
discharge re-strike time by a factor of 
10 to 50 (from 5 ttsec to 50-100 /tsec). 
..." Our experiments suggest a re-strike 
time that is 104 times longer. This esti- 
mate of the life of the plasma in our 
experiments is confirmed by the photo- 
graphs showing that the plasma in the 
axis between the electrodes remains 
luminous for approximately 4 X 104 
ttsec after the electric current ceases to 
flow. We find our observations to be 
consistent with Uman and Voshall's 
view (9) that the channel conductivity 
decay is dependent on the rate of heat 
transfer. They show that for channels 
several centimeters in diameter the tem- 
perature of the lightning channel will 
decay sufficiently slowly so that the 
electrical conductivity will persist for a 
typical interstroke period of 4 X 10 
,/sec. 

We believe that a possible explana- 
tion for the large difference between 
Wilkins' findings (5) and our own may 
be that the critical ionization times of 
0.5 msec that he observed are character- 
istic not of the vortex-stabilized dis- 
charge, as he has assumed, but rather of 
small sparklike discharges, similar to 
our feeder spark, which carry the cur- 
rent flowing from the two electrodes to 
the vortex-stabilized discharge and 
which are subjected to a continuous flux 
of fresh, cold, and un-ionized air. 

Several important differences must be 
taken into account in any attempt to 
extrapolate our laboratory results to 
phenomena taking place in the atmo- 
sphere. It must be recognized that our 
electrodes are producing a much higher 
concentration of metal ions than would 
be found in the natural atmosphere and 
that these ions may affect the properties 
of the plasma. In our laboratory experi- 
ments, the potentials of only a few kilo- 
volts were capable of initiating a spark 
no more than a few centimeters long, 
so that it was necessary to bring the 
electrodes almost into contact to initiate 
the discharge. Once the discharge had 
been drawn out, even a very brief inter- 
ruption in the current flow causes a 
flameout, for the voltage is insufficient 
to form a new ionized part to bridge the 
gap between the plasma in the vortex 
and the electrodes. In the thunderstorm 
we would not expect this circumstance, 
for the potentials are such that lightning 
sparks can jump distances of several 
kilometers. 
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Our experiments show that a labora- 
tory vortex can be formed and main- 
tained by electrical heating alone under 
a variety of conditions. The vortex- 
discharge combination is a stable, com- 
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Our study was undertaken to deter- 
mine whether extrinsic currents injected 
into retinular cells of the lateral eye of 
Limulus polyphemus can alter the latent 
period of the light-evoked receptor po- 
tential. Excised lateral eyes of Limulus 
(1) were impaled with independently 
manipulated KCl-filled micropipettes. 
Since we could not check impalement 
visually and dye-marking was not used, 
the following criteria had to be met for 
a cell to qualify as impaled by both 
electrodes: a change in membrane po- 
tential of at least 10 my for 4 X 10-9 
amp of hyperpolarizing current; syn- 
chrony and similarity of wave form and 
magnitude of spontaneous potential 
fluctuations detected by both electrodes; 
similarity of wave form and magnitude 
of the receptor potential; equality of 
latency of the receptor potential; and 
equality of the resting membrane poten- 
tial. Additional qualifications for accept- 
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ance were stability of the doubly im- 
paled cell for 1 hour or longer, a rest- 
ing membrane potential of 40 my or 
more, and a typical (1) receptor poten- 
tial. Many double penetrations did not 
meet these criteria and were either dis- 
carded or recorded as combinations of 
retinular cells or of retinular and ec- 
centric cells, depending on the response 
characteristics (1, 2), the magnitude of 

Table 1. Changes in latent period and mem- 
brane potential produced by hyperpolarizing 
current injected into a doubly impaled retin- 
ular cell. 

Hyper- La Increase in Latent 
polarizing period membrane 

current sec) potential 
(na) (mv) 

O-Control 46 0 
1.8 52 54 
2.2 56 69 
3.0 63 119 
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Visual Receptor Potential: Modification by 
Injected Current in the Limulus Lateral Eye 

