some better argument for the advantage
to the herbivore, its failure to digest
many algae appears to be a major adap-
tive inadequacy of the herbivore. This is
possible, but it seems unlikely that the
herbivore is truly blocked from selection
of digestible foods or from development
of mechanisms for digesting refractory
foods.

Research (13) on the significance of
undigested algae to the grazer has not
dealt with the potential for photosynthet-
ic activity during passage through the
gut, probably because it would not be
obvious that photosynthesis would pro-
ceed so effectively. Since active photo-
synthesis can occur in the gut, even for
long periods, advantages may accrue to
the herbivore by this route. Gases, pho-
tosynthate, or both, may be involved.
Algae may be trading photosynthate to
copepods in return for viable gut pas-
sage; this would imply coevolved mecha-
nisms, including extraordinary release of
photosynthate or important growth fac-
tors such as vitamins (/4) by the cells
and enzymatic selectivity by the herbi-
vore to protect the algae. Gases are a
second line of interaction. An internal
oxygen pump of this magnitude opens
possibilities for improved efficiency in
food gathering and locomotion. Removal
of CO, is also affected to the benefit of
both herbivore and algae. Behavioral al-
teration of gut photosynthesis by adjust-
ment of light climate during vertical mi-
gration is a potentially important by-
product of algal-copepod coevolution.

RoBERT W, EPP
WILLIAM M. LEwIs, Jr.
Environmental, Population, and
Organismic Biology, University of
Colorado, Boulder 80309
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Phase Locking, Period-Doubling Bifurcations, and Irregular

Dynamics in Periodically Stimulated Cardiac Cells

Abstract. The spontaneous rhythmic activity of aggregates of embryonic chick
heart cells was perturbed by the injection of single current pulses and periodic trains
of current pulses. The regular and irregular dynamics produced by periodic
stimulation were predicted theoretically from a mathematical analysis of the
response to single pulses. Period-doubling bifurcations, in which the period of
a regular oscillation doubles, were predicted theoretically and observed experimen-

tally.

The phase of neural and cardiac oscil-
lators can be reset by a single brief
depolarizing or hyperpolarizing stimulus
(1-3). Experimental determination of the
dependence of the phase shift on the
phase of the autonomous cycle at which
the stimulus was delivered allows com-
putation of a mathematical function
called the Poincaré map (4). Analysis of
the Poincaré map is carried out to predict
the response to periodic stimulation (I,
2, 4). This work provides experimental
confirmation of a recent theoretical pre-
diction (¢4) that period-doubling bifurca-
tions and irregular dynamics (5) should
be observable in periodically stimulated
oscillators.

The preparation has been described in
detail (6). Briefly, apical portions of
heart ventricles of 7-day-old embryonic
chicks were dissociated into their com-
ponent cells in 0.05 percent trypsin. The
cells were transferred to a flask contain-
ing tissue culture medium (818A with a
potassium concentration of 1.3 mM),
which was placed on a gyratory shaker.
Spheroidal aggregates (100 to 200 um in
diameter) of electrically coupled cells
that beat spontaneously with a period
between 0.4 and 1.3 seconds form after
48 to 72 hours of gyration. Experiments

0036-8075/81/1218-1350$01.00/0 Copyright @ 1981 AAAS

were performed on aggregates in the
same culture medium at 35°C under a gas
mixture of 5 percent CO,, 10 percent O,
and 85 percent N,. Intracellular electri-
cal recordings were made with glass mi-
croelectrodes filled with 3M KCI (resist-
ance, 20 to 60 megohms). Current pulses
were delivered through the same elec-
trode and measured with a virtual ground
circuit. Impalements were maintained
for 2 to 5 hours. This report presents
results for two aggregates out of ten
studied.

