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SUMMARY FROM EACH PAPER

" Polypeptide Secretion from the Tsolated Parietovisceral Ganglion of Avlvsie
californica. In vitro studies of the gecretory behavior of the parietovisceral
ganglion in Aplysie celifornics were performed. The aim of these studies was to
investigatle the release of polypeptides in response to depolarizing stimuli, and,
in particuler, to determine if = specific polypeptide known to induce egg laying
in the intact enimel is secreted into the bathing mediwm. During continuous
perfusion of a ganglion preincubated in leucine-SH the application of either high-
potassium medivm or e burst of electricel stimuli (via the pleurovisceral connec-
tive nerve} evcked g marked increase in the amount of trichlorocacetic ecia (TCA)~
precipiteble redicactivity recovered in the perfusate, Enhaneced release could be
detected within 80 sec of the initial exposure to high potassium; however, incu-
bation of & genglion in calcium-free media before the application of high-potessiunm
medium abolished the increasse of precipitable rsdioactivity. Sodium dodecyl sulfete
{SDpS)-polyacrylemide gel electrophoresis of perfusate samples revealed a significeant
change in the polypeptide species washed from the ganglion during high-potassium
depolarization. Bioassays confirmed thet egg laying is induced when high-potassi-
um medium used to bathe a gonglion is injected into a recipient animal, These and
other results permit the conclusicn that the bulk of the polypeptide materiel
sccreted from the ganglion in response to depolarization is a speeific neurchor-
mene produced by two identified cell clusters, the so-czlled bag cells.

Biosynthesis of the Ego-Taying Hormone (ELH) in the Bag Cell Neurcons of
Aplysia ealitTornica. Bieosynthesis of the egg-leying hormone in the bag cell

Lav)
peurons of Aplysie celifornica was studied. Bag cells were incubsted with leucine-—
31 in vitro for 30 min snd rinsed for veriable reriods of time in a chase medium,
The distribution of imcorporated lsbel emeng proteins within the cells was assaved
\ .
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by electrophoresis of an homogenate on sodium dodecyl sulfate polyacrylamide gels.:
Results from rinse times shorter then 30 min revealed that the predominant synthe-
tic product is & 25,000 dalton protein. With longer rinse times, this species was
reduced and two species of lower molecular weight became prominent. This redis-
tribution of radioactivity was guentitative and was not prevented by inhibition of
protein synthesis during the rinse. A 10°C reduction in temperature {frem 15°C)
blocked the redistribution. These data are interpreted to indicate that the
25,000 dalton molecule is a precursor which is cleaved enzymaticelly to yield two
lower molecular weight products. One product is a 12,000 dalton molecule which
remains in the cell bodies. The other is & molecule of <10,000 deltens, which is
exported from the somata into the neurchemal regicns of the connective tdissue.
Perfusion of these regions with high [&*r] medium results in the release of this
product into the medium. It is concluded that this product is the 6000 dalton
egg~leying hormone (ELM), . a

"Spontaneous and Light-Induced Compound Action Potentials in the Isolated
Bye of Avlysia: Initiation and Synchronization. The isolated eve of Aplysia shows
a bursting pattern of spontaneous compound action potentials (CAPs) in the dark.

. The 'light response', also composed of CAPs, may be separated into a phasic initial
response and g tonic late response similar in- form to the dark discharges when the
11]um1natlon is of low intensity. Blockage of chemicel synapses with Le3* or hi

T_1o ce?t stops the dark discharge and tonic light response but not the phasic
llght response. Synchreny of the CAPs is not effected., Ca2*-free solutions pro-
duce continucus rapid firing of CAPs, seldom coordinsted inteo bursts. Replecement
of chloride by propionate abolishes all CAPs for several hours, but leaves the ERG

intect and the optic nerve electrically excitable. Low sodium levels (sbout 50%

normel} suppress dark discharge end tonic light activity but allow a normal phasic

light response, It is concluded thet receptors transmit light-induced excitation
to & higher order neuron population via electrical junetions, end that synchrony
of the CAPs is also due to electrical junctions, intercennecting the higher order
population. One or more pacemaker cells are postulated to drive the higher order
neurons by chemical synapses, producing the dark discharges snd the low intensity
tonic light response. The pacemeker mechanism may be sodium dependent.

