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Abstract Muscular hydrostats, such as tongues, trunks
or tentacles, have fewer constraints on their degrees of
freedom than musculoskeletal systems, so changes in a
structure’s shape may alter the positions and lengths of
other components (i.e., induce mechanical reconfigura-
tion). We studied mechanical reconfiguration during
rejection and swallowing in the marine mollusk Aplysia
californica. During rejection, inedible material is pushed
out of an animal’s buccal cavity. The grasper (radula/

odontophore) closes on inedible material, and then a
posterior muscle, I2, pushes the grasper toward the jaws
(protracts it). After the material is released, an anterior
muscle complex (the I1/I3/jaw complex) pushes the
grasper toward the esophagus (retracts it). During
swallowing, the grasper is protracted open, and then
retracts closed, pulling in food. Grasper closure changes
its shape. Magnetic resonance images show that grasper
closure lengthens I2. A kinetic model quantified the
changes in the ability of I2 and I1/I3 to exert force as
grasper shape changed. Grasper closure increases I2’s
ability to protract during rejection, and increases I1/I3’s
ability to retract during swallowing. Motor neurons
controlling radular closure may therefore affect the
behavioral outputs of I2’s and I1/I3’s motor neurons.
Thus, motor neurons may modulate the outputs of other
motor neurons through mechanical reconfiguration.

Keywords Muscular hydrostat Æ Biomechanics Æ
Feeding Æ Soft tissue Æ Mollusk

Abbreviations I2: Intrinsic buccal muscle 2 Æ
I1/I3: Intrinsic buccal muscles 1 and 3 Æ LT: Length/
tension Æ FI2: Force in I2 Æ Fmax: Maximum
force Æ BML: Buccal mass lengths Æ B8a,b, B61, B62,
B63: Buccal ganglion motor neurons and interneurons

Introduction

Soft-bodied structures are capable of complex defor-
mations that cannot easily be generated by musculo-
skeletal systems. For example, worms can conform to
and locomote through tortuous spaces as they burrow
(Brusca and Brusca 1990), frogs and squid can rapidly
extend tongues or tentacles for predation (Kier and van
Leeuwen 1997; Nishikawa 1999; Mallett et al. 2001),
octopi can use complex deformations of their tentacles
and feeding structures, and elephants can use their
trunks for grasping and manipulating objects (Kier and
Smith 1985; Wilson et al. 1991). Structures that consist
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entirely of muscle, and use muscles for both force gen-
eration and structural support are referred to as ‘‘mus-
cular hydrostats’’ (Kier and Smith 1985). Because
structural components can change shape, they can
potentially reconfigure surrounding or adjacent muscles;
we refer to this process as ‘‘mechanical reconfiguration’’.
Mechanical reconfiguration of the musculature may
provide soft-bodied structures with additional behav-
ioral flexibility.

Some forms of reconfiguration in soft-bodied struc-
tures have been studied. For example, a change in the
length of longitudinal muscles can alter the shape and
thus the mechanical advantage of surrounding circum-
ferential muscles (Chiel et al. 1992; Van Leeuwen and
Kier 1997). This is similar to the agonist/antagonist
relationship seen in musculo-skeletal systems (Zajac
1993). These are examples of changes in closely linked
degrees of freedom. In addition, because deformations
of one part of a soft-bodied structure can alter the
positions and lengths of muscles surrounding that
structure, more complex forms of mechanical reconfig-
uration may affect behavior.

In the feeding structure of the marine mollusk Aplysia
californica, it is known that changes of shape of the
central grasper, the radula/odontophore, largely deter-
mine the shape of the surrounding muscles of the entire
feeding apparatus (Drushel et al. 1997, 1998, 2002;
Neustadter et al. 2002a, b). More generally, the radula/
odontophores of many mollusks change shape during
feeding (e.g., in gastropods: Rose 1971; Rose and Ben-
jamin 1979; in cephalopods: Uyeno and Kier 2005). Do
these shape changes lead to mechanical reconfiguration
of the surrounding musculature? We have found an
example of mechanical reconfiguration in which the
changing shape of one part of a soft-bodied structure
alters both the mechanical advantage and length/tension
properties of two completely distinct surrounding mus-
cles (I2 and the I1/I3/jaw complex), allowing them to
apply greater force during behavior.

