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SUMMARY

Rapidly accumulating evidence suggests that periodic behaviour is not
confined to a limited number of cell types but is a common property of most
biological systems. The argument for this proposition is presented by
systematically cataloguing an atlas of biological and biochemical oscillators
with periods of an hour or less. The listing consists of eight principal
sections .and includes oscillations in secretory cells, neural oscillators,
oscillations in muscle cells and rhythmic behaviour in growth and develop-
ment. Each entry states the experimental preparation, the periodic event
(the observed oscillatory variable), the period and lists references to the
experimental literature. Four hundred and fifty experimental papers are cited.
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OUTLINE

The purpose of this atlas is to demonstrate the variety of oscillatory biological
processes by listing in one place examples of several different classes of oscillator. The
coverage is restricted to systems with periods of the order of hours or less. In some of
the cases the requirement of strict periodicity has been relaxed and systems are
included that return to a steady state after a limited number of cycles. Besides the
specific papers listed in the atlas, several recent reviews provide valuable introduc-
tions to the subject. These include Aldridge (1976), Goldbeter & Caplan (1976),
Hess & Boiteux (1971) and Hess, Boiteux, Busse & Gerisch (1975).

Long-period oscillations, notably circadian rhythms, are not included. Circadian
oscillations are considered in books by Biinning (1973), Conroy & Mills (1970) and
Hastings & Schweiger (1975). Oscillations in non-biological chemical systems, for
example the Belousov-Zhabotinskii reaction, are not included (Tyson, 1976; Winfree,
1974). Ecological rhythms (May, 1974) and oscillations of clinical interest (Glass &
Mackey, 1979; MacDonald, 1978; Mackey & Glass, 1977) have not been covered.

Only experimental papers or theoretical papers that report new experimental
results have been listed. For surveys of recent developments in the theoretical analysis
of biological oscillations see Cronin (1977), Pavlidis (1973), Sollberger (1965) and
Tyson & Othmer (1978).

The papers in this volume provided many of the references in the atlas and special
thanks should be directed to these authors.

Inevitably the coverage reflects my research interests and some important papers
in the field have not been included. Colleagues are invited to send suggestions for
inclusion in any subsequent editions of the atlas. As it is hoped to extend the coverage
to include rhythmicity in systems of clinical interest, suggestions in these areas would
be particularly welcome. An abridged listing of an earlier edition has appeared in
Rapp (1979).

I. Oscillations in enzyme catalysed reactions

Preparation

Purified horseradish
peroxidase

Purified lactoper-
oxidase

Heart muscle
extract

Scenedesmus (algae)

Kidney and brain
microsomes (rabbit)

Event Period References
(A) Miscellaneous systems

Periodic rate of catalysed
oxidation

Oscillatory oxidation of
NADH

Oscillation in creatine
kinase activity

Oscillation in ammonium
efflux

Oscillation in phosphorylated
protein & ATPase activity
(associated with oscillatory
ion transport)

1 min

2 min

3-10 min

1-3 min

1-2-5 min

Degn (1968, 1969, 1973)
Degn & Mayer (1969)
Yamazaki, Yokota & Nakajima (1965)
Yamazaki & Yokota (1967, 1973 a, b)
Degn (1973)
Nakamura, Yokota & Yamazaki (1969)
Chetverikova (1973)

Pribil & Kotyk (1970)

Fukushima & Tonomura (1972)
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Acetabularia
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Event

Oscillation in lactate dehy-
drogenase & malate
dehydrogenase activity

Period References

1-3 min von Klitzing (1969)

(B) The glycolytic oscillator

Saccharomyces carls-
bergensis (intact cells
or cell-free extract)

Oscillation in glycolytic
intermediates

Saccharomyces carls-
bergensis single cell

5. cerevisiae
Photobacterium
phosphoreum

Beef-heart cell-free
extract

Rat leg muscle extract
Cell suspension

Ehrlich ascites
tumour cells

Cultured mouse
fibroblast (L-cell)

Klebsiella aerogenes

Same

Same
Same

Same

Same
Same

Oscillation in respiratory
activity

Same

5 min

30 s.
1 min

4-26 rr

20 min
2 min

1-3 mi

2-7 mi;

2 s to 3 h Aldridge & Pye (1976)
Becker & Betz (1972)
Beta (1973)
Betz & Chance (1965 a, b)
Betz & Moore (1967)
Betz & Sel'kov (1969)
Boiteux & Hess (1973)
Boiteux, Goldbeter & Hess (1975)
Chance, Estabrook & Ghosh (1964)
Chance, Ghosh et al. (1964)
Chance, Hess & Betz (1964)
Chance, Schoener & Elsaesser (1964)
Chance, Schoener & Elsaesser (1965)
Ghosh & Chance (1964)
Ghosh, Chance & Pye (1971)
Hess & Boiteux (1968a, b, 1973)
Hess, Boiteux & Kruger (1969)
Hess & Brand (1966)
Hess, Kleinhans & Kuschmitz (1973)
Hommes (1964 a, b)
Mochan & Pye (1973)
Pye (1969, 1971, 1973)
Pye & Chance (1966)
Richter, Betz & Giersch (1975)
von Klitzing & Betz (1970)
Winfree (1972)

Chance, Pye & Higgins (1967)

Hess & Boiteux (19686)
Duysens & Amesz (1957)

4-26 min Frenkel (1965, 1966, 1968a, b, c)

Tornheim & Lowenstein (1974, I97s)
Ibsen & Schiller (1967, 1971)

1—3 min Werrlein & Glinos (1974)

2-7 min Degn & Harrison (1971)
Harrison (1970)

(C) Oscillatory ion movements in mitochondria

Rat liver mito-
chondria

Oscillatory ion movement,
organelle volume and
respiration rate

1-5 min Carafoli, Gamble & Lehninger (1965, 1966)
Falcone & Hadler (1968)
Gooch & Packer (1971, 1974a, b)
Graven, Lardy & Estrada-O. (1967)
Graven, Lardy & Rutter (1966)
Hofer & Pressman (1966)
Lardy & Graven (1965)
Mustafa, Utsumi & Packer (1966)
Packer, Utsumi & Mustafa (1966)
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Preparation

Pigeon heart mito-
chondria

Rat liver mito-
chondria

P. E. RAPP

Event Period

Same

Slow oscillation in organelle 30 min
volume

References
Pressman (1965)
Utsumi & Packer (1967)
Wrigglesworth & Packer (1968)
Chance & Yoshioka (1966)
Deamer, Utsumi & Packer (1967)
Gooch & Packer (1974 a, b)
Cristea (1966)

Algae Oscillation in dark cycle
photosynthesis

Chorella pyrenoidosa Oscillation of oxygen
evolution

(D) Oscillations in photosynthesis

80 min Wilson & Calvin (1955)

4—6 s Bannister (1965)

Bacillus subtilis

Pseudomonas
aeruginosa

P. aeruginosa

Saccaromyces
cerevisia

S. cerevisia

E. coli

E. coli

Chinese hamster cells

Klebsiella aerogenes

Rat, in vivo

Sea-urchin embryo

Periodic synthesis OCT-ase,
ACT-ase, DHQ-ase and
histidase

Periodic synthesis creatine
dehydrogenase

Oscillation in amidase
activity

Periodic synthesis glutamate
dehydrogenase

Periodic synthesis alpha-
glucosidase

Periodic synthesis beta-
galactosidase

Periodic synthesis pyruvate
synthesizing enzymes

Periodic activity lactate
dehydrogenase, aldolase
and G6P dehydrogenase

Long-period oscillation in
respiration

Oscillation in haem
biosynthesis

Cyclic protein synthesis

1 h

2 h

40 min

65 h

1-5 h

50 min

1 h

3-4 h

4 h

10 h

o-s-i 1

II . Oscillations in protein synthesis

Masters & Donachie (1966)

Kleber & Aurich (1967)

Boddy, Clarke et al. (1967)

Bernhardt, Panten & Holzer (1965)

Halvorson et al (1966)

Donachie & Masters (1969)
Goodwin (1969)
Knorre (1968, 1973)
Sikyta & Slezack (1965)

Gilbert (1969)
Klevecz (1969)
Klevecz & Ruddle (1968)
Harrison & Pirt (1967)

Waxman, Collins & Tschudy (1966)

Mano (1970, 1975)

III.

L cells (mouse
fibroblast origin)

Neurospora crassa

Nitella mucronata

Hydrodictyon
reticulatum (algae)

Oscillations in cell membrane potential (see also subsequent sections)

6-15 sOscillation in membrane
potential

Same
Oscillation in cell wall &
vacuole potential after
electrode insertion

Membrane potential
oscillation

Nelson & Henkart (1979)
Nelson, Peacock & Minna (1972)
Okada et al (1977 a, 6, 1978)
Gradman & Slayman (197s)

Radenovic1 & Vucinid (1976)
Radenovid, Vucinic1 & Damjanovid (1977)

Metlicka & Rybova (1967)
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Mammalian
macrophage

Guinea-pig
megakaryocytes
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Event Period

Oscillation in spontaneous
hyperpolarization

Periodic depolarization 0-25 s

References

Gallin & Gallin (1977)
Gallin et al (1975)
Miller, Sheridan & White (1978)

IV. Oscillations in secretory cells

Clonal line isolated
from rat anterior
pituitary

Rat adenohypophysis Same
Rabbit adrenal glands Same
Mouse pancreatic islet Same
cells

Membrane potential
oscillation

1 s
5 s
C5-10 s

Fleshfly neuro-
secretory cells

Blowfly (Calliphora
erythrocephala)
salivary gland

Electric organ of
Torpedo marmorata

Frog neuromuscular
junction

Periodic discharge 0-5 s

Oscillation in transepethelial O'5~5 min
and membrane potential

Kidokoro (1975)

Poulsen & Williams (1976)
Matthews & Saffran (1968)
Atwater, Ribalet & Rojas (1978)
Atwater & Beigelman (1976)
Beigelman, Ribalet & Atwater (1977)
Dean & Matthews (1968, 1970 a, 6)
Dean, Matthews & Sakamoto (1975)
Matthews (1975, 1977)
Matthews & O'Connor (1979)
Matthews & Sakamoto (19750, b)
Meissner (1976a, b)
Meissner & Schmelz (1974)
Meissner & Schmidt (1976)
Pace & Price (1972, 1974)
Bruce & Wilkens (1976)

Rapp & Berridge (1977)

V. Neural oscillators

(A) Oscillations in neurotransmitter content and release

Slow and fast oscillations in 4-5 s
acetylcholine concentration 1-5 min

Oscillation in transmitter 2—14 s
release

Dunant et al. (1974, 1975, 1977)
Israel et al. (1975, 1977, 1978, 1979)
Erulkar & Rahamimoff (1976)
Meiri & Rahamimoff (1978)

(B) Membrane potential oscillations in single neurones

Blowfly (Calliphora Neural firing to flight motor o-1 s
vomitoria) system

Aplysia (marine snail) Periodic discharge and slow 1-20 s
abdominal ganglion wave depolarizations

Wyman (1966)

Alving (1968)
Barker & Gainer (i97.s«, b)
Chaplain (1976, 1979)
Chaplain & Kramer (1976)
Chen, von Baumgarten & Harth (1973)
Chen, von Baumgarten & Takeda (1971)
Connor & Stevens (1971a, h. c)
Fraizer et al. (1967)
Gola (1974 b)
Gulrajani & Roberge (1978)
Ifshin, Gainer & Barker (1975)
Levitan, Harmer & Adams (1979)
Lickey (1969)
Meech (1972, 1974a, b, 1979)
Meech & Strumwasser (1970)
Parnas et al. (1974)

E.XB 81
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Event Period

Aplysia burster
treated with
TTX

Aplysia burster with
Arsenazo III

Procambrus (stretch
receptor)

Helix (land snail)

Octala lac tea
(mollusc)

Archidoris (mollusc)
Callinectes
(crustacean)

Homarus (lobster)

Squilla (shrimp)

Hermit crab and
Lobster

Coelenterates
(including jellyfish)

Onchidium (mollusc)

Hirudo medicinales
(leech)

Rana catesbiana
(bullfrog)

Slow membrane potential 15 s
oscillation persisting after
abolition of action
potentials

Oscillation in absorbance 20 s
correlated with periodic
bursting

Periodic discharge 1 s

Slow-wave depolarization 2-20

Periodic discharge 0-25-1 s

Same o-i—1 s

Same 10 ms
Slow-wave neurogenic 1—3 s

cardiac oscillation

Oscillating nonspiking mem- 0-5 s
brane depolarizations

Periodic pulsations 1 s

Periodic discharge 0-2 s

Periodic discharge of is
interneurones

Rhythmic hyperpolarization 2 s
of a sympathetic ganglion

References

Parnas & Strumwasser (1974)
Perkel, Schulzman et al. (1964)
Pinsker (1975, 1977a, b)
Schlapfer et al. (1974)
Smith, Barker & Gainer (1973)
Stinnakre & Tauc (1969)
Strumwasser (1965)
Treistman & Levitan (1976)
von Baumgarten (1970)

Barker & Gainer (19750)
Junge (1967)
Junge & Stephens (1973)
Mathieu & Roberge (1971)
Strumwasser (1967, 1968, 1971)
Strumwasser & Kim (1969)

Gorman & Thomas (1978)
Thomas & Gorman 0977)

Calvin (1978)
Perkel et al. (1964)

Connor & Stevens (1971a, 6, c)
Eckurt & Lux (1976)
Gola (19740)
Kerkut & Meech (1966)
Lambert (1975)
Levitan, Harmar & Adams (1979)
Levitan .& Treistman (1977)
Meech & Standen (1975)
Standen (1975)
Treistman & Levitan (1976)

Barker & Gainer (1974, 1975 a, b)
Barker, Ifshin & Gainer (1975)
Gainer (1972 a, b, c)
Smith, Barker, & Gainer (1975)

Connor (1978)

Cooke & Hartline (1975)
Watanabe, Obara & Akiyama (1976)

Mendelson (1971)

Bullock & Horridge (1965)

Oomura, Ozaki & Maeno (1961)

Friesen, Poon & Stent (1976)

Kuba & Nishi (1976)

Review: crickets to Oscillations in electro-
mammals corticogram

Mammalian cerebral BEG
cortex

(C) Central nervous system oscillations (EEC)

Aladjalova (1964)1-30 s

0-1-0-5 Bremer (1958)
Calvin (1978)
EIul (1972)
Mountcastle (1968)



