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Control of the Gene optomotor-blind in 
Drosophila Wing   eve lop men t by 

decapentaplegic and wingless 
Stefan Grimm and Gert 0. Pflugfelder* 

Diffusible factors of several protein families control appendage outgrowth and patterning 
in both insects and vertebrates. In Drosophila wing development, the gene decapen- 
taplegic (dpp) is expressed along the anteroposterior compartment boundary. Early wing- 
less (wg) expression is involved in setting up the dorsoventral boundary. Interaction 
between dpp- and wg-expressing cells promotes appendage outgrowth. Here, it is shown 
that optomotor-blind (omb) expression is required for distal wing development and is 
controlled by both dpp and wg. Ectopic omb expression can lead to the growth of 
additional wings. Thus, omb is essential for wing development and is controlled by two 
signaling pathways. 

Appendage development in both insects 
(1-10) and vertebrates (1 1) is controlled by 
conserved diffusible proteins. In Drosophila, 
the wing primordium is divided into com- 
partments by the stable inheritance of se- 
lector gene activity (1 2). Appendage devel- 
opment requires the interaction between 
cells across compartment boundaries. In the 
wing disc, diffusing HEDGEHOG (HH) 
protein, synthesized in the posterior com- 
partment under the control of one or more 
posterior selector genes, directs dpp expres- 
sion in the anterior compartment along the 
anteroposterior (a-p) boundary (5, 12). 
DPP is required for patterning on both sides 
of the a-p boundary (10). Similarly, the 
dorsal selector gene apterous (ap) promotes 
the synthesis of the diffusible protein 
FRINGE (13). Early wg expression is re- 
quired for establishing the dorsoventral (d- 

V) boundary (2,3). Interaction between wg- 
and dpp-expressing cells promotes the de- 
velopment of the proximodistal (p-d) axis 
(4-8). The presumptive transcription fac- 
tor OMB plays a critical role in the devel- 
opment of the optic lobes, but it is also 
essential for the development of the distal 
wing disc (14). We investigated the func- 
tion of omb in wing development and ana- 
lyzed its relation to dpp and wg. 

Lethal umb mutants that survived to the 
pharate adult stage had severely reduced 
wings (Fig. 1B). The hypomorphic allele bifid 
[om&, (14)] caused the proximal fusion of 
all longitudinal veins and led to variable 
defects at the distal tip of the wing (Fig. 1C). 
Defects in both regions of the wing blade 
were enhanced by omb null alleles (Fig. 
1D) and, dominantly, by mutations in 
genes required for d-v and a-p patterning 

Fig. 1. Wing phenotypes of 
omb alleles and their genetic 
interactions with d-v and a-p 
wing patterning genes. (A) 
Pattem elements in the wild- 
type wing. The longitudinal 
veins 1 through 5 are num- 
bered where they intersect 
the wing margin. Triple (tr) and 
double row (dr) are specialiia- ,I tions of the wing margin. The 
arrow and arrowhead point to 
anterior (costa) and posterior 
(alula) elements, respectively. 
(B) Wing from a 1(7)0rnb~~~~ 
(14) pharate adult. The proxi- 
mal elements costa (arrow) 
and alula (arrowhead) are 
marked. (C) Wing of hypo- 
morphic o m P  allele (14). All 
longitudinal veins are fused at 
the base of the wing (arrow). 
Distal defects (arrowhead) are 
variable and temperature-de- 
pendent. (D) The biid phenotype is enhanced in combination with all extant lethal omb alleles [here, transhet- 
erozygote 0mP/I(l)omb~~~8]. (E and F) Dominant enhancement of the ombbl phenotype in ombb'/Y; ap5T+ 
(E) and omWY; dppd8/+ (F) individuals. The scale bar in (F) (which applies to all panels) represents 0.5 mm. 
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Fig. 2 Control of omb expression by de- 
capentapbgic and in the wing 
imaginal disc. W~ng discs of late third instar 
larvae are shown. Anterior is to the left and 
proximal is at the bottom of the panels. For 
a fate map of wing primordia, see (28). All 
wing discs are at the same magnification 
[scale bar in (A) is 0.2 mm], except in (G) 
(1.28-fold lower magnification). Fixation 
and immunohistochemical staining fol- 
lowed standard procedures (5, 29) with 
polyclonal mouse antibody to OM6 (anti- 
OMB) (18) and rabbi anti+-gabctosidase 
(Cappel) as primary, and fluorescein iso- 
thiccyanate-conjugated goat antibody to 
mouse immunoglobulin G (IgG) and tetra- 
methyl modamhe isothiite-conju- 
gated goat antibody to rabbi IgG (both 
Sigma) as secondary antibodies. (A) omb 
expression in the ombP1 enhancer trap line 
(30). In faintly stained preparations, pouch 
expression is strongest on the dpp stripe 
[see (B)] and in two stripes flanking the d-v 