The reconfiguration is likely to be behaviorally
important. The feeding apparatus is capable of gener-
ating at least three qualitatively different behaviors: (1)
biting, an attempt to grasp food, (2) swallowing, trans-
ferring food into the buccal cavity, and (3) rejection,
moving inedible material out of the buccal cavity
(Kupfermann 1974). In this paper, we use a kinetic
model to examine the role of mechanical reconfiguration
during swallowing and rejection. At the onset of rejec-
tion, the grasper closes on material to push it out of the
buccal cavity, changing shape (Neustadter et al. 2002a).
The change in grasper shape, in turn, enhances the
mechanical advantage and tension producing ability of
the I2 muscle, which can then push the grasper more
strongly forward to the jaws (i.e., protract it more
strongly). In contrast, during swallowing, after the
grasper is protracted open, it retracts closed, pulling
material to be ingested further into the buccal cavity.
The change in grasper shape after it closes allows the
surrounding I1/I3/jaw complex to push the grasper more

strongly backward toward the esophagus (i.e., retract it
more strongly). These enhancements in muscle forces
have important implications for the neural control of
swallowing and rejection, in part because they allow the
motor neurons of the grasper to mechanically modulate
the functional outputs of motor neurons for the I2 and
I1/I3/jaw muscles.

Materials and methods

Anatomy of Aplysia’s buccal mass

The feeding apparatus of Aplysia, which is known as the
buccal mass, consists of a central grasper surrounded by
muscles that can push it toward the jaws (protract it) or
toward the esophagus (retract it) (anatomy shown in
Fig. 1a). The central grasper consists of a thin flexible
sheet of cartilage-like tissue covered by fine teeth (the
radula), whose opening and closing are controlled by
underlying musculature (the odontophore). Thus, the
entire grasper is referred to as the radula/odontophore.
Between the halves of the radula is a structure, the
radular stalk (Fig. 1b–d), whose position is controlled
by the odontophore. When the halves of the radula are
open, the radular stalk is between the radular halves and
surrounded by the odontophore musculature, so that the
radula/odontophore assumes a roughly spherical shape.
When the radular halves close, the radular stalk is
pushed out of the ventral part of the odontophore
musculature, and so the radula/odontophore assumes a
roughly ellipsoidal shape (Neustadter et al. 2002b).
Posterior to the radula/odontophore is the thin I2
muscle (nomenclature from Howells 1942) whose con-
traction protracts the radula/odontophore toward the
jaws. Anterior to the radula/odontophore are the thick
bands of the I3 muscle that overlay the cartilage of the
jaws, and in turn are covered by the very thin I1 muscle;
this structure is referred to as the ‘‘I1/I3/jaw complex’’
or ‘‘I1/I3’’. On the ventral side of the odontophore,
fibers of the I2 and the I1/I3 interdigitate with the
odontophore; this connection between the radula/
odontophore and the surrounding musculature is
referred to as the ‘‘hinge’’ (Drushel et al. 1998; Sutton
et al. 2004a; inset in Fig. 1a).

Magnetic resonance imaging of rejection

To measure in vivo movements of the feeding apparatus
during rejection, we obtained magnetic resonance images
of rejections (acquisition rate 3 Hz) in intact behaving
animals (methods are described in Neustadter et al.
2002a and in Neustadter and Chiel 2004). The resolution
of the images was 1 mm · 1 mm pixels using a total
acquisition matrix of 64·128. This spatial resolution was
adequate for the buccal masses that were imaged, whose
size was on the order 3 cm · 3 cm · 3 cm, and made it
possible to obtain images at 3 Hz, which was fast enough
to monitor the rejection behavior. Rejection responses
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were induced in several ways: an animal was allowed to
swallow a polyethylene tube; it was allowed to swallow
seaweed attached to a string; or it was induced to swallow
a string with seaweed wrapped around it. All of these
stimuli induced rejection responses. We obtained a total
of 11 rejection responses from four animals. During
normal rejection responses, animals withdraw their head

and pull their body away from the stimulus. As a con-
sequence of these whole body movements, only one of
the eleven responses was sufficiently free of parallax and
sufficiently close to the midline to be suitable for analysis
(sequence 3229, slice 1, frames 85 through 103, induced
by string wrapped with seaweed). Parameters were
extracted from each frame of this sequence (MRI and

I1/I3/jaw
 complex

I2

esophagus

radula and 
odontophore

Protraction

Anterior

Dorsal

Ventral

Posterior

A

E

B

D

C

F

I1/I3/jaw 
complex

I2

esophagus

radula and 
odontophore

I1/I3/jaw
complex

I2

radula and 
odontophore

lateral 
groove

lateral 
groove

major 
axis

minor 
axis

prow

radular stalk

I1/I3 cross 
sections

θ

I2

φ

I2

I1/I3 cross 
sections

radula and 
odontophore

β

jaws

jaws

protraction 
magnitude

The hinge is the  
interdigitation of
I1/I3, I2, and the  
odontophore
muscle I4.