Preparation

Cat prepyriform
cortex

Cat olfactory bulb

Monkey

Cat: awake or light
anesthesia

Cat light anesthesia

Cat light anesthesia

Rabbit hypocampus

Chick embryo

An Atlas of Cellular Oscillators

Event Period

o ms Freeman (1968)

287

References

Oscillatory average evoked 20 ms
potentials

Oscillatory response to 20 ms
stimulus

Oscillatory thalmic discharge 30 ms
sensory neurone

Slow oscillation in available 6-48 s
oxygen

Slow oscillation in CNS 7-20 s
temperature

Slow oscillation in electro- 4-30 s
corticogram

Slow potential waves in 02 s
localized regions near
granule cells

Pacemaker potential in 5 s
cultured cerebellar explants

Freeman (1972)
von Baumgarten (1975)

Poggio & Viernstein (1964)

Clark & Mishrahy (1957)
Clark & Sachs (1968)
Davies & Bronk (1957)
Gijsbers & Melzack (1967)
Travis & Clark (1965)
Melzack & Casey (1967)

Norton & Jewett (1965)

Green, Maxwell & Petsche (1961)

Cunningham & Rylander (1961)

Frog and rabbit

VI. Muscle oscillations

(A) Skeletal muscle

Oscillatory contraction of a 0-1-0-2 s RUegg, Steiger & Schadler (1970)
fibre bundle

Skinned muscle fibres Oscillatory contractions 70 s
stimulated by caffeine

Cultured chick Periodic contractions 1 s
skeletal muscle

Giant water bug Tension oscillation in dorsal 0-05 s
longitudinal muscle

Locust Intrinsic rhythm in jumping 20-30 s
muscle

Endo, Tanaka & Ogawa (1970)

Kflnigsberg (1963)

Jewell & RUegg (1966)
Pringle (1967)
RUegg (1973)
Evans & O'Shea (1978)
Hoyle (1978)

Cultured rat heart

Cultured chick heart
cells

(B) Cardiac muscle
Cultured cells

Periodic mechanical and
electrical activity

Cultured chick heart Same

Continuing pacemaker
depolarizations after
suppression of action
potentials by TTX

Goshima (1973, 1974, 1975, 1976a, b)
Harary, Renaud, Sato & Wallace (1976)
Krause et al. (1970)
Krause, Halle & Wollenberger (1972)
Lawrence, Beers & Gilula (1978)

deHaan (1967a, b, 1968, 1970)
deHaan & deFelice (1978)
deHaan & Sachs (1972)
Lehmkuhl & Sperelakis (1967)
Pappano & Sperelakis (1969)

McDonald & Sachs (1975)

10-2
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Preparation Event Period

Cultured chick heart Transient extinction of i s
cells action potentials at time

of electrode insertion

Purkinje fibres

Sheep Purkinje fibres Periodic mechanical and
electrical activity

Calf Purkinje fibres Same

Dog Purkinje fibres Same 04 s

A trial muscle
Rabbit s-a node Periodic mechanical and 0-5-1 s

electrical activity

Rabbit s-a node

Guinea-pig atrial
muscle

Frog atrial muscle

Carp atrial muscle

Dog ventricular
muscle

Turtle ventricular
muscle

Frog ventricular
muscle

Cat papillary muscle

Guinea-pig papillary
muscle

Oscillation continues in 0-5-1 s
presence of TTX

Periodic mechanical and 1 s
electrical activity

Same 1 s

Same 03 s

Ventricular muscle
Periodic mechanical and 0-3-1 s
electrical activity

Same 1-2 s

Oscillation in intrucellular 1 s
cyclic AMP and/or cyclic
GMP

Periodic mechanical and 0-3 s
electrical activity

Same 1 s

References

Fange, Persson & Thesleff (1956)

Cohen, Eisner & Noble (1978)
Hauswirth, Noble & Tsien (1969)
McAllister, Noble & Tsien (i975>
Reuter (1974)

"Kass et al. (1978)
Lederer & Tsien (1976)
Reuter (1974)
Tsien (1973)
Tsien & Carpenter (1978)
Tsien, Giles & Greengard (1972)
Tsien, Kass & Weingart (1979)

Ferrier (1976)

Brown, Giles & Noble (1977)
Nomn & Irisawa (1976)
Noma, Yanagihara & Irisawa (1977)
Paes de Carvalho, et al. (1969)
Seifen, Schaer & Marshall (1964)
Yamasaki, Fujimara & Toda (1974)
Yamasaki, Toda & Fujiwara (1973)

Brown, diFrancesca & Noble (1979)
Kreitner (1975)
Jensen & Katzung (1968)
Kaufmann, Fleckenstein & Antoni (1963)
Brown, Clark & Noble (1972, 1976a, />)
Brown & Noble (1974)

Askelrod et al. (1977)

Beeler & Reuter (1970)
Ferrier(1976)

Bolzer (1943)
Bolzer & Delahuyes (1973)
Brooker (1973 «, b, 1975)
Wollcnberger et al. (1973)

Maschcr (1971)

Kaufmann, Fleckenstein & Antoni (1963)
Reiter (1962, 1963)

Human stomach
smooth muscle

Human and dog
stomach smooth
muscle

Dog stomach smooth
muscle

(C) Smooth muscle
Digestive tract smooth muscle

Periodic mechanical and 10-30 s
electrical activity

Very slow rhythms in 1-5-25 h
mechanical activity

Periodic mechanical and 10-30 s
electrical activity

Davenport (1966)
El-Sharkawy et al. (1978)
Weitz & Vollers (1925)

Daniel (1965 A)
El-Sharkawy et al (1978)
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Preparation

Cog stomach smooth
muscle

Cat stomach smooth
muscle

Guinea-pig stomach
smooth muscle

Skate stomach
smooth muscle

Human small
intestine

Monkey small
intestine

Dog small intestine

Event

Rhythm continues in
presence of TTX

Rhythm continues in
presence of TTX

Periodic mechanical and
electrical activity

Same

Periodic mechanical and
electrical activity

Same

Same

Peri.

20 s

20 s

10-25

20 s

Small ir,

5 s

5 s

3-12 S

Dog small intestine

Cat small intestine

Very slow rhythms in
mechanical activity

Periodic mechanical and
electrical activity

Rabbit small intestine Same

Guinea-pig small Same
intestine

Human colon Periodic mechanical and
electrical activity

Dog large intestine Same

Guinea-pig large Same
intestine

References

Szurszewski (1975)

liuman uterus,
urinary bladder,
scrotum and penis

Periodic mechanical and
electrical activity

Papasova, Nagai & Prosser (1968)

Golenhofen & Lammel (1972)
Ito, Kuriyama & Sakamoto (1970)
Kuriyama, Osa & Tasaki (1970)
Ohba, Sakamoto & Tomita (1975, 1977)
Ohkawa & Watanabe (1976)
Prosser et al. (1977)

Davenport (1966)

Diamant & Bortoff (1969)
Ohkawa & Watanabe (1975)
Armstrong, Milton & Smith (1956)
Bass, Code & Lambert (1961)
Carlson, Bedi & Code (1972)
Daniel (1965 a)
Daniel, Honour & Bogoch (i960)
Diamant & Bortoff (1969)
Szurszewski (1969)

Hours Templeton & Lawson (1931)

3-ro s Bortoff (1961a, b, 1965)
Connor (1979)
Connor, Kreulen & Prosser (1976)
Connor, Kreulen, Prosser & Weigel (1977)
Connor & Prosser (1974)
Connor, Prosser & Weems (1974)
Diamant & Bortoff (1969)
Kobayashi, Nagai & Prosser (1966)
Kobayashi, Prosser & Nagai (1967)
Liu, Prosser & Job (1969)
Ohkawa (1975, '976)
Ohkawa & Watanabe (1975)
Prosser (1978)
Prosser et al. (1977)
Tamai & Prosser (1966)

5 s Bortoff (1961 a, 6)
El-Sharkawy & Daniel (1975 a, b, c)

2-5 s Bolton (1971, 1975)
Golenhofen & Lammel (1972)
Hidaka & Kuriyama (1969)
Kuriyama, Osa & Toida (19676)

Large intestine

5-30 s Ritchie, Ardran & Truelove (1962)

5 s Code & Szurszewski (1970)

:o s Kuriyama, Osa & Toida (19676)

Urogenital tract
1 min Weitz & Vollers (1926)
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Preparation

Rabbit uterus

Guinea-pig ureter

Guinea-pig oviduct

Human peripheral
circulation

Cat spleen

Event Period References

Same 1-2 min Csapo (1962)
Mitznegg, Schubert & Heim (1974)
Takeda & Csapo (1961)

Same 5-20 s Golenhofen & Lammel (1972)
Kuriyama, Osa & Toida (19670)

Same 5 s Tomita & Watanabe (1973)

Circulatory system smooth muscle
Blood pressure wave 10-12 s Golenhofen & Hildebrandt (1958)
(distinct from pulse wave
and respiratory wave)

Rhythmic contraction of the 8 s Barcroft & Nisimaru (1932a, b)
spleen

P. polycephalum

P. polycephalum

VII. Oscillations in cell movement, growth and development

(A) Periodic cell movement in Physarum polycephalum

Periodic contractions of
protoplasmic strands and
periodic protoplasmic
flow

Periodic light emission by
aequorin

1-3 min Fleischer & Wohlfarth-Bottermann (1975)
Grebecki & Cieslawska (1978)
Hiilsmann & Wohlfarth-Bottermann (1978 a,
Isenberg & Wohlfarth-Bottermann (1976)
Kamiya (1959, 1968, 1970)
Kishimoto (1958a, 6)
Kriiger & Wohlfarth-Bottermann (1978)
Matthews (1977)
Sachsenmaier & Hanson (1973)
Samans et al. (1978)
Takeuchi & Yoneda (1977)
Ueda et al. (1978)
Wohlfarth-Bottermann (1962, 1965, 1975, 19'
Wohlfarth-Bottermann & Isenberg (1976
Wohlfarth-Bottermann et al. (1977)
Yoshimoto & Kamiya (19780-1/)

2 min Durham & Ridgway (1976)
Ridgway & Durham (1976)

(B) Periodic movement during aggregation in Dictyostelium and Polyspondylium

D. mucoroides

D. discoideum

Periodic movement

Periodic movement

D. discoideum

D. discoideum

D. discoideum

Periodic synthesis of cyclic
AMP

Oscillatory light scattering,
internal cyclic AMP,
adenylate cyclase activity
and redox state of
cytochrome b

Periodic synthesis cyclic
GMP

5 min Arndt (1937)

5-10 min Alcantara & Monk (1974)
Durston (19740, b)
Gerisch (1968, 1971)
Robertson & Drage (1975)
Robertson, Drage & Cohen (1972)
Shaffer (1957, 1962)

10 min Shaffer (197s)

10 min Gerisch & Hess (1974)
Gerisch & Malchow (1976)
Gerisch, Malchow et al (1975)
Gerisch & Wick (1975)
Malchow, Nanjundiah & Gerisch (1978)
Roos & Gerisch (1976)
Roos, Scheidegger & Gerisch (1977)

10 min Wurster et al (1977)
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P. violaceum

P. polycephalutn
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Event

Periodic movement

Period References

i'S min Cohen & Robertson (1971)

(C) Periodic mitosis in Physarum polycephalutn

Periodic mitosis 8-12 h Kauffman & Willie (1975)
Rusch, Sachsenmaier, Berens & Gruter (1966)
Sachsenmaier & Hansen (1973)
Sachsenmaier, Remy & Plattner-Schobel (1972)

(D) Periodic spore release and growth in Ascomycetes

Asobolus immersus Branching pattern rhythm 26 h
Nectria cinnabarina Periodic spore release 6-16 h

Penicillium diversion Same 24 h
Nectria cinnabarina Same 16 h

Berliner & Neurath (1965)
Bourret, Lincoln & Carpenter (1969)
Bourret et al. (1969)
Winfree (1970, 1973)

Hydra Rhythmic contractions
and potential spikes

Dynamena pumila Periodic movement
Obelia loveni Same
Acetabularia Action potential during
mediterranea regeneration

Pelvetia (seaweed) Current pulses in 02-1 h
developing eggs

Triturtis alpestris Oscillations during closure 5 min
of the neural fold

Ambystoma mexicamnn Same

Chick embryo

(E) Periodic events in development

01 min Passano & McCullough (1964, 1965)

14 min Beloussov et al. (1972)
5-8 min Beloussov et al. (1972)
10-25 m ' n Novak & Bentrup (1972)

Nuccitelli & Jaffe (1974)

Selman (1958)

30 min Selman (1958)
Periodicity in wing and leg 35-75 s Hamburger & Balaban (1963)
motility

Tubularia Periodic contractions during 4-10 min Goodwin (1974)
hydranth regeneration

Sea-urchin embryo Periodic variation in 5-HT 10-20 h Gustafson & Toneby (1971)
associated with contractile
activitv

Avena (oat plant)

Fireflies

Chlorella fusca

Oscillation in transpiration 30 min
and water uptake

Periodic flashing 05-1 s

Damped oscillation in ATP 40 8

VIII . Miscellaneous

Brogardh & Johnsson (1973, 1974)
Johnsson (1973)
Buck & Buck (1966)
Hanson (1978)
Lewenstein & Bachofen (1972)



292 P. E. RAPP

BIBLIOGRAPHY

ALADJALOVA, N. N. (1964). Slow electrical processes in the brain. Progress in Brain Research, vol. 7.
Amsterdam: Elsevier.

ALCANTARA, F. & MONK, M. (1974). Signal propagation during aggregation in the slime mould Dict-
yostelium discoideum. J. gen. Microbiol. 85, 321-334.

ALDHIDCE, J. (1976). Short-range intercellular communication, biochemical oscillations and circadian
rhythms. In Handbook of Engineering in Medicine and Biology (ed. D. G. Fleming and B. N. Feinberg),
PP- 55-147- Cleveland: CRC Press.

ALDRIDGE, j . & PYE, E. K. (1976). Cell density dependence of oscillatory metabolism. Nature, Lond.
259, 670-671.

ALVING, B. O. (1968). Spontaneous activity in isolated somata of Aplysia pacemaker neurons. J. gen.
Physiol. 51, 29-45.

ARMSTRONG, H. I. O., MILTON, G. W. & SMITH, A. W. M. (1956). Electropotential changes in the small
intestine. J. Physiol., Lond. 131, 147-153.