such as up and dpp (Fig. 1, E and F). 
Expression of omb in the wing disc de- 

velops from a single transcription domain at 
the distal end of the disc in the second 
larval instar (1 5) to a more complex pattern 
in the third larval instar where omb is ex- 
pressed in the wing pouch and in the pre- 
sumptive hinge region (Fig. 2, A +d C). 
Expression of omb does not occur through- 
out the entire pouch, thus differing from 
pro-wing genes such as vestigial (vg) and 
scalloped (sd) (3). There is no expression in 
the costa-anlage nor in the proximal part of 
the prospective posterior margin, both of 
which are not affected bv the loss of omb 
function. In the wing pouch, the expression 
pattern is mirror symmetrical to both the 
d-v boundary (visualized by the central 
stripe of wg expression in Fig. 2D) and the 

Theodor-Boveri-lnstiM (Biozentrum), Lehrstuhl fiir Ge- 
netik, Unbarsit& Wrzburg, Am Hubland, 97074 WLirz- 
burg, Germany. 

'To whom conespondence should be addressed. 

boundary. It is possible that proteins such 
as CUT which realize the margin fate (31) 
locally repress omb. A split omb expres- 
sion domain was also observed when wg 
was ectopically expressed in DPP-positive 
cells in the notum under the control of the 
d e  enhancer [see (I), (1511. (B) dpp ex- 
pression along the a-p compartment 
boundary in the DPP reporter line BS3.0 (29). (C) Confocal scanning micrograph of OM6 distribution 
(green) and p-gabctosidase expression (red) in BS3.0 (29). (D) wg expression, visuah~ed by a wg 
enhancer trap (32), is highly dynamic and develops the pattern shown only in the third instar (2). (E) omb 
expression is wg-dependent. ombP1 larvae, homozygous for the temperature-sensitive allele wg1L174 
were transferred from 16.5OC to the nonperrnissive ternperature'(29OC) for 48 hours before dissection at 
the end of the third larval instar. During this stage wg is no longer required for global wing development 
(2); nonetheless, the wing pouch appears slightly smaller than in the wild type. (F) Reduction of omb 
expression in h p  larvae. ombP7; hhs larvae were held at the nonperrnissive temperature (2g°C) for 48 
hours before d i t ' o n  in the late third instar. (0) Ectopic omb expression in ombP7; pkaP773n mutant 
wing disc (1 7). (H) Expression of UAS:dpp under MS209 Gal4 enhancer trap control (7) promotes omb 
transcription to fill the entire wing part of the disc. MS209 drives gene expression in a broad ring around 
the wing pouch. (I) p-Galactosidase a c t i i  in a d e - G a l 4  reporter line (19), visualized through 
UAS:lacZ. 

a-p boundary (represented by the dpp stripe' 
in Fig. 2, B and C). How far WG and DPP 
can diffuse in the wing disc is unknown, but 
DPP may act as a long-range morphogen 
over the entire width of the wing (10). 
Given the genetic interactions with d-v- 
and a-ppatterning genes and the symmet- 
rical expression of omb with regard to both 
compartment boundaries in the third instar 
wing disc, it seemed possible that omb ex- 
pression at thii stage is controlled by diffus- 
ible signals emanating from these bound- 
aries. Thii hypothesis was tested by analyz- 
ing omb expression under both loss- and 
gain-of-function conditions of wg and dpp. 

