
rocks. When it passes close to such ef- 
fectively nondeformable and non- 
displacable objects, the opposite wall of 
the tunnel will be compressed unevenly 
so that the final tunnel achieves its full if 
meandering diameter by extra asymmet- 
ric compression of the softer zones. 

Whereas the posterior body mus- 
culature is capable of throwing the trunk 
into undulations, analysis of films shows 
clearly that (i) relatively little continuous 
force is exerted by this zone and (ii) this 
posterior half of the body is relatively in- 
active in propulsion. Furthermore, the 
shield-tailed snakes do not use their 
caudal tip to stem (that is, to absorb) the 
reaction forces obtained as their head 
starts to enter and extend crevices; thus 
they differ from worm snakes, families 
Typhlopidae and Leptotyphlopidae. The 
posterior vertebrae are relatively shal- 
lower than the anterior, which indicates 
that this portion of the trunk is not 
equipped to absorb major or continuous 
forces. 

Consequently, the uropeltid body may 
be conceived of as analogous to a freight 
train. All its propulsive machinery is 
concentrated in the anterior portion, 
while the posterior trunk serves mainly 
for the indirectly powered transport of 
the viscera. In the same way that the ca- 
boose provides terminal protection for a 
string of freight cars, the uropeltid's 
modified caudal shield protects the 
snake's distal end (8). Movement along 
the tunnel is unidirectional; thus uropel- 
tids cannot burrow backward and have 
trouble backing up unless the tunnel is 
smooth and well formed. 

The adaptive pattern here shown is not 
only interesting as an ecological re- 
sponse to a particular set of environmen- 
tal conditions but also documents the 
fact that the adaptive response of muscle 
is not restricted to mere hypertrophy or 
reduction. In this case, it involves a gen- 
eral modification of the enzyme system 
and fibrillar arrangement within regional 
groupings of muscles, though it is prob- 
able that the evolutionary change ac- 
tually involved a simultaneous loss of 
oxidative capacity in the posterior por- 
tion of the trunk and its enhancement in 
the anterior. 
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Intercellular Communication in Insect 

Development Is Hormonally Controlled 

Abstract. Cellular coupling in the insect epidermis changes in a characteristic way 
during metamorphosis. In vitro, /3-ecdysone mimics the initial phase of these 
changes by increasing electrical coupling. Both adenosine 3',5'-monophosphate (cy- 
clic AMP) and Ca2+ reverse natural and f-ecdysone-stimulated changes, which sug- 
gests that ecdysone could work on communication through changes in cyclic AMP 
and Ca2+ levels. The transient changes in intercellular communication before meta- 
morphosis may reflect the timing of the signals that trigger proliferation and the 
generation of new spatial patterns in the epidermis. 
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Growth regulation in a developing tis- 
sue requires that the component cells 
communicate with each other. Over 
short ranges, the transmission of growth- 
regulating and morphogenetically impor- 
tant molecules through specialized mem- 
brane junctions has been proposed as a 
likely means of intercellular communica- 
tion (1). The cytosol of normal nonex- 
citable cells is connected by permeable 
pathways that traverse the plasma mem- 
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brane at gap junctions (2) that remain 
open throughout the cell cycle (3) and, in 
postembryonic tissues, allow the inter- 
cellular transfer of molecules with mo- 
lecular weights less than 1000 (4). The 
pathway is an obvious candidate for the 
transmission of cell division initiators 
and the feedback regulation of growth in 
multicellular tissues (1). 

In the insect, cell growth is periodic 
and under hormonal control (5). The in- 
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sect epidermis is a paradigm for the 
study of the role of intercellular commu- 
nication in growth control. The epider- 
mal cells are ionically coupled (6) and, in 
the larva of the beetle Tenebrio, gap 
junctions make up 20 to 30 percent of the 
junctional membrane (7). 

