genitors of the 1918 virus probably switched
hosts from birds to mammals sometime after
1900 (Z, 6), it is likely that the 1918 HA gene
changed at a rate of 0.4 to 8.0% per year after it
was generated. Thus, using the predicted se-
quence difference of 0.4% and the likely range
of rates, we estimate that the recombination-to-
preservation time was less than 1 year.

The victims from whom the 1918 influenza
sequences were obtained died in the major
“second wave” of the pandemic in late Septem-
ber and October 1918 (2, 3); thus, the 1918 HA
gene was probably generated in late 1917 or
early 1918. The “first wave” of the pandemic
was in early 1918 (2), but the first outbreaks
may have been in late 1917. Hence, the start of
the pandemic coincided with a recombination
event that might produce the phenotypic nov-
elty required to trigger a pandemic. This coin-
cidence suggests a causal link.

Recombination, like point mutation and
reassortment, produces novel virus variants
and can result in increased virulence (/3-15).
Because the HA gene is the major virulence
determinant (3—//), recombination in this
gene may have similarly altered the 1918
virus. The parental Hl HA genes would have
been progressively altered by point mutation
after their divergence; we estimate that they
differed at up to 30 amino acid positions at
the time of the recombination, and that the
1918 HA differed from each of its parents at
about half as many positions. Recombination
may have altered the antigenicity of the HA
so that the immunity of those who had sur-
vived earlier infections was ineffective. Sim-
ilarly, the membrane-fusion or receptor-bind-
ing function of the HA protein may have
changed (3, 31), and this may have given the
1918 virus an unusual tissue specificity, such
that it spread from the upper respiratory tract
to the lungs. Experiments comparing recon-
structed 1918 and parental HA proteins may
distinguish between these possibilities.

Our analysis suggests that the two paren-
tal lineages were probably mammal-adapted
and capable of mammal-to-mammal trans-
mission, and yet they did not generate a
pandemic. It is possible that the recombina-
tion event triggered the pandemic not only by
altering HA structure or function, but also by
permitting the virus to outcompete these par-
ents or to be the first of these Hl-subtype
influenzas to switch hosts from some other
mammal into humans.
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Control of Octopus Arm
Extension by a Peripheral Motor
Program

German Sumbre,” Yoram Gutfreund,'* Graziano Fiorito,?
Tamar Flash,3 Binyamin Hochnerf

For goal-directed arm movements, the nervous system generates a sequence
of motor commands that bring the arm toward the target. Control of the
octopus arm is especially complex because the arm can be moved in any
direction, with a virtually infinite number of degrees of freedom. Here we
show that arm extensions can be evoked mechanically or electrically in arms
whose connection with the brain has been severed. These extensions show
kinematic features that are almost identical to normal behavior, suggesting
that the basic motor program for voluntary movement is embedded within
the neural circuitry of the arm itself. Such peripheral motor programs
represent considerable simplification in the motor control of this highly

redundant appendage.

In directed voluntary movements, the ner-
vous system generates a sequence of motor
commands producing the forces and veloci-
ties that efficiently bring the limb to the target
(1). In articulated appendages, the control of
goal-directed movements appears to be sim-
plified by the planning of optimal trajectories
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(2, 3), by vectorial summation and superpo-
sition of basic movement primitives (4, 5),
and by the use of a flexible combination of
muscle synergies (6). However, flexible
structures introduce a further dimension of
complexity.

The octopus arm can move in any direc-
tion, using a virtually infinite number of
degrees of freedom. This high maneuver-
ability results from octopus arms behaving
like a muscular hydrostat, because they are
almost entirely constructed of densely
packed muscle fibers along their transverse,
longitudinal, and oblique axes (7). These
flexible arms are controlled by an elaborate
peripheral nervous system containing
~5 X 107 neurons distributed along each
arm. Only ~4 X 10° of these are motor
neurons (&), which innervate the intrinsic
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muscles of the arm and locally control mus-
cle action (9). This peripheral nervous sys-
tem is organized as an axial nerve cord

REPORTS

composed of ~300 interconnected ganglia
and two cerebrobrachial (axonal) tracts of
~30,000 nerve fibers running dorsally to

Intrinsic
uscl

|
Axial |
nerve J
cord |
e
.'/Stlmulallng
o electrode

C %‘20' e

8 15 - S

> o ‘._

§ 10 . b

® oy *®

= 5 -

° S .

