
In cerebellar samples taken within 30 
seconds after decapitation, only a few 
(10 to 15 percent) of the P cells ex- 
hibited positive immunofluorescence 
('Fig. 1D). In contrast, fluorescence in 
the granule cell layer was only slightly 
reduced in intensity and showed es- 
sentially no differences in the distribu- 
tion of positively stained cellular 
elements. These samples showed mini- 
mal positive staining in the molecular 
layer or in the white matter. If the 
histochemical staining pattern is cor- 
related with biochemical estimations of 
cyclic AMP content 30 and 120 seconds 
after decapitation (8), the previously 
reported rise in cyclic AMP content is 
manifested by increased immunocyto- 
chemical staining detectable mainly in P 
neurons (Fig. 1, C and D). 

Cerebellar biopsies from rats anesthe- 
tized with halothane showed staining 
patterns essentially identical to those 
obtained within 30 seconds after decapi- 
tation of unanesthetized rats; moderate 
staining was widely distributed in the 
granule cell layer and within a few (10 
to 20 percent) of the P cells. On the 
other hand, cerebellar biopsies from 
animals anesthetized with chloral hy- 
drate or pentobarbital showed even less 
neuronal immunoreactivity than did 
biopsies from halothane-anesthetized 
rats (12). The reduced staining in the 
rats treated with chloral hydrate or 
pentobarbital was exhibited by both 
the P cells and the granule cells. These 
results suggest that anesthetics alter fac- 
tors that regulate cyclic AMP concen- 
trations in P cells and granule cells. 

The localization of cyclic AMP 
within the specific neurons of the rat 
cerebellar cortex implies that the cyclic 
nucleotide is not freely diffusible within 
the positively stained neurons under the 
conditions of the staining reaction (13). 
However, no precise quantitative rela- 
tion between immunocytochemical 
staining and direct chemical estimation 
of cyclic AMP content has been estab- 
lished, and it is not known how much 
cyclic AMP was lost from tissue sec- 
tions during processing and whether 
cyclic AMP was bound extracellularly 
or less firmly to other cells, such as glia 
(14). Nevertheless, with the use of the 
immunofluorescence technique for de- 
tecting localization of cyclic AMP, the 
cellular distribution of this important 
nucleotide can now be assayed. The 
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tecting localization of cyclic AMP, the 
cellular distribution of this important 
nucleotide can now be assayed. The 
rise in cerebellar content of cyclic 
AMP after decapitation thus can be 
correlated with elevated concentration 
within the P neurons. It remains to be 
determined whether the alterations in 
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immunocytochemical staining of cyclic 
AMP shown by P cells after decapita- 
tion can be triggered in vivo by activa- 
tion of specific cerebellar afferent synap- 
tic pathways or by specific neurotrans- 
mitters. 
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Photoreception in a Barnacle: Electrophysiology 
of the Shadow Reflex Pathway in Balanus cariosus 

Abstract. The photoreceptors in the median ocellus of the rock barnacle 
depolarize when illuminated. This depolarization spreads passively to the axon 
terminals in the supraesophageal ganglion. A small number of cells in the supra- 
esophageal ganglion hyperpolarize when the median ocellus is illuminated and 
depolarize when it is shadowed. Nerve impulses are superimposed on the slow 
depolarization of the ganglion cells. Impulse activity in response to shadowing 
the median ocellus is recorded in a few fibers of the circumesophageal connec- 
tives. Picrotoxin blocks this shadow-induced activity. A model of the shadow 
reflex pathway is presented. 
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The sensory pathway that mediates 
the shadow withdrawal reflex in the 
rock barnacle Balanus cariosus has been 
studied (1). When a shadow passes 
across an animal, the normal rhythmical 
behavior quickly stops, the cirri are 
withdrawn into the shell, and the 
opercular plates close tightly. We have 
never observed a response to an in- 
crease in the light intensity in these 
animals. 
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One group of the primary photorecep- 
tors that initiate the shadow response 
in B. cariosus is in the median ocellus 
(1). The ocellus contains six to nine 
photoreceptors; each photoreceptor has 
multiple distal dendritic branches capped 
by microvilli and a large axon that runs 
in the median ocellar nerve to the 
supraesophageal ganglion (2). 

A portion of the central nervous 
system containing the median ocellus, 
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ocellar nerve, supraesophageal ganglion, 
circumesophageal connectives (Fig. 1A), 
and ventral ganglion was removed from 
the animal and secured in a shallow 
dish filled with artificial seawater (In- 
stant Ocean). Standard electrophysio- 
logical techniques were used to monitor 
the neural activity at different levels of 
the reflex pathway (3). 

