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Abstract. How does neural control reflect changes in
mechanical advantage and muscle function? In the Aplysia
feeding system a protractor muscle’s mechanical advan-
tage decreases as it moves the structure that grasps food
(the radula/odontophore) in an anterior direction. In con-
trast, as the radula/odontophore is moved forward, the
jaw musculature’s mechanical advantage shifts so that it
may act to assist forward movement of the radula/odonto-
phore instead of pushing it posteriorly. To test whether the
jaw musculature’s context-dependent function can com-
pensate for the falling mechanical advantage of the pro-
tractor muscle, we created a kinetic model of Aplysia’s
feeding apparatus. During biting, the model predicts that
the reduction of the force in the protractor muscle 12
will prevent it from overcoming passive forces that re-
sist the large anterior radula/odontophore displacements
observed during biting. To produce protractions of the
magnitude observed during biting behaviors, the nervous
system could increase 12’s contractile strength by neuro-
modulating 12, or it could recruit the I11/I3 jaw muscle
complex. Driving the kinetic model with in vivo EMG and
ENG predicts that, during biting, early activation of the
context-dependent jaw muscle 11/I3 may assist in moving
the radula/odontophore anteriorly during the final phase
of protraction. In contrast, during swallowing, later acti-
vation of [1/13 causes it to act purely as a retractor. Shifting
the timing of onset of 11/13 activation allows the nervous
system to use a mechanical equilibrium point that allows
11/13 to act as a protractor rather than an equilibrium
point that allows I1/I3 to act as a retractor. This use of
equilibrium points may be similar to that proposed for
vertebrate control of movement.

1 Introduction

Although it is a common assumption in biomechani-
cal models that the mechanical advantage of muscles
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remains constant during behaviors (Taga 1995; Ijspeert
2001; Kaske et al. 2003), the mechanical advantage and
the function of muscles may change throughout behav-
ior, and neural control must reflect these changes (Zajac
1993). In many animals, as muscle contracts, its mechan-
ical advantage decreases so that the muscle becomes less
able to generate force. For example, during tentacle exten-
sion, the transverse muscles in the squid lose mechani-
cal advantage and become less able to extend the tentacle
(Van Leeuwen and Kier 1997). This is also the case for
transverse muscles during tongue extensions of the pig-
nosed frog (Van Leeuwen et al. 2000) and the lizard (Chiel
et al. 1992). In humans, as the hip extends, the mechanical
advantage of many of the hip extensors decreases, with
the hamstrings’ mechanical advantage dropping precip-
itously at large hip extensions (Hoy et al. 1990). Similar
decrements are seen in hip extensors and flexors in the frog
(Kargo and Rome 2002).

Neural control must also adapt to changes in muscle
function as the geometry of a muscle’s surrounding struc-
tures changes. In the human shoulder, changes in limb
position can change the anterior deltoid’s function from
adduction to flexion or reverse the function of the pecto-
ralis from flexion to extension (Buneo et al. 1997; Yoshida
et al. 2002). In the leg, gluteus medius and gluteus min-
imus can also reverse their function from hip flexion to
hip extension as a function of joint position (Hoy et al.
1990). In the frog leg, the cruralis, gracilis, adductor mag-
nis, and iliofibularis all change their behavioral function
depending on joint position (Kargo and Rome 2002). The
functions of these muscles, as defined by the direction of
the forces and torques they exert, are context dependent.
Changes in mechanical advantage and function are both
constraints and opportunities for neural control.

To understand how neural control effectively responds
to changes in mechanical advantage and muscle function,
it would be useful to combine a kinetic model of the biome-
chanics with information about the neural control (Zajac
1993). Deducing general principles from kinetic models
about neural control is often difficult because of lack of
appropriate data about the nervous system (Zajac 1993;
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Koike and Kawato 1995; Alfaro and Herrel 2001; Za-
jac et al. 2002). While EMG is often used as a correlate
of motor neuron activity, the relationship between EMG
and motor neuron activity is approximate (Zajac 1993).
Furthermore, this relationship can be changed by both
extrinsic and intrinsic neuromodulation (Belanger and Or-
chard 1993; Brezina et al. 2000b; Hurwitz et al. 2000). One
way to understand how neural control responds to biome-
chanical changes during behavior is to build kinetic mod-
els of animal behaviors that are accompanied by detailed
information about the neuronal basis of these behaviors.

The feeding structure (the buccal mass) of the marine
mollusc Aplysia californica is an ideal system for studying
neural control and changes in biomechanics because much
is known about both. Within the ganglia that control feed-
ing behaviors, motor neurons (Lotshaw and Lloyd 1990;
Church et al. 1991; Morton and Chiel 1993a,b; Church
and Lloyd 1994; Evans et al. 1996), interneurons (Hurwitz
etal. 1997; Evans and Cropper 1998; Jing and Weiss 2001,
2002; Jing et al. 2003), and sensory neurons (Miller et al.
1994; Evans and Cropper 1998; Rosen et al. 1982, 2000a,b)
have been identified and characterized. In vivo EMG and
ENG have been recorded from the animal during feeding
behaviors, and the activity observed in these recordings
has been correlated with activity from individual identified
neurons (Morton and Chiel 1993a,b; Hurwitz et al. 1996).
In addition, within the musculature of the buccal mass,
changes in mechanical advantage and context dependence
are observed: the I2 muscle loses mechanical advantage as
it contracts, and the I1/13/jaw muscle complex may have
context-dependent effects (Chiel et al. 2003). Models ex-
ist for buccal mass muscles (Yu et al. 1999; Brezina et al.
2000a), and both data and models have been used to inves-
tigate the roles of neuromodulation in changing muscles’
response to neural activation (Brezina et al. 2000b; Hur-
witz et al. 2000). As a consequence, it is possible to develop
hypotheses about how neural control interacts with bio-
mechanical changes during feeding.