ARNDT, A. (1937). Untersuchungen iiber Dictyostelium mucoroides Brefeld. Wilhelm Roux Arch. Entw-
Mech. Org. 136, 681-747.

ASKELROD, S., RICHTER, J., LANDAU, E. M. & LASS, Y. (1977). Electromechanical noise in atrial muscle
fibers of the carp. Experientia 33, 1058-1060.

ATWATER, I. & BEICELMAN, P. M. (1976). Dynamic characteristics of electrical activity in pancreatic
beta cells. I. Effects of calcium and magnesium removal. J. Physiol., Paris. 72, 769-786.

ATWATER, I., RIBALET, B. & ROJAS, E. (1978). Cyclic changes in potential and resistance of the beta cell
membrane induced by glucose in islet of Langerhans from mouse. J. Physiol., Lond. 278, 117—139.

BANNISTER, T. T. (1965). Simple oscillations in photosynthetic oxygen evolution. Biochim. biophys.
Acta 109, 97-107.

BARCROFT, J. & NISIMARU, Y. (19320). Cause of rhythmical contraction of the spleen. J. Physiol., Lond.
74> 299-310.

BARCROFT, J. & NISIMARU, Y. (19326). Undulatory changes of blood pressure. J. Physiol., Lond. 74,
311-320.

BARKER, J. L. & GAINER, H. (1974). Peptide regulation of bursting pacemaker activity in a molluscan
neurosecretory cell. Science, N. Y. 184, 1371—1373.

BARKER, J. L. & GAINER, H. (1975a). Studies on bursting pacemaker potential activity in molluscan
neurones. I. Membrane properties and ionic contributions. Brain Res. 84, 461—477.

BARKER, J. L. & GAINER, H. (19756). Studies on bursting pacemaker activity in molluscan neurcns. II.
Regu lation by divalent cations. Brain Res. 84, 479-500.

BARKER, J. L., IFSHIN, M. S. & GAINER, H. (1975). Studies on bursting pacemaker potential activity
in molluscan neurons. III. Effects of hormones. Brain Res. 84, 501-513.

BASS, P., CODE, C. F. & LAMBERT, E. H. (1961). Motor and electrical activity of the duodenum. Am. J.
Physiol. 2or, 287-291.

BECKER, J.-U. & BETZ, A. (1972). Membrane transport as controlling pacemaker of glycolysis in
Saccharomyces carlsbergensis. Biochim. biophys. Acta 274, 584-597.

BEELER, G. W. & REUTER, H. (1970). Membrane calcium current in ventricular myocardial fibres.
y. Physiol., Lond. 2fyj, 191-209.

BEIGELMAN, P. M., RIBALET, B. & ATWATER, I. (1977). Electrical activity of mouse pancreatic beta cells.
II. Effects of glucose and arginine. J. Physiol., Paris 73, 201-217.

BELOUSSOV, L. V., BADENKO, L. A., KATCHURIN, A. L. & KURILO, L. F. (1972). Cell movements in
morphogenesis of hydroid polyps. J. Embryol. exp. Morph. 27, 317-337.

BERLINER, M. D. & NEURATH, P. W. (1965). The rhythms of three clock mutants of Ascobolus immersus.
Mycologia 57, 809-817.

BERNHARDT, W., PANTEN, K. & HOLZER, J. (1965). Gedampftes Oscillieren der Synthesegeschwindig-
keit von DPN-Abhangier Glauamatedehydrogenase in Hefezellen. Biochim. biophys. Acta 99, 531-539.

BETZ, A. (1973). Kinetics of yeast phosphofructokinase and the glycolytic oscillator. In Biological and
Biochemical Oscillators, (ed. B. Chance, E. K. Pye, A. Ghosh and B. Hess), pp. 221-228. New York:
Academic Press.

BETZ, A. & CHANCE, B. (1965 a). Influence of inhibitors and temperature on the oscillation of reduced
pyridine nucleotides in yeast cells. Archs Biochem. Biophys. 109, 579-584.

BETZ, A. & CHANCE, B. (19656). Phase relationship of glycolytic intermediates in yeast cells with
oscillatory metabolic control. Archs Biochem. Biophys. 109, 585-594.

BETZ, A. & MOORE, C. (1967). Fluctuating metabolite levels in yeast cells and extracts and the control of
phosphofructokinase activity in vitro. Archs. Biochem. Biophys. 120, 268-273.

BETZ, A. & SEL'KOV, E. E. (1969). Control of phosphofructokinase (PFK) activity in conditions simu-
lating those of glycolysing yeast extract. FEBS Lett. 3, 5-9.



An Atlas of Cellular Oscillators 293

BODDY, A., CLARKE, P. H., HOULDSWORTH, M. A. & LILLY, M. D. (1967). Regulation of amidase
synthesis by Pseudomonas aeruginosa 8602 in continuous culture, jf. gen. Microbiol. 48, 137-145.

BOITEUX, A., GOLDBETER, A. & HESS, B. (1975). Control of oscillating glycolysis of yeast by stochastic,
periodic and steady source of substrate: A model and experimental study. Proc. natn. Acad. Sci.
U.S.A. 72, 3829-3833-

BOITEUX, A. & HESS, B. (1973). Control mechanism of glycolytic oscillations. In Biological and Bio-
chemical Oscillators (ed. B. Chance, E. K. Pye, A. K. Ghosh and B. Hess), pp. 243-252. New York:
Academic Press.

BOLTON, T. B. (1971). On the nature of the oscillations of the membrane potential (slow wave) pro-
duced by acetylcholine or carbachol in intestinal smooth muscle, jf. Physiol., Lond. 216, 403-418.

BOLTON, T. B. (1975). Effects of stimulating the acetylcholine receptor on the current-voltage relation-
ships of the smooth muscle membrane studied by voltage clamp of potential recorded by micro-
electrodes. J. Physiol., Lond. 250, 175-202.

BOLZER, E. (1943). Tonus changes in cardiac muscle and their significance for initiation of impulses.
Am. J. Physiol. 139, 477-480.

BOLZER, E. & DELAHAYES, J. F. (1973). Mechanical and electrical oscillations in cardiac muscle of the
turtle. J. gen Physiol. 62, 523-524.

BORTOFF, A. (1961a). Slow potential variations of small intestine. Am. J. Physiol. 201, 203-208.
BORTOFF, A. (19616). Electrical activity of intestine recorded with pressure electrode. Am. J. Physiol.

201, 209-212.

BORTOFF, A. (1965). Electrical transmission of slow waves from longitudinal to circular intestinal
muscle. Am. J. Physiol. 209, 1254-1260.

BOURRET, T. S., LINCOLN, R. G. & CARPENTER, B. H. (1969). Fungal endogenous rhythms expressed by
spiral figures. Science, N.Y. 166, 763-764.

BREMER, F. (1958). Cerebral and cerebellar potentials. Physiol. Rev. 38, 357-358.
BROGARDH, T. & JOHNSSON, A. (1973). Oscillatory transpiration and water uptake of Avena plants. II.

Effects of deformation of xylem vessels. Physiologia PL 28, 341-345.
BROOABDH, T. & JOHNSSON, A. (1974). Oscillatory transpiration and water uptake of Avena plants. IV.

Transpiratory response to sine shaped light cycles. Physiologia PI. 31, 311-322.
BROOKER, G. (1973a). Change in myocardial adenosine 3',s'-cyclic monophosphate during the con-

traction cycle. In Myocardial Metabolism (ed. N. S. Dhall), pp. 207-211. Baltimore: University Park
Press.

BROOKER, G. (19736). Oscillation of cyclic adenosine monophosphate concentration during the myocar-
dial contraction cycle. Science, N. Y. 182, 933—934.

BROOKER, G. (1975). Implications of cyclic nucleotide oscillations during the myocardial contraction
cycle. Adv. Cyclic Nucleotide Res. 5, 435-452.

BROWN, H. F., CLARK, A. & NOBLE, S. J. (1972). Pacemaker current in frog atrium. Nature, New Biol.
235. 30-31-

BROWN, H. F., CLARK, A. & NOBLE, S. J. (19760). Identification of the pacemaker current in the frog
atrium. J. Physiol., Lond. 258, 521-545.

BROWN, H. F., CLARK, A. & NOBLE, S. J. (19766). Analysis of pacemaker and repolarization currents in
frog atrial muscle. J. Physiol., Lond. 258, 547-577.

BROWN, H. F., DIFRANCESCO, D. & NOBLE, S. J. (1979). Cardiac pacemaker oscillation and its modula-
tion by autonomic transmitters. J. exp. Biol. (this volume).

BROWN, H. F., GILES, W. & NOBLE, S. J. (1977). Membrane currents underlying activity in frog sinus
venous. J. Physiol., Lond. 271, 783-816.

BROWN, H. F. & NOBLE, S. J. (1974). Effects of adrenaline on membrane currents underlying pace-
maker activity in frog atrial muscle. J. Physiol., Lond. 238, 51P—53P.

BRUCH, I. C. & WILKENS, J. L. (1976). Neuronal activity in neuro-secretory cells of the fieshfly, Sar-
cophaga bullata. J. comp. Physiol. 112, 109—122.

BUCK, J. & BUCK, E. (1966). Biology of synchronous flashing of fireflies. Nature, Lond. 221, 562-
564-

BULLOCK, T. H. & HORRIDGE, G. A. (1965). Structure and Function in the Nervous Systems of Inver-
tebrates, vol. 1, p. 461. San Francisco: W. H. Freeman.

BONNINO, E. (1973). The Physiological Clock: Circadian Rhythms and Biological Chronometry, rev.
3rd ed. London: English Universities Press.

CALVIN, W. H. (1978). Setting the pace and pattern of discharge: Do CNS neurons vary their sensitivity
to external inputs via their repetitive firing processes? Fedn Proc. 37, 2165-2170.

CARAFOLI, E., GAMBLE, R. L. & LEHNINCER, A. L. (1965). K+ dependent rebounds and oscillations in
respiration-linked movements of Ca++ and H+ in rat liver mitochondria. Biochem. biophys. Res.
Commun. 2X, 488-493.

CARAFOLI, E., GAMBLE, R. L. & LEHNINCER, A. L. (1966). Rebounds and oscillations in respiration-
linked movements of Ca++ and H+ in rat liver mitochondria. J. biol. Chem. 241, 2644-2652.



294 P. E. RAPP

CARLSON, G. M., BEDI, B. S. & CODE, C. F. (1972). Mechanism of propagation of intestinal inter-
digestive myoelectric complex. Am. J. Physiol. 222, 1027-1030.

CHANCE, B., HESS, B. & BETZ, A. (1964). DPNH oscillations in a cell-free extract of S. carlsbergensis.
Biochem. biophys. Res. Common. 16, 182-187.

CHANCE, B., ESTABROOK, R. W. & GHOSH, A. (1964). Damped sinusoidal oscillations of cytoplasmic
reduced pyridine nucleotide in yeast cells. Proc. natn. Acad. Sci. U.S.A. 51, 1244-1251.

CHANCE, B., GHOSH, A., HIGGINS, J. & MAITRA, P. K. (1964). Cyclic and oscillatory responses of
metabolic pathways involving chemical feedback and their computer representations. Amu N. Y.
Acad. Sci. 115, 1010-1024.

CHANCE, B., PYE, E. K. & HIGGINS, J. (1967). Wave form generation by enzymatic oscillators. IEEE
Spectrum 4 (8), pp. 79-86.

CHANCE, B., SCHOENER, B. &ELSAESSER, S. (1964). Control of the waveform of oscillations of the reduced
pyridine nucleotide level in a cell free extract. Proc. natn. Acad. Sci. U.S.A. 52, 337-341.

CHANCE, B., SCHOENER, B. & ELSAESSER, S. (1965). Metabolic control phenomena involved in damped
sinusoidal oscillations of reduced diphosphopyridine nucleotide in a cell-free extract of Saccharomyces
carlsbergensis. J. biol. Chem. 240, 3170-3181.

CHANCE, B. & YOSHIOKA, T. (1966). Sustained oscillations of ionic constituents of mitochondria. Archs
Biochem. Biophys. 117, 451-465.

CHAPLAIN, R. A. (1976). Metabolic regulations of rhythmic activity in pacemaker neurons. II. Meta-
bolically induced conversions of beating to bursting pacemaker activity in isolated Aplysia neurons.
Brain Res. 106, 307-319.

CHAPLAIN, R. A. (1979). Metabolic control of neuronal pacemaker activity and the rhythmic organiza-
tion of CNS functions. J. exp. Biol. (this volume).

CHAPLAIN, R. A. & KRAMER, G. (1976). The effect of glutamate on beating pacemaker neurons isolated
from the abdominal ganglion of Aplysia californica. Brain Res. 101, 141-147.

CHEN, C. F., VON BAUMGARTEN, R. & HARTH, O. (1973). Metabolic aspects of the rhythmogenesis in
Aplysia pacemaker neurons. Pfliigers Arch. ges. Physiol. 345, 179-193.

CHEN, C. F., VON BAUMGARTEN, R. & TAKEDA, R. (1971)' Pacemaker properties of completely isolated
neurones in Aplysia californica. Nature, New Biol. 233, 27-29.

CHETVERIKOVA, E. P. (1973). Oscillations in muscle creatine kinase activity. In Biological and Biochemi-
cal Oscillators (ed. B. Chance, E. K. Pye, A. K. Ghosh and B. Hess), pp. 347-362. New York:
Academic Press.

CLARKE, L. C. & MISHRAHY, G. (1957). Chronically implanted polarograph electrodes. Fedn. Proc. 16,
22 (abstr).

CLARK, L. C. & SACHS, G. (1968). Bioelectrodes for tissue metabolism Ann. N.Y. Acad. Sci. 148,
133-153-

CODE, C. F. & SZURSZEWSKI, J. H. (1970). The effect of duodenal and mid small bowel transection on
the frequency gradient of the pacesetter potential in the canine small intestine. J. Physiol., Lond. 207,
281-289.

COHEN, I., EISNER, D. & NOHLE, D. (1978). The action of adrenaline on pacemaker activity in cardiac
Purkinje fibres, j ' . Physiol., Lond. 280, 155-168.

COHEN, M. H. & ROBERTSON, A. (1971). Wave propogation in the early stages of aggregation of cellular
slime moulds. .7. theor. Biol. 31, 101—118.

CONNOR, J. A. (1978). Slow repetitive activity from fast conductance changes in neurones. Fedn Proc.
37, 2139-2145.

