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Fig. 4. Voltage-dependent block of INaCH) by amiloride. In a voltage-clamped neuroblastoma cell, rapid 
increase of the extracellular proton concentration frompH 7.9 to 6.7 activates a transient inward Na+ 
current which can be deactivated when the proton concentrations are step reduced topH 7.9 (upward 
arrow). Amiloride blocks this current in a voltage-dependent manner (middle panels). At a holding 
potential of -80 mV, 10 pJ4 of amiloride suppressed approximately half of the current, while there is 
only minimal suppression at 0 mV. The external solution contained 140 mM Na+, 1 mM Ca2+, 10 mM 
Pipes and 2 pJ4 TTX. The internal solution contained 80 mM Cs+, 20 mMTEA, 20 mM Na+, 20 mM 
Hepes, and 10 mM EGTA and was buffered to pH 7.3. 

impulse conduction through the atrioven- 
tricular node and suppressed the pacing rate 
in the sinoatrial node (22, 23). Because the 
T-type ca2+ channel appears to mediate 
pacing in heart cells (24), we tested the effect 
of amiloride on Ic, and found that it selec- 
tively blocked the T-type current in guinea 
pig atrial myocytes (25). 

The suppressive effect of amiloride on the 
ca2+ current is shared by a number of its 
chemical derivatives. In particular, the addi- 
tion of substituted benzyl moieties to the 

guanidine side group greatly enhanced the 
blocking properties of amiloride derivatives 
(KD < 10-6M). Thus amiloride and its de- 
rivatives can serve as specific inhibitors of 
the T-type ca2+ channel, making it possible 
to dissect the physiological role of this chan- 
nel in different neuronal and muscle tissues. 
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element (1). We have found a maternal 
effect, involving the dominant autosomal 
factor Mos, that is clearly distinct from hy- 
brid dysgenesis in that maternally transmit- 
ted cytoplasmic factors enhance excision of 
the mariner element. The two effects are 
perhaps related in that the excision depends 
on factors transmitted through the egg. 

The white-peach (Wpch) allele contains the 
1.3-kb mariner transposable element insert- 
ed immediately upstream of the first exon of 
the X-linked white gene (3). The genome of 
D. mauritiana contains about 20 copies of 
mariner, one of which is the Mos factor (4). 
In combination with Mos, excision of the 
mariner element from the Wpch allele occurs 
at high frequency in somatic and germinal 
cells in D,  mauritiana. Somatic excision 
results in mosaic eye-color with pigmented 
patches on an otherwise peach-colored back- 
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ground (5). Mat was originally identified 
because it was fbund to be deleted in mutant 
strains that were no longer mosaic (4). This 
copy of m~+nrr may cause mosaicism either 
because of its position in the genome or 
because of nucleotide substitutions it con- 
tains. 

To enable genetic mapping of the & 
factor, both Mm and the unstable lDPCh allele 
were t r a n s m  from D. twn* into D. 
k d a m  by a series of back-. The 
interspecific cross yields M e  &male hy- 
brids, which were backcrossed to D. sinrrr- 
kurs males in each generation. While per- 
forming crosses m map the Mm factor, we 
observed that &males of genotype Mml+ 
showed apparently anomalous transmission 
of the mosaic phenotype. When Marl+ fk- 
males, homozygous for Ph, were crossed 

with Wpch males &om a non-mosaic strain, 
all o&Irpring of both sexes were fbund to be 
mosaic. However, only about 50% of the 
mosaic progeny transmitted the mosaicism 
to their o&Irpring, a finding consistent with 
there being&/+ and +I+ progeny in the 
ratio 1:l. Moreover, the Marl+ mosaics, 
which transmit the mosaicism, were pheno- 
typically distinguihble from the +/+ mo- 
saics, which produce exclusively non-mosaic 
Wpch progeny (Fig. 1). The Mad+ mosaics 
exhibit a pattern of mosaicism charaaeriztd 
by fresuent reversion events at difkrent 
stages of eye devdopment (Fig. la). The +I 
+ (maternal) mosaics show very few, pre- 
sumably early, reversion events, giving rise 
to large sectors of pigmented tissue (Fig. 
lb). Although male mosaics with the phe- 
notype in Fig. l a  transmit the &cism to 

Fig. 1 . T h e t w o t y p e s o f m o s a i c e y e p h e n g l r e s e e n i n p ~ e s o f D . r i m s J a r r r ~ ~ g w s  
for the mosaicism b r .  la\ A "heritable" mosaic evrvine the m m i c  factor that that somatic 
excis'i of rwrrriffcr b' A, genotype &I+. (bj fiy "king the heritab& genomic h 
@emtype +I+), but nevertheless an eye-color mosaic. This latter of d c i s m ,  showing few 
reversion events early in eye development, is typical of the matemd-% phenotype. 