When stimulated with light, the re- 
ceptors of the median ocellus give elec- 
trical responses typical of arthropod 
photoreceptors. The response to a step 
of light is a slow depolarization (recep- 
tor potential) having an initial large 
transient phase which decays to a 
somewhat smaller but maintained steady 
phase (lines 1 in Fig. 1, B and C). 
The amplitude of the receptor potential 
is graded with the intensity of the light, 
brighter lights producing larger re- 
sponses. A cell with a resting potential 
of -40 my may produce a receptor 
potential with a 50-mv transient phase 
and a 20-mv steady phase when stimu- 
lated by a moderately intense light (4). 

When the stimulus is removed, the 
membrane potential returns to the rest- 
ing level and in many cases, especially 
following a very bright stimulus, goes 
beyond-hyperpolarizing as much as 30 
mv (5). 

Propagated nerve impulses have 
never been seen in the axons of the 
median photoreceptor of B. cariosus 
(6). Intracellular recordings made in 
the median ocellar nerve show that the 
receptor potential, originating in the 
photoreceptor soma, spreads passively 
along the axon to the supraesophageal 
ganglion (lines 2 in Fig. 1, B and C) 
(7). At the level of the supraesophageal 
ganglion the amplitude of the steady 
phase of the receptor potential is about 
70 percent of its value in the soma (8). 
The distance between the photoreceptor 
soma and the supraesophageal ganglion 
was about 2 mm in most of the experi- 
mental animals. This means that the 
characteristic length, X, for these axons 
is approximately 2.2 mm (9). If we as- 
sume that the axoplasmic resistivity of 
the ocellar nerves is the same as that 
found in other crustacean nerves and 
that the nerves are bathed in a large 
volume of seawater, then the membrane 
resistance for a fiber 15 lim in diameter 
and with X equal to 2.2 mm would be 
about 7800 ohm-cm2 (10). 

The activity of a small number of 
cells in the supraesophageal ganglion is 
altered by illuminating the median 
photoreceptors. The number or size of 
these cells, or both, must be very small, 
for no more than two cells of this type 
4 AUGUST 1972 

were found in any one preparation 
(with 50 to 100 penetrations per prep- 
aration). The cells are usually located 
on either side of the midline of the 
supraesophageal commissure and more 
often in the posterior half than in the 
anterior half. This is in the general 
region of the terminal branches of the 
photoreceptor axons. The branching 
pattern of the axon terminals was 
studied by injecting the fluorescent dye 
Procion Yellow into the axon. The in- 
jections were made by applying pres- 
sure to a micropipette filled with a 2 
percent solution of the dye. The major 
finding was that each axon bifurcates 
shortly after entering the commissure 
of the supraesophageal ganglion. Each 
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branch then sends out several small 
branches, spreading out very close to 
the midline. The major bifurcation sug- 
gests that each photoreceptor sends in- 
formation to both halves of the central 
nervous system. 

The response of the ganglion cells 
to a step of light on the photoreceptors 
is a slow hyperpolarization with respect 
to the resting potential in the dark 
(lines 3 in Fig. 1, B and C). If a 
shadow is presented to the receptors (a 
constant light is turned off, then on 
again) the cells slowly depolarize. The 
depolarization has a characteristic larger 
initial transient phase followed by a 
small maintained phase (lines 3 in Fig. 
1, B and C). It should be noted that 
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Fig. 1. (A) Schematic diagram of a portion of the central nervous system of Balanus 
cariosus. Micropipettes were used to record intracellular potentials from the photore- 
ceptors in the median ocellus, 1; axons in the ocellar nerve, 2; and cells in the com- 
missure of the supraesophageal ganglion, 3. A suction electrode recorded the impulse 
activity from the circumesophageal connective, 4. (B) Potential changes recorded from 
pairs of levels along the reflex pathway in response to steps of light (left column) or 
shadows (right column). The number preceding each record corresponds to the location 
of the recording electrode (see A). In the left column the solid bar beneath each pair of records indicates the duration of illumination (maximum intensity). In the right 
column the break in the line indicates the duration of shadow. The time scale (hori- 
zontal axis in the middle of right column) is 0.5 second for the middle pair of records 
in the left column and 2.5 seconds for all other pairs of records. The voltage scale of 
50 mv is for all records from sites 1, 2, and 3. The zero baseline of the membrane 
potentials from sites 1 and 3 in the upper and lower pair of records in each column is 
the center of the trace from site 4. The zero baseline of the membrane potentials for 
the middle pair of records in the left column is not indicated. The spikes have been 
retouched in some records. (C) Summary of the potential changes at the four levels of 
the reflex pathway in response to step changes in illumination (top record). The num- 
ber to the left of each record indicates the position of the recording electrode (see A). 
The unit activity of line 4 is for clarity and simplicity and does not mean that there 
is only one axon is each connective responding to the shadow. The one-to-one corre- 
spondence between the activity in the ganglion cell and that in the connective reflects 
only a tentative suggestion that there are no intervening synapses (see text). The ampli- tude and time courses of the responses are not drawn to scale, but the duration of 
light on is approximately 2 seconds. 
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Fig. 2. Effects of ^ a C 
picrotoxin on the 
shadow response. A _I- [tI l rl 
series of 25-msec 1 f t 
shadows was pre-1"'i| 
sented to the median 
ocellus (A) while 
the preparation was 
bathed in artificial seawater, (B) 5 minutes after picrotoxin was added to the bathling 
medium (final concentration 2 X 10-4 g/ml), and (C) 10 minutes after the preparation 
was returned to artificial seawater. The lower trace is the nerve impulse activity re- 
corded with a suction electrode from a circumesophageal connective. The upper trace 
is a monitor of the illumination; a downward deflection is a decrease in the illumination 
from maximum intensity. The electrical artifact on the lower trace (trigger to shutter) 
precedes the response of the photocell monitor and is due to the slow response time of 
the shutter. The time scale is 50 msec (solid bar in A). 