I report here that a phase of increased 
epidermal communication in the prepupa 
may be stimulated by the molting hor- 
mone 3-ecdysone in vitro. This effect 
may be neutralized by subsequent treat- 
ments designed to elevate intracellular 
Ca2+ or adenosine 3',5'-monophosphate 
(cyclic AMP). The counteractive action 
of Ca2+ and cyclic AMP may serve to 
coordinate epidermal responses to ecdy- 
sone when signals influencing cellular 
proliferation and remodeling of tissues 
are believed to occur (8). 

The ventral epidermis of abdominal 
segments II to VII of the mealworm were 
isolated in organ culture medium (9) at 
various times in the last-larval stage (10). 
The tissue was equilibrated in medium at 
27?C for a period dependent on the spe- 
cific experiment, as described below. 
Electrotonic coupling in the cell sheet 
was determined with intracellular elec- 
trodes that both pulsed current (6 x 10-8 
amp) and recorded the resultant elec- 
trotonic potentials in selected cells in the 
sheet. The beetle epidermis is a mono- 
layer of cells with uniform geometry (7). 
The resistivity (units, ohm centimeters) 
of the intercellular pathway (the resist- 
ance of the junctional membranes of the 
cells in the sheet in series combined with 
the epidermal cytoplasmic resistance) 
may therefore be calculated by means of 
a Bessel function describing electrotonic 
spread in a simple model in which a thin 
sheet of cytoplasm of infinite extent is 
bounded on both sides by plasma mem- 
brane (11). Intercellular resistivity is the 
product of epidermal sheet thickness 
(units, centimeters) and an intercellular 
resistance value (units, ohms) derived 
from fitting a theoretical curve to the ex- 
perimentally recorded decay in elec- 
trotonic potential with increasing dis- 
tance from the polarizing electrode. Af- 
ter each set of electrophysiological 
recordings was complete, the epidermis 
was fixed, embedded in plastic, and sec- 
tioned, and the thickness of the cell sheet 
in the recording area was determined. If 
the resistive properties of the cyto- 
plasmic component of the intercellular 
pathway remain constant, changes in re- 
sistivity may be attributed to junctional 
effects. 

Figure 1 illustrates the normal changes 
in intercellular resistivity in the epi- 
dermis during the preliminary phases of 
metamorphic activity in the larva. A 
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Table 1. The effect of 10-3M cyclic AMP on intercellular resistivity in epidermis initially primed 
with 2 x 10-6M f-ecdysone for 12 hours in vitro. The results represent averages and standard 
deviations of six experiments. 

Ce?lls Resistivity Change in 
(ohm cm) resistivity* (%) 

Nonprimed, control 434 ? 28 0 
Primed with f,-ecdysone 285 + 17 -34 
Primed; treated with cyclic AMP for 4 hourst 442 + 66 + 2 
Primed; treated with 10-3M 5'AMP for 4 hourst 339 + 53 -22 

*Relative to the control. tThe nucleotide media were hormone-free 

phase of reduced resistance between 150 
and 140 hours before pupation (P - 150 
to P - 140) is terminated by a rapid and 
transient elevation in resistance that 
peaks at P - 130. This peak is followed 
by a return to intermediate levels of re- 
sistivity from P- 120 onward. These 
changes are particularly interesting in 
that they immediately precede cell divi- 
sion and pattern regulation (12). 

Since ecdysone has been implicated in 
stimulating metamorphosis, I have in- 
vestigated the effects of ecdysone on cell 
communication in vitro. Epidermis was 
dissected from larvae at about P - 170 
(before the changes shown in Fig. 1 be- 
gan), equilibrated in medium for 30 
hours, and then exposed to medium con- 
taining 2 x 10-6M f-ecdysone (Rohto, 
Japan) for 12 hours. As a control, prepa- 
rations from the same animals were in- 
cubated in normal medium for the same 
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Fig. 1. Cell coupling fluctuates in a predict- 
able manner during preparation for metamor- 
phosis. After the prepupal animals had been 
ranked by the eyestage technique (10), the 
ventral epidermis of abdominal segment IV 
was isolated in medium, and electrical cou- 
pling was measured within 15 minutes after 
dissection. The corresponding time to pupa- 
tion at 26?C for the eyestages is given. Eye- 
stage 2 represents the larva as preparative 
events for metamorphosis begin. Each point 
is the mean and S.D. of at least three prepara- 
tions. Two major features are the reduced in- 
tercellular resistivity between P- 150 and 
P - 135 and the resistivity peak at P - 130. 