Inactivation of WG with a temperature- 
sensitive (ts) allele reduced the expression 
of omb predominantly in the wing pouch 
(Fig. 2E). Conditional dpp alleles are not 
available. We therefore made use of the hh 
dependence of dpp transcription (5-7, 10). 
Upshifting a hh& mutant (16) to the non- 
permissive temperature led first to the dis- 
appearance of dpp and subsequently to the 

Fig. 3. Ectopic m b  expression promotes the for- 
mation of a d d i a l  wings. Because of pupal le- 
thality, preparations of pharate adults are shown. 
(A) Formation of an additional wing pair by ectopic 
expression of UAS:dpp under d&'"WaM control 
(see Fg. 21). The ectopic winglet is located postero- 
dorsally and mim-symmetrically to the normal 
wing, as indicated by the opposing alulae. Ten per- 
cent of all fli- showed outgrowths. (B to D) Ex- 
pression of UAS:omb (18) under dpl9Ylk-Gal4 con- 
trol. Ant- elements like costa and triple row are 
evident in the preparation in (6) but may also be 
lacking in less fully developed outgrowths. Out- 
growths of variable e x p s h t y  were obsenred in 
80% of all ties. Location and orientat'on of the 
ectopic wings Wive to the normal wing pair is as 
in UAS:dm; d e - G a l 4  animals [compare (C) 
and (D) with (A)]. The hemithorax preparations in (A) 
and (B) show the opposing aluhe (arrows). 

reduction of omb expression (Fig. 2F), indi- 
cating that DPP rather than HH controls 
omb. 
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Fig. 4. Mosaic analysis of omb requirement in wing development. Mitotic recombinants were obtained by 
gamma-ray irradiation [lo grays (1 gray = 100 rads) from a 13'Cs source] of y w I(l)ombD4 sn3 
f36a/M(l)osP first instar larvae. The I(l)ombD4 (14) mutant spots in the adult wing blade are marked with 
the cell autonomous mutations forked (f) and yellow (y). The presence of the Minute background led to 
larger clones but otherwise did not affect the results. (A and B) Severely scalloped wings (not observed 
in control irradiations) associated with mutant tissue proximal to the lost tissue area. Mutant tissue is 
outlined by continuous and dashed lines for the dorsal and ventral surface of the wing, respectively. 
Among 278 wings there was none in which a clone reached an intact distal margin. Seven wings were of 
the phenotype shown in (A) and (B). (C) Internal clone without phenotypic consequences. 

The dpp dependence of omb transcription 
can also be demonstrated by ectopic dpp 
expression. In the wing disc, reduction of 
protein kinase A (PKA-C1) activity leads to 
the ectopic expression of dpp in the anterior 
compartment (1 7). This engenders an ante- 
rior expansion of omb expression (Fig. 2G). 
Similarly, ectopic dpp expression in a broad 
ring around the wing pouch leads to a wid- 
ening of ornb expression to cover the entire 
wing domain of the disc (Fig. 2H). 

In the wing pouch, omb expression is 
almost completely dependent on both dpp 
and wg, whereas in the hinge region dpp is 
sufficient to Dromote omb ex~ression. Pouch 
and hinge expression are controlled by sep- 
arate regulatory elements in the omb gene 
(18). In the notum part of the disc, the omb 
expression patterns generated by ectopic ex- 
pression of either wg or dpp under the control 
of the dppbLnk enhancer (see Fig. 21) suggest 
that in this ectopic domain, like in the en- 
dogenous pouch expression, ornb is under the 
joint control of both dpp and wg (15). 

Apposition of dpp- and wg-expressing 
cells directs proximodistal appendage mor- 
phogenesis ( 1, 4-6, 8 ,  9). Transcription of 
omb, too, is dependent on dpp and wg and is 
essential for wing development. Therefore, 
omb might mediate a signal that promotes or 
maintains ~roximodistal develo~ment. Ec- 
topic expression of omb in the notum under 
the control of dppbhk-Gal4 [( 19), visualized 
by UAS:lacZ in Fig. 211 led to the outgrowth 
of a second wing pair, containing both ante- 
rior and posterior margin elements (Fig. 3, B 
to D). Ectopic wings produced by the expres- 
sion of UAS:dpp under the same Gal4 con- 
trol arose in a similar position (Fig. 3A). In 
the latter case, ectopic wing development 
probably resulted from coexpression of ec- 
topic dpp with endogenous wg in its notal 
expression domain (see Fig. 2D). This also 
produced ectopic omb expression (1 5). 