Abstract. The latent period of the light-evoked receptor potential was increased 
by hyperpolarizing currents injected directly into doubly impaled retinular cells. 
Indirect hyperpolarization of these cells by injection of hyperpolarizing current 
into the eccentric cell or other intraommatidial retinular cells either shortened or 
did not change the latent period. The modification of the latent period may depend 
upon the direction of current flow across some regions of the membrane system 
constituting the rhabdomere. The reduction in magnitude of the receptor potential 
obtained with strong hyperpolarizing currents may also depend upon the direction 
of current flow. The results support the conclusion that the receptor potential 
originates in retinular cells within the membrane system of the rhabdomere. 
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the membrane potential, and the mag- 
nitude of the change in membrane po- 
tential produced by the injection of de- 
polarizing current (2). Constant cur- 
rent pulses 0.8 second long were passed 
through either of the micropipettes and 
the magnitude of the injected current 
was determined from the voltage drop 
across a 100 kilohm resistor between 
the indifferent bath electrode and ground 
recorded on the upper trace of the 
cathode ray oscilloscope (Figs. 1 and 
2). The experiments were conducted at 
room temperature (21? to 23?C). Con- 
trol latent periods of responses to light 
pulses ranged from 15 to 50 msec, but 
were constant for any one preparation. 

Fig. 1. Oscillograms illustrating the effect 
of hyperpolarizing current pulses on the 
latent period of the receptor potential of 
a doubly impaled retinular cell stimulated 
by a light pulse of fixed intensity and 
duration delivered at the onset of the 
sweep. Each frame is a double exposure 
of a dual trace oscillogram, with and 
without the light stimulus. The trace above 
each frame number records the magnitude 
of the 0.8-second hyperpolarizing pulses 
which began before the initiation of the 
sweep so that only the last 80 msec of the 
pulses were recorded. The lower traces in 
each frame record the intracellular poten- 
tial of the retinular cell. Frame 1: control 
response; frames 2, 3, and 4: hyperpolar- 
izing current progressively increased. The 
inset illustrates diagrammatically an ec- 
centric (E) and a retinular cell (R) im- 
paled with a recording (R) and a current- 
passing (I) micropipette. 
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The effective input resistance of doubly 
impaled retinular cells ranged from 4.4 
to 20 megohm. The lateral eye prep- 
arations, previously adapted to the dark, 
were exposed to brief (10 /tsec) light 
flashes at 8-second intervals. 

Hyperpolarizing currents injected di- 

rectly into 'a retinular cell whose volt- 
age changes were recorded with a sec- 
ond impaling micropipette markedly in- 
creased the membrane potential (2) 
and significantly lengthened the latent 
period, that is, the time between onset 
of light stimulus and onset of receptor 
potential (Fig. 1 fand Table 1). We 
tested whether this increase is attribut- 
able to the augmented membrane po- 
tential by indirectly hyperpolarizing 
retinular cells. This was accomplished 
by injecting currents into eccentric cells 
and other retinular cells within the 
same ommatidium (2). 

Hyperpolarizing currents injected in- 
to eccentric cells significantly hyper- 
polarized the retinular cells but the 
latent period either remained constant 
or shortened (Fig. 2, Table 2). Injec- 
tion of hyperpolarizing currents into 
retinular cells other than the one moni- 
tored in some cases increased the mem- 
brane potential of the monitored cell as 
much as 83 my, but it did not affect 
the latent period. Therefore, hyper- 
polarization in itself does not account 
for the increase in latent period. 

The fact that increases in latency 
are graded according to the degree of 

hyperpolarization over the whole range 
used seems to rule out any major con- 
tribution by an increased membrane re- 
sistance of the retinular cell (2). The 
resistance is increased only over part 
(0 to ~ 20 mv) of the total range over 
which the cells can be hyperpolarized. 
Therefore, the increment in the time 
constant of the membrane should be 
constant for hyperpolarizations in ex- 
cess of 20 my. Since hyperpolarizing re- 

sponses (3) did not occur in the cells 
under consideration, increased mem- 
brane resistance of a directly hyper- 
polarized retinular cell can account for 

only a fraction of the maximum increase 
in latency. On the other hand, the vari- 
able latencies obtained with indirect 

hyperpolarization by currents injected 
into eccentric cells may be adequately 
accounted for by resistance changes in 
the complex nonlinear network which 
the electrotonically coupled intraom- 
matidial retinular land eccentric cells 

represent (2). 
It is unlikely that the observed effects 

Table 2. Changes in latent period and mem- 
brane potential of a retinular cell hyperpolar- 
ized by current injected into the eccentric 
cell. 