The nervous system of Aplysia generates several quali-
tatively different feeding responses in which the mechan-
ical advantage and function of the musculature change.
Two of Aplysia’s ingestive feeding behaviors, biting and
swallowing, can be differentiated by the amount of exten-
sion (protraction) of the grasping structure (the radula/od-
ontophore) toward the jaws (Kupfermann 1974): there
is less protraction in swallowing than in biting. During
both behaviors, protraction is initiated by contraction of
12 (Hurwitz et al. 1996) and resisted by the passive forces
of the hinge (Sutton et al. 2004). At the peak of protrac-
tion in biting the passive hinge forces are very large com-
pared to the force that 12 can apply (Sutton et al. 2004)
because 12 shortens, reducing its mechanical advantage
and its force (Yu et al. 1999). This leads to the hypoth-
esis that protractor muscle 12 may not be able to gener-
ate a biting protraction without assistance. The nervous
system could use neuromodulation to enhance 12’s con-
tractile strength (Hurwitz et al. 2000) and/or cocontract a
context-dependent muscle, 11/13 (Chiel et al. 2003). Dur-
ing swallows, 11/I3 receives neural activation only after
full protraction of the radula/odontophore. In contrast,

during bites, the timing of onset of I1/13 activation shifts so
that I1/13 begins to receive neural input during the protrac-
tion phase (Hurwitz et al. 1996), suggesting that, during
bites, 11/13 may assist 12 in protraction of the radula/od-
ontophore.

To test the hypothesis that the change in phase of
activation of 11/13 relative to 12 could play a role in gener-
ating the strong protractions of biting, we built a kinetic
model of the buccal mass of Aplysia that includes 12, the
posterior portion of the I3, the passive forces that resist
12, and the radula/odontophore. We compared the force
that 12 could apply to protract the radula/odontophore
with the passive forces that resist protraction. We also
used the model with in vivo EMG and ENG as input to
determine if the shift in activation in the posterior part
of 13 is sufficient to generate the protractions seen in bit-
ing. Our results suggest that the phase shift in activation
of the posterior part of I3 between in vivo biting and
swallowing behaviors is a specific example of neural con-
trol shifting the equilibrium positions of the radula/od-
ontophore to generate biting or swallowing behaviors.
The nervous system controlling the musculature’s equi-
librium positions is a control strategy that has also been
suggested for vertebrates (Bizzi et al. 1992; Flash and
Sejnowski 2001).

2 Materials and methods
2.1 Anatomy of the Aplysia buccal mass

Aplysia californica is a generalist herbivore that feeds on
seaweed. The Aplysia feeding apparatus is known as the
buccal mass. The animal grasps seaweed with a pincer-
like structure, the radula/odontophore. During feeding,
the radula/odontophore is translated and rotated anteri-
orly toward the jaws (i.e., it is protracted), it grasps food,
and then it translates and rotates posteriorly (i.e., it is re-
tracted) to deposit food in the esophagus (Fig. 1a shows
a schematic diagram of the anatomy; Fig. 1c¢ schemati-
cally represents movements during biting). Posterior to the
radula/odontophore is a thin sheet of muscle, the 12
(nomenclature from Howells 1942). Anterior to the rad-
ula/odontophore is the 11/13/jaw muscle complex (Fig. 1a),
which is innervated by buccal nerve 2 (BN2). The rad-
ula/odontophore is attached to the other muscles at
a ventral interdigitation point, known as the hinge,
which is composed of the fibers of the 12 muscle, the
I3 muscle complex, and the largest radula/odontophore
muscle, 14 (Drushel et al. 1997). On the dorsal side of the
radula/odontophore is a cylindrical mass of cartilaginous
tissue called the radular stalk.

2.2 Magnetic resonance measurements
of radulalodontophore kinematics

To measure in vivo radula/odontophore shape during bit-
ing, we obtained magnetic resonance (MR ) images of bites
(acquisition rate of 3 Hz) of intact behaving animals using
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B Model Components

12 (A hemispherical sheet)

11/13 jaw muscle complex
(An isovolumetric torus)
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Fig. 1a—e. Buccal mass anatomy and the kinetic model. a Anatom-
ical drawing of the buccal mass at rest, with landmarks labeled and
part of the tissue dissected away to show the internal structures. The
schematic drawing is by Dr. Richard F. Drushel. b Three-dimensional
representation of the model’s components. The radula/odontophore
is represented by a rigid sphere, the 11/13 by a torus, and the 12 by a
hemispherical sheet that attaches to 11/13. ¢ Buccal mass movements
during a biting behavior. During a biting behavior, the buccal mass
starts at rest (1), the radula/odontophore rolls and translates toward
the jaws (protraction, 2), and then the radula/odontophore returns
to rest (back to position 1). Note that the 12 muscle shortens signifi-

methods described in Neustadter et al. (2002). Two
behaviors from two animals were sufficiently free of par-
allax to be analyzed. Radula/odontophore eccentricity
was measured by defining two axes on the radula/od-
ontophore, one parallel to the radular stalk, and one