CONNOR, J. A. (1979). The biochemical basis of autonomous oscillations in smooth muscle. J. exp. Biol.
(this volume).

CONNOR, J. A., KREULEN, D. L. & PROSSKR, C. L. (1976). Relation between oxidative metabolism and
slow rhythmic potentials in mammalian intestinal muscle. Proc. natn. Acad. Sci. U.S.A. 73, 4239-
4243-

CONNOR, J. A., KRBULEN, D., PROSSER, C. L. & WEICEL, R. (1977). Interaction between longitudinal
and circular muscle layers in cat intestine. J. Physiol., Lond. 273, 665-689.

CONNOR, C. & PROSSER, C. L. (1974). Comparison of ionic effects on longitudinal and circular muscle
of cat jejunum. Am. J. Physiol. 226, 1212-1218.

CONNOR, J. A., PROSSER, C. L. & WEEMS, W. A. (1974). A study of pacemaker activity in intestinal
smooth muscle, jf. Physiol., Lond. 240, 671-701.

CONNOR, J. A. & STEVENS, C. F. (19710). Inward and delayed outward membrane currents in isolated
neural somata under voltage clamp, jf. Physiol., Lond. 213, 1-20.

CONNOR, J. A. & STEVENS, C. F. (19716). Voltage clamp studies of a transient outward membrane
current in gastropod neural somata. J. Physiol., Lond. 213, 21-30.

CONNOR, J. A. & STEVENS, C. F. (1971c). Prediction of repetitive firing behaviour from voltage clamp
data on an isolated neuron soma. J. Physiol., Lond. 213, 31-53.

CONROY, R. T. W. L. & MILLS, J. N. (1970). Human Circadian Rhythms. London: Churchill.



An Atlas of Cellular Oscillators 295

COOKE, I. M. & HARTLINE, D. K. (1975). Neurohormonal alteration of integrative properties of the
cardiac ganglion of the lobster Homants americanus. J. exp. Biol. 63, 33—52.

CRISTEA, E. (1966). Effect of amytal, pyrimidine nucleotides and oxaloacetate on the respiratory in-
hibition-activation cycles in mitochondria. Archs Biochem. Biophys. 113, 273-280.

CRONIN, J. (1977). Some mathematics of biological oscillations. SI AM Rev. 19, 100-138.
CSAPO, A. (1962). Smooth muscle as a contractile unit. Physiol. Rev. 42, 7-33.
CUNNINGHAM, A. W. B. & RYLANDER, B. J. (1961). Behaviour of spontaneous potentials from chick

cerebellar explants during 120 hours in culture. J. Neurophysiol. 24, 141-149.
DANIEL, E. E. (19650). Effects of intra-arterial perfusions on electrical activity and electrolyte contents

of dog small intestine. Can. J. Physiol. Pharmac. 43, 551-577.
DANIEL, E. E. (19656). The electrical and contractile responses of the pyloric region to adrenergic and

cholinergic drugs. Can. J. Physiol. Pharmac. 44, 951—979.
DANIEL, E. E., HONOUR, A. J. & BOCOCH, A. (i960). Electrical activity of the longitudinal muscle of

dog small intestine studied in vivo using microelectrodes. Am. J. Physiol. 198, 113-118.
DAVENPORT, H. W. (1966). Physiology of the Digestive Tract, 2nd ed. Chicago: Yearbook Medical

Publishers.
DAVIES, P. W. & BRONK, D. W. (1957). Oxygen tension in mammalian brain. Fedn Proc. 16, 689-692.
DEAMER, D. W., UTSUMI, K. & PACKER, L. (1967). Oscillatory states of mitochondria. III. Ultrastruc-

ture of trapped conformational states. Archs Biochem. Biophys. 121, 641-651.
DEAN, P. M. & MATTHEWS, E. K. (1968). Electrical activity in pancreatic islet cells. Nature, Lond. 219,

389-390.
DEAN, P. M. & MATTHEWS, E. K. (19700). Glucose-induced electrical activity in pancreatic islet cells.

J. Physiol., Lond. 210, 255-264.
DEAN, P. M. & MATTHEWS, E. K. (19706). Electrical activity in pancreatic islet cells: Effect of ions.

y. Physio!., Lond. 210, 265-275.
DEAN, P. M., MATTHEWS, E. K. & SAKAMOTO, Y. (1975). Pancreatic islet cells: Effects of monosac-

charides, glycolytic intermediates and metabolic inhibitors on membrane potential and electrical
activity, y. Physiol., Lond. 246, 459-478.

DECN, H. (1968). Bistability caused by substrate inhibition of peroxidase in an open reaction system.
Nature, Lond. 217, 1047-1050.

DEGN, H. (1969). Compound III kinetics and chemiluminescence in oscillatory oxidation reactions
catalyzed by horseradish peroxidase. Biochim. biophys. Ada 180, 271-290.

DECN, H. (1973). Chemiluminescence in oscillatory oxidation reactions catalyzed by horseradish
peroxidase. In Biological and Biochemical Oscillators (ed. B. Chance, E. K. Pye, A. K. Ghosh and
B. Hess), pp. 97-108. New York: Academic Press.

DEGN, H. & HARRISON, D. E. F. (1971). Undamped short period oscillations of flavin in respiring non-
growing bacteria. Biochem. biophys. Res. Commun. 45, 1554-1559.

DEGN, H. & MAYER, D. (1969). Theory of oscillations in peroxidase catalyzed oxidation reactions in
open systems. Biochim. biophys. Ada 180, 291-301.

DEHAAN, R. L. (1967 a). Regulation of spontaneous activity and growth of embryonic chick heart cells
in tissue culture. Devi Biol. 16, 216-249.

DEHAAN, R. L. (19676). Introduction spontaneous activity of cultured heart cells. In Factors Influencing
Myocardial Contractility (ed. R. D. Tanz, F. Kavaler and J. Roberts), pp. 217-230. New York:
Academic Press.

DEHAAN, R. L. (1968). Emergence of form and function in the embryonic heart. Devi Biol. 2 (suppl),
208-250.

DEHAAN, R. L. (1970). The potassium sensitivity of isolated embryonic heart cells increases with
development. Devi Biol. 23, 226-240.

DEHAAN, R. L. and DEFELICE, L. J. (1978). Electrical noise and rhythmic properties of embryonic
heart cell aggregates. Fedn Proc. 37, 2132-2138.

DEHAAN, R. L. & SACHS, H. G. (1972). Cell coupling in developing systems: The heart-cell paradigm.
Curr. Top. Devi Biol. 7, 193-228.

DIAMANT, N. E. & BORTOFF, A. (1969). Nature of the intestinal slow wave frequency gradients. Am. y.
Physiol. 216, 301-307.

DONACHIE, W. D. & MASTERS, M. (1969). Temporal control of gene expression in bacteria. In The Cell
Cycle, Gene-Enzyme Interactions (ed. G. M. Padilla, G. L. Whitson, and I. Cameron), pp. 37-76.
New York: Academic Press.

DUNANT, Y., ISRAEL, M., LESBATS, B., & MANARANCHE, R. (1977). Oscillation of acetylcholine during
nerve activity in the Torpedo electric organ. Brain Res. 125, 123-140.

DUNANT, Y., ISRASL, M., LESBATS, B., MANARANCHE, R. & MASTOUR, P. (1975). Variations periodiques
du taux d'acetylcholine durant la stimulation de l'organe electrique de la Torpille. C.r. hebd. Seanc.
Acad. Sci., Paris D 280, 641-643.

DUNANT, Y., JIROUNEK, P., ISRAEL, M., LESBATS, B. & MANARANCHE, R. (1974). Sustained oscillations
of acetylcholine during nerve stimulation. Nature, Lond. 25a, 485-486.



296 P. E. RAPP

DURHAM, A. C. H. & RIDGWAY, E. B. (1976). Control of chemotaxis in Physarum polycephalum. J.
Cell Biol. 69, 218-223.

DURSTON, A. J. (1974a). Pacemaker activity during aggregation in Dictyostelium discoideum. Devi Biol.
37, 225-235.

DURSTON, A. J. (19746). Pacemaker mutants of Dictyostelium discoideum. Devi Biol. 38, 308-319.
DUYSENS, L. N. M. & AMESZ, J. (1957). Fluorescence spectrophotometry of reduced phosphophyridine

nucleotide in intact cells in the near-ultraviolet and visible region. Biochim. biophys. Ada 24, 19-26.
ECKERT, R. & Lux, H. D. (1976). A voltage-sensitive persistent calcium conductance in neuronal

somata of Helix. J. Physiol., Lond. 254, 129-151.
EL-SHARKAWY, T. Y. & DANIEL, E. E. (1975 a). Electrical activity of small intestinal smooth muscle

and its temperature dependence. Am. J. Physiol. 229, 1268-1276.
EL-SHARKAWY, T. Y. & DANIEL, E. E. (19756). Electrogenic sodium pumping in rabbit small intestinal

smooth muscle. Am. J. Physiol. 229, 1277-1286.
EL-SHARKAWY, T. Y. & DANIEL, E. E. (1975c). Ionic mechanisms of intestinal electrical control

activity. Am. J. Physiol. 229, 1287-1298.
EL-SHARKAWY, T. Y., MORGAN, K. G. & SZURSZEWSKI, J. H. (1978). Intracellular electrical activity of

canine and human gastric smooth muscle. J. Physiol., Lond. 279, 291-307.
ELUL, R. (1972). The genesis of the E E C Int. Rev. Neurobiol. 15, 227-272.
ENDO, M., TANAKA, M. & OGAWA, Y. (1970). Calcium induced release of calcium from the sarcoplasmic

reticulum of skinned skeletal muscle fibres. Nature, Lond. 228, 34-36.
ERULKAR, S. D. & RAHAMIMOFF, R. (1976). Periodic fluctuations in transmitter release at the frog

neuromuscular junction. J. Physiol., Lond. 256, 20P-21P.
EVANS, P. D. & O'SHEA, M. (1978). The identification of an octopaminergic neurone and the modulation

of a myogenic rhythm in the locust. J. exp. Biol. 73, 235-260.
FALCONE, A. B. & HADLER, H. I. (1968). Action of gramicidin on mitochondria. I. Ion-dependent

mitochondrial volume changes energized by adenosine s'-triphosphate. Archs Biochem. Biophys. 124,
91-109.

FANGE, R., PERSSON, H., THESLEFF, S. (1956). Electrophysiologic and pharmacologic observations on
trypsin-disintegrated embryonic heart cultures in vitro. Acta physiol. scand. 38, 172—183.

FERRIER, G. R. (1976). The effects of tension on acetylstrophanthidin-induced transient depolarizations
and after-contractions in canine myocardial and Purkinje tissues. Circulation Res. 38, 156—162.

FLEISCHER, M. & WOHLFARTH-BOTTERMANN, K. E. (1975). Correlations between tension force genera-
tion, fibrillogenesis and ultrastructure of cytoplasmic actomyosin during isometric and isotonic
contractions of protoplasmic strands. Cytobiologie 10, 339-365.

FRAZIER, W. T., K.ANDEL, E. R., KUPPERMANN, I., WAZIRI, R. & GOGGESHALL, R. E. (1967). Morpho-
logical and functional properties of identified neurons in the abdominal ganglion of Aplysia cali-
fornica. J. Neurophysiol. 30, 1288-1351.

FREEMAN, W. J. (1968). Effects of surgical isolation and tetanization on prepyriform cortex in cats.
J. Neurophysiol. 31, 349-357.

FREEMAN, W. J. (1972). Measurement of oscillatory responses to electrical stimulation in the olfactory
bulb of cat. J. Neurophysiol. 35, 762-779.

FRENKEL, R. (1965). DPNH oscillations in glycolyzing cell free extracts from beef heart. Biochem.
biophys. Res. Commun. 21, 497-502.

FRENKEL, R. (1966). Reduced diphosphopyridine nucleotide oscillations in cell-free extracts from beef
heart. Archs Biochem. Biophys. 115, 112-121.

FRENKEL, R. (1968 a). Control of reduced diphosphopyridine nucleotide oscillations in beef heart
extracts. I. Effects of modifiers of phosphofructokinase activity. Archs Biochem. Biophys. 125, 151-
156.

FRENKEL, R. (19686). Control of reduced diphosphopyridine nucleotide oscillations in beef heart ex-
tracts. II. Oscillations of glycolytic intermediates and adenine nucleotides. Archs Biochem. Biophys.
125, 157-165.

FRENKEL, R. (1968c). Control of reduced diphosphopyridine nucleotide oscillations in beef heart
extracts. III. Purification and kinetics of beef heart phosphofructokinase. Archs Biochem. Biophys.
125, 166-174.

FRIESEN, W. O., POON, M. & STENT, G. S. (1976). An oscillatory neuronal circuit generating a loco-
motory rhythm. Proc. natn. Acad. Sci. U.S.A. 73, 3734-3738.

FUKUSHIMA, Y. & TONOMURA, Y. (1972). Oscillations of the amount of phosphorylated protein and the
ATP activity of microsomes. J. Biochem., Tokyo 72, 623-634.

GAINER, J. (1972 a). Patterns of protein synthesis in individual, identified molluscan neurons. Brain
Res. 39, 369-385-

GAINER, H. (19726). Effects of experimentally induced diapause on the electrophysiology and protein
synthesis patterns of identified molluscan neurons. Brain Res. 39, 387-402.

GAINER, H. (1972c). Electrophysiological behaviour of an endogenously active neurosecretory cell.
Brain Res. 39, 403-418.



An Atlas of Cellular Oscillators 297

pALLiN, E. K. & GALLIN, J. I. (1977). Interaction of chemotactic factors with human macrophages.
Induction of transmembrane potential changes. J. Cell Biol, 75, 277-289.

GALLIN, E. K., WIEDERHOLD, M. L., LIPSKV, P. E. & ROSENTHAL, A. S. (1975). Spontaneous and
induced membrane hyperpolarizations in macrophages. J. cell. comp. Physiol. 86, 653-662.

GERISCH, G. (1968). Cell aggregation and differentiation in Dictyostelium. Curr. Top. Devi Biol. 3,
IS7-I97-

GERISCH, G. (1971). Periodische Signale Steurn die Musterbildung im Zell Verbunden. Natur-
wissenschaften 59, 430-438.

GERISCH, G. & HESS, B. (1974). Cyclic-AMP-controlled oscillations in suspended Dictyostelium cells:
Their relation to morphogenetic cell interactions. Proc. natn. Acad. Set. U.S.A. 71, 2118-2122.