I2

I1/I3

prow
radular stalk 
is underneath

radular stalk

1 cm

Fig. 1 Anatomy of the buccal mass and a schematic of the kinetic
model. a Lateral cutaway view of the anatomy of the buccal mass
(drawn by Dr. Richard Drushel). The radula is a thin, flexible sheet
of cartilage-like material covered with fine teeth. The underlying
odontophore consists of a mass of muscles that can open and close
the radula. Inset shows hinge. b Mid-sagittal MRI of the buccal
mass in a resting position with landmarks labeled. The radular
stalk is a structure internal to the radula and odontophore that is
used as a landmark to measure the angle of orientation of the
radula/odontophore relative to the rest of the buccal mass. c
Schematic drawing of outlines of odontophore, radular stalk, and
of the buccal mass (including the I1/I3/jaw complex) superimposed
on the MRI image shown in part b. d Schematic drawing of the
buccal mass mid-sagittal anatomy based on the MRI picture shown
in b. The major and minor axes of the radula/odontophore were

defined relative to the angle of the radular stalk. To be consistent
with Neustadter et al. (2002a), the odontophore prow is not
included in the minor axis of the radula and odontophore. The
protraction magnitude was defined as the distance between the
anterior-most portion of the radula/odontophore and the jaws. e A
schematic of the kinetic model in a resting position. The model
radula/odontophore is spherical when the radular halves are open.
The posterior I1/I3 is represented as a torus anterior to the sphere.
The I2 is represented as a sheet posterior to the radula/
odontophore that attaches to the I1/I3. f Schematic of the kinetic
model’s representation of a more protracted and closed radula/
odontophore. The model adjusts the aspect ratio and orientation of
the radula/odontophore to reflect the changes in these measures
seen in the MRI, and then estimates the observed muscle forces. See
Materials and methods and Fig. 2
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parameters shown in Fig. 1b–d; methods are described in
Neustadter et al. 2002a).

Shape-changing kinetic model of the buccal mass

In previous work, we described a kinetic model of the
buccal mass in which the grasper (radula/odontophore)
was represented as a rigid sphere, the I2 protrac-
tor muscle was represented as a hemispherical sheet
posterior to the sphere, the posterior of the I1/I3 was
represented as a single torus (corresponding to a single
circumferential muscle band of I3) that was anterior to
the midline of the sphere when the structure was at rest,
and the hinge was represented as a visco-elastic spring
(Sutton et al. 2004b). In vivo, the odontophore both
changes shape as it opens or closes, and rotates about
the hinge. As described above, when the grasper is fully
open, it assumes a roughly spherical shape, whereas
when it is closed, it assumes a more ellipsoidal shape
(Neustadter et al. 2002a). Thus, the model reported in
this paper represented the ability of the central grasper
to change from a spherical to an ellipsoidal shape, and
also represented its ability to rotate about the hinge. In
the model, the odontophore was an isovolumetric
structure whose shape ranged from spherical (aspect
ratio equal to 1.0) to ellipsoidal (aspect ratio equal to
2.0, based on MRI measurements in which the major
axis was defined by the axis of the radular stalk). These
values were chosen to match MRI data that showed that
the ellipticity of the odontophore ranges from 1
(spherical) to 2 (ellipsoidal) (Neustadter et al. 2002a,
ratio of data from left and right columns of Fig. 12 in
that paper).

To place the components of the model in their correct
orientation, the following sequence was followed: (1) the
aspect ratio of the odontophore was set, (2) the dis-
placement of the odontophore relative to the line of the
center of the I3 torus was set, (3) the angle of rotation of
the odontophore (ß) was calculated based on a kine-
matic rule (see below), (4) the angles of contact between
the top and bottom surfaces of the I3 torus were cal-
culated using the Newton–Raphson root finding tech-
nique, (5) the I2 was placed so that it extended from the
middle of the top of the I3 torus to the middle of its
bottom (Fig. 1e, f, showing cross-sectional view of shape
change model), and (6) the length of I2 was calculated
from an exact geometric solution approximated by a
fourth-order polynomial function.

The relationship between odontophore displacement
and rotation was based on an analysis of the kinematics
of rejection as observed in the single MRI recording
described above, and the analysis of the kinematics of
swallowing as previously described (Neustadter et al.
2002a). To transform the displacements and rotations
into the coordinate system of the kinetic model, the
lateral groove of the MR image was oriented to be
vertical, and the angle of the radular stalk was measured
relative to the lateral groove, leading to an equivalent

displacement and angle setting for the model odonto-
phore (see Fig. 2 for the transformation of MR data into
key model frames).

The mechanical advantages of the model I2 and I3
muscles were calculated as previously described (Sutton
et al. 2004b). The net force exerted by I2 on the odon-
tophore was proportional to the cosine of the angle (u)
between I2 and the odontophore (Fig. 1e), whereas the
net force exerted by I3 on the odontophore was pro-
portional to the tangent of the angle (h) between I3 and
the odontophore (Fig. 1e).

Given the input positions, and the length/tension
properties of I2 and I3 (as defined in Sutton et al. 2004b,
based on Yu et al. 1999), the model calculated the
resultant forces on the odontophore. Results are re-
ported as normalized forces.

