that only antisera against ALK-5 immuno-
precipitated cross-linked TGF-B type 1 re-
ceptor complexes, and antisera against
ALK-2 and ALK-4 immunoprecipitated
cross-linked activin type I receptor com-
plexes. Moreover, among the six ALKs,
only ALK-5 efficiently restored the TGF-B8
activation of PAI-1 synthesis in mutant
MvliLu cells.

The low efficiency binding of TGF-B to
ALKs other than ALK-5 and of activin to
ALKs other than ALK-2 and ALK-4, when
expressed together with type II receptors in
COS-1 cells, appears not to represent true
physiological interactions. The possibilities
remain, however, that other ALKs may
bind TGF-B2 or TGF-B3 or transduce
TGE-B or activin signals other than PAI-1
induction. Differences may also prevail be-
tween different cell types. Alternatively,
the other ALKs might be signaling recep-
tors for other ligands in the TGF-B super-
family, such as bone morphogenetic pro-
teins or Miillerian inhibiting substance, in
combination with other type II receptors.
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FGF-2: Apical Ectodermal Ridge Growth Signal for
Chick Limb Development

John F. Fallon,* Alric Lopez, Maria A. Ros, Mary P. Savage,
Bradley B. Olwin, B. Kay Simandl

The apical ectodermal ridge permits growth and elongation of amniote limb buds;
removal causes rapid changes in mesodermal gene expression, patterned cell death,
and truncation of the limb. Ectopic fibroblast growth factor (FGF)-2 supplied to the chick
apical bud mesoderm after ridge removal will sustain normal gene expression and cell
viability, and allow relatively normal limb development. A bioassay for FGFs demon-
strated that FGF-2 was the only detectable FGF in chick limb bud extracts. By distribution
and bioactivity, FGF-2 is the prime candidate for the chick limb bud apical ridge growth

signal.

The developing chick limb serves as an
experimental system to understand pattern
formation (I). The limb bud is composed of
mesoderm and overlying ectoderm. Cap-

J. F. Fallon, M. P. Savage, B. K. Simandl, Anatomy
Department, University of Wisconsin, 1300 University
Avenue, Madison, WI 53706, USA.

A. Lépez, Anatomy Department and Neuroscience
Training Program, University of Wisconsin, 1300 Uni-
versity Avenue, Madison, WI 53706, USA.

M. A. Ros, Departamento de Anatomia y Biologia Celu-
lar, Universidad de Cantabria, 39011 Santander, Spain.
B. B. Olwin, Biochemistry Department, Purdue Univer-
sity, West Lafayette, IN 47907, USA.

*To whom correspondence should be sent.

SCIENCE ¢ VOL. 264 ¢ 1 APRIL 1994

ping nearly the entire apex of the bud is a
pseudostratified columnar epithelium called
the apical ectodermal ridge, which is spa-
tially limited by the simple cuboidal dorsal
and ventral limb bud epithelia (2). If the
ridge is removed surgically it fails to regen-
erate. Subsequently, only those parts of the
limb already determined will develop (3). It
has been proposed that the ridge, in a
permissive way and without direct cell con-
tact (4), maintains the mesodermal cells
about 200 pm beneath it in a rapidly
proliferating and undifferentiated region
called the progress zone (5). When cells




leave this zone of ridge influence they begin
to differentiate according to their position
in the limb. Fibroblast growth factors
(FGFs) are prime candidates as possible
ridge growth factors because they have
yielded provocative results in tissue culture
studies (for example, 6).

There are nine members of the fibroblast
growth factor family (7). FGF-2 and FGF-4
were used in two in vivo studies of chick
limb development. Ectopic production of
human or bovine FGF-2 in the chick limb
bud in vivo by a replication-defective retro-
viral vector caused patterned extra skeletal
elements to form (8). When ectopic human
recombinant FGF-4 was supplied to the
chick limb bud after ridge removal, develop-
ment continued and there was relatively

normal formation of the limb skeleton (9).
The distribution of FGF-2 transcripts and
protein in the chick ridge and mesoderm
(10) and its effect when ectopically ex-
pressed in vivo (8) suggest FGF-2 affects
limb growth and is a prime candidate for the
growth signal secreted by the chick ridge.
To test this we provided ectopic FGF-2
after apical ridge removal from stage 20 (day
3) chick embryo wing buds by immediately
implanting an Affi-gel blue bead pre-ad-
sorbed with human recombinant FGF-2 into
the progress zone (11) and allowing devel-
opment until day 10. The shapes of all limb
buds were recorded by drawing with a cam-
era lucida to have a precise record of the
outline of the bud and the placement of the
bead. Control limbs were truncated at the