GERISCH, G. & MALCHOW, D. (1976). Cyclic AMP receptors and the control of cell aggregation in
Dictyostelium. Adv. Cyclic Nttcleotide Res. 7, 49—68.

GERISCH, G., MALCHOW, D., HUESGEN, A., NANJUNDIAH, V., Roos, W. & WICK, U. (1975). Cyclic
AMP reception and cell recognition in Dictyostelium discoideum. In Developmental Biology, ICN-
UCLA Symposia on Molecular and Cellular Biology, vol. 2 (ed. D. McMahon and C. F. Fox),
pp. 76-88. New York: W. A. Benjamin.

GERISCH, G. & WICK, U. (1973). Intracellular oscillations and release of cyclic AMP from Dictyostelium
cells. Biochem. biophys. Res. Commun. 65, 364-370.

GHOSH, A. & CHANCE, B. (1964). Oscillations of glycolytic intermediates in yeast cells. Biochem. biophys.
lies. Commun. 16, 174-181.

GHOSH, A. K., CHANCE, B. & PYF, E. K. (1971). Metabolic coupling and synchronization of NADH
oscillations in yeast cell populations. Archs Biochem. Biophys. 145, 319—331.

GIJSBERS, K. J. & MELZACK, R. (1967). Oxygen tension changes evoked in the brain by visual stimulation.
Science, N.Y. 156, 1392-1393.

GILBERT, D. A. (1969). Phase plane analysis of periodic isozyme pattern changes in cultured cells.
Biochem. biophys. Res. Commun. 37, 860-866.

GLASS, L. & MACKEY, M. C. (1979). Pathological conditions resulting from instabilities in physiological
control systems. In Bifurcation Theory and Applications in Scientific Disciplines (ed. O. Gurel and
O. E. Rossler), Ann. N. Y. Acad. Sci. (in the Press).

GOLA, M. (1974a). Evolution de la forme des potentiels d'action par stimulations rep^titives. Pfliigers
Arch. ges. Physiol. 346, 121-140.

GOLA, M. (19746). Neurones a' ondes slaves des mollusques. Pfliigers Arch. ges. Physiol. 352, 17-36.
GOLDBETER, A. & CAPLAN, S. R. (1976). Oscillatory enzymes. A. Rev. Biophys. Bioeng. 5, 449-476.
GOLENHOFEN, K. (1970). Slow rhythms in smooth muscle (minute rhythm). In Smooth Muscle (ed.

E. Biilbring, A. F. Brading, A. W. Jones and T. Tomita), pp. 316-342. London: Edward Arnold.
GOLENHOFEN, K. & HILDEBRANDT, G. (1958). Die Beziehungcn des Blutdruck-rhythmus zu Atmung

und Peripherer Durchblutung. Pfliigers Arch. ges. Physiol. 267, 27-45.
GOLENHOFEN, K. & LAMMEL, E. (1972). Selective suppression of some components of spontaneous

activity in various types of smooth muscle by iproveratril (verapamil). Pfliigers Arch. ges. Physiol. 33*i
233-243-

GOOCH, V. D. & PACKER, L. (1971)- Adenine nucleotide control of heart mitochondria! oscillations.
Biochim. biophys. Ada 245, 17-20.

GOOCH, V. D. & PACKER, L. (1974a). Oscillatory states of mitochondria: Studies on the oscillatory
mechanism of liver and heart mitochondria. Archs Biochevi. Biophys. 163, 759-768.

GOOCH, V. D. & PACKER, L. (19746). Oscillatory systems in mitochondria. Biochim. biophys. Ada
346, 245-260.

GOODWIN, B. C. (1969). Synchronization of Escherichia coli in a chemostat by periodic feeding. Europ.
J. Biochem. 10, 511-514.

GOODWIN, B. C. (1974). Embryogenesis and cognition. In Kybernetik und Bionik (ed. W. D. Handler
and M. Spreng), pp. 47-54. Munich: Oldenbourg.

GORMAN, A. L. F. & THOMAS, M. V. (1978). Changes in the intracellular concentration of free calcium
ions in a pacemaker neurone measured with the mctallochromic indicator dye Arsenazo III. J.
Physiol., Lond. 275, 357-376.

GOSHIMA, K. (1973). A study on the preservation of the beating rhythm of single myocardial cells in
vitro. Expl Cell Res. 80, 432-438.

GOSHIMA, K. (1974). Initiation of beating in quiescent myocardial cells by norepinephrine, by contact
with beating cells and by electrical stimulation of adjacent Fl cells. Expl Cell Res. 84, 223-234.

GOSHIMA, K. (1975). Further studies on preservation of the beating rhythm of myocardial cells in
culture. Expl Cell Res. 92, 339-349.

GOSHIMA, K. (1976a). Arrhythmic movements of myocardial cells in culture and their improvement
with antiarrhythmic drugs. J. mol. cell. Cardiol. 8, 217-238.

pOSHlMA, K. (19766). Antagonistic influences of dibutyryl cyclic AMP and dibutyryl cyclic GMP on
beating rate of cultured mouse myocardial cells. J. mol. cell. Cardiol. 8, 713-725.



298 P. E. RAPP

GRADMAN, D. & SLAYMAN, C. L. (1975). Oscillations of an electrogenic pump in the plasma membrani
of Neurospora. J. membrane Biol. 23, 181-212.

GRAVEN, S. N., LARDY, H. A. & ESTRADA-0., S. (1967). Antibiotics as tools for metabolic studies. VIII.
Effect of nonactin homologs on alkali metal cation transport and rate of respiration in mitochondria.
Biochemistry, N.Y. 6, 365-371.

GRAVEN, S. N., LARDY, J. A. & RUTTER, A. (1966). Antibiotics as tools for metabolic studies. VI.
Damped oscillatory swelling of mitochondria induced by nonactin, monactin, dinactin and trinactin.
Biochemistry, N.Y. 5, 1735-1742.

GREBECKI, A. & CIESLAWSKA, M. (1978). Plasmodium of Physarum polycephalum as a synchronous
contractile system. Cytobiologie. 17, 335-342.

GREEN, J. D., MAXWELL, D. S. & PETSCHE, H. (1961). Hippocampal electrical activity. III. Unitary
events and genesis of slow waves. Electroencephal. din. Neurophysiol. 13, 854-867.

GULRAJANI, R. M. & ROBERGE, F. A. (1978). Possible mechanisms underlying bursting pacemaker
discharges in invertebrate neurons. Fedn Proc. 37, 2146-2152.

GUSTAFSON, T. & TONEBY, M. I. (1971). How genes control morphogenesis. Am. Scient. 59, 452-462.
HALVORSON, H. O., BOCK, R. M., TAURO, P., EPSTEIN, R. & LABERGE, M. (1966). Periodic enzyme

synthesis in synchronous cultures of yeast. In Cell Synchrony (ed. I. L. Cameron and G. M. Padilla),
pp. 102-116. New York: Academic Press.

HAMBURGER, V. & BALABAN, M. (1963). Observations and experiments on spontaneous rhythmical
behaviour in the chick embryo. Devi Biol. 7, 533—545.

HANSON, F. E. (1978). Comparative studies of firefly pacemakers. Fedn Proc. 37, 2158-2164.
HARARY, I., RENAUD, J. F., SATO, E. & WALLACE, G. A. (1976). Calcium ions regulate cyclic AMP and

beating in cultured heart cells. Nature, hand. 261, 60—61.
HARRISON, D. E. F. (1970). Undamped oscillations of pyridine nucleotide and oxygen tension in chemo-

stat cultures of Klebsiella aerogenes. J. Cell Biol. 45, 514-521.
HARRISON, D. E. F. & PIRT, S. J. (1967). The influence of dissolved oxygen concentration on the res-

piration and glucose metabolism of Klebsiella aerogenes during growth. J. gen. Microbiol. 46,
193-21:.

HASTINGS, J. W. & SCHWEIGER, H.-G. (1975). The Molecular Basis of Circadian Rhythms. Dahlem
Konferenzen: Berlin.

HAUSWIRTH, O., NOBLE, D. & TSIEN, R. W. (1969). The mechanism of oscillatory activity at low mem-
brane potentials in cardiac Purkinje fibres. J. Physiol., Lond. 200, 255-265.

HESS, B. & BOITEUX, A. (19680). Control of glycolysis. In Regulatory Functions of Biological Membranes,
B.B.A. Library, vol. 11 (ed. J. Jarnefelt), Amsterdam: Elsevier.

HESS, B. & BOITEUX, A. (19686). Mechanism of glycolytic oscillation in yeast. I. Aerobic and anaerobic
growth conditions for obtaining glycolytic oscillation. Hoppe-Seyler's Z. Physiol. Chem. 349, 1567-
•574-

HESS, B. & BOITEUX, A. (1971). Oscillatory phenomena in biochemistry A. Rev. Biochem. 40, 237-258.
HESS, B. & BOITEUX, A. (1973). Substrate control of glycolytic oscillations. In Biological and Biochemical

Oscillators (ed. B. Chance, E. K. Pye, A. K. Ghosh and B. Hess), pp. 229-242. New York: Academic
Press.

HESS, B., BOITEUX, A., BUSSE, H. G. & GERISCH, G. (1975). Spatiotemporal organization in chemical and
cellular systems. Adv. Chem. Physics 29, 137—168.

HESS, B., BOITEUX, A. & KROGER, J. (1969). Cooperation in glycolytic enzymes. Adv. Enzyme Reg. 7,
149-167.

HESS, B. & BRAND, K. (1966). Continuous oscillations in a cell-free extract of S. carlsbergensis. Biochem.
biophys. Res. Commun. 23, 102-108.

HESS, B., KLEINHANS, H. & KUSCHMITZ, D. (1973). Component structure of oscillating glycolysis. In
Biological and Biochemical Oscillators (ed. B. Chance, E. K. Pye, A. K. Ghosh and B. Hess), pp. 253-
268. New York: Academic Press.

HIDAKA, J. & KURIYAMA, H. (1969). Responses of the smooth muscle membrane of guinea pig jejunum
elicited by field stimulation. J. gen. Physiol. 53, 471-486.

HOFER, M. & PRESSMAN, B. C. (1966). Stimulation of oxidative phosphorylation in mitochondria by
potassium in the presence of valinomycin. Biochemistry, N.Y. 5, 3919-3925.

HOMMES, F. A. (1964a). Oscillatory reductions of pyridine nucleotides during anaerobic glycolysis in
brewer's yeast. Archs Biochem. Biophys. 108, 36-46.

HOMMES, F. A. (19646). Oscillation times of the oscillatory reduction of puridine nucleotides during
anaerobic glycolysis in brewer's yeast. Archs Biochem. Biophys. ro8, 500-505.

HOYLE, G.|(i978). Intrinsic rhythm and'basic tonus in insect skeletal muscle, jf. exp. Biol. 73, 173-203.
HULSMANN, N. & WoHLFARTH-BoTTERMANfN, K. E. (1978 a). Spatiotemporal analysis of contraction

dependent surface movements in Physarum polycephalum. Cytobiologie 17, 23-41.
HULSMANN, N. & WOHLFARTH-BOTTERMANN, K. E. (19786). Spatiotemporal relationships between



An Atlas of Cellular Oscillators 299

protoplasmic streaming and contraction activities in plasmodial veins of Physarutn polycephalum.
Cytobiologie 17, 317-334.

IBSEN, K. H. & SCHILLER, K. W. (1967). Oscillations of nucleotides and glycolytic intermediates in
aerobic suspension of Ehrlich ascites tumor cells. Biochim. biophys. Ada 131, 405-407.

IBSEN, K. H. & SCHILLER, K. W. (1971). Control of glycolysis and respiration in substrate-depleted
Ehrlich ascites tumor cells. Archs Biochem. Biophys. 143, 187-203.

IFSHIN, M. S., GAINER, J. & BARKER, J. L. (1975). Peptide factor extracted from molluscan ganglia that
modulates bursting pacemaker activity. Nature, Land. 254, 72-74.

ISENBBRC, G. & WOHLFARTH-BOTTERMANN, K. E. (1976). Transformation of cytoplasmic actin. Im-
portance for the organization of the contractile gel reticulum and the contraction-relaxation cycle of
cytoplasmic actomyosin. Cell. Tiss. Res. 173, 495-528.

ISRAEL, M., DUNNANT, Y., LESBATS, B., MANARANCHE, R., MARSAL, J. & MEUNIER, F. (1979). Rapid
acetylcholine and adenosine triphosphate oscillations triggered by stimulation of the Torpedo electric
organ. J. exp. Biol. (this volume).

ISRAEL, M., LESBATS, B. & MANARANCHE, R. (1978). Quantitative descriptions of acetylcholine release
and fluctuations in nerve terminals of Torpedo electric organ submitted to stimulation. Pfliigers
Arch. ges. Physiol. 377, 117-118.

ISRAEL, M., LESBATS, B., MANARANCHE, R., MARSAL, J., MASTOUR-FRANCHON, P. & MEUNIER, F. M.
(1977). Related changes in amount or ACh and ATP in resting and active Torpedo nerve electro-
plaque synapses. J. Neurochem. 28, 1259-1267.

ISRAEL, M., LESBATS, B., MARSAL, J. & MEUNIER, F. M. (1975). Oscillations des taux tissulaires d'acdtyl-
choline et d'adenosine triphosphate au cours de las stimulation de l'organe electrique de la Torpille.
C. r. liebd. Sdanc. Acad. Sci. Paris, Ser. D 280, 905-908.

ITO, Y., KURIYAMA, H. & SAKAMOTO, Y. (1970). Effects of tetraethylnmmonium chloride on the mem-
brane activity of guinea-pig stomach smooth muscle. J. Physiol., Lond. 211, 445-460.

JENSEN, R. A. & KATZUNC, B. G. (1968). Simultaneously recorded oscillations in membrane potential
and isometric contractile force from cardiac muscle. Nature, Lovd. 217, 961-963.

JEWELL, B. R. & ROEGG, J. C. (1966). Oscillatory contraction of insect fibrillar muscle after glycerol
extraction. Proc. R. Soc. Lond. Ser. B 164, 428-459.

JOHNSSON, A. (1973). Oscillatory transpiration and water uptake of Avena plants. I. Preliminary obser-
vations. Physiologia PI. 28, 40-50.

JUNCE, D. (1967). Multi-ionic action potentials in molluscan giant neurones. Nature, Lond. 215, 546-
548.