E o e “oa'

I 11—
T8 2 =22 2.4 26

Time (s)

=

Fig. 1. Natural and evoked arm extensions are qualitatively similar. (A) A decerebrated preparation
was fixed to the experimental platform (green arrow, stimulating electrode; red arrow, area where
the axial nerve cord was transacted and stimulated). (B) The arrangement of the intrinsic arm
muscles and an enlarged portion of the axial nerve cord showing the stimulating site. (C) A stimulus
train (red trace) is superimposed on the velocity profile of an evoked arm extension (black dots).
The acceleration phase begins after the stimulus ends. (D) A freely behaving octopus reaching
toward a target. (E) Electrically evoked bend propagation in the denervated arm of a decerebrated

animal (yellow arrows indicate the bend point).

the ganglia (Fig. 1B). The axons in the
tracts carry sensory and motor information
to and from the highly developed central-
ized brain (10).

The octopus reduces the complexity of
controlling this flexible appendage by us-
ing highly stereotypical movements.
Reaching movements consist of a bend
propagating along the arm toward the tip
(Fig. 1D) in a highly stereotypical and in-
variant way (/I). The level of muscle ac-
tivity [measured with an electromyogram
(EMG)] shows a positive correlation with

kinematic variables, and the EMG level

measured during the initial stages of the
movement predicts the bend’s peak propa-
gation velocity attained later during the
movement. These predictive relations sug-
gest that feed-forward motor commands
play an important role in the motor program
for arm extension (/2).

Here we show that arm extensions can
be elicited in denervated arms by electrical
stimulation of the arm axial nerve cord or
by tactile stimulation of the skin, suggest-
ing that a major part of this voluntary
movement is controlled by a pattern gener-
ator that is confined to the arm’s neuromus-
cular system.

A short train of electrical stimulation to
the dorsal part of the denervated nerve cord
(13) evoked movements that involved the
entire arm. Forty-six percent of these
movemients were characterized by a bend
traveling forward along the arm (/4). In 20
of these extensions, the movement occurred
after the termination of the stimuli, indicat-
ing that the movement was indeed triggered
by the stimulation and is not directly driven
by the stimuli (Fig. 1C). In the remaining
30 movements, the movement started be-
fore the end of the stimulation train. The
average overlap between the stimulation
train and the acceleration phase of the
movements was only 19%. Because kine-
matic analysis showed no differences be-
tween the two types of movements, both
were combined for further analysis. Arm
extensions were evoked by stimulation of
the dorsal part of the axial nerve cord that
contains the axonal tracts from the brain
(Fig. 1B). In contrast, stimulation of the
muscles within the same area or the gangli-
onic part of the cord (Fig. 1B) (/0) evoked
only local muscular contractions.

The evoked bend propagation resembled
stereotypical arm extensions in freely be-
having animals (//) (Fig. 1, D and E). As in
natural behavior, a dorsally oriented bend
propagated along the arm, causing the suck-
ers to point in the direction of the movement.
As the bend propagated, the part of the arm
proximal to the bend remained extended.
Movements resembling normal arm exten-
sions could also be initiated in amputated
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arms by electrical stimulation of the nerve
cord or by tactile stimulation of the skin or
suckers.

Bend propagations were more readily ini-
tiated when a bend was manually created
before stimulation (n = 50 movements, 16
arms). However, such bend propagation
could also be initiated in fully relaxed arms
(n = 6, four arms). Here the stimuli triggered
the initial phase of bend formation, followed
by the arm extension. All these observations
show that the nervous system of the arm does
not just drive local reflexes (/5—17) but con-
trols complex movements involving the en-
tire arm.

Kinematic analysis allowed quantitative
comparison between the evoked and natural
movements (/4). In both tactile (n = 6,
four arms) and electrically evoked move-
ments (n = 50, 16 arms), the bend point
(the point of maximal curvature) propagat-
ed within a single plane (/8), generally
along a lightly curved path (Fig. 2, A and
B). The coefficient of determination for
movement within a single plane was highly
significant (average R2 = 0.96 * 0.06); the
P value was always smaller than 1078 (F
test). The average SE = 0.34 * 0.39 cm,
and the average distance traveled by the
bend point was 12.5 * 4.7 cm. The low SE,
in comparison to the distance traveled, con-
firms that the bends propagate within a
single plane. This result is similar to that
obtained in freely behaving octopuses (/7).

Velocity profiles were derived by calcu-
lating the tangential velocities of the bend
point and plotting these against time (/9).
The velocity profiles of the evoked move-
ments closely resembled those of arm ex-
tensions in freely behaving animals (/1)
(Fig. 2, C and D), both having bell-shaped
velocity profiles and a similar maximal ve-
locity range (7 to 60 cm/s and 9 to 61 cm/s,
respectively).

Normalizing and superimposing the ve-
locity profiles according to their maximal
speed and duration and the bend propaga-
tion distance (/) revealed a robust invari-
ance (Fig. 2, E and F) and showed that the
evoked movements were almost kinemati-
cally identical to the movements of freely
behaving octopuses (Fig. 2G). The varianc-
es of the velocity profiles of the evoked and
natural movements were also similar, with
lower variance during the acceleration
phase of the movements (Fig. 2H).