Table 1. Effects of apical ridge removal (AER™) at stage 20, with or without addition of FGF-2.
Number (percentage) of limbs that were truncated at the indicated extent of development.

Limb truncation

Treatment
Humerus Humerus+ Radius/Ulna Digits
AER- 10 (83%) 2 (17%)* 0 0
AER- and PBS bead 5 (100%) 0 0 0
.AER~ and FGF-2 bead 0 4 (31%)t 9 (69%) 0
AER- and two FGF-2 beads 0 0 0 14%

*These two embryos had a very small cartilage nodule beyond humerus but were stage 20+ when the apical ridge

was removed.

Fig. 1. Effects of apical ridge re- A
moval at stage 20, with or without
addition of FGF-2. (A) Camera lu-
cida drawing of stage-20 limb af-
ter ridge removal and a phos-
phate-buffered saline bead im-
planted into the progress zone.
The two short lines indicate the
anterior to posterior extent of ridge E
removal. (B) Limb that formed
from the bud drawn in (A) is trun-
cated at the distal end of humerus

(h). Arrow indicates the bead; g .

indicates shoulder girdle. (C)
Camera lucida drawing of stage
20 limb bud after apical ridge was
removed and an FGF-2 bead im-
planted into the progress zone.
(D) Limb that formed from bud
drawn in (C) developed to the
wrist with normal appearing hu-
merus (h), radius (r), and ulna (u);
carpal elements and digits are
missing. (E) Camera lucida draw-
ing of early stage-20 limb bud af-
ter ridge removal and grafting of

+One embryo had part of a radius, one had bent radius and short ulna, one embryo had a radius
but nc ulna, and one had complete but shortened radius and ulna.

$See Table 2 for details.

an FGF-2 bead. (F) Camera lucida drawing of bud drawn in (E), 24 hours later, after grafting a second
FGF-2 bead distal to the first. The outline of the limb bud is normal. (G) Limb formed from the bud in
(E) and (F) shows distally complete development with humerus, radius, ulna, carpal elements
(arrowheads), a partial digit 2, and digits 3 and 4. Digits 3 and 4 are not normal, but are discrete and
recognizable. See figure 2E in (8) for normal chick wing skeleton. (H and I) Expression of Msx-1gene
in wing buds 3 hours after ridge removal (right wing buds) and grafting a single bead with PBS (H)
or FGF-2 (1). Left wing buds are normal controls: b, bead; arrowheads, apical ridge; nt, neural tube;
bar represents 100 um. The sections were hybridized with the Msx-1 probe as described (15). The
Msx-1 probe was derived from the 3’ untranslated region of the chick Msx-1 gene.
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level of the humerus (Fig. 1, A and B, and
Table 1). When a single FGF-2 adsorbed
bead was grafted within the progress zone of
a bud after ridge removal, development con-
tinued beyond the elbow joint; 9 of 13 limbs
showed development to the wrist (Fig. 1, C
and D, and Table 1). Histological sections
through the apex of the buds ruled out
regeneration of the ridge under the influence
of FGF-2 [compare with (12)].

We examined the kinetics of release of
iodinated FGF-2 from Affi-gel blue beads in
the limb bud (13). About half of the total
iodinated FGF-2 loaded into the bead was
released in the first 24 hours (Fig. 2). The
approximate amount of FGF-2 released into
the limb bud for the first 24 hours is 1.2
pmol and the second 24 hours is 0.6 pmol
(14). This suggested the amount of FGF-2
remaining in the implanted bead dropped
below a critical level after 24 hours. To
sustain FGF-2 release, 24 hours after place-
ment of the first bead we grafted a second
FGEF-2 bead into the progress zone distal to
the first one. Virtually complete limbs
formed from all limb buds (n = 14) receiv-
ing two sequentially placed beads (Fig. 1, E
to G, and Tables 1 and 2). Most beads were
grafted to the midline of the bud; however,
there was no difference in the result when
the bead was grafted either anterior or
posterior to the midline.