JUNGE, D. & STEPHENS, C. L. (1973). Cyclic variation of potassium conductance in a burst-generating
neurone in Aplysia. J. Physiol., Lond. 235, 155-181.

KAMIVA, N. (1959). Protoplasmic streaming. Protoplasmatologia 8, 3.
KAMIYA, N. (1968). The mechanism of cytoplasmic movement in a myxomycete plasmodium. Symp.

Soc. exp. Biol. no. 26, pp. 199-214.
KAMIYA, N. (1970). Contractile properties of the plasmodial strand. Proc. Japan Acad. 46, 1026-1031.
KASS, R. S., LEDERER, W. J., TSIEN, R. W. & WEINGAHT, R. (1978). Role of calcium ions in transient

inward currents and aftercontractions induced by strophanthidin in cardiac Purkinje fibres. J.
Physiol., Lond. 281, 187-208.

KAUFFMAN, S. & WILLIE, J. J. (1975). The mitotic oscillator in Physarum polycephalum. J. theor. Biol.
55. 47-94.

KAUFMANN, R., FLECKENSTEIN, A. & ANTONI, H. (1963). Ursachen und Auslosungs-Bedingungen von
Myokard-Contraktionen ohne regulares Aktionspotential. Pfliigers Arch. ges. Physiol. 278, 435-446.

KERKUT, G. A. & MEECH, R. W. (1966). The internal chloride concentration of H and D cells in the
snail brain. Comp. Biochem. Physiol. 19, 819-832.

KIDOKORO, Y. (1975). Spontaneous calcium action potentials in a clonal pituitary cell line and their
relation to prolactin secretion. Nature, Lond. 258, 741-742.

KISHIMOTO, U. (1958a). Rhythmicity in the protoplasmic streaming of slime mold Physarum poly-
cephalum. I. A statistical analysis of the electric potential rhythm. J. gen. Physiol. 41, 1205-1222.

KISHIMOTO, U. (19586). Rhythmicity in the protoplasmic streaming of a slime mold Physarum poly-
cephalum. II. Theoretical treatment of the electric potential rhythm. J. gen. Physiol. 41, 1223-1244.

KLEBER, H.-P. & AURICH, H. (1967). Gedampfte Ozillationen der Synthese der Carnitingehydrogenase
bei Pseudomonas aeruginosa. Hoppe-Seyler's Z. Physiol. Chem. 348, 1727-1729.

KLEVECZ, R. R. (1969). Temporal order in mammalian cells. I. The periodic synthesis of lactate
dehydrogenase in cell cycle. J. Cell Biol. 43, 207-219.

KLEVECZ, R. R. & RUDDLE, F. H. (1968). Cyclic changes in enzyme activity in synchronized mammalian
cell cultures. Science, N. Y. 159, 634-636.

KNORRE, W. A. (1968). Oscillations of the rate of synthesis of beta-galactosidase in Eschericha coli
ML30 and ML308. Biochem. biophys. Res. Commun. 31, 812-817.

INORRE, W. A. (I 973). Oscillations in the epigenetic system: Biophysical model of the beta-galactosidase



300 P. E. RAPP

control system. In Biological and Biochemical Oscillators (ed. B. Chance, E. K. Pye, A. K. Ghosh and|
B. Hess), pp. 449-455. New York: Academic Press.

KOBAYASHI, M., NAGAI, T. & PROSSER, C. L. (1966). Electrical interaction between muscle layers of
cat intestine. Am. J. Physiol. 211, 1281-1291.

KOBAYASHI, M., PROSSER, C. L. & NAGAI, T. (1967). Electrical properties of intestinal muscle as meas-
ured intracellularly and extracellularly. Am. J. Physiol. 213, 275-286.

KONIGSBERG, I. R. (1963). Clonal analysis of myogenesis. Science, N.Y. 140, 1273-1284.
KRAUSE, E.-G., HALLE, W., KALLABIS, E. & WOLLENBERGER, A. (1970). Positive chronotropic response

of cultured isolated rat heart cells to n(6),2'-o-dibutyryl adenosine monophosphate. J. mot. cell.
Cardiol. 1, 1-10.

KRAUSE, E.-G., HALLE, W. & WOLLENBERGER, A. (1972). Effect of dibutryl cyclic GMP on cultured
beating rat heart cells. Adv. Cyclic Nucleotidc Res. 1, 301-305.

KREITNER, D. (1975). Evidence for the existence of a rapid sodium channel in the membrane of rabbit
sinoatrial node cells. J. mol. cell. Cardiol. 7, 655-662.

KROGER, J. & WOHLFARTH-BOTTERMANN, K. E. (1978). Oscillating contractions in protoplasmic
strands of Physarum: Stretch induced phase shifts and their synchronization, jf. Interdiscipl. Cycle
Res. 9, 61-71.

KUBA, K. & KOKETSU, K. (1976). Decrease of Na conductance during desensitisation of the frog end-
plate. Nature, Lond. 262, 504-505.

KUBA, K. & NISHI, S. (1976). Rhythmic hyperpolarizations and depolarization of sympathetic ganglion
cells induced by caffeine. J. Neurophysiol. 39, 547-563.

KURIYAMA, H. (1964). Effect of electrolytes on the membrane activity of the uterus. In Pharmacology of
Smooth Muscle (ed. E. Biilbring), pp. 127-140. Oxford: Pergamon Press.

KURIYAMA, H., OSA, T. & TASAKI, H. (1970). Electrophysiological studies of the antrum muscle fibres
of guinea pig stomach. J. gen. Physiol. 55, 48-62.

KURIYAMA, H., OSA, T. & TOIDA, N. (1967a). Membrane properties of the smooth muscle of guinea
pig ureter. J. Physiol., Lovi. 191, 225-238.

KURIYAMA, H., OSA, T. & TOIDA, N. (19676). Electrophysiological study of the intestinal smooth
muscle of the guinea pig. J. Physiol., Lond. 191, 239-255.

LAMBERT, J. D. C. (1975). A long lasting hyperpolarization evoked in an identified neurone of Helix
aspersa. Brain Res. 87, 118-122.

LARDY, H. A. & GRAVEN, S. N. (1965). The relation between alkali cations and hydrolysis of ATP by
liver mitochondria. Fedn Proc. 24, 424.

LAWRENCE, T. S., BEERS, W. H. & GILULA, N. B. (1978). Transmission of hormonal stimulation by cell
to cell communication. Nature, Lond. 272, 501-506.

LEDERER, W. J. & TSIEN, R. W. (1976). Transient inward current underlying arrhythmogenic effects
of cardiotonic steroids in Purkinje fibres. J. Physiol., Lond. 263, 73-100.

LEHMKUHL, D. & SPERELAKIS, N. (1967). Electrical activity of cultured heart cells. In Factors Influencing
Myocardial Contractility (ed. R. D. Tanz, F. Kavaler and J. Roberts), pp. 245-278. New York:
Academic Press.

LEVITAN, I. B., HARMAR, A. J. & ADAMS, W. B. (1979). Synapticand hormonal modulation of a neuronal
oscillator: A search for molecular reechanisms. J. exp. Biol. (this volume).

LEVITAN, I. B. & TREISTMAN, S. N. (1977). Modulation of electrical activity and cyclic nucleotide
metabolism in molluscan nervous system by a peptide-containing nervous system extract. Brain Res.
136, 3°7-3i7.

LEWENSTEIN, A. & BACHOFEN, R. (1972). Transient induced oscillations in the level of ATP in Chlorella
fusca. Biochim. biophys. Ada 267, 80-85.

LICKEY, M. (1969). Autorhythmic activity in single neurons. In Slow Electrical Phenomena in the
Central Nervous Sytem (ed. W. R. Adey). Bull. Neurosci. Res. Prog. 4, 121-127.

Liu, J., PROSSER, C. L. & JOB, D. D. (1969). Ionic dependence of slow waves and spikes in intestinal
muscle. Am. J. Physiol. 217, 1542-1547.

MACDONALD, N. (1978). Cyclical neutropenia: Models with two cell types and two time lags. In
Biomathematics and Cell Kinetics (ed. A.-J. Valleron, and P. D. M. MacDonald), pp. 287-295.
Amsterdam: Elsevier/North Holland Biomedical Press.

MACKEY, M. C. & GLASS, L. (1977). Oscillations and chaos in physiological control systems. Science,
N. Y. 197, 287-289.

MALCHOW, D., NANJUNDIAH, V. & GERISCH, G. (1978). pH oscillations in cell suspensions of
Dictyostelium discoideum: Their relation to cyclic-AMP signals. J. Cell Sci. 30, 319-330.

MANO, Y. (1970). Cytoplasmic regulation and cyclic variation in protein synthesis in the early cleavage
stage of the sea urchin embryo. Devi Biol. 22, 433-460.

MANO, Y. (1975). Systems constituting the metabolic sequence of the cell cycle. Biosystems 7, 51-65.
MASCHER, D. (1971). Electrical and mechanical events in depolarized cardiac muscle fibers during lo^

sodium perfusion. Pflugers Arch. ges. Physiol. 323, 284-296.



An Atlas of Cellular Oscillators 301

UVIASTERS, M. & DONACHIE, W. D. (1966). Repression and the control of cyclic enzyme synthesis in
Bacillus subtilis. Nature, Land. 209, 476-479.

MATHIEU, P. A. & ROBERCE, F. A. (1971). Characteristics of pacemaker oscillations in Aplysia neurons.
Can. J. Physiol. Pharmac. 49, 787-795.

MATTHEWS, E. K. (ig7s). Calcium and stimulus-secretion coupling in pancreatic islet cells. In Calcium
Transport in Contraction and Secretion (ed. E. Carafoli. F. Clementi, W. Drabikowski and A. Mar-
greth), pp. 203-210. Amsterdam: North Holland.

MATTHEWS, E.K.( 1977). Insulin secretion. In First European Symposium on Hormones and Cell Regulation
(ed. J. Dumont and J. Nunez), pp. 57-76. Amsterdam: North Holland.

MATTHEWS, E. K., DEAN, P. M. & SAKAMOTO, Y. (1975). The bioelectric activity of the islet cell
membrane. In Handbook of Experimental Pharmacology. Vol. XXXII/2, Insulin II (ed. A. Hasselblatt
and Y. von Bruchhausen), pp. 157-173. Heidelberg: Springer-Verlag.

MATTHEWS, E. K. & O'CONNOR, M. D. L. (1979). Dynamic oscillations in the membrane potential of
pancreatic islet cells. J. exp. Biol. (this volume).

MATTHEWS, E. K. & SAFFHAN, M. (1968). Effect of ACTH on the electrical properties of adrenocortical
cells. Nature, Lond. 219, 1369-1370.

MATTHEWS, E. K. & SAKAMOTO, Y. (1975 a). Electrical characteristics of pancreatic islet cells. J. Pkysiol.,
Lond. 246, 421-437.

MATTHEWS, E. K. & SAKAMOTO, Y. (19756). Pancreatic islet cells: Electrogenic and electrodiffusional
control of membrane potential. J. Physiol., Lond. 246, 439-457.

MATTHEWS, L. M. (1977). Ca++ regulation in caffeine-derived microplasmodia of Physarum poly-
cephalum. J. Cell Biol. 72, 502-505.

MAY, R. M. (1974). Stability and Complexity in Model Ecosystems, 2nd ed. Princeton University Press.
MCALLISTER, R. E., NOBLE, D. & TSIEN, R. W. (1975). Reconstruction of the electrical activity of

cardiac Purkinje fibres. J. Physiol., Lond. 251, 1-59.
MCDONALD, T. F. & SACHS, H. G. (1975). Electrical activity in embryonic heart cell aggregates.

Pftiigers Arch. ges. Physiol. 354, 165-176.
MEECH, R. W. (1972). Intracellular calcium injection causes increased potassium conductance in

Aplysia nerve cells. Comp. Biochem. Physiol. 42a, 493-499.
MEECH, R. W. (1974a). Calcium influx induces a post-tetanic hyperpolarization in Aplysia neurones.

Comp. Biochem. Physiol. 480, 387-395.
MEECH, R. W. (19746). Prolonged action potentials in Aplysia neurones injected with EGTA. Comp.

Biochem. Physiol. 48a, 397-402.
MEECH, R. W. (1979). Membrane potential oscillations in molluscan burster neurones. J. exp. Biol.

(this volume).
MEECH, R. W. & STANDEN, N. B. (1975). Potassium activation in Helix aspersa neurons under voltage

clamp: A component mediated by calcium influx, jf. Physiol., Lond. 249, 212-239.
MEECH, R. W. & STRUMWASSER, F. (1970). Intracellular calcium injection activates potassium conduc-

tance in Aplysia nerve cells. Fedn Proc. 29, 834.
MEIRI, H. & RAHAMIMOFF, R. (1978). Clamping and oscillations in evoked transmitter release at the

frog neuromuscular junction. J. Physiol., Lond. 278, 513-523.
MEISSNER, J. P. (1976a). Electrical characteristics of the beta-cells in pancreatic islets. J. Physiol.,

Paris. 72, 757-707-
MEISSNER, H. P. (19766). Electrophysiological evidence for coupling between beta cells of pancreatic

islets. Nature, Lond. 262, 502-504.
MEISSNBR, H. P. & SCHMELZ, H. (1974). Membrane potential of beta-cells in pancreatic islets. Pflugers

Arch. ges. Physiol. 351, 195-206.
MEISSNER, J. P. & SCHMIDT, J. (1976). The electrical activity of pancreatic beta-cells of diabetic mice.

FEBS Lett. 67, 371-374-
MELZACK, R. & CASEY, K. L. (1967). Localized temperature changes evoked in the brain by somatic

stimulation. Expl Neurol. 17, 276-292.
MENDELSON, M. (1971). Oscillator neurons in crustacean ganglia. Science, N.Y. 171, 1170-1173.
METLICKA, R. & RYBOVA, R. (1967). Oscillations of the trans-membrane potential difference in the alga

Hydrodictyon reticulatum. Biochim. biophys. Ada 135, 563-565.
MILLER, J. L., SHERIDAN, J. D. & WHITE, J. G. (1978). Electrical responses by guinea pig megakaryo-

cytes. Nature, Lond. 272, 643-645.
MITZNEGG, P., SCHUBERT, E. & HEIM, F. (1974). The influence of low and high doses of theophylline

on spontaneous motility and cyclic 3',5' AMP content in isolated rat uterus. Life Sci. 14, 711-717.
MOCHAN, E. & PYK, E. K. (1973). Repiratory oscillations in adapting yeast cultures. Nature, New

Biology 242, 177-179-
MOUNTCASTLE, V. B. (1968). Medical Physiology. St Louis: Mosby.
^IUSTAFA, M. G., UTSUMI, K. & PACKER, L. (1966). Damped oscillatory control of mitochondrial

respiration and volume. Biochem. biophys. Res. Commun. 24, 381-385.