The omb expression pattern and the phe- 
notype of omb null mutants suggest that omb 
is essential onlv for the distal wine. We - 
confirmed this by analyzing gamma-ray-in- 
duced somatic ornb wing clones. Clones that 

reached the marein in the distal half of the " 
wing blade produced severe scalloping (Fig. 
4. A and B). whereas internal clones. or . . 
clones that reached or crossed the margin 
proximally, were tolerated without pheno- 
typic consequences (Fig. 4C). Thus, omb 
clones differ from clones in dpp or wg. dpp 
clones along the a-p boundary are not recov- 
ered, whereas wg clones lead to marginal 
notching (20), in agreement with the late 
developmental role of wg in margin pattern- 
ing (2). This indicates that omb is not in- 
volved in all aspects of dpp or wg function. 

The genes aristakss (al) and Distalkss (Dll) 
encode homeodomain  rotei ins that are also 
involved in proximodistal appendage devel- 
opment and appear similarly controlled by dpp 
and wg (4, 6, 9). Dl1 is already expressed in 
the embryonic appendage anlagen but is only 
required in larval life to promote limb devel- 
opment beyond the ground state of the sur- 
rounding body wall (21 ). omb, when expressed 
ectopically in the notum part of the wing disc, 
appears to fulfill a role analogous to that of Dl1 
in the limbs. In its normal expression domain, 
however. omb is not essential for bulk ~rolif- 
eration. In omb null mutants, wing disc-tissue 
is disorganized but reaches nearly wild-type 
cell numbers in the third larval instar, at 
which stage apoptosis starts in the omb expres- 
sion domain (18). Cell death in the second or . , 

third larval instar is common among wing 
developmental genes [for example, up, dpp, sd, 
vg (3, 22)], indicating the necessity of ge- 
netic control beyond proliferation. The ap- 
parent sufficiency of ornb in the promotion 
of ectopic wing development and its dis- 
pensability for bulk proliferation suggests a 
redundancy of ornb function. It is conceiv- 
able that an ornb paralog fulfills related 
functions in the wing (18). 

Appendage development in both insects 
and vertebrates has been discussed theoret- 
ically in the framework of the unifiable (23) 
boundary and polar coordinate models (24). 
In the Cartesian boundary model, the inter- 
section of a-D and d-v comnartment bound- 
aries specifies the organization of p-d devel- 
opment (1, 23). Both loss- and gain-of- 

function ornb phenotypes point to a role of 
ornb in organizing distal wing development. 

ornb is a member of a gene family, char- 
acterized bv a novel DNA bindine domain - 
(14), which in the mouse is expected to 
comprise up to 20 members (25). Several 
paralogous genes exist in Drosophila (26). 
One member of this family, the Xenopus 
homolog of the mouse Brachyury gene, acts 
in mesoderm formation and patterning and 
is an immediate early gene in response to 
the transforming growth factor-p cytokine 
activin A, possibly acting synergistically 
with a member of the Wnt family (27). It 
can therefore be envisioned that OMB-re- 
lated proteins are part of a conserved sig- 
naling module that is used in various devel- 
opmental contexts. 
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T E C H N I C A L  COMMENTS This anlaysis leads us to the puzzling re- 
auirement that the resDonse of a new svn- 

Long-Term Potentiation in the CAI Hippocampus 

Polarized debate continues regarding the 
locus of the modification res~onsible for the 
enhancement of synaptic transmission dur- 
ing long-term potentiation (LTP) in CA1 
hippocampus, a widely studied cellular 
model of learning and memory. Two recent 
papers (1 ,  2)  have shed light using tech- 
niques in which only one or a few axons are 
stimulated. In this wav. transmission mav be , . 
characterized not only by the mean ampli- 
tude of the response (as usual), but also by 
identifying failures (responses with zero am- 
plitude) and successes of transmission. With 
LTP, these researchers observe a change in 
the rate of successes, but no change in the 
mean amplitude of successes (the "poten- 
cy"). They argue that such an observation is 
only compatible with an increased proba- 
bility of transmitter release, indicating a 
presynaptic mechanism. They note that 
postsynaptic changes such as addition of 
receptors at a transmitting synapse or addi- 
tion of new synapses (which would occasion- 
ally produce simultaneous release at the new 
and old synapses) would increase potency. 
However, if LTP is a result of the addition of 
new synapses [possibly by AMPAfication of 
pure NMDA synapses (3, 4) or by splitting 
of existing synapses (5)] will the potency 
necessarily change? 