Consider the response of an aggregate
to a single current pulse delivered 3 msec
after the upstroke of the action potential
(Fig. 1A). The length of the cycle imme-
diately preceding the perturbation is
called 7, and the phase ¢ of the cycle at
which the stimulus was delivered is
¢ = 8/1,0 < ¢ < 1. Control cycles with
the phase labeled are shown in Fig. 1B.
The cycle time of the perturbed cycle
(the time from the upstroke immediately
preceding the stimulus to the next up-
stroke) is called 7. A stimulus was deliv-
ered after every ten beats, with & in-
creased by 10 msec each time. In Fig. 1C
the normalized perturbed cycle length
T/t is plotted for two different prepara-
tions. In a single preparation, an increase
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in stimulus intensity produces a transi-
tion from a continuous function such as
that shown in Fig. 1C(i) to an apparently
discontinuous function such as. that
shown in Fig. 1C@i) (7).

Current pulses were periodically in-
jected into the aggregate with period 7
(100 =< ¢, =< 700 msec). For most ¢, val-
ues in this range, phase-locked patterns

_result. A pattern is called an N:M phase-
locked pattern if it is periodic in time and
if for every N stimuli there are M action
potentials, with action potentials occur-
ring at M different times in the stimulus
cycle. At first 1, was varied in 50-msec
steps to sketch the boundaries of the
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Fig. 1. (A) Transmembrane potential from an
aggregate as a function of time, showing spon-
taneous electrical activity and effect of a 20-
msec, 9-nA depolarizing pulse delivered at an
interval of 160 msec following the action
potential upstroke. The stimulus artifact is an
off-scale vertical deflection following the fifth
action potential. This early depolarizing stim-
ulus prolongs the time at which the next
- action potential occurs. In (B to D), parts (ii)
show results from this aggregate (aggregate
2), while parts (i) are from aggregate 1, taken
from a different culture. (B) Membrane volt-
age as a function of phase ¢, 0 = & < 1. (C)
Phase-resetting data, showing the normalized
length T/~ of the perturbed cycle as a function
of ¢. (i) Pulse duration 40 msec, pulse ampli-
tude 5 nA; (ii) puise duration 20 msec, pulse
amplitude 9 nA. For approximately 0.4 <
¢ < 1.0 the action potential upstroke occurs
during the stimulus artifact and hence the
perturbed cycle length cannot be exactly de-
termined. The dashed line represents a linear
interpolation that approximates the data. Dur-
ing collection of these data, the average con-
trol interbeat intervals (£ 1 standard devi-

ation) were (i) 7 = 515 = 5.7 msec and (ii)

T = 434 = 5.5 msec. (D) Poincaré maps com-
puted from Eq. 1 and the data in Fig. 1C; (i)
t, = 250 msec, (ii) z, = 480 msec. The dashed
line represents a linear interpolation used in
iterating the Poincaré map; the solid line
through the data points is a quarnc fit for
0.22 < ¢; < 0.37.
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major (2:1, 1:1, and 2:3) phase-locked
regions. Then the intermediate regions
were sampled by varying #, in 10-msec
steps. We first describe our experimental
observations and then offer an interpre-
tation based on an analysis of the Poinca-
ré map.

Characteristic zones of regular and
irregular dynamics were seen in both
aggregates. Transitions occur at approxi-
mately the same values of #,/7, where 7 is
the average control interbeat interval.
For 0.55 < t/7 < 1.05, 1:1 phase lock-
ing [Fig. 2A(i)] is found. When ¢, is
decreased to 0.40 < /7 < 0.55 (zone o),
dynamics analogous to the clinically ob-
served Wenckebach phenomenon (8) are
present. This phenomenon is character-
ized by a gradual prolongation of the
time between a stimulus and the subse-
quent action potential until an action
potential is skipped. This can occur in an

irregular fashion (Fig. 2B) as well as in ~

m + 1:m phase-locked patterns. As ¢ is
decreased below 0.4 7, 2: 1 phase locking
is observed [Fig. 2A()].