To determine whether the evoked exten-
sion is generated passively by a whiplike
moving wave or by an active propagation
of muscle contraction, we analyzed the ki-
nematics of passive bend propagations and
recorded muscle activities (recorded with
an EMG) during the evoked movements.
Passive bend propagations were produced
by dragging a dead arm behind a stick and
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then letting the stick collide with a solid
barrier. A bend was formed and propagated
along the arm (Fig. 3A), emphasizing the
role of passive interactions with the water
in shaping the movement (/2). However,
the velocity profiles were monotonically
decelerating (Fig. 3B), unlike the bell-
shaped velocity profiles of evoked or nat-
ural arm extensions (Fig. 2, C and D).
Furthermore, EMGs recorded during the
evoked movements (Fig. 3,Cand D; n =7,
three arms) reveal an active propagation of
muscle activity as in natural arm extensions
(12).

In 23 experiments in which extensions
could be repeatedly evoked, the initial pos-
ture of the arm was changed manually
while the electrode location and stimulus
parameters remained constant. Movements
evoked from similar initial arm postures
tended to have similar paths (Fig. 4). Like-
wise, different starting postures resulted in
different final paths (15 experiments). Aim-
ing in arm extension thus appears to in-
volve adjusting the initial posture of the
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arm before, or together with, the command
for arm extension.

Because the extensions evoked in dener-
vated octopus arms were qualitatively and
kinematically identical to natural arm ex-
tensions, there appears to be an underlying
motor program embedded in the neuromus-
cular system of the arm, which does not
require continuous central control. This
finding is consistent with the remarkable
autonomy of the arm local reflexes (/15-17)
and with the elaborate nervous system in
each arm, which is connected to the brain
by a relatively small number of nerve fibers
(8, 10).

The division between the central and
peripheral levels of the octopus motor con-
trol system resembles the hierarchical or-
ganization of motor control systems in oth-
er invertebrates and vertebrates, even
though in the octopus it uniquely serves as
an important component in a goal-directed
voluntary movement rather than in rhyth-
mical or reflexive behaviors (20-22). We
do not yet know whether this is a predom-

Fig. 2. Comparison
between the velocity
profiles of natural arm
extensions (black) and
evoked movements in
the denervated arms
(red). (A and B) The
evoked arm exten-
sions lie within a sin-
gle plane. (A) The
paths of 56 evoked
extensions  mapped
into the best-fit plane.
(B) The same arm ex-
tension paths rotated
by 90°. Note the dif-
ference in path vari-
ability between (A)
and (B). (C and D) Ve-
locity profiles of nat-
ural and  evoked
movements. (E and F)
Velocity profiles nor-
malized according to
their peak velocity,
duration, and propa-
gated distance and
aligned at the peak
(n = 56 in both cas-
es). (G) The average
normalized  velocity
profiles  [calculated
from (E) and (F)] of
the natural and
evoked movements
are similar. (H) Super-
position of the vari-
ances calculated from
(E) and (F) reveals
similar behavior.

Normalized time
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Fig. 3. Evoked move-
ments differ from pas-
sive extensionlike move-
ments. (A) A sequence
showing an extension-
like movement generat-
ed by whipping a dead
octopus arm. (B) Veloc-
ity profiles of 12 passive
extensions showing de-
celerating velocity pro-
files, in marked contrast
to the evoked or natural
arm extensions (Fig. 2,
C and D). (C) A se-
quence showing evoked
extension in an ampu-
tated arm during which
an EMG was recorded
with a stainless steel
electrode inserted
though the dorsal mus-
cles and held in place
with a bead glued on
each side of the arm
(arrow) [see (72) for de-
tails]. (D) Velocity pro-
file and EMG of the
movement in (C). The
numbers mark when
the images in (C)
were taken. Activity
reaching the record-
ing electrode during
the stimulation train
(horizontal line) prob-
ably results from fast-
propagating activity
along the axonal
tracts. There is a burst
of activity just before
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the bend point reaches the electrode (arrow), followed by tonic activity when the arm is

extended.

inantly feed-forward control mechanism
(12) or involves a distributed control sys-
tem based on local reflexes, as in other
animals (23, 24).

In this control scheme, the arm neuronal
networks produce the neuronal activation
patterns prescribing all of the spatiotempo-
ral details of the basic movement patterns,
suggesting that the higher central levels
(that is, the brain) send global commands to
the arm neuronal network to activate and
scale the program variables. This division
of labor between the central and peripheral
nervous systems and the use of a propagat-
ing wave with a limited number of degrees
of freedom greatly simplify the movement
control of flexible arms.
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