<\Q
Ring Cross
Sections

cantly at the peak protraction of biting, and that part of the I3 muscle
is posterior to the midline of the radula/odontophore. d A 2-D cut-
through of the model. The variables that define the model’s state are
labeled in the figure. F1 is the sum of all the horizontal forces on the
radula/odontophore; F2 is the sum of all the vertical forces on the
11/13 ring. The contraction of 11/I3 gives rise to a force in the plane
of the 11/13 that acts on the radula/odontophore (£2). The resultant
horizontal force on the radula/odontophore is the component out of
the plane defined by the 11/I3 ring of the reaction force [F2 tan(9)],
which lies along the X axis of the figure. e Free-body diagrams of the
individual model pieces

perpendicular to the radular stalk. Radula/odontophore
eccentricity is the ratio of the radula/odontophore length
parallel to the stalk to the radula/odontophore length per-
pendicular to the stalk.
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Fig. 2. Flow diagram of the model’s calculations. The equations
for each component are listed in the text by equation number. The
model uses the current geometry and muscle activations to calculate
muscle forces and radula/odontophore acceleration and then inte-

e

2.3 Model overview

Frequencies of stimulation for I1/I3 and 12 were input
to the model, which returned the radula/odontophore
displacement as output. The model passed muscle stim-
ulation frequencies through a first-order low-pass filter
(Yu et al. 1999) to represent muscle activation, which
drove a Hill-type muscle model. The muscle model cal-
culated individual muscle tensions, which were used to
calculate the forces on the radula/odontophore. The
muscle forces were input to the system’s equation of
motion to calculate radula/odontophore acceleration. The
accelerations and velocities were then integrated to yield
the positions (a flow diagram of the model is shown in
Fig. 2).

2.4 Model components

The kinetic model was made up of four components: a
radula/odontophore, an 11/13, an 12, and a model of the
passive hinge forces (the first three are shown schemati-
cally in Fig. 1b). The radula/odontophore was modeled
as a sphere that was free to move only in the anterior/pos-
terior direction (the X direction). The 11/13 was modeled
as a torus that was free to open or close along its major
radius but constrained to be isovolumetric (Abbott and
Baskin 1962) and to maintain contact with the radula/od-
ontophore. This was a simplification of the anatomy of
the I1/I3 jaw complex but provided a reasonable initial
model of its posterior portion. The 12 was modeled as a
sheet posterior to the radula/odontophore that attached
to the I1/13. The anatomical hinge (Fig. 1¢c) was modeled
with a Kelvin and a Maxwell viscoelastic element in par-
allel (Fig. 1d) that captured the translational component
of the anatomical hinge and was identical to the model
presented in Sutton et al. (2004).

The assumption that the radula/odontophore was a
sphere, while not appropriate to characterize an en-
tire feeding response, was appropriate to characterize

vX <
« | Kinematics (1,2) | <€+

Y
<—
Y Y
Y

Y X

grates acceleration to calculate radula/odontophore position. The
11/13 velocity is solved from the model’s geometry and then integrated
to calculate I1/13 torus position. The I1/13 radius, r, is calculated from
the geometry. Act activation, LT length/tension, F'V force/velocity

protractions during biting and swallowing. During
these behaviors, the in vivo radula/odontophore was
spherical during peak protraction [Fig. 3; eccentric-
ity in biting=1.1£0.1 (N = 2); eccentricity in swallow-
ing=1.2+£0.1 (Neustadter et al. 2002; N =4, Fig. 12)]
and then adopted an ellipsoidal shape during the retrac-
tion phase (Drushel et al. 1997; Neustadter et al. 2002).
Because the radula/odontophore was spherical during
protraction, the model’s assumptions about radula/odon-
tophore shape were adequate to make predictions about
protraction movements. During the protraction phase
in egestive behaviors, however, the radula/odontophore’s
shape might have differed because it was closed rather than
opened, so predictions that the kinetic model made about
biting and swallowing may not be applicable to egestive
behaviors.

2.5 The model’s governing equation of motion

The model’s governing equation of motion was derived
from three equations. The first two equations were the
kinematic constraint equations: the 11/13 torus must both
remain in contact with the spherical radula/odontophore
and be isovolumetric. For the torus and sphere to be in
contact, the distances X and Y must form a right triangle
with a hypotenuse of length (R + r) (geometric variables
labeled in Fig. 1d).
Torus and sphere must be in contact:

X2 +Y2=(R+nr) (1)

For the torus to be isovolumetric, the radius, r, of the
torus must decrease as the major axis of the torus, Y, in-
creases, and vice versa, so that the volume is constant.

Isovolumetric torus constraint:

27‘[2}’2Y = V1113 5 (2)

where Vi3 is a constant volume. The third equation
was the application of Newton’s second law to solve for
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Fig. 3a,b. Magnetic resonance imaging measurements of midsagit-
tal radula/odontophore eccentricity during biting in vivo from two
behaviors (a: sequence 3213, frames 2643, b sequence 3222, frames
611-625). Two axes were determined, one parallel to the radular stalk
and one perpendicular to it. The ratio of the length of the parallel
axis to the length of the perpendicular axis defined the eccentricity of
the midsagittal cross section of the radula/odontophore. During the
protractions of both bites the radula/odontophore’s shape was very
close to a circle (eccentricity was close to 1.0). As the radula/odon-
tophore retracted, however, its shape changed from being circular to
being more ellipsoidal. Because the model assumed the radula/od-
ontophore was a sphere, model conclusions that depended on shape
were accurate only during the protraction phase of biting. During the
retraction phase, the model was less accurate because of its incorrect
assumption of a spherical radula/odontophore shape

the relationship between radula/odontophore accelera-
tion (X), 11/13 acceleration (Y), the angle between them
(0), and the forces within the system (F1, F2) (free-body
diagrams are shown in Fig. le):

Newton’s second law:

(mY 4+ F2)cos(0) = (MX — F1) sin(9), 3)

where M is the mass of the radula/odontophore and m is
themass of the I1/13. While inertial forces within the model
were small, inclusion of mass simplified implementation of
the model. This model, however, was insensitive to changes
in radula/odontophore or I1/I3 mass (data not shown).