With Monte Carlo simulations of various 
models, we found that if new synapses re- 
cruited during LTP have a smaller response 
(quantal size, q) than previously existing 
synapses, the potency need not change (Fig. 
1). Intuitively, if a new synapse recruited 
with LTP has a smaller q, then when the 
new synapse acts alone, the potency will be 
decreased; when the old and new synapses 
act together, the potency will be increased. 
These effects can cancel each other out, 
keeping the potency constant. We have 
considered analytically what requirements 
are placed on newly transmitting synapses so 
as to keep the potency constant. 

As a simple case, consider one synapse 
before LTP transmitting with probability of 

release p1, and mean quantal size 1. Let the 
new synapse added with LTP have a proba- 
bility of release p2 and mean quantal size q2. 
Then, 

mean amplitude of transmission before LTP 
= Mb = pl, 

mean amplitude of transmission after LTP 
= M a  = pl + p2q2, 

potency before LTP = Pb = Mblpl, and 
potency after LTP 

= Pa = Ma/{l - [(I - pl) ( l  - p2)]). 

If we require that Pa = Pb and solve for q2, we 
obtain: q2 = 1 - pl. 
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Fig. 1. Changes in potency and success ratio for 
Monte Carlo simulations of three scenarios in which 
LTP is produced by adding synapses. For each 
scenario, 25 experiments each consisting of 250 
trials before and after LTP were simulated. Plotted 
are the ratio of the mean potency before and after 
LTP (filled symbols) and the ratio of the success 
probability (fraction of trials with response ampli- 
tude >0,.open symbols). For each experiment a 
new set of parameters was chosen randomly from 
a uniform distribution of specified range (hereafter 
denoted [min to max]). Circles: one synapse is aug- 
mented by a second (ql = 1, p l  in [0.15 to 0.451). 
Squares: splitting of one synapse (q = 1, p in [0.15 
to 0.451) into two (ql and 92 in [0.65 to 0.951, p l  
and p2 in [0.15 to 0.451). Diamonds: addition of 
synapses under assumption of Poisson statistics 
(initial population q l  = 1, m l  in [0.16 to 0.61, added 
population 92 in [0.55 to 0.851, m2 in [0.16 to 0.61). 

apse is dependent on the release probability 
of a previously existing synapse. However, 
this unsavory demand is not stringent: If we 
allow for reasonable experimental error in 
measuring potency, then q2 can range con- 
siderably (Fig. 2). Similar results are ob- 
tained with more general cases (Binomial or 
Poisson release). 

The observation that Dotencv does not 
change during LTP is not iniversal, as exam- 
ples showing changes in potency have been 
published with minimal stimulation (3, 6) 
and cell pair recordings (7). In our hands, in 6 
of 12 experiments with failure rates greater or 
equal to 50% potency changed more than 
20% with pairing-induced LTP (8). From the 
above analysis, we conclude that even in 
those cases where potency does not change, 
the underlying mechanism could be addition 
of new synapses. 

A corollary of this result is that manip- 
ulations such as paired-pulse facilitation or 
changes in extracellular calcium may not 
change potency even if multiple synapses 
are stimulated, ~rovided these manipula- 
tions preferentially act on synapses which 
have a smaller auantal size. Thus, constant 
potency during presynaptic perturbations 
does not necessarily imply stimulation of a 

LTP 
Fig. 2. Requirements on a new synapse to main- 
tain constant potency. A single synapse (ql = 1, 
pl = 0.25) is augmented by a second synapse to 
produce LTP. The postsynaptic amplitude 92 
necessary to maintain potency constant to within 
a given tolerance and the amount of LTP resulting 
were computed as functions of p2. Tolerances of 
% 10% and 520% are shown. Constant potency 
was more difficult to satisfy with larger LTP (and 
also with larger initial p l  , not shown). 
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