period. The intercellular resistivity of the 
hormone-treated preparations, 290 + 17 
ohm cm [ten experiments, mean + stan- 
dard deviation (S.D.)] was reduced by 32 
percent when compared with that of con- 
trol epidermis from the same larvae, 
429 + 33 ohm cm. This effect appears to 
be 8/-ecdysone-specific and is not mim- 
icked by exposure to 2 x 10-6M a-ecdy- 
sone (Simes, Italy) which reduced resis- 
tivity by only 5 percent (control resistivi- 
ty, 426 + 42 ohm cm; resistivity after 12 
hours of incubation with a-ecdysone, 
406 + 33 ohm cm; five experiments). 

The effect of ,-ecdysone in vitro is not 
due to changes in cell density. Density 
changes would alter the number of junc- 
tional interfaces per unit length of the 
epidermal sheet and influence the resis- 
tivity of the intercellular pathway with- 
out junctional conductance changes. To 
eliminate cell density effects, pairs of 
control and hormone-treated epidermis 
were fixed and Feulgen-stained, and the 
nuclei were counted from whole mount 
preparations. No cell division or cell 
death was observed. A direct compar- 
ison of density in each pair (four experi- 
ments) revealed a mean difference of less 
than 2 percent. 

Thus, f3-ecdysone lowers intercellular 
resistivity in vitro by elevating junctional 
membrane conductivity, either by stimu- 
lating the formation of new gap junction- 
al channels (13), or by increasing the 
bore size of existing channels (4). In ei- 
ther event, the ecdysone-stimulated in- 
crease in intercellular communication 
could facilitate the transmission of 
morphogens within the segment (14). 
The initial decline in intercellular resis- 
tivity in vivo (Fig. 1) is presumed to be a 
response to blood ecdysone prior to pu- 
pation (15). 

These results suggest that the high in- 
tercellular resistivity characteristic of 
the nonproliferative intermolt (> P - 
150) and at P- 130 is modulated 
through the influence of ecdysone. Since 
a high intercellular level of cyclic AMP is 
detectable during the nonproliferative 
and differentiated state in many cell 
types (16), it was of interest to determine 
the effect of cyclic AMP upon cell com- 
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munication. To test this, epidermis was 
removed from larvae at P - 170 (at least 
four preparations from each larva) and 
subjected to f3-ecdysone, as described 
earlier. After this in vitro priming period 
in hormone, some preparations were 
transferred to medium containing 10-3M 

cyclic AMP for 4 hours. As a nucleotide 
control, a preparation was exposed to 
10-3M 5'-AMP. At each stage in this pro- 
cedure, a preparation was removed, and 
electrotonic coupling was measured and 
then processed for thin-section analysis. 
Table 1 shows that the exposure to cyclic 
AMP negates the earlier effect of ecdy- 
sone on intercellular resistivity. The ef- 
fects of ecdysone and cyclic AMP are 
antagonistic in the beetle epidermis, in 
contrast to the findings in Drosophila, 
where cell coupling in the salivary gland 
is raised by both cyclic AMP or /3-ecdy- 
sone in the external medium (17). This 

discrepancy, which remains to be re- 
solved, is further complicated by the fact 
that electrical coupling in the salivary 
gland of Chironomus drops dramatically 
in the prepupa in vivo (18) (presumably 
in response to blood ecdysone), whereas 
the opposite is seen in Drosophila cells 
exposed to f-ecdysone in vitro (17). In 
vertebrate cells in tissue culture, how- 
ever, exposure to agents known to raise 
intracellular cyclic AMP levels or to cy- 
clic AMP derivatives increases electrical 
coupling and stimulates the formation of 

gap junctions (19). 
The elevated intercellular resistivity in 

response to cyclic AMP in the beetle epi- 
dermis is most likely a consequence of 
increased cytoplasmic Ca2+ activity. In- 
sect cells are rapidly uncoupled by intra- 
cellular injection of Ca2+ (20) or by ex- 