Results

MRI kinematics of rejection

What is the odontophore’s kinematics during rejection,
and how does it compare with the kinematics observed
during swallowing? Prior work has demonstrated that
the odontophore shape, position and orientation deter-
mine the configuration of Aplysia’s feeding apparatus
(Drushel et al. 1997, 1998; Neustadter et al. 2002b) and
has characterized these kinematic properties for swal-
lowing (Neustadter et al. 2002a). To understand the
kinematics of rejection, we measured kinematics of a
single mid-sagittal rejection that we were able to record
using magnetic resonance imaging (chosen from 11
behaviors because of its relatively low parallax; see
Materials and methods). Several images from the MRI
rejection behavior are shown in Fig. 2. We measured the
shape of the odontophore (see Materials and methods
for techniques), and observed that at the onset of pro-
traction, the odontophore elongated dorso-ventrally and
narrowed antero-posteriorly, leading to an increase in its
aspect ratio (Fig. 3a). These results are consistent with
previous observations that closure of the radular halves
is associated with elongation of the odontophore during
swallowing (Neustadter et al. 2002a, b). In turn, this
suggests that we are observing an initial closure of the
radular halves at the onset of rejection, consistent with
previous observations that the radula is closed during
the protraction phase of rejection, whereas it protracts
open during biting or swallowing (Morton and Chiel
1993a). Note that in measuring the aspect ratio, we did
not include either the prow or the radular stalk (to be
consistent with Neustadter et al. 2002a). If these struc-
tures are included, the aspect ratio during rejection
varies from 1.1 to 1.6.

We measured the position of the odontophore and
observed that the anterior tip of the odontophore pro-
tracts past the jaws (Fig. 3b), similar to the protractions
observed in biting (Morton and Chiel 1993a). We mea-
sured the orientation of the odontophore, and found

860



that during protraction, the odontophore rotates toward
the jaws through an angle of about 80�, similar to the
rotation observed during swallowing (Fig. 3c; compare
Neustadter et al. 2002a, Fig. 13, left column).

What mediates the very strong protraction of
rejection? The major protractor muscle, I2, is a thin
sheet posterior to the odontophore (Fig. 1a), and thus
changing the shape of the odontophore could increase
I2’s length, changing I2’s position on its length/tension
curve, as well as increasing I2’s mechanical advantage.
We focused first on I2’s length. We measured the
length of I2 during the rejection response. During the
onset of protraction, the I2 muscle elongated (Fig. 3d)
at the same time that the odontophore’s aspect ratio
increased (Fig. 3a), approaching I2’s optimal length to
exert force (0.98 lmto; Yu et al. 1999). The I2 then
steadily shortened during protraction, reaching 68% of
its optimal contractile length at the peak of protraction
(so during rejection, I2 ranged from 0.98 to 0.68 lmto).
The odontophore was more protracted during rejection
than it was during swallowing, and the I2 was longer
throughout the protraction phase of rejection than it
was during swallowing (in swallowing, I2 ranges from
0.86 lmto at the onset of protraction to 0.69 lmto at the
peak of protraction; Neustadter et al. 2002a). The
longer length of I2 throughout the protraction phase
of rejection could allow I2 to exert the force necessary
for generating a larger amplitude protraction (Yu et al.

1999; Sutton et al. 2004b; a general discussion of the
role of length/tension properties in muscle is found in
Zajac 1989). In contrast, at the peak of biting, a
kinetic model predicts that I2’s length will be too short
to fully protract the odontophore unless it is either
neuromodulated or assisted by another muscle (Sutton
et al. 2004b). The I2 length observed at the peak
protraction of rejection is much larger than that pre-
dicted for the peak protraction of biting, suggesting
that the ability of I2 to exert protractive forces in
rejection is much greater than in biting (Sutton et al.
2004b).

Grasper shape change enhances I2 force during
protraction phase of rejection

Does the change in odontophore shape enhance I2’s
ability to exert force by increasing I2’s length and I2’s
mechanical advantage? To answer this question, we
simulated I2’s length/tension properties and its
mechanical advantage in a kinetic model in which the
odontophore shape could be changed from spherical to
ellipsoidal while maintaining a fixed volume (see Mate-
rials and methods). Increasing the aspect ratio of the
odontophore from 1.0 (spherical) to 2.0 (ellipsoidal)
increased the length of the I2 muscle for any given angle
and displacement. If the odontophore was fixed at a
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Fig. 2 Five frames from an MRI sequence of an in vivo rejection. 1
MR images of the behavior. 2 MR images with a sketch of the
anatomical locations superimposed (same landmarks as presented
in Fig. 1d). 3 Sketches of the anatomical orientations shown
without the MRI. 4 Transformed kinetic model representation of
these frames. Note that the major axis angle is based on radular
stalk angle. a Rest position. The radula/odontophore is roughly
spherical. b Mid-protraction. The radula/odontophore has become
ellipsoidal in shape and has rotated clockwise. c Peak protraction.