Hyper- Latent Increase in 
polarizing Latent membrane 

current msec) potential 
(na) (mv) 

0-Control 37 0 
2.8 29 26 
5.6 26 76 

of extrinsic hyperpolarizing current on 
the receptor potential can be attributed 
to C1-, which carries the current for 
the following reasons: the effectiveness 
of hyperpolarizing current is dependent 
on the effective input resistance of the 
retinular cells rather than on the magni- 
tude of the current pulses; the effects 
of extrinsic currents are reversible 
within a second or less; and prolonged 
treatment with current pulses (4 hours 
in some cases) produced no apparent 
change in the control responses of retin- 
ular cells. 

Within an ommatidium of the lateral 

Fig. 2. Oscillograms illustrating the effect 
of hyperpolarizing current pulses injected 
into an eccentric cell on the magnitude 
and latent period of the receptor poten- 
tial of a retinular cell in the same om- 
matidium. Each frame is a double ex- 
posure, with and without the light stimu- 
lus. The sweep and light pulse were trig- 
gered simultaneously. Before the recording 
of frame 3, the lower trace was moved 
upward. 
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eye of Limulus the eccentric cell is 
joined to the individual retinular cells 
by electronic junctions; adjacent ret- 
inular cells are similarly joined (2, 4). 
These findings indicate that all intra- 
ommatidial sensory cells are electrically 
coupled by relatively low-resistance 
electrotonic junctions. Thus, current in- 
jected into any one cell will flow into 
those cells to which it is coupled by such 
junctions (2). The rhabdomeric mem- 
branes of both retinular and eccentric 
cells have numerous cylindrical projec- 
tions, the microvilli, which meet those 
of neighboring cells to form junctions, 
some or all of which may have low 
resistance (5). Consequently, currents 
transmitted from one cell to others pre- 
sumably flow across a portion of the 
membrane system constituting the 
rhabdom. When a given retinular cell 
is hyperpolarized either directly or in- 
directly, the directions of current flow 
through the high-resistance portion of 
the retinular cell membrane to the extra- 
cellular space must be the same in both 
cases, since both procedures produce 
hyperpolarization; but the current flow 
through the relatively low-resistance 
electrotonic junctions must be of oppo- 
site directions in the two cases. Since 
hyperpolarizing currents injected di- 
rectly into a retinular cell increase the 
latent period whereas hyperpolarizing 
currents injected into the eccentric cell 
or another retinular cell either shorten 
or do not change it, the direction of 
current flow through the electrotonic 
junctions in the rhabdom may be 
significant. 

Modification of the latent period of 
the receptor potential of retinular cells 
by extrinsic currents is interesting be- 
cause it demonstrates: (i) that the pro- 
cess which occurs during the latent peri- 
od, a process which is initiated by light 
and determines when the receptor po- 
tential begins (6), can be influenced by 
extrinsic currents; (ii) that the direction 
of the current flow across some re- 
gions of the retinular cell membrane 
determines whether the latent period is 
increased; and (iii) that the rhabdomere 
of the retinular cell seems to be the site 
where the injected extrinsic current af- 
fects the latent period of the receptor 
potential. 

Recently Lasansky and Fuortes (7) 
demonstrated that the microvillar mem- 
brane of the leech photoreceptor is the 

eye of Limulus the eccentric cell is 
joined to the individual retinular cells 
by electronic junctions; adjacent ret- 
inular cells are similarly joined (2, 4). 
These findings indicate that all intra- 
ommatidial sensory cells are electrically 
coupled by relatively low-resistance 
electrotonic junctions. Thus, current in- 
jected into any one cell will flow into 
those cells to which it is coupled by such 
junctions (2). The rhabdomeric mem- 
branes of both retinular and eccentric 
cells have numerous cylindrical projec- 
tions, the microvilli, which meet those 
of neighboring cells to form junctions, 
some or all of which may have low 
resistance (5). Consequently, currents 
transmitted from one cell to others pre- 
sumably flow across a portion of the 
membrane system constituting the 
rhabdom. When a given retinular cell 
is hyperpolarized either directly or in- 
directly, the directions of current flow 
through the high-resistance portion of 
the retinular cell membrane to the extra- 
cellular space must be the same in both 
cases, since both procedures produce 
hyperpolarization; but the current flow 
through the relatively low-resistance 
electrotonic junctions must be of oppo- 
site directions in the two cases. Since 
hyperpolarizing currents injected di- 
rectly into a retinular cell increase the 
latent period whereas hyperpolarizing 
currents injected into the eccentric cell 
or another retinular cell either shorten 
or do not change it, the direction of 
current flow through the electrotonic 
junctions in the rhabdom may be 
significant. 