Histological sections showed that the
patterned cell death of progress zone cells
that peaks 8 hours after ridge removal (12)
failed to occur in the presence of FGF-2.
Cell death was not eliminated completely,
but the massive, patterned death of progress
zone cells was not observed. Three hours
after ridge removal, control progress zone
cells lose detectable expression of the ho-
meobox-containing gene Msx-1 (Fig. 1H)
[compare with (15)], whereas FGF-2 per-
mitted the progress zone cells to maintain
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Fig. 2. Release of iodinated FGF-2 expressed
as percentage released from the bead after
grafting to a stage 20 limb bud. Each point
represents five grafted beads. Error bars indi-
cate standard deviation.
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expression of Msx-1 (Fig. 1I). If the bead
was left behind by continued growth, only
the progress zone cells showed Msx-1 tran-
scripts; the cells around the bead at 12 to 24
hours had background levels of Msx-1. This
is a puzzling observation that requires fur-
ther investigation. We examined the ex-
pression of the most 5' members of the
Hoxd cluster of homeobox genes, whose
patterns of expression are dependent on
continued signaling by the ridge (16). We
found that Hoxd-12 and Hoxd-13 expres-
sion continued 18 to 24 hours after ridge
removal, and that, similar to previous re-
ports, there appeared to be less expression
of Hoxd-13 in progress zone cells after ridge
removal (16) compared with unoperated
limbs or with FGF-2 bead grafts.

FGEF-2 will maintain the viability, normal
gene expression, growth, and differentiation
of chick limb bud mesoderm and replace the
apical ridge. A similar case was made for
FGF-4 (9). Chicken-specific FGF-4 probes
are not available to assess directly the distri-
bution of FGF-4 in the chick limb bud, as
has been done for FGF-2 (10). To gain
insights into whether both growth factors are
present in the stage 20 wing bud, we used a
quantitative bioassay that relies on FGF-
mediated repression of differentiation in a

Table 2. Cartilage elements present at day 10
of incubation in limbs that had received FGF-2
beads 24 hours apart following apical ridge
removal at stage 20. The carpal elements re-
quire stages 21 to 25, days 3.5 to 4.5, to be
determined (5). After' 24 hours the second
bead would retain 50% or less of FGF-2 and
may have dropped below a critical threshold for
progress zone maintenance. This is mirrored in
the gradual decline in the development of the
most distal elements of the manus. Metacarpals
are included with the digits for simplicity of
presentation.

Limbs
Element _—
(n) (%)
Humerus 14 100
Radius 14 100
Ulna 14 100
Olecranon process 14 100
Carpal elements
Radiale 14 100
Carpal 14 100
Ulnare 14 100
Digit 2
Metacarpal 2 9* 64
Phalangeal element 1 7 50
Phalangeal element 2 3 21
Digit 3
Metacarpal 3 13t 93
Phalangeal element 1 9% 64
Phalangeal element 2 2* 14
Digit 4
Metacarpal 4 11§ 79
Phalangeal element 1 2* 14

*1, 14, $2, or §5 individual elements were fused with
another element.
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mouse myoblast cell line (MM14) capable of
detecting as little as 0.3 fmol/ml (17). To
distinguish the activity of FGF-2 from FGF-4
in extracts of limb mesoderm and ectoderm,
we used a monoclonal antibody specific to
FGF-2 (anti-FGF-2) (10) that eliminated
repression of differentiation activity on
MM14 cells by human recombinant FGF-2;
the antibody did not block repression of
differentiation mediated by human recombi-
nant FGF-4 (Fig. 3A). After treatment with
anti—-FGF-2, FGF activity in limb mesoderm
and ectoderm extracts was reduced by 94%
and 97%, respectively, compared with un-
treated extracts (Fig. 3B).