) The Effect of N-ethrlmaleimide on Membrene Conduectances in the Cient Neurcn
of Aplysia., HN~ethylmaleimide reacts irreversibly with sulfhydryl groups in the
cell membrane of the giant reuron of the sbdominal ganglion of Aplysia californica.
Physiclogicel correlates of this reaction include: i) e loss cof both trensmem-
brane electrical and synaptic excitebility, end ii) a five to ten-fold decrease
in the soma membrane's input resistence. The resistence decrease is sufficient
to account for the Ioss in excitebility, and results from an increase in chloride
permeability together with & smaller increase in petassium permesbility. Sodium
permeability does not appear to be increased. In spite of the drop in resistance,
the resting potentiel is meinteined for at lesst 20'. This appears to be due to
a shift in the Wernst equilibrium potentiels for chloride &nd potassium ions.

Properties of the Aplysis Visual System: In vitro Entrajinaent of the Cir-
cadian Rhytrm end Centrifussl Resulestion of tne Zve. Properties of the visusl
E?htem of Aplysip culifornica were studied by reccrding optic nerve impulses extre-—
cellularly from isolated eyes in censtant darkness, In vivo entreinment of the
circadian rhythm of sfferent optic nerve impulses by U 12:12 cycles phase advance
1.3 hours vas essentislly complete effter only one exposure of the enimal to this
light cycle. The impulse rhythms of eyes exposed to the phase advence light cyele

Page



Privileged Communication
Felix Strumwasser

in vitro entrained, but in this cese 4 to 5 exposures to the advance light cycle
were required before entrainment was complete. The difference in the rates of

in vivo and ir vitro entrainment obteined whether eyes remained attached 1o the
cerebral ganglion or were cultured in filtered Aplysie blood instead of a modified
Fagle's minimal essential medium. Eyes mainteined in vitro for 9 days expressed
circedian impulse rhythms. The behavior of the eye is infiluenced by efferent acti-
vity from neuronal elements in the cerebral genglion. The pettern of afferent
optic nerve impulses and the waveform of the afferent impulse rhythm varies depend-
ing on whether or not the eye remains atteched to the cerebral ganglion. Electrical
stimulation of either the optie, tentacle, or rhincphore nerves, vhich emanate from
the cerebral ganglion, produces an inhibition of the efferent optic nerve activity.
This result indicates that & mechanism exists in Aplysia for the activity of one
eye to affect the behavior of the contraletersl eye and for other sensory inputs

to affect the behavior of the eye as well.

Prhase Shifting a Circaedian Rhythm in the Eye of Aplysis by High Potaessium
Pulses. The circadian rhythm of spontaneous optic nerve impulses from the isoleted
‘eye of Aplysie celifornica was studied. A genersl hypothesis was investigated:
light-derk cycles, which can entrein in vitro the rhythm from the eye, couple to
the intracellulsr clock mechanism through membrane depclarization. This hypothe-
sis was tested by exposing isolated eyes for fixed durations of time to & depole-
rizing stimuluvs, namely, elevation of Kj (hi-X pulses). Depending on the phase of
the rhythm at which the eyes were treated, hi-K pulses produced either advance or
deley phase shifts in the rhythm. A phase response curve was thus genereted Tor
107 =M KS pulses of 4 hr durstion. If the duretion of the hi-K pulse was varied,
keeping the phase at which the pulse started constant, the magnitude of the phase
shift varied in s linear manner with the dureticon of the pulse. To examine th2
involvement of trensmitter end neurchormone release in the production of the rhase
shifts, eyes were exposed to hi-K pulses in the presence of a medium (high Mg ,
low Cat*) which should inhibit such release. Since only slight differences were
obEgrved in ige phase shifts produced by hi-K and by hi-K in the presence of high
Mg , low Ca , transmitter and neurchormone release do not appear to be involved
in phase shift production by hi-X. It is likely that membrane depclarization alone
is responsible for the phase shifts. )