Equations (1)—(3) were solved for the radula/odon-
tophore acceleration. The resulting equation of motion
(EOM) of the system is

g_m tan(0)(QY XX +2Y X2 +4Y Y2+ rYi+ (R+1r)FY) + F2(=2Y2 — (R+r)r)) — F1(=2Y2— (R+r)r)
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Muscle Tension = Fo(Act(@)LT[Lw(t)]F V[V (5)]
+Passive Tension[ Ly, (¢)]). (5)

To model the muscles’ excitation by the temporal sum-
mation of excitatory junction potentials, we defined an
activation function [Act(t)] for each muscle using three
equations:

u(t)=A— Be-Cred®d  _ o3, (6a)
d

%ﬂ‘l{u(t)—[ﬂ+(1—ﬁ)u(t)]a(t)} —a,<a(t), (6b)
Actt)=a(@)—ay O0<Act(r) <1, (6¢)

with freq(¢) being the frequency of activation of the mus-
cle.

The length—tension property for both muscles was
assumed to be the length tension property developed by
Yu et al. (1999) and was a function of L, (muscle length)
and L,y (optimal muscle length):

L L2 L3
LT[Ly]=G—Gy— +G3 > — Gy (7
LOPt Lopt Lopt

Both muscles’ force—velocity properties were also as-
sumed to be identical and were represented by two equa-
tions, one for lengthening (defined as negative muscle
velocities, Vi, < 0) and one for shortening (defined as pos-
itive muscle velocities, V;, > 0):

H,

FV lengthening =14+ ————, 8
engthening + 1= LonHs/ Vi (8a)
1
FV shortening = ———— . (8b)
1+ VmH3/Lopt

The passive tension in each muscle was parameterized
identically as in Yu et al. (1999):

Passive Muscle Tension = J; 4 Joe!En/Lon=J3)/Ja )

To map the geometric length changes of 12 to the
in vivo length changes, we transformed the 12 length to
ensure that the model I2’s length—tension curve was similar

“4)

(—=2Y2—(R+7)r)M —2Y Xm tan(9)

2.6 The Muscle model

Tension in I2 and I3 (Ty, and Tyy/13) were modeled with
tendonless Hill-type muscle models with nonlinear activa-
tion dynamics, following the model developed by Yu et al.
(1999)! [notation consistent with Yu et al. (1999)]:

! The muscle model parameters are shown in Table 1. The g param-
eter used in Yu et al. (1999) was for normalization purposes only and
was not needed for this formulation of the activation function. Based
on the examination of other datasets, the F,, in Yu et al. (1999) may
not have been typical of the population. We therefore set a higher F,
for 12. There is a sign difference between the Yu et al. (1999) force—
velocity lengthening equation and the one presented here; the former
contained a sign error (P.E. Crago, personal communication).

to that observed in vivo. The linear transformation was
constrained by the rest and minimum length values of 12
observed in vivo in Fig. 12 of Drushel et al. (1998).

renormalized_12_length = Kymodel 12 length+ K, (10)
The model 13 was given a smaller B parameter, which
decreased the model 11/13’s latency of response to 0.5s,
so that the model would match 11/I3’s minimum in vitro
latency of 0.5s (Fox and Lloyd 1997) (Table 1). At this
value, the model I3 had a threshold stimulation frequency
of 5 Hz. Below 5 Hz, the simulated I3 decayed with a time
constant of 2.45s in order to allow 13 to relax as quickly
as an unstimulated 12.
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Table 1. Parameter values

Parameter name Value

ag 1.65x 107!

A 1.03

B 4.31

Bz 1.0

c —1.98x1072

B 4.96x10~!

7 2.45(s)

Gl 1.81

G2 1.08x10!

G3 1.92x10!

G4 9.2

Hl 6.1x107!

H?2 3.8x1072

H3 1.08x10!

J1 —4.1x107!

J2 1.04

J3 1.18

J4 2.8x107!

For2 2.4x1071 (N)

Fonz 7.2x107! (N)

M 1.7x1073 (kg)

m 1.3x1073 (kg)

Radula/odontophore 5% 1073 (m)
radius

Vi 1.2x1077 (m?)

K1 5.9x107!

K2 3.5x107!

Lizopt 2.25%1072 (m)

L1it3opt 4.0x1072 (m)

12 EMG scaling factor 7.0

Hinge parameters
(from Sutton et al. 2004)

Al

A

Xo

Dx

B1

B2

B3

B4

Cl1

C2

C3

D1

D2

El

F1

F2

F3

G 1Hinge
GzHinge

6.2x1073 (N/m)
2.4x10" (N/m)
1.3x1072 (m)
2.4x1073 (m)
—5.87x10" (N/m)
1.26x10* (N/m?)
—9.0x10° (N/m?)
2.4x107 (N/m*)
—9.0x1073 (N/m)
2.7x10% (N/m?)
1.0x 105 (N/m?)
—1.6 (N/m)
5.4%10% (N/m?)
4.0 (N s/m)
1.1x10! (N s/m)
—8.2x102 (N s/m?)
1.7x10% (N s/m?)
—2.0x10" (N s/m)
—8.6x102 (N s/m?)