The ellipsoidal radula/odontophore has rotated 80� clockwise, and
the anterior-most portion of the radula/odontophore has extended
past the jaws. Note that the torus representing the I3 muscle (i.e.,
the circles at the top and bottom of the diagram) models the most
posterior part of the entire I1/I3/jaw complex. d Mid-retraction.
The radula/odontophore has become more spherical and is rotating
counterclockwise. e Return to rest position. Data are from images
in set 3229, S1, F85–F103
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given shape and was rotated and displaced forward
based on the observed in vivo kinematics (see Materials
and methods), the tension in I2 was greater as the aspect
ratio increased for all displacements beyond the resting
position (Fig. 4a). Under the same conditions, the
mechanical advantage of I2 was also increased by
increasing the odontophore’s aspect ratio at all but the
initial displacement past rest (Fig. 4b) because the angles
of interaction between I2 and the odontophore decrease,
so that more of I2’s force component (which is pro-

portional to cosu) is directly exerted on the odontophore
(note schematic diagrams in Fig. 4a). Since the total
force in I2 is a product of its tension and its mechanical
advantage, the net force that I2 exerts as the odonto-
phore protracts increases as the aspect ratio of the od-
ontophore increases (Fig. 4c). These results hold true
even if the odontophore changed shape without rotating
(data not shown). Thus, the change of shape of the
odontophore leads to an increase in the length and
mechanical advantage of I2, and this reconfiguration
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during protraction (toward the jaws) and rotates counterclockwise
during retraction (toward the esophagus). Note that rotation
toward the jaws ends earlier in swallowing than in rejection, and
that rotation toward the esophagus continues for longer in
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phore aspect ratio is accompanied by an initial increase in I2
length. As the odontophore continues to protract, the I2 length
decreases. The I2 minimum rejection length is 68% of I2’s optimal
length, only slightly shorter than the minimum length of I2
observed during swallowing (69%). Note that during swallowing,
I2 reaches its maximum length near the peak of retraction rather
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allows I2 to exert greater force throughout the protrac-
tion phase of rejection.

Reconfiguration enhances I3’s strength during retraction
phase of swallowing

How does reconfiguration affect the other major muscle
group (the I1/I3/jaw complex) that moves the grasper?
We approached this question in two stages. We first
examined the effects of shape change without rotation.
The odontophore’s shape was varied from spherical to
ellipsoidal (aspect ratio varied from 1.0 to 2.0). The
tension and mechanical advantage for the posterior I3
torus were calculated for positions ranging from full
retraction to full protraction. We observed that both the
mechanical advantage and tension in the I3 torus
dropped as the shape of the odontophore changed from
spherical to ellipsoidal (data not shown). The mechani-
cal advantage dropped because the angle of contact (h)
between I3 and the odontophore decreased, and the
force that I3 exerts on the odontophore is proportional
to tanh. The tension dropped because the cross-sectional
area of the odontophore became smaller, thus shorten-
ing I3. Because of the changes in I3’s mechanical
advantage and the change of I3’s position on its length/
tension curve, the largest forces that I3 exerted were on
the spherical odontophore, and the smallest were on the
ellipsoidal odontophore.

In the second stage, as the odontophore’s shape
changed and it also rotated, we examined the tension in
the I3 torus (Fig. 5a) as well as I3’s mechanical advan-
tage (Fig. 5b). The results were similar to the predictions
obtained when the odontophore only changed shape and
did not rotate, and predicted that I3 would become more
effective at retraction as the aspect ratio of the odonto-
phore increased for any displacements that were less
than 28% of the peak protraction displacement
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(Fig. 5c). The projected paths of the rejection and
swallowing behaviors are shown on the mechanical force
plots in Fig. 6.

Previous work had shown that the net forces gener-
ated by the posterior of I3 changed from protractive to
retractive as the odontophore was moved beyond the
context-dependent point (Fig. 5b, point marked ‘‘CD’’;
Sutton et al. 2004b). Changing the shape of the odon-
tophore did not alter the location or the mechanical
significance of the context-dependent point. Thus, the
concept of a context-dependent point (Sutton et al.
2004b) can be extended to a larger behavioral regime
than just the protraction phase of biting or swallowing.
Moreover, the displacement of the odontophore anterior
to the context-dependent point imposes an important
constraint on the overall time of the behavioral cycle: the
further anteriorly the odontophore is displaced relative
to the context-dependent point, the longer it will take for
the odontophore to return to that point. In turn, this
implies that hinge forces may be important for speeding
the return to the context-dependent point. Furthermore,
this may impose a constraint on the timing of activation
of the I2 protractor muscle relative to the onset of
activation of the I1/I3/jaw complex. Ending I2 activa-
tion will permit the odontophore to retract in response
to hinge forces and activation of the I1/I3/jaw complex
for retraction may be delayed until the radula/odonto-
phore has moved posterior to the context-dependent
point (Fig. 7).