302 P. E. RAPP

NAKAMURA, S., YOKOTO, K. & YAMAZAKI, I. (1969). Sustained oscillations in a lactoperoxidase, NADPH,
and Oj system. Nature, Lond. 222, 749.

NELSON, P. G. & HENKART, M. P. (1979). Oscillatory membrane potentials in cells of mesenchymal
origin: The role of an intracellular calcium regulating system. J. exp. Biol. (this volume).

NELSON, P. G., PEACOCK, J. & MINNA, J. (1972). An active electrical response in fibroblasts. J. gen.
Physiol. 60, 58-71.

NOMA, A. & IRISAWA, J. (1976). Membrane current in the rabbit sinoatrial node cell as studied by the
double microelectrode method. Pfliigers Arch. ges. Physiol. 364, 45-52.

NOMA, A., YANAGIHARA, K. & IRISAWA, H. (1977). Inward membrane currents in the rabbit sinoatrial
node cell. Pfliigers Arch. ges. Physiol. 372, 43-51.

NORTON, S. & JEWETT, E. J. (1965). Frequencies of slow potential oscillations in the cortex of cats.
Electroenceph. din. Neurophysiol. 19, 377—386.

NOVXK, B. & BENTRUP, F. W. (1972). An electrophysiological study of regeneration in Acetabularia
mediterranen. Planta. 108, 227—244.

NUCCITELLI, R. & JAFFE, L. F. (1974). Spontaneous current pulses through developing fucoid eggs.
Proc. natn. Acad. Sci. U.S.A. 71, 4855-4859.

OHBA, M., SAKAMOTO, Y. & TOMITA, T. (1975). The slow wave in the circular muscle of the guinea pig
stomach. J. Physiol., Lond. 253, 505-516.

OHBA, M., SAKAMOTO, Y. & TOMITA, T. (1977). Effects of sodium, potassium and calcium ions on the
slow wave in circular muscle of the guinea pig stomach. J. Physiol., Lond. 267, 167-180.

OHKAWA, H. (1975). Actions of cyclic AMP and dibutyryl cyclic AMP on the electrical and mechanical
activities of the cat small intestine. Bull. Yamaguchi Med. School. 22, 185—196.

OHKAWA, H. (1976). Further studies of the action of cyclic AMP on the electrical and mechanical
activities of intestinal smooth muscle. Jap. J. Pharmac. 26, 201-207.

OHKAWA, H. & WATANABE, M. (1975). The depressor effect of dopamine on electrical and mechanical
activities of cat small intestine. TohokuJ. exp. Med. 117, 69-77.

OHKAWA, H. & WATANABE, M. (1975). Observation on the electrical and mechanical activities of the
monkey ileum in relation to drug actions. Bull. Yamaguchi Med. School. 22, 211-217.

OHKAWA, H. & WATANABE, M. (1976). Non-adrenergic inhibition of the electrical activity of the
antrum muscle fibers of the guinea pig stomach. Tohoku J. exp. Med. 120, 11-18.

OKADA, Y., DOIDA, Y., ROY, G., TSUCHIYA, W., INOUYE, K. & INOUYE, A. (1977). Oscillations of
membrane potential in L cells. I. Basic characteristics. J. membrane Biol. 35, 319-335.

OKADA, Y., ROY, G., TSUCHIYA, W., DOIDA, Y. & INOUYE, A. (1977). Oscillations in membrane potential
of I- cells. II. Effects of monovalent ion concentrations and conductance changes associated with
oscillations. J. membrane Biol. 35, 337-350.

OKADA, Y., TSUCHIYA, W. & INOUYE, A. (1978). Role of intracellular Cas+ in hyperpolarizing ex-
citability of cultured fibroblasts. Vlth Int. Biophys. Congress, Kyoto, Japan, Abstr. V~4(C2).

OOMURA, Y., OZAKI, S. & MAENO, T. (1961). Electrical activity of a giant nerve cell under abnormal
conditions. Nature, Lond. 191, 1265-1267.

PACE, C. S. & PRICE, S. (1972). Electrical responses of pancreatic islet cells to secretory stimuli. Biochem.
biophys. Res. Commun. 46, 1557-1563.

PACE, C. S. & PRICE, S. (1974). Bioelectric effects of hexoscs on pancreatic islet cells. Endocrinology 94,
142-147.

PACKER, L., UTSUMI, K. & MUSTAFA, M. G. (1966). Oscillatory states of mitochondria, I. Electron and
energy transfer pathways. Archs Biochem. Biophys. 117, 381—393.

PAES DE CARVALHO, A., HOFFMAN, B. F. & PAULA DE CARVALHO, M. (1969). Two components of the
cardiac action potential. I. Voltage time course and the effect of acetylcholine on the atrial and nodal
cells of the rabbit heart. J. gen. Physiol. 54, 607—635.

PAPASOVA, M. P., NACAI, T. & PROSSER, C. L. (1968). Two-component slow waves in smooth muscle
of cat stomach. Am. J. Physiol. 214, 695-702.

PAPPANO, A. J. & SPERELAKIS, N. (1969). Spontaneous contractions of cultured heart cells in high K+

media. Expl Cell Res. 54, 58-68.
PARNAS, I., ARMSTRONG, D. & STRUMWASSER, F. (1974). Prolonged excitatory and inhibitory synaptic

modulation of a bursting neuron. J. Neurophysiol. 37, 594—608.
PARNAS, I. & STRUMWASSER, F. (1974). Mechanism of long lasting inhibition of a bursting pacemaker

neuron. J. Neurophysiol. 37, 609-620.
PASSANO, L. M. & MCCULLOUGH, C. B. (1964). Co-ordinating systems and behaviour in Hydra. I.

Pacemaker system of periodic contractions. J. exp. Biol. 41, 643-664.
PASSANO, L. M. & MCCULLOUGH, C. B. (1965). Co-ordinating systems and behaviour in Hydra. II.

The rhythmic potential system. J. exp. Biol. 42, 205-231.
PAVLIDIS, T. (1973). Biological Oscillators: Their Mathematical Analysis. New York: Academic Press.
PERKEL, D. H., SCHULMAN, J. H., BULLOCK, T. H., MOORE, G. P. & SEGUNDO, J. P. (1964). Pacemakej

neurons: Effect of regularly spaced synaptic input. Science, N. Y. 145, 61-63.



An Atlas of Cellular Oscillators 3°3

PINSKER, H. M. (1975). Phase response curves and entrainment of bursting neurons in Aplysia. Fedn
Proc. 34, 424.

PINSKER, H. M. (19770). Aplysia bursting neurons as endogenous oscillators. I. Phase-response curves
for pulsed inhibitory synaptic input. J. Nenrophysiol. 40, 527—543.

PINSKER, H. M. (19776) Aplysia bursting neurons as endogenous oscillators. II. Synchronization and
entrainment by pulsed inhibitory synaptic input. J. Neurophysiol. 40, 544-556.

Poccio, G. F. & VIERNSTEIN, L. J. (1964). Time series analysis of impulse sequences of thalmic somatic
sensory neurons. J. Neurophysiol. 27, 517-545.

POULSEN, J. H. & WILLIAMS, J. A. (1976). Spontaneous repetitive hyperpolarization from cells in the
rat adenohypophysis Nature, Lond 263, 156-158.

PRESSMAN, B. C. (1965). Induced ion transport in mitochondria. Fedn Proc. 24, 425.
PRIBIL, S. & KOTYK, A. (1970). Oscillatory transport of ammonium ions by Scenedesmus quadricauda.

Biochim. biophys. Ada 219, 242-244.
PRINGLE, J. W. S. (1967). The contractile mechanism of insect fibrillar muscle. Progr. Biophys. mol.

Biol. 17, 1-60.
PHOSSER, C. L. (1978). Rhythmic potentials in intestinal muscle. Fedn Proc. 37, 2153-2157.
PROSSER, C. L., KRBULEN, D. L., WIEGEL, R. H. & YAU, W. (1977). Prolonged potentials in gastroin-

testinal muscles induced by calcium chelation. Am. jf. Physiol. 233, C19-C24.
PYE, E. K. (1969). Biochemical mechanisms underlying the metabolic oscillations in yeast. Can. J.

Bot. 47, 271-285.
PYE, E. K. (1971). Periodicities in intermediary metabolism. In Biochronometry (ed. M. Menaker),

pp. 623-636. National Academy of Sciences of the U.S.A.: Washington.
PYE, E. K. (1973). Glycolytic oscillations in cells and extracts of yeasts: Some unsolved problems. In

Biological and Biochemical Oscillators (ed. B. Chance, E. K. Pye, A. Ghosh and B. Hess), pp. 269-
300. New York: Academic Press.

PYE, K. & CHANCE, B. (1966). Sustained sinusoidal oscillations of reduced pyridine nucleotide in a cell
free extract of Saccharomyccs carlsbergensis. Proc. natn. Acad. Sci. U.S.A. 55, 888-894.

RADENOVIC, C. & VUCINIC, 2. (1976). Simultaneous measurement of the bioelectric potential of the
cell wall and the vacuoles during the oscillatory response to the Nitella cell. Physiologia PI. 37, 207-
212.

RADENOVI<5, C , VUCINIC, 2. & DAMJANOVIC, Z. (1977). Oscillations of the bioelectric potential across
the membranes of Nitella triggered by monovalent cations. In Electrical Phenomena at the Biological
Membrane Level, pp. 25—32. Amsterdam: Elsevier.

RAPP, P. E. (1979). Bifurcation theory, control theory and metabolic regulation: A mathematical
investigation of biological and biochemical oscillators. In Biological Systems, Modelling and Control
(ed. D. A. Linkens), pp. to—92. London: Peter Peregrinus.

RAPP, P. E. & BERRIDCH, M. J. (i977)' Oscillations in calcium-cyclic AMP control loops form the basis
of pacemaker activity and other high frequency biological rhythms. J. theor. Biol. 66, 497-525.

REITER, M. (1962). Die Enstehung von ' Nachkontraktionen' in Herzmuskel unter Einwirkung von
Calcium und von Digitalisglykosiden in Abhangigkeit von der Reizfrequenz. Naunyn-Schmiedeberg's
Arch. exp. Path. Pharmak. 242, 497-507.

REITER, M. (1963). Die isometrisehe Kontraktion des Meerschwein Chen-Papillarmuskels in Abhangig-
keit von der Calciumkonzentration und der Temperatur. Naunyn-Schmiedeberg's Arch. exp. Path.
Pharmak. 245, 487-499.

REUTER, H. (1974). Exchange of calcium ions in mammalian myocardium: Mechanisms and physio-
logical significance. Circulation Res. 34, 599-605.

RICHTER, O., BETZ, A. & GIERSCH, C. (1975). The response of oscillating glycolysis to pertubations in
the NADH/NAD system: A comparison between experiments and a computer model. Biosystems J,
137-146.

RIDGWAY, E. B. & DURHAM, A. C. H. (1976). Oscillations of calcium ion concentrations in Physarum
polycephalum. J. Cell Biol. 69, 233-226.

RITCHIE, J. A., ARDRAN, G. M. & TRUELOVE, S. C. (1962). Motor activity of the sigmoid colon of
humans: A combined study by intraluminal pressure recording and cineradiography. Gastro-
enterology. 43, 642-668.

ROBERTSON, A. & DRAGE, D. J. (1975). Stimulation of late interphase Dictyostelium discoideum amoebae
with an external cyclic AMP signal. Biophys. J. 15, 765-775-

ROBERTSON, A., DRACE, D. J. & COHEN, M. H. (1972). Control of aggregation in Dictyostelium dis-
coideum by an external periodic pulse of cyclic adenosine monophosphate. Science, N.Y. 175, 333-

Roos, W. & GERISCH, G. (1976). Receptor-mediated adenylate cyclase activation in Dictyostelium dis-
coideum. FEBS Lett. 68, 170-172.

Roos, W., SCHEIDEGGER, C. & GERISCH, G. (1977). Adenylate cyclase activity oscillations as signals for
cell aggregation in Dictyostelium discoideum. Nature, Lond. 266, 259-261.

KOEGG, J. C. (1973). Oscillating contractile structures from insect fibrillar muscle. In Biological and



304 P- E. RAPP

Biochemical Oscillators (ed. B. Chance, E. K. Pye, A. K. Ghosh and B. Hess), pp. 303-309. New York:,
Academic Press.

ROEGG, J. C , STEIGER, G. J. & SCHADLER, M. (1970). Mechanical activation of the contractile system in
skeletal muscle. Pflugers Arch. ges. Physiol. 319, 139-145.

RUSCH, H. P., SACHSENMAIER, W., BERENS, K. & GRUTER, V. (1966). Synchronization of mitosis by the
fusion of the plasmodia of Physarum polycephalum, J, Cell Biol. 31, 204.

SACHSENMAIER, W. & HANSEN, K. (1973). Long and short period oscillations in a myxomycete with
synchronous nuclear divisions. In Biological and Biochemical Oscillators (ed. B. Chance, E. K. Pye,
A. K. Ghosh and B. Hess), pp. 429-447. New York: Academic Press.

SACHSENMAIER, W., REMY, V. & PLATTNER-SCHOBEL, R. (1972). Initiation of synchronous mitosis in
Physarum polycephalum. Expl Cell Res. 73, 41-48.

SAMANS, K. E . ,G6TZ VON OLENHUSEN, K. & WOHLFARTH-BOTTERMANN, K. E. (1978). Oscillating, con-
tractions in protoplasmic strands of Physarum: Infrared reflexion as a non-invasive registration
technique. Cell Biol. Int. Rpts 2, 271-277.

SCHLAPFER, W. T., WOODSON, P. B. J., TREMBLAY, J. P. & BARONDES, S. H. (1974). Depression and
frequency facilitation at a synapse in Aplysia californica: Evidence for regulation by availability of
transmitter. Brain Res. 76, 267—280.

SEIFEN, E., SCHAER, H. & MARSHALL, J. M. (1964). Effect of calcium on the membrane potentials of
single pacemaker fibres and atrial fibres in isolated rabbit atria. Nature, Lond. 202, 1223-1224.