posure to the Ca ionophore A23187 (Lil- 
ly) in the external medium (21). Both 
procedures raise the intracellular level of 
ionized Ca. If the transient peak in inter- 
cellular resistivity at P - 130 reflects a 
short-lived period of high intracellular 
Ca2+ activity, then exposure to a Ca ion- 

ophore should mimic this event in vitro. 
Epidermis from larvae at P- 150 to 
P - 140, after 2 hours of equilibration in 
control medium, was exposed to medium 
containing 2 x 10-6M A23187 for up to 4 
hours. The intercellular resistance rose 
rapidly in all six experiments conducted, 
peaked between 30 and 75 minutes after 
exposure to A23187 started, but then re- 
coupled to near-control levels within 3 
hours in all cases, in the continued pres- 
ence of the ionophore. In the example 
shown in Fig. 2, the cell sheet was com- 
pletely uncoupled after 75 minutes of ex- 
posure, but the cells were recoupled by 
120 minutes. The design of the experi- 
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Fig. 2. Epidermal uncoupling caused by ele- 
vation of cytoplasmic Ca'+ activity is revers- 
ible in the continued presence of the Ca iono- 
phore. Four epidermal preparations from a 
larva at about P - 150 were exposed to 2 x 
10-6M A23187 at time zero, and intercellular 
resistance was recorded at various times later 
(open circles). Preparations 1 and 2 were read 
three times, preparation 3 was read twice, and 
preparation 4 was read only once, as indicated 
by the numbers next to the points. A steady 
loss of coupling over the first 60 minutes was 
recorded; at 75 minutes, coupling was unde- 
tectable, and the membrane potential was re- 
duced transiently to about 30 percent that of 
the control preparation (-32 mv). Coupling 
was rapidly restored in all four preparations, 
however, and stabilized at an intercellular re- 
sistance generally slightly higher than that of 
control epidermis (closed circles) incubated in 
medium containing an equivalent amount of 
the solvent for the ionophore alone (0.25 per- 
cent dimethyl sulfoxide). 

ment shown in Fig. 2 precluded process- 
ing the epidermal preparations for thick- 
ness determinations during the first 2 
hours of exposure to A23187, since the 
preparations were used again later. 
However, the resistance changes shown 
in Fig. 2 directly reflect changes in inter- 
cellular resistivity. In an experiment 
where the epidermal thickness was mea- 
sured after 60 minutes of exposure to 
A23187, a short-lived elevation in resis- 
tivity was seen (control resistivity at 60 
minutes, 358 ohm cm; resistivity after 60 
minutes of exposure to A23187 was 1563 
ohm cm; resistivity after 3 hours of ex- 
posure to A23187 was 430 ohm cm). 

Hence the transient peak in inter- 
cellular resistivity before pupation at 
P - 130 may reflect a more central de- 
velopmental event in the epidermis, 
characterized by a brief elevated cyto- 
solic Ca2+ activity. What might this 
event be? It has been proposed that the 
primary mitogenic signal may be a net in- 
flux of Ca2+ into the cell (22). This con- 
cept, supported by evidence from such 
cells as lymphocytes (23) and fibroblasts 
(24), attempts to explain the much-debat- 
ed role of cyclic nucleotides in growth 
control as secondary elements in a com- 
plex chain of feedback interactions that 
lead to cell division. In Tenebrio, exten- 
sive mitotic activity in the epidermis, 

leading to almost a doubling in cell den- 
sity (12) starts some 30 hours after the 
peak in resistance, at about P- 100 
(Fig. 1). Whether this temporary loss in 
cell coupling mimicked in vitro by 
A23187 and partially by cyclic AMP re- 
flects the primary stimulus for cell divi- 
sion in the beetle epidermis has not yet 
been determined. 