_ Svneptic Influences on Ildentified Neurons in an Aberrant Parieto-Viscergl
Ganglion of Anlysis. One sberrant parieto-viscerul {abdominal) ganglion in Apiysin
californica was found in which the right hemiganglion was separated from the left
heniganglicn by & commissure gpproximetely 1 cm long. Simultancous records were
mede Trom R15 (intracellular) and the commissure in the isolated right hemiganglion;
from L1). (intracellular) znd the genital and pericardial nerves in the isolated
left hemiganglion; in addition, intracellular recordings vere made from Rilk. These
and other cells were found in their respective hemiganglia in the position they
ﬁsually occupy in the normal ganglion. The vecordings have allowed us to indicate
the relative influence or lack of influerce of Li0 end Interneuron IT on R1YS ang
L1l in their respective hemiganglia and the position of Interneurcn IT ms being in
the right hemigenglion. R15 was shown to send an axon into the intergangliionic
commissure. R15's bursting ectivity was modulated Tty en ILD-E input from Inter-
neurcon I in that hemiganglion. ‘

Ultreetructure of the Eve of Aplwsin., The eye end optic nerve of the seca
nare, Avlysise californica, were examined with tho light end electron microscopes.
The eye is o closed vesicle type with & spberoidal lens nearly conpletely sur-

' rounded by the retina. It contains seversl thousand receptor, pigmenied, and
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other cells. Receptor cells .sre replete with 500-T00 X clear vesicles, pigment
 granules, and have a diffusely organizedmicrovillous rhabdomere that prolects to
the lens. The fibers of the receptor cells and other cells form a retirsl neuro~
Plle where synapses occur between these fibers. Pigmented cells have g short
microvillous distel segment and associated rudimentary ¢ilia. Cellular processes
which contein dense vesicles (900-1200 A) are prominent in the retinal neuropile,
The majority of the processes sppear to be the neurites of. the receptor and other
cells that contribute to the optic nerve. Some of these celluler processes end
in microvillous processes on diffuse vascular spaces at the base of the retina
near the epineural sheath. Receptor fibers and perhaps others contrlbute to the
several thousand optic nerve fibers (0. 3-3.0 u dismeter).

Intracellular Celoium Injection Causes Increzdsed Potassium Conductence in
Aplysia Nerve Cells. ©Small guentities of calcium salt were injJected into Aplysia
neurones. The membrane potential was hyperpolarized because of a specific increase
in potassium conductence. The hyperpolarization was reversibly blocked by tetra-—
ethylemmonium c¢hloride. Combinaticn of caleium with the cell membrane may. be an
important step in potassium activation. :

Prolonged Excitatory and Inhibitory Synartic Modulstion of & Pacemaker

Neuron. Aplysis has & circadisn rhythm of locomotor activity that is entrained
by the eyes (Strumwasser, 1973. A neurcsecretory neuron, R15, in the isolated
FVG nlso shows a circadian rhythmicity of impulse sctivity but the mechanism of
its entraimment is still unknown. Since any nervous signals from the eye to R15
must pass through the pleuro-visceral connectives, wc were interested in discover-
ing whether changes in bursting activity could be preduced by synaptic inputs to
R15. We find thet ecitivation of the d-TC sensitive excitatory input of the right
connective et 1l-b/sec for only 3 minutes leads to a dremetic increase in the number
of spikes and average frequency per burst that persists Tor hours. Nevertheless,
the mean frequency after stimuletion remaine constent because the longer bursis
are asscciated with longer interburst intervals, Hyperpolaljzln5 the cell to
block all impulse generation for seversl minutes aboliches the change, and the
muber of spikes per burst returns almost immedistely to the prestimulation level,
-This long-lesting excitatory effect camnot be preoduced by stimulating the cell with
depolarizing current, whether steady or with waves of the same smplitude and dur-
ation as the epsp. This suggests that the critical stimulus is either binding of
tfansmitter cr the conductance changes associsted with it rather than electreogenesis

self, This notion is gupported by the elfectiveness of gynaptic stimuletion in
produ01ng the excitatory effect despite sufficient 4-TC to reduce the epsp to 205
of its control amplitude {2 mv).