SELMAN, S. G. (1958). The forces producing neural closure in amphibia. J. Embryol. exp. Morph. 6,
448-465.

SHAFFER, B. M. (1957). Aspects of aggregation in cellular slime moulds. Am. Nat. 91, 19-35.
SHAFFER, B. M. (1962). The Acrasina. Adv. Morphogen. 2, 109-182.
SHAFFER, B. M. (1975). Secretion of cyclic AMP induced by cyclic AMP in the cellular slime mould

Dictyostelium discoideum. Nature, Lond. 255, 549—552.
SIKYTA, B. & SLEZAK, J. (1965). A periodic phenomena in regulation of pyruvate biosynthesis in E. coli

B. Biochim. biophys. Ada 100, 311-313.
SMITH, T. G., BARKER, J. L. & GAINER, H. (1975). Requirements for bursting pacemaker potential

activity in molluscan neurones. Nature, Lond. 253, 450—452.
SOLLBERGER, A. (1965). Biological Rhythm Research. Amsterdam: Elsevier.
STANDEN, N. B. (1975). Calcium and sodium ions as charge carriers in the action potential of an identified

snail neurone. J. Physiol., Lond. 249, 241-252.
STINNAKRE, J. & TUAC, L. (1969). Central neuronal response to the activation of osmoreceptors in the

osphradium of Aplysia. J. exp. Biol. 51, 347-361.
STRUMWASSER, F. (1965). The demonstration and manipulation of a circadian rhythm in a single

neurone. In Circadian Clocks (ed. J. Aschoff), pp. 442-462. Amsterdam: North-Holland.
STRUMWASSER, F. (1967). Tetrodotoxin reveals two stable states of the resting potential in a neuron

generating endogenous bursts. Physiologist, Wash. 10, 318.
STRUMWASSER, F. (1968). Membrane and intracellular mechanisms governing endogenous activity in

neurones. In Physiological and Biochemical Aspects of Nervous Integration (ed. E. D. Carlson), pp. 329—
341. Englewood Cliffs, N.J.: Prentice Hall.

STRUMWASSER, F. (1971). The cellular basis of behaviour in Aplysia. J. Psychiat. Res. 8, 237-
257-

STRUMWASSER, F. & KIM, M. (1969). Experimental studies of a neuron with an endogenous oscillation
and a quantitative model of its mechanism. Physiologist, Wash. 12, 367.

SZURSZEWSKI, J. H. (1969). A migrating electric complex of the canine small intestine. Am. J. Physiol.
« 7 , I757-I763-

SZURSZEWSKI, J. H. (1975). Mechanism of action of pentagastrin and acetylcholine on the longitudinal
muscle of the canine antrum. J. Physiol., Lond. 252, 335—361.

TAKEDA, H. & CSAPO, A. I. (1961). Uterine function in expeiimental missed abortion. Biol. Bull.
mar. biol. Lab., Woods Hole 121, 410.

TAKEUCHI, Y. & YONEDA, M. (1977). Synchrony in the rhythm of the contraction-relaxation cycle in
the two plasmodial strands of Physarum polycephalum. J. Cell Sci. 26, 151-160.

TAMAI, T. & PROSSER, C. L. (1966). Differentiation of slow potentials and spikes in longitudinal muscle
of cat intestine. Am. J. Physiol. 210, 452-458.

TEMPLETON, R. D. & LAWSON, H. (193 I) . Studies in the motor activity of the large intestine. I. Normal
motility in the dog recorded by the tandem balloon method. Am. J. Physiol. 96, 667-676.

THOMAS, M. V. & GORMAN, A. L. F. (1977). Internal calcium changes in bursting pacemaker neuron
measured with Arsenazo III. Science, N.Y. 196, 531—533.

TOMITA, T. & WATANABE, H. (1973). Factors controlling myogenic activity in smooth muscle. Phil.
Trans. R. Soc. Lond. Ser. B 265, 73-85.

TORNHEIM, K. & LOWENSTEIN, J. M. (1974). The purine nucleotide cycle. IV. Interactions with oscii
lations of the glycolytic pathway in muscle extracts. J. biol. Chem. 249, 3241-3247.



An Atlas of Cellular Oscillators 305
TORNHEIM, K. & LOWENSTEIN, J. M. (i97s). The purine nucleotide cycle. Control of phosphofruc-

tokinase and glycolytic oscillations in muscle extracts. J. biol. Chem. 250, 6304-6314.
TRAVIS, R. P. & CLARK, L. C. (1965). Changes in evoked oxygen sensory stimulation and conditioning.

Electroenceph. din. Neurophysiol. 19, 484-491.
TREISTMAN, S. H. & LEVITAN, I. B. (1976). Alteration of electrical activity in molluscan neurones by

cyclic nucleotides and peptide factors. Nature, Lond. a6i, 62-64.
TSIEN, R. W. (1973). Adrenaline-like effects of intracellular iontophoresis of cyclic AMP in cardiac

Purkinje fibres. Nature, New Biol. 245, 120-121.
TSIEN, R. W. & CARPENTER, D. 0 . (1978). Ionic mechanisms of pacemaker activity in cardiac Purkinje

fibres. Fedn Proc. 37, 2127-2131.
TSIEN, R. W., GILES, W. & GREENCARD, P. (1972). Cyclic AMP mediates the effects of adrenaline on

cardiac Purkinje fibres. Nature, Netv Biol. 240, 181-183.
TSIEN, R. W., KASS, R. S. & WEINCART, R. (1979). Cellular and subcellular mechanisms of cardiac

pacemaker oscillations. J. exp. Biol. (this volume).
TVSON, J. J. (1976). The Belousov-Zhabotinskii Reaction. Led. Notes Biomathematics, vol. 10. Berlin:

Springer-Verlag.
TYSON, J. J. & OTHMER, H. G. (1978). The dynamics of feedback control circuits in biochemical path-

ways. Prog, theor. Biol. 5, 1-62.
UEDA, T., GOTZ VON OLENHUSEN, K. & WOHLFARTH-BOTTF.RMAN, K. E. (1978). Reaction of the con-

tractile apparatus in Physarum to injected Ca++, ATP, ADP and 5'AMP. Cytobiologie 18, 76-94.
UTSUMI, K. & PACKER, L. (1967). Oscillatory states of mitochondria. II. Factors controlling period and

amplitude. Archs Bioehem. Biophys. 120 404-412.
VON BAUMGARTEN, R. (1970). Plasticity in the nervous system at the unitary level. In The Neurosciences,

Second Study Program (ed. G. C. Quarton, T. Melnechuk and F. O. Schmitt), pp. 260-271. New
York: Rockefeller University Press.

VON BAUMGARTEN, R. (1975). Zur Physiologie des Geruchs- und Geschmacks Sinnes. Archs Oto-Rhino-
Laryng. 210, 43-65.

VON KLITZING, L. (1969). Ozillatorische Regulationsersheinungen in der einzelligen Grunalge Ace-
tabularia. Protoplasma 68, 341-350.

VON KLITZING, L. & BETZ, A. (1970). Metabolic control in flow systems. I. Sustained glycolytic oscil-
lations in yeast suspension under continual substrate infusion. Arch. Mikrobiol. 71, 220-225.

WATANABE, A., OBARA, S. & AKIVAMA, T. (1976). Pacemaker potentials for the periodic burst discharge
in the heart ganglion of a stomatopod, Squilla oratorio. J. gen. Physiol. 50, 839-862.

WAXMAN, A. D., COLLINS, A. & TSCHUDY, D. P. (1966). Oscillations of hepatic delta-aminolevulinic
acid synthetase produced in vivo by heme. Bioehem. biophys. Res. Commun. 24, 673-683.

WEITZ, W. & VOLLERS, W. (1925). Studien iiber Magenbewegungen. Z. Ges. exp. Med. 47,
42-69.

WEITZ, W. & VOLLERS, W. (1926). Uber rhythmische Kontraktionen der glatten Muskulatur an ver-
schiedenen Organen (Magen, Darm, Harnblase, Scrotum, Penis, Uterus, Milz und Gefasse). Z. Ges.
exp. Med. 52, 723-746.

WERRLEIN, R. J. & GLINOS, A. D. (1974). Oxygen microenvironment and respiratory oscillations in
cultured mammalian cells. Nature, Lond. 251, 317-319.

WILSON, A. T. & CALVIN, M. (1955). The photosynthetic cycle. CO2-dependent transients. J. Am.
chem. Soc. 77, 5948-5957.

WINFREE, A. (1970). Oscillatory control of cell differentiation in Nectria. Proc. IEEE Symp. Adaptive
Processes. A, XXXH-4.1-XXXH-4.7.

WINFREE, A. T. (1972). Oscillatory glycolysis in yeast: The pattern of phase resetting by oxygen. Archs
Bioehem. Biophys. 149, 388-401.

WINFREE, A. (1973). Polymorphic pattern formation in the fungus Nectria. J. theor. Biol. 38, 363-383.
WINFREE, A. (1974). Rotating chemical reactions. Scient. Am. 230 (6), 82-95.
WOHLFARTH-BOTTERMANN, K. E. (1962). Weitreichende, fibrillare Protoplasmadifferenzierungen und

ihre Bedeutung fur die Protoplasmastromung. I. Elektronenmikroskopischer Nachweis und Fein-
struktur. Protoplasma. 54, 514-539.

WOHLFARTH-BOTTERMANN, K. E. (1965). Weitreichende, fibrillare Protoplasmadifferenzierungen und
ihre Bedeutung fur die Protoplasmastromung. II. Entstehung und experimentell induzierbare
Musterbildungen. Wilhelm Roux Arch. EntviMech. Org. 156, 371-403.

WOHLFARTH-BOTTERMANN, K. E. (197s). Tensiometric demonstration of endogenous oscillating con-
tractions in plasmodia of Physarum polycephalum. Z. Pflanzenphysiol. 76, 14-27.

WOHLFARTH-BOTTERMANN, K. E. (1977 a). Biogenesis and transformation of cell organelles. In Cell
Differentiation in Microorganisms, Plants and Animals (ed. L. Nover and K. Mothes), pp. 559-578.
Jena: Gustav Fischer.

WOHLFARTH-BOTTERMANN, K. E. (19776). Oscillating contractions in protoplasmic strands of Phy-



306 P. E. RAPP

sarum: Simultaneous tensiometry of longitudinal and radial rhythms, periodicity analysis and tern-.
perature dependence. J. exp. Biol, 67, 49-59.

WOHLFAKTH-BOTTERMANN, K. E. & G6TZ VON OLENHUSEN, K. (1977). Oscillating contractions in proto-
plasmic strands of Physarum: Effects of external Ca++ depletion and Ca++ antagonistic drugs on
intrinsic contraction automaticity. Cell Biol. Int. Rpts i , 239-247.

VV0HLFARTH-B0TTERMANN, K. E. & ISENBERG, G. (1976). Dynamics and molecular basis of the contrac-
tile system of Physarum. In Contractile Systems in Non-Muscle Tissues (ed. S. V. Perry et al.),
pp. 297-308. Amsterdam: Elsevier North-Holland Biomedical Press.

WOLLENBERGER, A., BABSKII, E., KRAUSE, E., GENZ, S., BLOHM, D. & BOCDANOVA, E. (1973). Cyclic
changes in levels of cyclic AMP and cyclic GMP in frog myocardium during the cardiac cycle.
Biochem. biophys. Res. Commun. 55, 446-452.

VVRIGCLESWORTH, J. M. & PACKER, L. (1968). Optical rotary dispersion and circular diachroism studies
on mitochondria, correlation of ultrastructure and metabolic state with molecular conformational
changes. Archs Biochem. Biophys. 128, 790-801.

WURSTER, B., SCHUBIGER, K., WICK, U. & GERISCH, G. (1977). Cyclic GMP in Dictyostelium discoideum.
FEBS Lett. 76, 141-147.

WYMAN, R. J. (1966). Multistable firing patterns among several neurons. J'. Neurophysiol. 29, 807-833.
YAMASAKI, Y., FUJIWARA, M. & TODA, N. (1974). Effects of intracellularly applied cyclic 3',5'-adenosine

monophosphate and dibutyryl cyclic 3',s'-adenosine monophosphate on the electrical activity of
sinoatrial nodal cells of the rabbit. ,7. Pharmac. exp. Ther. 190, 15-zo.

YAMASAKI, Y., TODA, N. & FUJIWARA, M. (1973). Effects of intracellularly applied cyclic 3',5'-AMP and
dibutyryl cyclic 3',5'-AMP on the electrical activity of isolated sinoatrial node. yap. J. Pharmac. 23,
Suppl. p. 49.

YAMAZAKI, I., YOKOTA, K. & NAKAJIMA, R. (1965). Oscillatory oxidation of reduced pyridine nucleotide
by peroxidase. Biochem. biophys. Res. Commun. 21, 582-586.

YAMAZAKI, I. & YOKOTA, K. (1967). Analysis of the conditions causing the oscillatory oxidation of
reduced nicotinamide-adenine dinucleotide by horseradish peroxidase. Biochim. biophys. Acta 132,

310-320.
YAMAZAKI, I. & YOKOTA, K. (1973a). Oxidation states of peroxidase. Mol. cell. Biochem. 2, 39-52.
YAMAZAKI, I. & YOKOTA, K. (1973A). A siphon model for oscillatory reactions in the reduced pyridine

nucleotide, O, and peroxidase system. In Biological and Biochemical Oscillators (ed. B. Chance,
E. K. Pye, A. K. Ghosh and B. Hess), pp. 109-114. New York: Academic Press.

YOSHIMOTO, Y. & KAMIYA, N. (19780). Studies on contraction rhythm of the plasmodial strand. I.
Synchronization of local rhythms. Protoplasma 95, 89-99.

YOSHIMOTO, Y. & KAMIYA, N. (19786). Studies on contraction rhythm of the plasmodial strand. II.
Effect of externally applied forces. Protoplasma 95, 101-109.

YOSHIMOTO, Y. & KAMIYA, N. (1978c). Studies on contraction rhythm of the plasmodial strand. III.
Role of endoplasmic streaming in synchronization of local rhythms. Protoplasma 95, 111-121.

YOSHIMOTO, Y. & KAMIYA, N. (1978^). Studies on contraction rhythm of the plasmodial strand. IV.
Site of active oscillation in an advancing plasmodium. Protoplasma 95, 123-133.