Finally it has been reported that, al- 
though cyclic AMP passes readily 
through junctional channels (25), Ca2+ 
does not (21). This suggests that cyclic 
nucleotides may coordinate metabolic 
and developmental activities stimulated 
by f3-ecdysone and Ca2+ by diffusional 
transfer between the cells of the re- 
sponding tissue. 
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but less pronounced influence on male 
copulatory posture. These findings sug- 
gest that the hemipenile alternation ob- 
served in successive copulations in A. 
carolinensis is due to feedback from both 
the testes and hemipenis. A possible 
function of this process might be to mon- 
itor the ability of each testis to deliver 
mature sperm. 

Courtship and copulation in the lizard 
A. carolinensis has been described in de- 
tail elsewhere (2). Briefly, the male ad- 
vances toward the female, pausing to 
perform the courtship display. This dis- 
play consists of a species-typical up-and- 
down bobbing movement of the body 
coordinated with extension of a brightly 
colored red throat fan or dewlap. If sex- 
ually receptive, the female will stand for 
the male, arching her neck as the male 
takes a neck grip (3). The male then 
straddles the female, swinging his tail be- 
neath the female's to appose the cloacae. 
The male then inserts a single hemipenis 
into the female's cloaca; copulation lasts 
approximately 10 minutes, although indi- 
vidual males have characteristic mating 
times (4). If the male mounts on the fe- 
male's right side, he will evert the left 
hemipenis and vice versa. Since the male 
curves his tail beneath the cloacal open- 
ings, it is possible to determine quickly 
which hemipenis he has inserted by the 
angle of deflection of his tail; for ex- 
ample, the male's tail will be curved to 
his right if he has intromitted with the 
right hemipenis. 

In male lizards and snakes, the re- 
tracted hemipenes are paired mem- 
branous pouches in the base of the tail 
attached to the posterior wall of the 
cloaca (1). During mating, intromission 
is achieved with the eversion of one 
hemipenis through the male's cloacal 
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opening. Dissections of the urogenital 
system of squamate reptiles reveal that 
the vas deferens from the paired abdomi- 
nal testes do not enter into a common 
urogenital sinus as in other vertebrates. 
Instead, sperm are transported by each 
vas deferens to a seminal groove on the 
surface of the ipsilateral hemipenis (Fig. 
1); thus, male lizards and snakes have 
two separate and functional reproductive 
tracts. 

In my examination of the stimulus 
control of male copulatory behavior in 
this lizard, I have monitored the sexual 
behavior of individual males to deter- 
mine whether they exhibit a preference 
for either the left or right hemipenis (5). 
In general, males alternate in their use of 
the right and left hemipenis (Table 1). Al- 
though some males exhibited a prefer- 
ence if given an extended series of tests 
(for example, males B and C), most 
males rarely mated with one hemipenis 
three or more times in succession [inter- 
copulation interval (ICI): X = 1.28 days, 
standard error (S.E.) = 0.10]. Differ- 
ences in copulation times for the right 
and left hemipenis were not significantly 
different within individuals, although 
males did show individually specific cop- 
ulation times [see also (4)]. 

Removal of one hemipenis dramatical- 
ly altered male mating patterns (Table 
1) (6); unilaterally hemipenectomized 
males assumed only that posture which 
enabled them to use the remaining hemi- 
penis. The transition from preoperative 
alternation behavior to a postoperative 
preference was immediate, without any 
obvious "trial and error" on the part of 

Table 1. Pattern of alternation in use of right 
(R) and left (L) hemipenis exhibited by intact 
and unilaterally hemipenectomized A. caro- 
linensis during successive matings. 

Total 
Lizard Hemipenis used 

Right Left 

Intact normal 
2 LLRLRLRLRLR 5 6 
3 LLRLRL 2 4 
5 LRLLRLL 2 5 
6 LLRLRRLR 4 4 
A RLRLRR 4 2 
B RRRLRR 5 1 
C RRRLRR 5 1 
F LRRRLR 4 2 
G RLRRLL 3 3 
H RLLRRL 3 3 
J RLRRLR 4 2 

Unilateral hemipenectomy 
3 RRRRRRRR 8 0 
5 RRRRRRRR 8 0 
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eral testis is important in determining which hemipenis the male will use for mating. 
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