These observations raise a number of ques-
tions. For example, it is striking that ectopic
release of FGF-2 after ridge removal does not
cause a featureless lump or tumor-like growth
on the limb due to uncontrolled proliferation;
patterning of the limb was normal. The ridge
signal does not need to come from the most
apical part of the bud, as indicated by the
results after the bead is grafted within the
progress zone where half or even most of the
responding cells receive the signal 180° from

the normal in vivo position. Therefore, a-

distal-to-proximal orientation of the ridge sig-
nal is not necessary for normal limb bud
outgrowth. Furthermore, during stage 21 the
posterior limb bud mesoderm grows faster
than the anterior limb bud mesoderm. This
continues at subsequent stages, with the result
that most of the limb develops from the
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Fig. 3. Monoclonal antibody to FGF-2 (mAb)
blocks repression of skeletal muscle cell
(MM14) differentiation mediated by FGF-2 or by
activity present in limb tissue extracts. MM14
differentiation was assayed by measurement of
exit from the cell cycle (77). (A) [*H]Thymidine
incorporation by MM14 cells incubated with
human recombinant FGF-2 (open bars) (n = 3)
and human recombinant FGF-4 (filled bars) (n
= 3); antibody treatment, n = 2. (B) MM14 cells
were incubated with ectodermal (thin diagonal
bars) or mesodermal (thick diagonal bars) ex-
tracts to produce maximal activity for each
extract in the assay (n = 3). Addition of anti-
FGF-2 monoclonal antibody, n = 2. Error bars
are standard error.
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posterior mesoderm (18). This pattern of limb
development is also seen after ridge removal
followed by grafting two FGF-2 beads 24 hours
apart (Fig. 1G). It is likely that the factors
that cause the posterior mesoderm to become
predominant in the bud, and that cause the
bud to elongate, are already in place at stage
20; FGF-2 simply maintains them. This fits
well with the notion that the ridge signal is a
permissive inducer. A straightforward inter-
pretation of the data is that, after ridge remov-
al, ectopic FGF-2 maintains the cells of the
progress zone in a healthy and proliferative
condition. This is consistent with the normal
distribution of FGF-2 in the chick limb bud
(10). ,

The effect of ridge removal on limb devel-
opment was first published in 1948 (3). Sub-
sequently, numerous reports have framed im-
portant questions on how the ridge carries out
its unique function. One such question is,
what is the ridge signal? There are three
generally accepted criteria to establish a sig-
naling substance between cells or tissues (19).
We have established two of these for FGF-2.
First, FGF-2 has the correct distribution in the
chick limb bud to be the signaling molecule
and FGF-2 from the limb bud is active in a
biological assay. Second, when the ridge is
removed, ectopic FGF-2 will replace ridge
function at all levels of organization. The
third criterion, namely inhibition of the sig-
naling substance, is yet to be fulfilled.

In this report we demonstrate that the
application of a single factor can permit
relatively complete limb development in
vivo after removal of the apical ectodermal
ridge. By distribution and biological activ-
ity, FGF-2 emerges as the prime candidate
to be the chick apical ridge signaling
growth factor.
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leads to withdrawal from the cell cycle and the
differentiation of myoblasts resulting in reduced
[3H]thymidine incorporation. FGF-1 was not de-
tectable in the chick wing bud with this assay.
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Roles of N-Type and Q-Type Ca2* Channels in
Supporting Hippocampal Synaptic Transmission

David B. Wheeler, Andrew Randall, Richard W. Tsien*

Several types of calcium channels found in the central nervous system are possible patrticipants
in triggering neurotransmitter release. Synaptic transmission between hippocampal CA3 and
CA1 neurons was mediated by N-type calcium channels, together with calcium channels whose
pharmacology differs from that of L- and P-type channels but resembles that of the Q-type
channel encoded by the a, , subunit gene. Blockade of either population of channels strongly
increased enhancement of synaptic transmission with repetitive stimuli. Even after complete
blockade of N-type channels, transmission was strongly medulated by stimulation of neuro-
transmitter receptors or protein kinase C. These findings suggest a role for o, , subunits in
synaptic transmission and support the idea that neurotransmitter release may depend on
multiple types of calcium channels under physiological conditions.