these depolarizations are with respect 
to the membrane potential during con- 
stant illumination, which for this cell 
was about -50 mv. 

In most cases small nerve impulses 
are seen superimposed on the depolar- 
izing responses of the ganglion cells. 
The amplitude of the depolarizations 
and the frequency of the nerve im- 
pulses are graded with the intensity of 
the constant illumination from which 
the shadow is cast. Shadowing a bright- 
ly illuminated preparation gives rise to 
a large depolarization and a high-fre- 
quency burst of impulses from the gan- 
glion cell, whereas shadowing a dimly 
illuminated preparation gives only a 
small depolarization with no or only a 
few impulses. 

Nerve impulse activity was recorded 
from a small number of fibers in the 
circumesophageal connectives when the 
median ocellus was shadowed (lines 4 
in Fig. 1, B and C). Nerve impulse ac- 
tivity was also recorded from the cir- 
cumesophageal connectives when a 
hyperpolarizing current was passed di- 
rectly into an illuminated photoreceptor 
in the median ocellus or when a depol- 
arizing current was removed in the 
dark. We did not perform the experi- 
ments necessary to demonstrate a one- 
to-one correspondence between the im- 
pulse activity in the ganglion cells and 
the activity in the nerve fibers. The 
time course and the amount of impulse 
activity in the ganglion cell and in the 
connective were quite similar. It is 
likely that the axons of the ganglion 
cells run in the circumesophageal con- 
nectives and give rise to the impulse 
activity, but further experiments are 
needed to establish this as fact. 

The impulse activity in the connec- 
tives evoked by shadowing the median 
ocellus can be blocked by picrotoxin 
(Fig. 2). A few minutes after picro- 
toxin is added to the bathing medium 
(the final concentration of picrotoxin 
was 2 X 10-4 g per milliliter of sea- 
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water) the impulse activity in response 
to a shadow completely disappears (Fig. 
2B). The background activity seems to 
be unaffected by the toxin. The effects 
are completely reversible, and the ac- 
tivity begins to return after a few min- 
utes in the normal bathing solution 
(Fig. 2C). Picrotoxin has been shown 
to block the action of the inhibitory 
transmitter y-aminobutyric acid (GABA) 
(11). The blocking action of this drug 
on the shadow-evoked activity (12) im- 
plies that an inhibitory synapse exists in 
the direct reflex pathway that extends 
from the photoreceptors in the median 
ocellus to the axons in the circum- 
esophageal connectives. A likely place 
for this synapse is between the axons 
of the photoreceptors and the cells in 
the supraesophageal ganglion. We hope 
to establish this point with intracellular 
recordings in the ganglion cells. 

A tentative model can be proposed 
for the overall shadow reflex pathway 
in the barnacle. The photoreceptors in 
the median ocellus depolarize when il- 
luminated. This depolarization spreads 
passively to the axon terminals, which 
make synaptic connections with a few 
cells in the supraesophageal ganglion. 
The depolarized terminals liberate the 
inhibitory transmitter GABA, which 
hyperpolarizes the postsynaptic cells. 
The release of GABA stops when the 
median ocellus is shadowed, and this 
causes the ganglion cells to depolarize. 
The depolarization evokes nerve im- 
pulses that travel along the axons of the 
ganglion cells via the circumesophageal 
connectives to the ventral ganglion. The 
cells in the ventral ganglion innervate 
the muscles that mediate the shadow 
withdrawal reflex. 
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In the present situation, at L = 2 mm, VLI/V 
= 0.70; therefore, X _- 2.2 mm. 
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fore, Rm = 7800 ohm-cm2. 
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Cuticle Deposition in Imaginal Disks: 