2.7 Muscle forces on the radulalodontophore

In order to calculate the resultant forces on the radula/
odontophore (F1 and F2) from muscle tension (71, and

>

Fig. 4. Mechanical analysis of 12’s maximum force on the radula/od-
ontophore as a function of BMLs of radula/odontophore displace-
ment. This force is a function of 12’s length—tension property (a) and
12’s mechanical advantage (b). 12’s mechanical advantage is defined
by the ratio of 12 tension to the force that 12 applies to the radula/od-
ontophore (equation 11a,b). As the radula/odontophore protracts
(displaces anteriorly from rest), 12’s length—tension (a) and mechan-
ical advantage (b) decrease. The rise in the mechanical advantage at
large protractions occurs because after the radula/odontophore mid-
line passes the I1/13, contraction of 12 will close the 11/13 behind the
odontophore [in the cross-sectional sketch marked “Prot.”, contrac-
tion of the 12 (bold line) will bring the top of the 11/13 and the bottom
of the I1/13 closer together]. ¢ The maximum force that the model 12
can apply to the radula/odontophore after 8 s of maximal stimulation
(dashed line labeled “I2 force™) is calculated by multiplying a times
b times the maximum force in I2 (Fy2) and compared to the opposing
passive forces generated by the hinge (c, solid line). The hinge force’s
upper and lower bounds (gray shading), as well as projected physio-
logical forces (central solid line), are indicated. The upper bound of
the hinge force is at a radula/odontophore velocity of 1.1x 1072 m/s,
which is 250% faster than velocities observed in vivo. The central
line is at a radula/odontophore velocity of 4.0x 1073 m/s, the maxi-
mum radula/odontophore velocity observed during swallowing from
Neustadter et al. (2002). The lower bound is the steady-state pas-
sive hinge forces. At displacements of less than 0.45 BML, the max-
imal I2 force is greater than the resistive hinge force. Thus, the 12 is
strong enough to protract the radula/odontophore to these displace-
ments. At larger displacements, however, the model 12 is insufficiently
strong to overcome the hinge forces and protract the radula/odonto-
phore. Some additional mechanism would be required to protract
the radula/odontophore to the displacements observed in biting.
d Length/tension of I1/I3. e I1/13’s mechanical advantage changes
sign as the radula/odontophore protracts (at the transition point
marked “Trans.”). f Initially, the curve follows the 12 force curve in
Fig. 4c. After the radula/odontophore has protracted by 0.25 BML,
the values in d and e are multiplied together and by the maximum
11/13 force (For3) and added to the 12 force curve in Fig. 4c. If the
model I1/13 is cocontracted with 12, 11/13 can add enough force to
protract the radula/odontophore to a biting displacement (c; solid
line labeled 12 + 11/13 force)

T11/13) and the angle between 11/13 and 12 (¢, Fig. 1d), both
muscles’ geometry were integrated about the model’s axis
of symmetry:

2
Fl= / T1z cos(¢)dy + Hingeforce,, (11a)
0

2
F2 = /0 (Tpsin(@) + T )dy . (11b)

Hingeforce is the force in the hinge defined by the model
described in Sutton et al. (2004).

2.8 Conversion of ENG and EMG
into muscle input frequency

The 12 EMG and the buccal nerve 2 ENG were incorpo-
rated into the model in different ways. The 12 EMG was
rectified and scaled by a constant [using the same process
used in Yu et al. (1999) but with a different scaling fac-
tor, given in Table 1]. Buccal nerve 2 ENG was converted
to frequency by using a windowing algorithm to divide
the ENG into three categories: small extracellular poten-
tials, medium-sized potentials, and large potentials, corre-
sponding to different groups of motor neurons (Morton
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and Chiel 1993a). The largest reciprocal of each interspike
interval was passed into the activation function.

3 Results

To test the hypothesis that neural control may alter the
phase of activation of the context-dependent I3 muscle as
the forces in the protractor 12 muscle fall, we first used
the model to predict the maximum force that 12 could
apply to the radula/odontophore at different displace-
ments. We compared this force to the opposing steady-

— \

01 02 03 04 05 06
Displacement (BML)

0.1 02 03 04 05 06
Displacement (BML)

state force of the hinge. We used these results to predict
the maximum possible displacement of the radula/odonto-
phore that could be caused by 12 alone and compared that
prediction to in vivo radula/odontophore displacements
during swallowing and biting. Finally, to test how neural
control may compensate for the decreasing mechanical
advantage of 12 during biting as opposed to swallowing,
we used in vivo neural recordings from biting and swal-
lowing behaviors as input to the model.

The maximum anterior force that the model 12 can
apply to the radula/odontophore decreases as the rad-
ula/odontophore protracts. There are two mechanisms
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for this reduction: 12’s length—tension property (Fig. 4a)
and I2’s mechanical advantage on the radula/odontophore
(Fig. 4b). Protraction of the radula/odontophore causes
the model 12 to shorten and descend along its length—
tension curve, greatly reducing 12’s ability to generate ten-
sion. In addition, as the radula/odontophore protracts, the
changing geometry of the model 12 causes tension in 12 to
result in less net force on the radula/odontophore, mak-
ing the 12 less able to protract the radula/odontophore
[Fig. 4b, (equation 11a)]. Once the I3 is positioned on
the posterior half of the radula/odontophore, however, the
attachment between 12 and 11/13 allows the model 12 to
close the jaws behind the radula/odontophore (see Fig. 4b,
sketch labeled “Prot.”). This jaw closure further pushes
the radula/odontophore forward, increasing 12’s mechan-
ical advantage. Multiplying the 12’s length—tension and
mechanical advantage by the maximum tension generated
by 12 after 8s of maximal activation (i.e., an input fre-
quency of 20 Hz) yields the maximum resultant force on
the radula/odontophore that the model 12 can generate as
a function of position (Fig. 4¢).

As the radula/odontophore protracts, the hinge force
resisting protraction increases (Fig. 4c). The stiffness of
both the elastic and the viscoelastic components of the
hinge increase at larger displacements, greatly increasing
the resistance to further protraction. The hinge force is
nonlinear because the model includes both dynamic and
static elastic components (Sutton et al. 2004).