For 1.05 < t/% < 1.15 (zone B), the
ratio of stimulus frequency to action
potential frequency is 1, but the stimulus
no longer occurs at one fixed phase of
the aggregate cycle as it does in 1:1
locking. Instead, the stimulus falls at two
or more phases of the cycle. The dynam-
ics in this narrow zone are highly vari-
able and phase-locked patterns, when

they exist, are typically not maintained:

for long stretches of time. For example,
Fig. 2C(i) shows a transition from a 1:1
to a 2:2 phase-locked pattern which
spontaneously occurred during stimula-
tion with a fixed frequency. Similarly,
brief stretches of 4:4 phase locking [Fig.
2C@#D] and irregular dynamics  [Fig.
2C(iii)] can both be observed at ¢, = 490
msec. Such transitions may be due to
slow drifts in the intrinsic frequency of
the aggregate during stimulation.

For 1.15 < /% < 1.35 (zone v) there
are irregular patterns with extra or inter-
polated beats (Fig. 2D). Further increase
in ¢, leads to a 2:3 phase-locked pattern
[Fig. 2A(ii)].

As the stimulus strength increases, the
widths of zones a and vy decrease. How-
ever, zone P is widest at intermediate
stimulus strength. The two examples in
this report were selected because there is
a relatively broad B zone.

The experimentally derived -curves
shown in Fig. 1C can be used to predict
the effects of periodic stimulation (I, 2,
4). If ¢; is the phase of the oscillator
immediately before the ith stimulus, then

(mdd 1)
M

Givr =1 — fid) + &b +

where fid) gives the normalized per-
turbed interbeat interval (T/7) as a func-
tion of &. The relation

bivy = gldy, &) @

defined by Eq. 1 is called the Poincaré
map (Fig. 1D). For ¢, = 0, the Poincaré
map corresponds to the ‘‘new phase~old
phase” phase-resetting curve, also
called the phase transition curve (I, 3,
4). Starting from some initial phase by,
Eq. 1 can be iterated to compute the
sequence of phases &g, &y, &2 ... If
by = dp and &; # ¢ for 0 <j< N,
then the Poincaré map has a cycle &y, &4,
, dy—1, Oy = &g of period N. If -
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Fig. 2. Representative transmembrane re--
cordings from both aggregates showing the
effects of periodic stimulation with the same
pulse durations and amplitudes as in Fig. 1C.
(A) Stable phase-locked patterns: (i) 2:1 {ag-
gregate 1, ¢, = 210 msec); (i) 1:1 (aggregate
2, ty = 240 msec); (i) 2:3 (aggregate 2,
ts = 600 msec). (B) Dynamics in zone w:
irregular dynamics displaying the Wencke-
bach- phenomenon (aggregate 1, 7, = 280
msec). (C) Dynamics in zone B: (i) 1:1 phase
locking spontaneously changing to 2:2 phase
locking (aggregate 1, ¢; = 550 msec). During
2:2 phase locking there are two distinct
phases of the cycle at which the stimuii fall.
(ii) 4:4 phase locking (aggregate 2, r, = 490
msec). There are four distinct phases of the
cycle at which the stimuli fall. (iii) Irregular
dynamics with one action potential in each
stimulus cycle (aggregate 2, ¢, = 490 msec).
There is a narrow range of phases in which the
stimuli fall. (D) Dynamics in zone vy: irregular
dynamics displaying extra interpolated beats
(aggregate 2, 1, = 560 msec).
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or phases in the cycle at which the stimuli fall during 1:1, 2:2, and 4:4 locking; stippled regions
show the range of phases in which the stimulus falls during irregular dynamics.

then the period N cycle is stable, and the
corresponding N:M phase-locked pat-
tern is stable with a period of Nt, (4). A
stable pattern is maintained despite small
variations in either the oscillator itself or
the stimulus parameters. The value of M
is given by

N
M= ; [1 - fid) + ’;} )

To iterate the Poincaré map, the func-
tion Ad;) in Eq. 1 was approximated by
linear interpolation between the data
points of Fig. 1C. There is close agree-
ment (9) between the experimentally ob-
served ranges of 7, that give simple
phase-locked patterns (Fig. 3A) and
those theoretically predlcted from itera-
tion of the Poincaré map (Fig. 3B). The
Poincaré map also predicts the existence
of irregular dynamics (dynamics that are
not phase locked) in zones «a, B, and .
There are complex changes in the phase-
locking patterns as #, is changed within
these zones. We explicitly compute
these changes in zone B and briefly dis-
cuss the dynamics in the other two
Zones.