Discussion

In a soft tissue structure, changing the shape of one part
may affect both the length tension property and the
mechanical advantage of other muscles, and these effects
are multiplicative. Kinematic measurements based on
magnetic resonance imaging suggest that during the
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protraction phase of rejection, the elongation of the
odontophore may contribute to the larger amplitude
protraction. We tested this hypothesis in a kinetic
model, and found that I2’s ability to exert force during
protraction was enhanced as a consequence of the
grasper’s shape change because I2’s elongation altered
I2’s position on its length/tension curve, and the grasper
shape change increased I2’s mechanical advantage.

We observed that the change in direction of I3’s force
at the context-dependent point was unaffected by
changes in odontophore shape, suggesting that this
point is significant not only for biting and swallowing
(Sutton et al. 2004b) but also for rejection. Furthermore,
the shape change and rotation of the odontophore may
contribute to enhancing the ability of the I1/I3/jaw
complex to retract the odontophore during swallowing.
These results predict that during swallowing, when the
odontophore is closed during retraction, the I1/I3/jaw
complex will become a more effective retractor. Thus,
structural reconfiguration of the I2 and I3 muscles sur-
rounding the grasper as it changes shape and angle are
likely to be behaviorally significant.

Limitations of results

Our previous study of swallowing analyzed four
behaviors so as to provide statistical measures of the
different kinematic parameters during the feeding cycle
(Neustadter et al. 2002a, b). We were unable to do this
for rejection because of the difficulty of obtaining mid-
sagittal, parallax-free images. Of the eleven rejections,
there were five in which radula/odontophore shape
could be observed throughout the entire behavior. In all
five of these rejections, the radula/odontophore elon-
gated prior to and during the protraction phases of the
behavior, and then shortened during the retraction
phase, consistent with the behavior in the one rejection
that we extensively analyzed in this paper. Furthermore,
the results we have shown are qualitatively consistent
with previously described features of rejection: (1)
rejections are associated with strong protractions
(Kupfermann 1974; Hurwitz et al. 1996); (2) during the
protraction phase of rejection, the odontophore is
closed, and opens during the retraction phase (Morton
and Chiel 1993a); (3) closure of the odontophore is
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onset of protraction, the
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shape during retraction (open
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maximum resultant force
during rejection. The
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I1/I3 is a weak retractor during
rejection. c I2’s maximum
resultant force during
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spherical shape), and retracts
closed (i.e., with an ellipsoidal
shape) (solid circles). d I1/I3’s
maximum resultant force
during swallowing. The
odontophore protracts open
(i.e., with a spherical shape) and
retracts closed (i.e., with an
ellipsoidal shape) (solid circles).
The change in odontophore
shape increases the resultant
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associated with its elongation in the mid-sagittal plane
(Neustadter et al. 2002a). The mid-sagittal views of
the one rejection that we have analyzed are consistent
with all of these qualitative observations, and the MR
images therefore allow us to estimate the kinematics of
rejection.

Although the kinetic model simplifies many aspects of
the feeding apparatus, it is likely that its conclusions are
qualitatively valid. First, odontophore shape may be
quantitatively inaccurate, becausewe track themid-sagittal
cross-section, but do not attempt to match its medio-
lateral dimensions. Moreover, I2 divides and courses
around the esophagus, which is also not represented in the
model. Nevertheless, the mid-sagittal change in I2 length
is directly observed in theMR images, and thus themodel
conclusions are likely to be qualitatively correct.

Second, the kinetic model represents I3 as a single
torus, and thus only represents the posterior portion of
the I1/I3/jaw complex. In Aplysia kurodai, differential
activation of the I1/I3 musculature has been described
(Nagahama and Takata 1988; Nagahama and Shin
1998), and motor neurons for the I1/I3 project to dif-
ferent regions of the muscle in A. californica (Scott et al.
1991; Church et al. 1991), suggesting that regions of the
muscle may be differentially activated as well. Never-
theless, a more realistic representation that takes into
account the extended lumen of the I1/I3/jaw complex
still has a context-dependent point at which the net
forces in the muscle shift from protraction to retraction.
As a consequence, the I1/I3/jaw complex would still be
shortened and show similar changes in mechanical

advantage due to the change in shape and rotation of the
grasper. Thus, the results reported in this paper are
likely to be qualitatively correct.

Third, the model prediction that retraction is initiated
by a contraction of the hinge could be inaccurate be-
cause the hinge length was not directly measured.
However, in our prior studies, we controlled the length
of the hinge by pulling on the tip of the odontophore,
elongating it, and thus changing the odontophore’s
shape to be more similar to that observed during rejec-
tion. Thus, our estimate of forces in the hinge is prob-
ably at least as accurate for rejection as it was for biting
(Sutton et al. 2004a).

