —
Ngfr — 0.7+ 0.7 — Csfg.

We have compared our interspecific map of chromosome 11
with a composite mouse linkage map that reports the map of
many uncloned mouse mutations (Compiled by M. T. Davisson,
T. H. Roderick, A. L. Hillyard, and D. P. Doolitle and provided
from GBASE, a computarized database maintained at the Jack-
son Laboratory, Bar Harbor, ME). Noggin mapped in a region
of the composite map that lacks mouse mutations with a phe-
notype that might be expected for an alteration of this locus.

The distal region of mouse chromosome 11 shares a region
of homology with the long arm of human chromosome 17 (sum-
marized in Fig. 8). The mapping of NOGGIN to human 17q22
and mouse 11 extends the syntenic relationship between these
two chromosomes.

Discussion

The remarkable inductive actions of noggin during Xenopus de-
velopment, including its ability to directly induce ectoderm to
form neural tissue, prompted efforts to identify a mammalian
version of noggin and to begin to understand if it might have
later actions during development or even in the adult. Here we
have described human and rodent versions of noggin and their
respective chromosomal locations. The mammalian noggins are
remarkably conserved in structure as compared to the Xenopus
version, and also maintain a similar functional capability in in-
ductive assays on Xenopus embryos. Analysis of noggin ex-
pression in rats suggests that this protein plays roles late in the
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Figure 8. Noggin maps in the distal region of mouse chromosome 11.
Noggin (Nog in this figure) was placed on mouse chromosome 11 by
interspecific backcross analysis. The segregation patterns of Noggin and
flanking genes in 134 backcross animals that were typed for all loci are
shown at the top of the figure. For individual pairs of loci, more than
134 animals were typed (see text). Each column represent the chro-
mosome identified in the backcross progeny that was inherited from the
(C57BL/6J X M. spretus) F1 parent. The solid boxes represent the pres-
ence of a C57BL/6J allele and solid boxes represent the presence of a
M. spretus allele. The number of offprings inheriting each type of chro-
mosome is listed at the bottom of each column. A partial chromosome
11 linkage map showing the location of Noggin in relation to linked
genes is shown at the bottom of the figure. Recombination distances
between loci in centiMorgans are shown to the left of the chromosome
and the positions of loci in human chromosomes, where known, are
shown to the right. References for the map positions of most human
loci can be obtained from the GDB (Genome Data Base), a computer-
ized database of human linkage information maintained by The William
H. Welsh Medical Library of The Johns Hopkins University (Baltimore,
MD).

embryo as well as in the adult. Interestingly, in the adult noggin
expression is relatively restricted to the nervous system, and in
particular to discrete cell populations within the nervous system.
Most notably, high levels of noggin expression are found in
mitral and tufted cells in the olfactory bulb, and Purkinje cells
in the cerebellum, all of which are large neurons that play major
roles in processing and relaying information. These neurons,
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particularly the Purkinje cell, can also exhibit remarkable plas-
ticity in the adult (Ito, 1991), suggesting another possible role
for noggin in regulating structural plasticity during spine and
synapse induction. Likewise, the presence of high levels of Nog-
gin message in the supraoptic and paraventricular nuclei is of
interest because of the demonstrated plasticity in these neurons
in adult life, during oxytocin release in lactation, and during
vasopressin control of regulation (Tweedle et al., 1993).

Although it is conceivable that noggin is modulating the dif-
ferentiation state of adult neurons in a manner related to its
ability to mediate inductive effects in early embryos, it seems
likely that the role of noggin in the adult brain will prove to be
quite different from its early inductive actions, since it presum-
ably acts on postmitotic neurons in the adult. If this is the case,
it would be consistent with findings that many other factors dis-
play pleiotropic actions that are important both early in devel-
opment and later in life. Ciliary neurotrophic factor provides an
example of a cytokine that can elicit proliferative responses,
growth inhibition, differentiative responses or even death de-
pending on the target cell and the stage of development (Ip et
al., 1993); in all cases this cytokine activates the same receptor,
but the resulting cell surface signal seems to be differentially
interpreted by the responding cell. Wnt-3 provides another ex-
ample of a developmentally regulated factor that is expressed
both early in development during neural plate formation as well
as in the mature brain, where it is found in Purkinje cells (Sa-
linas et al., 1994).

While noggin is a secreted protein that may mediate its actions
via cell surface receptors on responsive cells, neither the recep-
tor nor the signaling cascade it activates have been character-
ized. Furthermore, a recent report that noggin exhibits structural
similarities with the Kunitz class of protease inhibitors (Mc-
Donald et al., 1993) raises the possibility that noggin does not
mediate its actions by binding to a cell surface receptor, but
rather as a protease inhibitor; protease cascades in Drosophila
have been implicated in initiating dorsal-ventral pattern forma-
tion (St. Johnston et al., 1992). In addition, recent findings that
neural induction in embryos can result from inhibition of trans-
forming growth factor B-like factors (Hemmati-Brivanlou et al.,
1994a,b) suggests yet more potential modes of action for noggin;
it could either act to directly inhibit these factors extracellularly,
or indirectly by activating competing intracellular signaling
pathways. Insight into the precise molecular mechanism of ac-
tion of noggin should help better define its physiologic roles
both during development and in the adult brain.
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