Mechonisms of lLong-Lasting Inhibition of & Burcting Pacemeker Neuron., In
sddition to the biphasic psp, bpsp (described avove) of the third irput, there is
a,delayed (30 to 60 seconds) hyperpolerization after even & single bpsp. With a
short train of pulses abt 1l/sec this "delsyed hyperpolarizetion” (DU} is very pro-
nounced and can last for 20 minutes up to & nours depending on the number of rulses
in the trein {3 to 60 pulses). This jong hyperpolarization completely blocks
'spontaneous activity in R15 and is essocieted with an incresse in membrane conduce
tance, This DH cannot be due Lo rcverbsxatory synaptic nction since applicetion
of tetrodotoxin and zerco Ca-80 mM [z immediately after stix ul?tion dozs not bleck
the effect.,  Keither is the DH dependent on purmp activity sifce the longélasting
conductance increase persicts in aupbat“ I'WO“‘J N) The offeccts of lithiuvm could
pot he evaluated since it slone rveduced membrane resistancs by 50Z.  The DY can
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be selectively blocked by intracelluler injection of tetraethylammonium; there-
fore, we suspect that the DH is due to increases in potassium conductance whereas
the hyperpolarizing phase of the bpsp is caused by an increase in chloride, as well
as potassium conductence. However, chloride must be present to produce the DH
although its direction of movement is not important. By hyperpolarizing the cell
beyond E_.,, presumably we caused chloride to move out of the cell during the psp,
but the Bﬁ still occurred. Intrecellular injection of sgodium or chloride produces
byperpolarization together with & conductance increase, but the effect only lasts

& Tew minutes. Thus we demonstrate two synapses, one excitatory and one inhibi-
tory, that can alter the spontaneocus output of R15> for hours after reletively few
- pulses., It is possible that these synapses might be involved in the entrainment :
of R15 to different light-dark cycles. This hypothesis is supported by G. Audesirk's
demonstration that the first input epsp can be evoked by stimulation of the optic '
nerve. : ‘

Central Neuron Initistion of Periodic Gill Movements., In Aplysis pericdic
spontaneous gill movements are controlled by activity endogenous to the abdeminal
ganglion, These movements were still cobserved when only the ctenidio-genital nerve
was left intact between the ganglion and the gill. - One kind of spontaneous gill

“movement (one per S5 minutes at 15°C) was correlated with the expression of ametivity
of Interneuron II; others. were not. With reference to this kind of spontaneocus gill
‘movement, four types of central neurons in the ganglion send processes to the gill
‘via the nerve., Two cell types (ii, iii) are inhibited and the other two (i, iv)
are excited. Two types (i, i1i) elicited gill movement -- one type sctiveting large
gill sreas elicited spontaneous gill movements, and the other activating specific
gill regions did not participate in the spontsneocus gill movemenis., The value
of this preparation in studying the role of central neurons eliciting specific
© patterned movements and the temporal organization of their activity is shown.

~ Hebitustion and Dishabituetion in the Absence of a Centrsl Nervous System.
Habituetion and dishebitustion have been observed in a semi-intact Aplysis prepar-
ation in which the central nervous system is removed. The smplitude of withdrawal
responses in the gill decreases in proporiticn to the rate of water drops applied,
1/0.5 to 1/2.5 min at 15°C. The effects of habituation last for at least two hours,
A dishebituated response is elicited by stopping weter drops or electricelly stimu-
lating the preparstion. Further, the gill was found to contain nerve cell bodies
end hebitvation snd dishsbituation appear to be propertiies of these peripheral
neurons. .

The Celluler Basis of Behavior in Aplysia. This essay includes some of the
" more important findings of our continuing research on the nervous system of the
ses hare, Aplysia. My assoccistes and I have tried and are trying to understand
the temporal organization of behavior in terms of cellular processes and macro-
molecular metabolism which can be readily studied in the lerge and identifiahle
neurons of Avlysis. The Jong~term.eyclic processes which we neve discovered ir
_some of these neurons may underlie behaviors such es sleep and veking, reproductive
“eyeles, and periodic feeding. In view of the conservative nature of neuronal physi-
clogy, as reviewed earlier, it would be surprising if our investigations cf these
processes in Aplysie did not have relevance for the vertebrates including man.