Fourth, it is possible that the passive forces in the
model, especially of I3, are inaccurate, because we have
not yet directly measured them. However, the mechan-
ical advantage of the I3 on the shape changing and
rotating odontophore will be unaffected by changes in
I3’s passive forces. Furthermore, the model’s estimate of
I3’s tension assumes that I3 is operating on the
ascending limb of its length/tension curve, which will not
be affected by the passive properties. Since this is the
region of operation for most muscles, the assumption is
reasonable (Van Leeuwen 1991).

Fifth, our model does not take into account the ef-
fects of sensory input, either proprioceptive or extero-
ceptive, on the forces generated by the buccal mass.
Behavioral studies of Aplysia oculifera have demon-
strated that the duration and amplitude of the retraction
phase of swallowing are changed by increases in load
(Hurwitz and Susswein 1992). Mechanoafferents have
been described for the buccal mass, and feedback from
mechanoafferents is likely to control the switch from
biting to swallowing and to control the intensity of the
retraction phase of swallowing (Evans and Cropper
1998; Evans et al. 1999; Rosen et al. 2000a, b). Fur-
thermore, increased facilitating activity, probably
reflecting the activation of the I4 muscle, was observed
in EMG records of the I2 muscle in intact animals when
the animals exerted additional force against a load
during swallowing (Hurwitz et al. 1996, Fig. 11C). In the
analysis presented in this paper, we assumed that the I2
and the I3 muscles were receiving their maximal acti-
vation, and thus our results constitute an upper bound
on the behavioral effects of the muscles. Sensory feed-
back may be very important in rapidly reaching this
upper bound, but will not qualitatively change the re-
sults that we have presented. Of course, if sensory
feedback reduces muscle force, then the upper bound
will not be reached.

Finally, by using an ellipsoidal shape, the model as-
sumes that the widest extent of the odontophore medio-
laterally is always at its center throughout its changes in
shape. The MRI data suggests that this is an oversim-
plification, and that the widest medio-lateral extent of
the odontophore may shift anteriorly as it closes.
Shifting the widest medio-lateral extent of the odonto-
phore will shift the location of the context-dependent
point. This inaccuracy does not affect our conclusions
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about the enhanced ability of I2 to protract the radula/
odontophore. However, if the widest lateral extent of the
odontophore were shifted anteriorly, this would shift
the context-dependent point, thus increasing the time for
the radula/odontophore to move posterior to the I3.
This would require an even larger pause in the activity
from the end of I2 activation to the onset of I3 activa-
tion, further increasing the effect of mechanical recon-
figuration on neural control. Furthermore, since the
odontophore opens near the peak of protraction during
rejection, so that the odontophore becomes more
spherical, the model’s predicted location for the context-
dependent point is likely to correspond well with the in
vivo location after the peak of protraction.

Biomechanical implications for feeding

Changing the shape of the odontophore reconfigures the
musculature surrounding the odontophore so that those
muscles can exert more force against external loads.
Thus, during the power phase of rejection, which is
protraction (i.e., the phase in which inedible material is
pushed out of the buccal cavity), the change in shape of
the odontophore as it closes stretches the I2 protractor
muscle, allowing I2 to exert greater force during pro-
traction (Figs. 4, 6a). Similarly, during the power phase
of swallowing, which is retraction, the odontophore has
closed on food that it is attempting to pull into the
buccal cavity. The change in shape of the odontophore
acts to stretch the I1/I3/jaw complex, enhancing its po-
sition on its length/tension curve; at the same time, that
the grasper’s rotated position and shape change enhance
I1/I3’s mechanical advantage. The product of these two
factors enhance I1/I3’s ability to exert force during the
retraction phase of swallowing (Figs. 5, 6d).

Does mechanical reconfiguration affect behavior at
the level of the whole organism? Several empirical tests
could be done to address this question. Using an in vitro
preparation, it would be possible to change the shape of
the odontophore by opening or closing it, activate the I2
protractor muscle, and then measure whether the speed
or distance of protraction was affected by the shape of
the odontophore, as well as whether the movement was
more forceful. Similarly, an in vitro preparation could
be used to measure the effect of odontophore shape on
the ability of the I1/I3/jaw complex to exert retractive
forces on the odontophore.

Reconfiguration and neural control

Reconfiguration can change the interactions between
motor neurons through mechanical coupling. For
example, motor neurons for closing the odontophore
can enhance the effectiveness of motor neurons for the
protractor muscle, even though these neurons are not
coupled synaptically within the ganglion (Church et al.
1991). In particular, activating the radula/odontophore
closer motor neurons, B8a/b (Morton and Chiel 1993b)

prior to or during activity in the motor neurons for the
I2 protractor muscle (B61, B62, B31, B32; Hurwitz et al.
1996) will change the shape of the odontophore as it is
protracted, stretching I2 and enhancing both its tension
and mechanical advantage (Fig. 4), and thus the
mechanical effects of its motor neurons.