Numerical analysis of the Poincaré
maps for ¢ in zone B shows that for any
&; In the interval (0.22, 0.37) all iterates
of ¢; remain in this invariant interval.
Moreover, this interval attracts iterates
of ¢; for all &y outside this interval. To
determine the theoretically predicted
dynamics in zone B, the Poincaré map in
the invariant interval was fit to a quartic
polynomial by a least-squares method.
Numerical iteration of the Poincaré map
in zone B shows a sequence of period-
doubling bifurcations and irregular
dynamics (Fig. 3C) as ¢, is increased (5).
In the zone of irregular dynamics, the
phases of the stimuli are restricted to the
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shaded regions of Fig. 3C (/0). The irreg-
ular dynamics result from a deterministic
iterative process, with no added stochas-
tic terms.

We do not experimentally observe all
the bifurcations theoretically computed
in Fig. 3C (/1). However, we propose
that the transition shown in Fig. 2C(i)
from 1:1 phase locking (period of repeat-
ing pattern = 550 msec) to 2:2 phase
locking (period of repeating pattern

= 1100 msec) corresponds to the period-
doubling bifurcation theoretically com-
puted at 7, = 535 msec [Fig. 3C(i)]. The
4:4 phase-locked pattern of Fig. 2C(ii)
and the irregular dynamics of Fig. 2C(iii)
provide further evidence for the corre-
spondence between the experimental ob-
servations and the theoretical computa-
tions [Fig. 3C(i)].

In zones « and v complex behavior is
also observed experimentally and pre-
dicted theoretically. For example, in
zone «, the dynamics experimentally
seen at ¢, = 280 msec (Fig. 2B) are very
similar to those predicted at r, = 250
msec from the Poincaré map in Fig.
1D(). The extra beats characteristic of
zone vy (Fig. 2D) are also predicted.

This work has implications for the
understanding of normal and pathologic
behavior in cardiac tissue. The experi-
mental work supports previous studies
showing that periodically forced oscilla-
tors display phase-locked dynamics that
are similar to clinically observed cardiac
dysrhythmias (2, 4, 12). Moreover, the
work suggests novel explanations for the
genesis of 2:2 rhythms (/3) and irregular
dysrhythmias (4).

We have observed behavior that we
propose arises as a consequence of peri-
od-doubling bifurcations in these experi-
ments. Thus, exotic dynamic behavior

that was previously seen in mathematical
studies and in experiments in the physi-
cal sciences (5) may in general be present
when biological oscillators are periodi-
cally perturbed.
MicHAEL R. GUEVARA
LeoN GLaSss, ALVIN SHRIER
Department of Physiology, McGill
University, Montreal, Canada H3G 1Y6

References and Notes

1. D. H. Perkel, J. H. Schulman, T. H. Bullock, G.
P. Moore, J. P. Segundo, Science 145, 61 (1964);
T. Pavlidis, Biological Oscillators: Their Mathe-
matical Analysis (Academic Press, New York,
1973); H. M. Pinsker, J. Neurophysiol. 40, 527
(1977); ibid., p. 544.

2. G. K. Moe, J. Jalife, W. J. Mueller, B. Moe,
Circulation 56, 968 (1977); J. Jalife and G. K.
Moe, Am. . J. Cardiol. 43, 761 (1979); S. Scott,
thesis, State University of New York, Buffalo
(1979).