The model 12 is strong enough to protract the rad-
ula/odontophore to maximal swallowing displacements
but not to maximal biting displacements. The model 12’s
maximal force exceeds the resistive force of the hinge as
it protracts the radula/odontophore to about 0.45 Buccal
Mass Lengths (BML; Fig. 4c). Thus 12 can protract the
radula/odontophore to the displacement observed in swal-
lowing (0.284+0.07 BML; data from Neustadter et al. 2002;
Fig. 4c, middle gray bar). At displacements greater than
0.45 BML, however, the hinge force exceeds the model
12’s maximal resultant force, and thus the model suggests
that 12 is too weak to protract the radula/odontophore to
the magnitudes seen in biting [0.564+-0.02 BML; data from
Sutton et al. (2004); Fig. 4c, rightmost gray bar].

The model suggests two possible mechanisms that the
buccal mass could use in addition to contraction of 12 to
protract the radula/odontophore to a biting displacement:
(1) I1/13 could be activated during protraction, and (ii) 12
could be neuromodulated to increase its strength.

To protract the radula/odontophore to a biting dis-
placement, I1/I3 could be activated. As the radula/
odontophore protracts, 11/I3’s mechanical advantage
changes, so that instead of acting as a radula/odontophore
retractor, it acts as a radula/odontophore protractor
(Fig. 4e; 11/13%s ability to retract or protract are shown
by the inset schematic diagrams). Thus, the model sug-
gests the hypothesis that 11/13’s function could be con-
text dependent. If 11/13 were contracted while the radula/
odontophore was displaced anteriorly, the additional force
on the radula/odontophore could be large enough to pro-
tract the odontophore farther to a biting displacement

(Fig. 4f).

To protract the radula/odontophore to a biting dis-
placement, 12 could also be neuromodulated by applica-
tion of serotonin or myomodulin (Hurwitz et al. 2000).
Neuromodulators may change the maximum contrac-
tile force as well as alter the rate of contraction. If
12’s maximum contractile force, F,p, were tripled by a
neuromodulator, 12 would be sufficiently strong to pro-
tract the radula/odontophore to a biting displacement
(Fig. 5, black line labeled “A”). However, if neuromod-
ulation only increased 12’s rate of contraction, 12 would
still not be strong enough to produce the maximum dis-
placement observed during biting (Fig. 5, gray line la-
beled “B”).

How could neural control exploit the context depen-
dence of 11/I3 to compensate for the falling mechanical
advantage of protractor muscle 12? Using input based
on in vivo electromyographic and electroneurographic
recordings of 12 and I1/I3 (six swallows and nine bites;
Hurwitz et al. 1996), the model predicts that, during bit-
ing, the timing of onset of 11/I3 activity will enable it to
assist 12 in protracting the radula/odontophore. First, the
model predicts radula/odontophore displacements in both
swallowing and biting that are consistent with what is mea-
sured from in vivo MRI (an example bite and swallow are
shownin Fig. 6 A, B). Second, during most of the swallow-
ing behaviors (five out of six), 12 was used to protract the
radula/odontophore and 11/13 was used to retract the rad-
ula/odontophore. In the sixth behavior, 12 had protracted
the radula/odontophore far enough for 11/13 to further
protract the radula/odontophore when I1/I3 was acti-
vated. Third, during most of the biting behaviors (seven
out of nine), the model demonstrated that the earlier
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Fig. 5. Possible effects of neuromodulation on the force that the
model 12 could apply to the radula/odontophore. If neuromodula-
tion triples 12’s maximal contractile tension (black line labeled “A”),
12 would be strong enough to protract the radula/odontophore to a
biting displacement. If neuromodulation instead decreased the time
constant of activation without affecting the maximal contractile ten-
sion (gray line labeled “B”), 12 would still be insufficiently strong to
protract the radula/odontophore to a biting displacement
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Fig. 6al-a4,b1-b4. Model response to the input of in vivo biting and
swallowing 12 electromyograms (EMG) and buccal nerve 2 electro-
neurogram [BN2 ENG; neural recordings from Hurwitz et al. 1996;
note that BN2 innervates the 11/13 muscles]. During both behaviors,
the model predicts radula/odontophore protraction magnitudes that
match in vivo MRI measurements. The time of peak protraction for
the in vivo behaviors are marked by the dashed gray lines marked
“P” Throughout swallowing (al), the model predicts that I11/13
will act to retract the radula/odontophore (I11/13’s force is negative,
ad—dashed gray line). Throughout biting (b1), the model predicts that
11/13 will protract the radula/odontophore (I1/13’s force is positive,

activation of 11/13 relative to the activation of 12 allowed
11/13 to assist 12 in further protracting the radula/odonto-
phore. The other two biting behaviors activated 11/13 be-
fore the radula/odontophore had protracted far enough
for I1/13 to become a protractor. By activating 11/I3 ear-
lier in biting behaviors, neural control can compensate for
the weakening mechanical advantage of 12 by activating
11/13 to assist radula/odontophore protraction.

6 8 10 12 14 16
Time(s)

b4 — dashed gray line). Note that the onset of large unit activity in
the nerve innervating 11/13 is earlier in biting than in swallowing (ar-
rows under second trace) relative to the time of activation of 12 dur-
ing protraction (/ine under first trace). This change in onset of 11/13
activity was consistently observed in all bites (N =9) and swallows
(N =6) that were studied. During both behaviors, the 12 force (a4, b4
— dashed black line) protracts the radula/odontophore, and the hinge
force (a4, b4 solid black line) opposes radula/odontophore protrac-
tion. The model does not duplicate the timing of peak protraction of
the in vivo behavior due to model simplifications

4 Discussion

As the radula/odontophore moves anteriorly, the anteri-
orly directed force that 12 can apply is reduced by both I12’s
length—tension property and 12’s mechanical advantage.
The hinge force that resists radula/odontophore anterior
motion increases as the radula/odontophore protracts.
This allows the model 12 alone to protract the radula/
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odontophore by no more than 0.45 BML,; the passive
hinge force is too large to allow larger protractions. The
model 12 is incapable of protracting the radula/odonto-
phore to a full biting protraction (0.56 BML). If 11/13
were activated, or 12 were sufficiently neuromodulated,
however, the buccal mass would be able to protract the
radula/odontophore to a biting displacement. Activating
the model with in vivo neural and muscular activations ob-
served during bites predicts that 11/13 will act to protract
the radula/odontophore.