Flu. 2 DNA hvbridization analvses in heritable 8 b c 
an; maternal& d a .  P& hetermygous 
for the d d s m  b r  (Mad+) were aossed 
individually to flies from a non-mosaic tlpCh 
s a a i n . B O t h r e c i ~ ~ ~ e r c ~  
Gosea with Mod+ males yielded approxmately 
equal numbers of mosaics and n o n - d i c s  (19 
he-nYgous males tesmd, averas of 74 P*Y 
permale). ~ i n v o l v i n g ~ +  mothersgen- 
d d c p q e n y o f t h e t w o t y p e s s h o w n i n  

(17 ha- 
progglY 

per ?&ale). From the pmge&s of die h r  
cms,sinafefemaleswerematcdtonPOhmalesand 
allowed to oviposit for 6 to 7 days, at which time the females were used to prrpare genomic DNA The 
~esofthese~esweresubeKquently~~~redfbrthepresenceof~cisminordertoconfirm 
coma classification. Gemmic DNA5 were digested with Barn HI, separated on a 0.7% affvose J& and 
tran&emd to a nylon membrane. The filter w& hybridized with an@-Wed, 3.0-kb B;& HI -t 
of the wild-MX W&&E 10~ls. which indudes the site imo which mmkv is inserted in the ttPeh mutation. 
See (3.S d; d a i o n  &p. In Southern blots, nit ftks show a sin& band at 3.0 kb, whereas flies 
ho&w fior tlpCh give a &I& band at 4.3 *;the 1.3-lib ditExe&-in size comrponds to the size of 
thenrarinrrinseh~cftkstv~i~shawbothbands.demonstrat ina8omadc~~cis ionof~ 
from wMa (5). Lanes are as fo&ws:'a, heritable 4 4  b, matend-&fkt mosaias, c, tlpCh flies 
randomly selected from the non-mosaic strain. Each lane contains DNA from ten fanale flies 
(approximaaety 3 ~lrg). Proadum for isolation of genomic DNA, Southem tmnsk, labeling of DNA 
to h@ s p d c  acuwty by random oligonudcotidcptimer memion, and filter hybridizath have been 
*bad (11-14). 

halftheir oapring (6), males with the phe- 
notype in Fig. l b  do not (7). Since the 
d p r i n g  of&/+ fathers include mosaic 
and non-mosaic progeny in the expected 
1: 1 ratio, the mosaicism among the non- 
Mm progeny of hetennygous &males must 
d t  from maternal transmission. 

The mosaic phemqpe in the presence of 
Mm results from somatic excision of nrarincr 
from the Wpch M e  (5). To determine 
whether the maternaUv inherited mosaicism 
als~ resuits from somitic excision, mosaia 
of both heritable and m a d  types were 
examined by DNA hybridization analysis 
(Fig. 2). Although both types of mosaic 
show somatic excision of m&nm from the 
tPbitZ gene, the heritable mosaics (Fig. 2a) 
show a greater extent of excision than ob- 
served in maternal-eEect mosaics (Fig. 2b). 
AU flies dassified as heritable or m a d  
mosaics were progeny-tested to confirm that 
they had been correctly scored Occasional 
examples from the D. kmztkas Ph strain 
exhibited a low background level of sponta- 
neous excision of mdmw from tPkitG (Fig. 
2c). However, the level of excision in the 
lDPCh strain of D. sinoulanr was much lower 
than that seen in the flies with the maternal 
pattern of mosaicism. This difkrence corre- 
sponds to a phenotypic difkence in the 
extent of mosaicism While mosaic flies were 
occasionally seen in the D. Jirmrlanr tdr-h 
strain, the pigmented sectws were almost 
invariably small, and usually single omma- 
tidia 

The m a t e m a l a  mosaics from P h l  
#PCh; &I+ mothers receive not only ma- 
ternal cytoplasm but also a matem& de- 
rived Ph allele. Therefore, it is possible 
that the maternal lDPCh allele undergoes a 
genetic imprinting that results in the exci- 
sion of rmhcr, even in the absence of Mw 
or its products. In maize, an imprinting 
phenomenon has been observed in studies 
of the transposable ele- 
ment system (8). The possibility of genetic 
imprinting was tested by crossing mosaic 
males, homozygous for&, to an attached- 
X strain that &es a stable whiu allele and 
lacks deteaable eye pigment, The &male 
progeny ofthis cross, hctcrcplygus for&, 
were then mated to males of a non-mosaic 
Ph strain. Male psogeny from the latter 
cross must receive a Ph allele from their 
father. FFifteen heterozygous f d e s  were 
tested, and all gave non-Mm male progeny, 
showing the matemally transmitted type of 
mosaicism as well as Mm progeny in approx- 
imately equal numbers (9). We conclude 
that the maternal-e&ct mosaicism results 
from m a d  transmission of a faaor pro- 
moting excision of norstisur rather than im- 
printing of the maternal tiPCb allele. 