Electrophysiological studies have defined sev-
eral pharmacologically distinct high voltage—
activated (HVA) Ca’* channels on neuronal
cell bodies (I). Among these the L-, N-, and
P-type channels are the best known (1), but
other classes of channels have been revealed
by molecular cloning and electrophysiology
(2-7). How diverse Ca?* channels contribute
to synaptic transmission in the central ner-
vous system is not entirely clear (7). We
studied the synapse between hippocampal
CA3 and CA1 neurons (8), a focus of interest
in examination of glutamatergic transmission
and synaptic plasticity (9). At this synapse,
inhibition of L-type channels by nifedipine
has little effect (10), and much of the trans-
mission remains after blockade of N-type
channels by w-Conotoxin GVIA (w-CTx-
GVIA) (10, 11). We found that the Ca?*
channels that mediate the remaining trans-
mission are pharmacologically distinct from
classical L- and P-type Ca’* channels. In-
stead, their pharmacological profile resembled
that of &, , Ca?* channel subunits expressed
in Xenopus oocytes (4) and the Q-type Ca?*
channel current in cerebellar granule neurons
(6). Stimulation of neurotransmitter receptors
can greatly attenuate synaptic transmission
mediated by e, , channels. Reductions in the
contribution of either Q- or N-type channels
greatly increased the degree to which closely
spaced stimuli facilitated synaptic transmis-
sion. These results suggest that cooperation
may occur among multiple Ca’* channel
types in the control of transmitter release and
may be advantageous for precise regulation of
the strength- or frequency-dependence of syn-
aptic function.

Selective blockade of N-type Ca?* chan-
nels with 1 uM -CTx-GVIA (12) caused a
rapid but incomplete depression of synaptic
transmission (Fig. 1A), which was not re-
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versed by extensive washing. This block was
maximal, inasmuch as a higher concentration
of toxin (3 wM) produced no additional
inhibition (Fig. 1A). The average degree of
inhibition was 46 = 1% (n = 30) (Fig. 1B).
We tested agents that influence other classes
of Ca** channels to determine which might
be responsible for the remaining transmission.
Synaptic transmission was unaffected by FPL
64176, a powerful agonist of L-type channels
(n = 4) (13), or nimodipine, a specific
blocker of L-type channels (n = 6) (Fig. 1C).
Likewise, application of 30 nM w-Agatoxin
IVA (w-Aga-IVA), which potently blocks
P-type Ca?* channels (14), had no effect on
transmission (Fig. 1D) (15). This was true
regardless of whether w-Aga-IVA was applied
before (n = 14) or after (n = 2) w-CTx-
GVIA. The w-CTx-GVIA- and w-Aga-
IVA-resistant transmission was completely
and reversibly eliminated by removal of exter-
nal Ca’* ions (Fig. 1D). These experiments
demonstrate that substantial excitatory synap-
tic transmission can be supported by a Ca?*
channel that is not of the N-, L-, or P-type.

The Q- and R-type Ca’* channels in
cerebellar granule neurons are resistant to
blockade by w-CTx-GVIA, nimodipine, and
o-Aga-IVA at concentrations sufficient to
eliminate N-, L-, and P-type channels, re-
spectively (5, 6). The Q- and R-type Ca’*
channels appear to be generated by «, , and
;g subunits (3-5). The Q-type channels are
completely blocked by 1.5 upM @-CTx-
MVIIC and are largely suppressed by »-Aga-
IVA at 1 uM (4, 6), a concentration 100 to
1000 times that needed to block P-type chan-
nels (14). In contrast, R-type channels are
little affected by either of these treatments
(5). These characteristics enabled us to deter-
mine the contribution of Q- or R-type chan-
nels to hippocampal synaptic transmission.
Application of 5 puM @-CTx-MVIIC com-
pletely abolished the transmission that was
not mediated by N-, L-, or P-type Ca®*
channels (n = 14) (Fig. 2A). Neuronal ex-
citability was unaffected by toxin, as indi-

107