Neural asnd Mumoral Factors in the Temporal Orgenizetion of Eechavier. It
appears thet both slow end even circadian oscillators can occur as special mech-
gnisns wvithin single neurcns.. In the parebolic burster neuron {end the eye) of
. :

it
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Aplysis, the slow l/minute and circadian oscillations already span three orders

of magnitude, in terms of frequency; therefore, it seems that single mechanisms-
governing both oscillators are unlikely. There are weskly electric fish (certain

- fresh water gymnotids) that generate electric rulses, used in navigation and com-
munication, at rates around a few hundred Hz for a&ll of their life (Lissmenn, '
1958}, It seems unlikely thet this high frequency oscillation would have a mech-
anism similar to that of the perabolic burster slow pacemsker oscillator which is
four orders of magnitude lower in frequency. It appears likely that different
aspects of celluler organization (pumps and channels in membranes, transcriptional
and translational controls in macromolecular metabolism) have evolved to cover -
these seven orders of megnitude of frequency. The functional significence of
oscillators can only be worked out when there is enough specific informetion in
favorable cases, The eyes of Aplysia, from the evidence presented in this paper,
have & circedian rhythm of optic nerve impulses which eppears to serve to synchro-
nize other circadian oseilletors. Macrobehaviors, such as sleep, waking and cycles
of sexual activity, can be imagined to be controlled by such systems of circedian
oscillators, but .the details clearly need to be worked out before most of us will
be convinced. Some circedian oscillators ere neurosecretory. The nature of neuro-
secretory products and their physiclogical and behaviorsl effects is an ares with
sparse information but agein in favorable cases, such as Aplysia, a single poly-
peptide neurosecretory product (Toevs and Brackenbury, 1969; Toevs, 1970; Arch,
1972) is known to organize behavioral egg-laying (Kupferman, 1967; Strumwasser

et. al., 1969}. The conservative nsture of neuronal and glial mechanisms discussed
in the introduction of this paper is a constant reminder that the chances of en-
countering general principles from special cases, where the system is more accessi-—
ble to analysis, are quite good indeed.

Neuronsl Principles Organizing Periodic Behaviors. How do neurons preduce
end read out the free-running (nonreflexive) rrograms that control behavior? The
enswer to this guestion may invelve certain specialized neurons that possess oselil-
lators with long periods {minutes to hours). When these neurons proceed into the
active phase of their cycle, they may turn on and turn off different popiletions
of neurons controlling or triggering different behaviors. The property that be-
haviorelists refer to ss motivation may be associated with the sctivity of such
sophisticated neurons.

All of the work that I will describe has been performed on the well-known
marine mollusc, Aplysie. The behaviors that I study are pericdic, e.g. sleep~
waking and sexual cycles. The sleep-waking cycle is circedien in period, while
sexual activity has a pronounced annual cycle in Aplysia. With the help of oy
colleggues, ve are beginning to lesrn about the nature of the secretions that con-
trol one espect of reproductive behavior, i.e., egg-laying (Tcevs, 1970; .Arch,
1972). FEag~laying behevior is entirely under the control of a 6000 delton poly-
‘peptide synthesized by several hundred neurosecretory neurons, the bag cells, in
the psrieto-visceral ganglicn.