M a d  transmission of the mos& phe- 



notype occurs to varying extents in different 
genetic backgrounds. In D. mauritiana, in 
which this Mos factor was first discovered, 
the maternal effect is undetectable. This may 
be related to the presence of more than 20 
copies of mariner in the genome of this 
species. Strains of D. simulans into which 
Wpch and Mos have been introduced by re- 
peated backcrossing typically contain fewer 
than ten copies of mariner (10). Among four 
mosaic strains of D. simulans, all derived by 
independent backcrosses from males of the 
E25H mosaic strain of D. mauritiana, the 
penetrance of the maternal effect was esti- 
mated at 13 t- 2, 87 2 2, 94 r 1, and 
97 1 percent (R k SD) among non-Mos 
offspring. Although the penetrance does not 
correlate in any obvious way with the num- 
ber of copies of mariner in the strains, it 
does correlate with the phenotype of the 
mosaicism. Strains in which the mosaicism 
is manifested as numerous large pigmented 
sectors show the highest penetrance of the 

maternal effect, whereas mosaic strains with 
a salt-and-pepper pattern of small pigment- 
ed spots have the lowest penetrance. ., 

The maternal transmission described here 
appears distinct from the cytoplasmic trans- 
mission described in P-M and I-R hybrid 
dysgenesis. The major difference is that, in 
the case of Wpch mosaicism, maternal trans- 
mission involves factors that enhance the 
excision of mariner; whereas, in hybrid dys- 
genesis, maternal transmission involves fac- 
tors which repress excision. In the case of 
Wpch, the eye-color mosaicism provides a 
convenient phenotypic assay for excision, 
which may enable further detailed analysis 
of maternally transmitted substances affect- 
ing this process. 
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Hawaiian Courtship Songs: Evolutionary Innovation 
in Communication Signals of Dmsuphiila 

In Hawaii, flies of the genus Drosophila have undergone spectacular adaptive radiation, 
resulting in the evolution of more than 500 species of Drosophila that are found 
nowhere else on earth. This taxonomic uniqueness is reflected in behavior and 
morphology. Hawaiian Drosopbila sing songs, as do continental Drosophila; however, 
the Hawaiian songs have diverged strongly in form and mechanism of production. The 
click-song of D. fasciculisetae (Maui) has a carrier frequency an order of magnitude 
higher than those reported in familiar continental species, such as D. melanogaster (170 
hertz). Drosophila f&culisetae's song resembles a cicada's more than a fly's song. The 
song of D. cyrtolumu (Maui) has a complex pulse rhythm more typical of crickets than 
flies. The pulse song of D. silveds (Hawaii) closely resembles that of D. melampster 
in both pulse rhythm and carrier frequency, but D. melamppter sings by vibrating its 
wings, whereas D. s i l v d  sings through abdominal vibrations. These mechanisms are 
radical departures from the continental wing song mechanism and are futher 
examples of the remarkable behavioral innovation that has occurred in the Drosophila 
of Hawaii during their evolutionary transit through these islands. 

H AWAII IS THE MOST ISOLATED IS- 

land archipelago on earth. New 
islands are periodically generated 

by ongoing volcanic activity and provide 
virgin habitats for new colonization; this, 
coupled with isolation, has permitted the 
evolution of more than 500 species of native 
Drosophila (1). Their descent can be traced 
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by studies of chromosomes, morphology, 
and behavior to one or two continental 
founder-females (2) .  By adaptive radiation 
the Hawaiian Drosophila have diverged 
widely from continental species in both 
morphology and behavior. w e  present song 
recordings of Hawaiian Drosophila and re- 
port the striking differences in the acoustic 
properties of these songs as well as their 
mechanism of production, compared to the 
well-characterized songs of continental Dro- 
suphila species, with which they share com- 
mon ancestry. 

We describe courtship songs of three spe- 
cies, D, silvestris (Hawaii island), D. fasciculi- 

setae (Maui), and D.  cyrtoloma (Maui) (3). 
Single males of each species were introduced 
into recording chambers containing one to 
three conspecific females, and their songs 
were tape-recorded and analyzed (4). We 
have recorded songs from 20 of the 106 
species of Hawaiian picture-winged Drosoph- 
ila, They can be classified into four distinct 
acoustic types: (i) click-trains, (ii) complex 
pulse-trains, (iii) simple pulse-trains 
("purrs"), and (iv) simple tone songs 

1 3 5 7  
Time (msec) 

0 5 10 15 20 25 
d Frequency (kHz) 

Fig. 1. Analysis of a single click-pulse from the 
courtship song of D. facciculietae. (A) The time 
signal (oscillogram) of a single click. (B) Relative 
amplitude spectrum of a click as determined by 
FFT analysis. The "noisy" nature of the click is 
apparent from the multiple peaks in the frequency 
spectrum, although a dominant peak in the spec- 
trum, in the range from 5 to 6 kHz, is characteris- 
tic of songs of this species. The frequency re- 
sponse of the recording equipment is limited to 
15 kHz [see (S)]. 
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