Modification of the latent period of 
the receptor potential of retinular cells 
by extrinsic currents is interesting be- 
cause it demonstrates: (i) that the pro- 
cess which occurs during the latent peri- 
od, a process which is initiated by light 
and determines when the receptor po- 
tential begins (6), can be influenced by 
extrinsic currents; (ii) that the direction 
of the current flow across some re- 
gions of the retinular cell membrane 
determines whether the latent period is 
increased; and (iii) that the rhabdomere 
of the retinular cell seems to be the site 
where the injected extrinsic current af- 
fects the latent period of the receptor 
potential. 

Recently Lasansky and Fuortes (7) 
demonstrated that the microvillar mem- 
brane of the leech photoreceptor is the 
site of an inward, light-evoked current 
and concluded that the receptor poten- 
tial originates in this structure. Our re- 

12 JUNE 1970 

site of an inward, light-evoked current 
and concluded that the receptor poten- 
tial originates in this structure. Our re- 

12 JUNE 1970 

sults also indicate that the rhabdomeric 
(microvillar) membrane generates the 
receptor potential. However, our data do 
not exclude the possibility that nonrhab- 
domeric membrane may also be actively 
involved (2, 8, 9). 

The reduction in magnitude of the 
receptor potential produced by rela- 
tively strong hyperpolarizing currents 
may also depend on the direction of 
current flow through the rhabdomere. 
When hyperpolarizing currents are in- 
jected directly into a monitored retinu- 
lar cell the magnitude of the receptor 
potential increases [(2, 8) and Fig. 1]; 
if the currents are sufficiently strong, 
the magnitude decreases (8). Such re- 
ductions have been observed in seven ex- 
periments where it was expressly looked 
for; in one of these experiments, a 
hyperpolarizing current of 4.5 na in- 
creased the membrane potential by 64 
myv and virtually suppressed the recep- 
tor potential. Yet, indirect hyperpolari- 
zation of retinular cells does not reduce 
the amplitude of the receptor potential 
(Fig. 2). 

Our results support the conclusion 
that the receptor potential of the lateral 
eye of Limulus originates in retinular 
cells (2, 9), that the rhabdomeric mem- 
brane system (or a part of this system) 
generates the receptor potential, and 
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isotope content of their shells. 

In 1958 Russell speculated that dino- 
saurs might have been warm-blooded 
creatures unable, in their hairless state, 
to adapt to the changing environment 
of the late Cretaceous (1). Such specu- 
lation is recurrent, but difficult to 
test. 

It occurred to us that a comparison 
of the oxygen and carbon isotopic com- 
position of dinosaur eggshells from the 
Cretaceous beds at Shabarakh Usu, 
Mongolia, and near Aix in southern 
France, with those of calcareous egg- 
shells of living reptiles (the crocodilians) 
and birds, living and extinct, might 
prove the dinosaurs to be more similar 
to one group than to the other. 
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that the reaction or reactions occurring 
during the latent period may be influ- 
enced by intracellularly injected extrin- 
sic currents. 

V. J. WULFF, C. MENDEZ 
Masonic Medical Research Laboratory, 
Utica, New York 13501 
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Dinosaur eggshell fragments were 
collected (2) from Rousset near Aix, 
France, in 1960. We obtained shell 
fragments from the 1923 collections of 
the Central Asiatic Expedition near 
Shabarakh Usu in the Gobi desert, and 
a crocodile egg from the upper reaches 
of the Amazon basin in Peru (3). Thin- 
section and x-ray studies of the shell 
fragments suggested that the calcite 
comprising the dinosaur shells was not 
recrystallized nor contaminated by sec- 
ondary carbonate and might well have 
retained its primary isotopic character. 
Various shell fragments, including 
those of the extinct giant bird of Mada- 
gascar, Aepyornis (4), chickens, ducks, 
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Carbon-13 and Oxygen-18 in Dinosaur, Crocodile, and 

Bird Eggshells Indicate Environmental Conditions 

Abstract. We have gathered, from the nests of dinosaurs, and living and fossil 
birds, some evidence of the environment in which these creatures lived. However, 
our isotope determinations suggest it will be impossible to resolve the problem as to 
whether the dinosaurs were warm- or cold-blooded from the oxygen and carbon 
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