Effects of Juvenile Hormone and Fat Body in vitro 

Abstract. Wing disks from the last larval instar of the Indian meal moth, Plodia 
interpunctella (Hiibner), were successfully cultured in modified Grace's medium. 
20-Hydroxyecdysone induced cuticle deposition in these disks in vitro. This re- 
sponse was enhanced by treating the medium with larval fat body and was 
inhibited by application of juvenile hormone. 
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Increasingly, attention has been 
focused on the action of insect hor- 
mones on target tissues which grow and 
metamorphose in vitro (1). After the 
first report of hormone-induced meta- 
morphosis in insect tissues cultured in 
vitro (2), the action of the ecdysones, 
but not of other hormones or tissues, 
on in vitro cuticle deposition has been 
studied (3). Some effects of juvenile 
hormone in vitro have been reported, 
but none of these involved cuticle dep- 
osition (4). We report that 20-hy- 
droxyecdysone (also known as /j-ecdy- 
sone, crustecdysone, or ecdysterone) in- 
duced cuticle deposition in cultured 
wing disks of the Indian meal moth, 
Plodia interpunctella (Hiibner). The 
deposition of cuticle in vitro was en- 
hanced by fat body and inhibited by 
Cecropia juvenile hormone (5)-a mix- 
ture of isomers of methyl-10,1 1-epoxy-7- 
ethyl-3, 1 l-dimethyl-2,6-tridecadienoate. 
This is the first example of an effect of 
juvenile hormone in vitro on cuticle 
deposition in imaginal disks. 

The insects were reared according to 
the methods of Silhacek and Miller 
(6). The culture and dissection proce- 
dures were the same as those described 
for Galleria mellonella (Linnaeus) disks 
(7, 8). Mesothoracic wing disks were 
removed from final instar larvae and 
cultured in modified Grace's medium 
(Grand Island Biological) (9), which 
contains 10 percent whole egg ultrafil- 
trate, 7 percent fetal calf serum, and 1 
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percent albumin fraction 5. Unlike Gal- 
leria wing disks, Plodia disks did not 
survive in chemically defined Grace's 
medium, but remained healthy for about 
1 month in the modified medium. Fat 
body was taken from the mesothoracic 
region of the same larvae as were the 
disks, except that fat body from 18- to 
21-mg larvae was used with disks from 
the 8- to 11-mg larvae. Groups of ten 
disks were cultured with or without fat 
body for 24 hours before 20-hydrox- 
yecdysone, in 10 percent ethanol, was 
added. Some of the control cultures re- 
ceived an equivalent amount of 10 per- 
cent ethanol. Because of the difficulty of 
solubilizing juvenile hormone in the cul- 
ture medium, this hormone was first dis- 
solved in dimethyl sulfoxide (Baker 
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analyzed reagent containing 99.9 per- 
cent dimethyl sulfoxide), a method suc- 
cessfully employed in the investigation 
of p,p'-DDT effects on cultured tissues 
(10). A portion of the juvenile hor- 
mone-dimethyl sulfoxide solution (50 
u5tg/utl) was mixed with the culture 
medium before addition of the disks. 
An equivalent amount of dimethyl sul- 
foxide was added to the control dishes. 
Thus, the disks were exposed to juvenile 
hormone or dimethyl sulfoxide alone 
for 24 hours before the addition of 20- 
hydroxyecdysone. The cultured disks 
were observed regularly over a period 
of 3 to 4 weeks. Our first experiments 
confirmed that 20-hydroxyecdysone 
without fat body stimulated tracheal 
migration and elongation of the disks 
as reported previously for cultured Gal- 
leria disks (7).. A concentration of 
0.05 ftg of 20-hydroxyecdysone per mil- 
liliter of medium stimulated tracheal 
migration alone, and higher concentra- 
tions caused hypertrophy of the peripo- 
dal sac, elongation, and, in some cases, 
tracheal migration. 

We first examined the effects of 20- 
hydroxyecdysone and fat body on wing 
disks taken from mature, feeding larvae 
(18 to 21 mg). None of the 70 disks 
cultured without hormone produced 
cuticle. Treatment with 0.5 /tg of 20- 
hydroxyecdysone induced cuticle depo- 
sition in 13.3 percent of the disks. By 
contrast, 63.3 percent of the disks cul- 
tured with 0.5-pig hormone and fat body 
made cuticle. Similarly, at higher con- 
centrations of hormone (2 tAg/ml, 5 
,/g/ml, and 50 ,/g/ml), fat body in- 
creased the percentage of disks depos- 
iting cuticle (Table 1). The cuticle pro- 
duced by the cultured disks was tanned, 
lacked scales or hairs, and looked like 
pupal cuticle. Typically, this cuticle was 
seen beneath the peripodal sac covering 
one side of the disk. This is similar to 
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Table 1. Effects of fat body on cuticle deposition in cultured imaginal 
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