Assumptions of the kinetic model cause it to differ from
the in vivo buccal mass. We will address each of these
differences in turn: (1) the in vivo 12 is not a uniform sheet,
(2) the 12 is stimulated less in vivo than in the model sim-
ulation, (3) the in vivo 12 cannot close the 11/13, (4) the
model’s rest position may differ from the in vivo rest posi-
tion, and (5) the hinge can generate active as well as passive
forces. We will argue that these assumptions do not inval-
idate conclusions about the limitations of 12’s protraction
ability. In addition, there are differences between model
representations of 11/I3 and of neuromodulation’s effect
on 12: (6) the in vivo I1/13 is a continuous sheet, and not a
torus, and (7) the quantitative effect of neuromodulation
on 12 is not known. We will also discuss these assumptions.

The assumption that 12 is a hemispherical sheet may
overestimate 12’s strength. The in vivo 12 curves around
the posterior surface of the radula/odontophore and splits
into two bands (Drushel et al. 1998; Yu et al. 1999). Not
being affixed all the way around the posterior side of the
buccal mass would make the in vivo 12 weaker than the
model I2. If the in vivo 12 were weaker than the model 12,
however, it would strengthen the hypothesis that, in vivo,
12 is insufficiently strong to displace the radula/odonto-
phore anteriorly to a biting displacement.

The long I2 activation time (8s) overestimates 12’s
strength. In vivo, the animal completes a biting behav-
ior in under 7s (Susswein et al. 1976; Rosen et al. 1983,
1989), with the 12 only receiving stimulation for between
half to two thirds of that time (Hurwitz et al. 1996), sug-
gesting that, in vivo, the 12 is stimulated for a maximum
of 5-6s. This would cause the model to overestimate 12’s
activation by 20-30% (Yu et al. 1999) and thus cause it
to overestimate 12’s strength. This overestimate, however,
would also strengthen our hypothesis.

The assumption that, as 12 fully shortens, it can
close 11/I13 and further protract the radula/odontophore
(Fig. 4b, diagram labeled “Prot.”) also overestimates
12’s mechanical advantage. In vivo, most of 12’s muscle
fibers run dorsoventrally. The I1/13/jaw complex, however,
opens mediolaterally, which would prevent I2 contraction
from closing the jaws. If 12 is not able to close the jaws,
the mechanical advantage of 12 is about half of what the
model predicts (data not shown), and 12 is less able to
protract the radula/odontophore.

It is possible that the model’s rest position is not equiv-
alent to the physiological rest position. The model rest
position is the position where the hinge, 12, and 11/I3 are
at static equilibrium. At the rest displacement, the model’s
predicted 12 length is 95% of 12’s optimal length; in vivo,
12’s rest length is 85% of 12’s optimal length (Yu et al.

1999). The model overestimates 12’s rest length, overes-
timates 12’s length—tension parameter, and thus overesti-
mates [2’s strength, again supporting our hypothesis.

Finally, the hinge can generate active as well as passive
forces (Sutton et al. 2004, Fig. 10) that oppose protraction.
Thus, the model underestimates the total force opposing
12 during protraction. This strengthens our hypothesis.

In summary, differences between the model and the
in vivo buccal mass do not invalidate the hypothesis about
2. The differences all cause the model to overestimate 12’s
relative strength compared to the hinge forces. Thus, the
model represents an upper bound on the ability of 12 to
protract the radula/odontophore.

Our analysis of I1/I3’s mechanical advantage focuses on
its posterior portion. If the 11/13 is modeled as a continu-
ous sheet with uniform activation, the mechanical advan-
tage of [1/13 will still be dependent on radula/odontophore
position relative to the net force in 11/13: if the radula/od-
ontophore is posterior to the net force in 11/13, 11/13 will
act as a retractor; if the radula/odontophore is anterior to
the net force in 11/13, I1/13 will act as a protractor (data
not shown). Alternatively, if the posterior portion of 11/13
exerts more force than its anterior portion, the net effect
of I11/13 will still depend on the position of the net force
relative to the midline of the radula/odontophore. There
is in vivo evidence that the posterior portion of 11/13 may
be differentially activated. A neuron that innervates the
posterior and medial portions of the 11/I3/jaw complex
(Church and Lloyd 1994) appears to become active earliest
during the onset of activity in the pool of motor neurons
that innervates the 11/13/jaw complex (Morton and Chiel
1993a), so that the posterior portion may be activated ear-
lier than the anterior portion of the I1/I3/jaw complex.

While the exact effect of neuromodulation on 12’s mus-
cle force is unknown, previous studies suggest that neuro-
modulation decreases 12’s time constant of activation. It
is known that serotonin is an in vivo Aplysia neuromod-
ulator (Weiss et al. 1978) that increases the magnitude of
12 contractions (Hurwitz et al. 2000). However, previous
studies did not determine whether neuromodulation in-
creased the maximal muscle contractile force, or whether it
decreased the time constant of muscle activation, because
12’s maximal contractile force was not measured (Brez-
ina et al. 2000b). If I2’s activation time constant was de-
creased, but the maximal contractile force was unchanged,
12 would still have insufficient strength to protract the rad-
ula/odontophore to a biting displacement (Fig. 5, gray line
labeled ‘B’). It is known, however, that lesioning a seroto-
nergic neuron, the MCC, does not decrease a bite’s pro-
traction magnitude, but does increase the time required
to bite (Rosen et al. 1983, 1989). This result suggests that
serotonin decreases the muscle’s time constant, but may
not be critical for producing the magnitude of protraction
seen in biting.