Sleep-waking behavior has been studied by time-lepse photogravhy and, more
recently, 'by an automatic tracking system involving a TV cemera, & special video
encoder that recognizes the animal, and & computer that stores the enimel's vositien
end couputes its movements. Tne short- and long-term effects cn the sleep~vaking
systcem of removing or ligaturing several parts of the nervous system (the eves,
the parieto-viscersl, and the zcerebral ganglion) are deseribed, which contain
negurons possessing circadian oscillators. The results, in brief, suggest that the
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€yes mediate both entrainment and synchronization of the sleep-waking cycle and
that the motor commands for movement emanate from the cerebral ganglion,
The freguency of optic nerve impulses in the isolated eye of & lysia oscile
lates with a large-emplitude circadian period when kept in darkness iJacklet, 1969;
Eskin, 1971). The eye is now a second example of a circadian neural oscillstor,
~the other being the parabolie burster neuron (R15) in the parieto-viscersl ganglion
(Strumwasser, 1965). The neural orgenization within the eye has been deduced, so
far, from experiments involving blockers of chemical and electriesal synapses
(Audesirk, 1971, 1972) and from tissue reduction and microstimulation experiments
(Sener, 1972). These findings will be reviewed, as they provide the best aveilable
{but indirect) evidence that special pacemakers with a circadian oscillator mech-
anism drive a larger population of electrically coupled follewer output cells,
Eskin, this volume, demonstrates that membrane depolarization influences the cir-
cadian oscillation in the eye, which suggests that Processes in the membrsasne are
coupled to the internal oscillstor. Other experiments have shown that in R1S =a
circadian cycle of membrane sctivity can be expressed when synaptic transmission
and imwpulse production is blocked in the entire ganglion (Strumwssser, 1971). The
¢ircedien rhythm in this neuron is expressed as a modulstion of faster pacemaker
vaves. The available evidence for the mechanism of pacemaker weve production will
be reviewed at both the membrane electrophysiological end biochemical levels, The
macromolecular constitution of some of these speciglized pacemaker and circadian
neurons has been studied by separating on gels the proteins synthesized in single
identifiable neurons (Wilson, 1971). : :

Results from the organ-cultured parieto-visceral genglion (PVG) will be
described. Multiunit discharges can be recorded from the nerve trunks of the PVG
for periods of up to 6 weeks, A special digital template~sorter has been developed
and is capable of reliably sorting the discharges of up to 8 single neurons re-
corded with a single electrode. Thus, the long-term activities of several neurons
can be selectively and simultaneously tracked 2l hours a dey for many weeks., Some
of these single neurons show regular circadien periods in their discharge rates,
allowing & study of the organizetion of a circadisn system by direct observetion
“of the unit elsments. -

. Methods Tor Frectionetion snd Secintillsation Covnting of Redioisotope-Labeled
Polyecrylemide Gels. This paper describes two polyecrylamide gel fractionators.
One can be easily constructed from disposable syringes and used for fractionating
standard-size enalytical gels. The second is nmore complex but can be used for
fractionating ministure gels. A rapid method of preparing gel fractions for liguid-
scintillation counting is also presented. The method gives high counting efficiency,
does not require hydrolysis of the gel prior to counting, and allows gel fracticns .
to be collected directly in scintilletion vials.

4 . - . . . g et . : : ‘as
Molecular Weight Distribution of Proteins Synthesized in Sinsle, ldentified

Neurons of g, Parictovisceral genglia from Aplysie califernica were incu-
bated in medium containing leucine-JH, Single, identified nerve cel somes were
isolated from the ganglia, and their proteins extraeted ang separated by electro-
phoresis on 5% SDS-polyacrylamicde gels, The distribution of total or newly syn-
thesized proteins from the single neurons ves determined by staining or slicing and
Iiguid seintilletion counting of the gelz. Experiments showed that: (a) & number
of proteins were being synthesized in abundunce in the nerve cells: {(b) dif'ferent,
identified neurcnc showed reproducibly @iffervent itabveling patterns in the gels:
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(c) cells R2 and R15, which showed different distributions of radicactivity in the
gels, had similar staining patterns: and (d) there was significent incorporation
into material of high (>75,000) molecular weight in most of the cells.

The Effect of Syneoptic Stimuletion on RNA and Protein Metabolism in the R2
Scoma of Aplysis. Excitatory syneptic stimulation of the R2 neuron in the ebdominal
ganglion of Aplysie cslifernica causes an increassed incorporation of “H-uridine
into RNA. However, this could be the result of a change in precursor specific
ectivity rather than en increase in RNA synthesis. We find that at low externel
uridine concentrations (1.5 uM) there is no incresse in SH-uridine incorporation
correlated with synaptic stimulation. In addition, no change in incorporation of
f-leuwcine into total protein or in the pattern of newly-synthesized proteins, re-
solved by electrophoresis on SDS-polyacrylamide gels, was detected with stimulation.
Since the R2 neuron can be stimulated without & detectable change in RNA or pro-
tein synthesis, we conclude that the increase in incorporation observed at high
external uridine concentrations (100 uM) could be caused by increased specific
activity in a precursor pool rather than by an RNA synthesis change.
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