3. A. T. Winfree, Science 197, 761 (1977); The
Geometry of Biological Time (Springer-Verlag,
New York, 1980); J. Jalife and C. Antzelevitch,
Science 206, 695 (1979); T. Sano, T. Sawano-
bori, H. Adamya, Am. J. Physiol. 235, H379
(1978)

4. M. R. Guevara and L. Glass, J. Math. Biol., in

press.-

5. A period-doubling bifurcation is the doubling of
the period of an oscillation due to parametric
changes. Period-doubling bifurcations and *‘cha-
otic’” dynamics are observed in simple mathe-
matical models and in experiments in the physi-
cal sciences: T. Y. Li and J. A. Yorke, Am.
Math. Mon. 82, 985 (1975); R. M. May, Nanue
(London) 261, 459 (1976); M. C. Mackey and L.
Glass, Science 197, 287 (1977); J. P. Gollub, T.
O. Brunner, B. G. Danly, ibid. 200, 48 (1978): K.
Tomita and T. Kai, Prog. Theor. Phys. Suppl.
64 (1978), p. 280; R. H. G. Helleman, Ed.,
Nonlinear D}namzcs (New York Academy of
Sciences, New York, 1980); Editorial, Phys.
Today 34 17 (March 1981),

6. R.L. DeHaan and L. J. DeFelice, Theor, Chem.
4, 181 (1978); J. R. Clay and R. L. DeHaan,
Biophys. J. 28, 377 (1979); J. R. Clay and A.
Shrier, J. Physiol. (London) 312, 471 (1981).

7. There are many questions concerning the conti-
nuity properties of the graphs in Fig. 1, Cand D.
It is difficult to demonstrate experimentally that
the points in Fig. 1C(ii) actually display a dis-
continuity, However, ‘in_ this- and many other
preparations, repeated stimulation at the appar-
ent discontinuity did not show evidence for
intermediate values -of T/r. On theoretical
grounds, discontinuities in the plots in Fig. 1C
are expected [M. Kawato, J. Math. Biol. 12, 13
(1981)]. However, the p‘lots in Fig. 1D would not
be expected to show discontinuities if one con-
structed the Poincaré map using the eventual
phase [M. Kawato, cited above; E. N. Best,
Biophys. J. 27, 87 (1979)].

8. W.J. Mandel, Ed., Cardiac Arrhythmias: Their
Mechanisms, Diagnosis and Management (Lip-
pincott, Philadelphia, 1980).

9. There are many potential reasons for discrepan-
cy between the predictions and expenmental
results. (i) The use of the Poihcaré map is an
approximation since it maps the state of a many-
dimensional dynamical system to a single vari-
able, the phase. (i) The stimulation can lead to
secondary electrophysiological changes in the
aggregate such as changes in intrinsic frequen-
cy. (ili) There is beat-to-beat fluctuation in the
autonomous cycle length in the absence of stim-
ulation (6), and this ‘‘noise” tends to decrease
the widths of the major stable phase-locked
zones (compare Fig. 3A with Fig. 3B).

10. In the irregular region there are strong limita-
tions on the phase at which the stimulus oceurs.
Compare Fig. 3C in this report with figure 3 in
E. N. Lorenz, Ann. N.Y. Acad. Sci. 357, 282
(1980).

11, Noise” tends to destroy stable phase-locked
patterns that either are complex or exist over
very small ranges of #; [L.. Glass, C. Graves, G.
A. Petrillo, M. C. Mackey, J. Theor. Biol. 86,
455 (198035 1. P. Crutchfield and B, A. Huber-
man, Phys. Lett. A77, 407 (1980); R. Guttman,
L. Feldman, E. Jakobsson, J. Membr. Biol. 56,
9 (1980)]. Thus, there are fundamental limita-
tions to the experimental observability of such
patterns.

SCIENCE, VOL. 214



12. B. van der Pol and J. van der Mark, Philos.
Mag. 6, 763 (1928); S. D. Moulopoulos, N.
Kardaras, D. A. Sideris, Am. J. Physiol. 208,
154 (1965); J. V. O. Reid, Am. Heart J. 78, 58
(1969); F. A. Roberge and R. A. Nadeau, Can.
J. Physiol. Pharmacol. 42, 695 (1969); D. A.
Sideris and S. D. Moulopous, J. Electrocardiol.
10, 51 (1977); C. R. Katholi, F. Urthaler, J.
Macy, T. N. James, Comp. Biomed. Res. 10,
529 (19773,

Computer Averaging of Electron

13, R. Langendorff, Am. Heart J. 55, 181 (1958).