Throughout the biting simulations, the I1/13 protracts
the radula/odontophore. This evidence, however, is not
conclusive, because 11/13’s contractile dynamics are esti-
mated from measurements made on 12. In addition, neu-
romodulation is not modeled. The two bites that did not
use I1/I3 as a protractor failed to produce meaningful



behavior because of premature activation of 11/13 (data
not shown). This is probably because the model assumed
that every BN2 action potential was excitatory. It is known
that one of I1/I3’s motor neurons, B47, is an inhibitory
neuron (Church et al. 1993) that fires during the pro-
traction phase of ingestive behaviors (Church and Lloyd
1994). Our simulation, however, did not differentiate B47
potentials from potentials generated by excitatory neu-
rons, which may have caused the model to overstimulate
I1/13 during protraction. In turn, this may have caused
the model to fail in two of the nine bites. Also, the poster-
ior section of 11/I3 (innervated by B10, B4, and B5) may
be activated at a different time than the anterior section
(innervated by B3 and B38§; Church and Lloyd 1994). This
differential innervation may play a role in 11/13’s function
during biting and swallowing behaviors. In order to accu-
rately predict whether 11/13 is acting as a radula/odonto-
phore protractor in vivo, EMG recordings from I11/13 that
differentiated between motor neuron activities would have
to be combined with an accurate model of 11/13’s contrac-
tile dynamics. This would allow us not only to analyze
the role of 11/13 in behavior, but also to look at the func-
tional roles of the individual motor neurons that innervate
11/13.

Biomechanics determines when muscle activations will
cause large changes in behavior and when they will not.
For example, at rest, nervous stimulation of 12 will cause
large motions of the radula/odontophore to the jaws, with
larger stimulations of the 12 generating larger motions. If
the radula/odontophore is protracted, however, the system
is insensitive to increased stimulation of 12 because both
mechanical advantage and length—tension properties are
acting to reduce resultant 12 force on the radula/odonto-
phore. Thus the relative importance of an increment in
12 activation on behavior is dependent on the initial rad-
ula/odontophore position.

What control implications do these biomechanics have
for the generation of behaviors? At rest, the passive
forces within the buccal mass create a zone of neutral
stability (Fig. 7: no muscles active; see also Fig. 6 in
Sutton et al. 2004). Activation of I2 creates a stable
equilibrium point, with larger activations of 12 mov-
ing this stable equilibrium point farther from rest to a
maximum of 0.45 BML from rest (Fig. 7: 12 maximally
active). Because of the biomechanics of 11/13, activation
of I1/I3 creates an unstable equilibrium point and two
stable equilibrium points, one in peak protraction and
one in peak retraction (Fig. 7: 11/I3 maximally active).
By changing I2 activation, the nervous system can medi-
ate where the radula/odontophore is relative to the unsta-
ble equilibrium point in order to use I1/I3 to generate
either large protractions or large retractions. In the swal-
lowing simulations, the nervous system activated 11/13
while the radula/odontophore was displaced below the
location of the unstable equilibrium point, so that 11/13
moved the radula/odontophore to the stable equilibrium
point at which it was stably retracted by 11/13 (Fig. 6).
In the biting simulations, the nervous system activated
I1/13 after the radula/odontophore passed the location of
the unstable equilibrium point, so that the 11/I3 moved
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Fig. 7a,b. Phase portrait of the model under the conditions of a
no active muscles, b 12 maximally active, and ¢ 11/I3 maximally
active. Stable equilibria are marked with filled circles, and unsta-
ble equilibria are marked with open circles. When the system is
at rest, the radula/odontophore sits in a zone of neutral stabil-
ity (4, Sutton et al. 2004). Contraction of 12 protracts the rad-
ula/odontophore to the jaws (b). Subsequent contraction of 11/13,
however, creates an unstable equilibrium point that either greatly
protracts or retracts the radula/odontophore, depending on the rad-
ula/odontophore’s initial position before the contraction (Fig. 4e).
By manipulating the initial position of the radula/odontophore
relative to this unstable equilibrium point, the Aplysia nervous
system appears to control the actions of I1/I3 on the radula/
odontophore

the radula/odontophore to the stable equilibrium point at
which it was stably protracted by I1/13 (Fig. 6). Manipula-
tion of the equilibrium points may be the control strategy
that the Aplysia nervous system uses to generate biting
and swallowing. This is very similar to the equilibrium
point hypothesis control strategy that has been proposed
for vertebrates (Bizzi et al. 1992; Flash and Sejnowski
2001).

Controlling the location of the unstable equilibrium
point represents another opportunity for the nervous sys-
tem to control the effects of 11/I3 on the radula/odon-
tophore. Changing the shape of the radula/odontophore,
and thus the location of the widest part of the rad-
ula/odontophore relative to the center of 11/13, could
change the location of the unstable equilibrium point
and place 11/I3 in the basin of attraction of a differ-
ent stable equilibrium point, even if the relative posi-
tions of I1/I3 and the radula/odontophore have not
changed. In particular, at the peak of protraction of bit-
ing, closing the halves of the radula/odontophore might
change the position of the unstable equilibrium point,
so that steady activation of I1/I3 initially assists protrac-
tion and then, after the shape change, helps to initiate
retraction.
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