14. Supported by grants from the Canadian Heart
Foundation and the Natural Sciences and Engi-
neering Research Council of Canada. M.R.G. is
a recipient of a predoctoral traineeship from the
Canadian Heart Foundation. We thank D. Co-
lizza for technical assistance and M. C. Mackey
and A. T. Winfree for helpful conversations.

3 August 1981; revised 13 October 1981

Micrographs of 40S Ribosomal Subunits

Abstract. An enhanced lateral view of the 408 ribosomal subunit of HeLa cells has
been obtained by computer averaging of single particles visualized in the electron
microscope. Application of crystallographic criteria to independent averages shows
that the reproducibility of the result is comparable to that obtained for thin, stained
protein crystals by conventional Fourier filtration methods.

Ribosomes are ribonucleoprotein par-
ticles that process the genetic informa-
tion coded in messenger RNA (mRNA)
for protein synthesis (/). Knowledge of
their conformation is important for un-
derstanding their function in the assem-
bly of polypeptide chains. Visualization
by high-resolution electron microscopy
offers obvious advantages for the study
of the morphology of ribosomes. How-
ever, the large amount of noise in elec-
tron micrographs precludes detailed
analysis, unless some method of image
averaging (2, 3) is employed. Studies of
crystalline ribosome aggregates (4) have
failed to give high-resolution structural
information, because of the residual dis-
order in the arrangement of the ribo-
somes. We have used the computer to
align and average large numbers of indi-
vidual images corresponding to a single
view of the ribosomal particle (3) for
structural analysis of the small (40.5)
ribosomal subunit from HeLa cells [pre-
liminary account in (5)].

Specimens for conventional transmis-
sion electron microscopy were prepared
(6). A 0.5 percent aqueous uranyl acetate
solution (not adjusted for pH) was used
as contrasting stain. The grids were ex-
amined in an electron microscope (JEM
100B) operated at 80 kV, with a magnifi-
cation of 70,000. The subunits (Fig. la)
appear as elongate particles, approxi-
mately 250 by 130 A, and display a
strong preference for orientations re-
ferred to as right (R) and left (L) lateral
views (7). The most characteristic struc-
tural feature is a beaklike protrusion
(Fig. la, arrow).

Small areas containing particles in the
L lateral view were selected from several
electron micrographs and scanned into
128 by 128 arrays at 7.14 A resolution.
Each array was displayed on a comput-
er-linked halftone monitor for interactive
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selection of a 64 by 64 window contain-
ing the particle (8).

A mask with a radius of 25 units (cor-
responding to 178 A) was applied to each
image to reduce the influence of noise in
the further processing. Seventy-seven
such masked arrays were aligned (Fig.
Ib) by using auto- and cross-correlation
functions (3, 9), with one particle select-
ed as reference. The reference particle
was low-pass filtered {(see Fig. 2b, leg-

end) to a resolution of 1/28 A~! to elimi-
nate high-resolution portions of the
noise. After the first alignment pass, the
alignment was refined in two cycles,
with the average of the previous cycle
used as reference each time.

The first pass aligned the particles to
within a few degrees of the reference.
This approximate positioning allowed
use of the direct method of orientation
search (/0) in the subsequent refinement
cycles, in which the image, rather than
its autocorrelation function, was subject-
ed to the rotational cross-correlation.
The combination of autocorrelation (9)
and direct (10) methods was found to
give a higher reproducible resolution in
the final average than was given by the
autocorrelation method alone.

The average of 77 aligned images
(Fig. 2, a and b) shows the 405 subunit to
have a complex morphology. It appears
to be divided by stain incursions into
three major regions, each characterized
by three prominent minima in stain den-

sity.

Several different methods were used
to ascertain the validity of the result:
comparison of independent averages,
analysis of the variance associated with

Fig. 1. (a) Electron micrograph showing left-oriented (L) and right-oriented (R) lateral views of
408 ribosomal subunits of Hel.a cells. The particles in L views were selected for processing.
Arrow points to the characteristic beaklike protrusion. (b) Gallery showing 16 of the 77 particles
after alignment. L1 and L2 were used as the initial reference particles in the alignments.
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