Reconfiguration and context-dependence are critical
for the expression of forces in the I1/I3/jaw complex. In
the model, the duration of activity in I2’s motor neurons
and the shape of the odontophore determine the position
of the radula/odontophore relative to the middle of the
I3 torus, which in turn determines whether the forces
that I3 exerts will be protractive or retractive (Fig. 5).
Activity of the radula/odontophore closer motor neu-
rons, by changing the shape of the odontophore, also
changes the length of the I3 torus and its mechanical
advantage on the odontophore (Fig. 5), and thus the
effectiveness with which I3 can exert force. As a conse-
quence, the effects of the I1/I3/jaw complex motor
neurons are coupled mechanically to the activity in
motor neurons for the I2 protractor muscle and radular
closer motor neurons. The model assumes that changing
the shape of the odontophore does not change the
location of the widest cross-section of the odontophore.
However, as discussed above, in vivo, it is possible that
as the radula/odontophore closes, the widest cross-sec-
tion may shift from the middle to a more anterior po-
sition (Neustadter et al. 2002b). In turn, this suggests
that activity in the radular closer motor neurons may
not only affect the net force that the I1/I3 can exert, but
also the location of the context-dependent point.

In addition to controlling the position of the I1/I3/
jaw complex relative to the context-dependent point, the
change in shape of the odontophore has other implica-
tions for neural control. During rejection, after the
grasper closes and protracts to push inedible material
out of the buccal cavity, it opens to release the material.
If the I1/I3/jaw complex begins to contract shortly after
the onset of protraction, it will act to close the halves of
the grasper, which in turn will pull inedible material
back into the buccal cavity. This implies that during
rejection, contraction of the hinge initiates retraction,
and that activation of the I1/I3/jaw complex will be
delayed until its contraction will not induce closure of
the grasper. In contrast, during swallowing, the grasper
closes near the peak of protraction, and strong activa-
tion of the I1/I3/jaw complex will enhance the ability of
the grasper to remain closed on food.

These results suggest that biomechanical interactions
are likely to be critical for interpreting motor neuronal
activity. For example, Ahn and Full (2002) have shown
that two very similar muscles can act as a brake or a
motor depending on their mechanical context. More
generally, biomechanical coupling implies that behav-
ioral outputs may only be deducible from looking at
activity in multiple motor neuronal pools in the context
of the appropriate biomechanics, and may create con-
straints or opportunities for the interneuronal coordi-
nation of multiple motor pools.
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Given the low mass and low velocity of most mol-
luscan feeding systems, inertial forces are low, and thus
the time from neural activation to final movement is not
dominated by inertial forces. As a consequence, it would
be reasonable to assume that the transformation of
neural activity to behavior would be fairly transparent.
Indeed, because the system is quasi-static (Sutton et al.
2004b), the time for a muscle to change position is
dominated by the activation and de-activation dynamics
of the muscles, which supports the importance of
understanding the neuromuscular transform (Brezina
et al. 2000a, b). However, the reconfiguration of the
musculature creates important interdependencies be-
tween different muscles, so that the net behavioral out-
put becomes a function of the peripheral configuration,
not just neural activation. For example, a recent study of
swallowing in Aplysia demonstrated that the functions
of motor neurons B7 (for the hinge) and B8 (for closing
the halves of the radula) depend on mechanical context
(Ye et al. 2006). Another example is the timing of onset
of retraction relative to protraction in rejection, which is
largely a function of the timing of deactivation in the I2
muscle and the time for the odontophore to move pos-
terior to the context-dependent point, and thus depends
on active and passive forces in the hinge (Fig. 7 illus-
trates the time dependence for the passive hinge forces).
More generally, the duration of rhythmic behaviors will
emerge both from the time constants of activation of the
musculature, and the time for peripheral interactions to
occur (e.g., the time for the system to pass the context-
dependent point).

Many forms of modulation have been described in
Aplysia’s nervous system. Neuromodulators that are
extrinsic or intrinsic to the neural circuitry controlling
feeding (Katz and Frost 1996) may act to alter trans-
mitter release, or may act directly on a muscle to alter its
response to conventional transmitters, thereby altering
the neuromuscular transform (Brezina et al. 1996;
2000b; 2003; 2005). In particular, modulation has been
described in both the I2 muscle (Hurwitz et al. 2000) and
in the I1/I3 muscle (Fox and Lloyd 1997, 1998).

The term ‘‘neuromodulation’’ is currently used in two
senses: the alteration of a neuron’s intrinsic or synaptic
properties by chemicals (neurotransmitters or hormones:
Katz and Frost 1996; LeBeau et al. 2005), or the use of
artificial electrical stimulation of neurons to alter some
aspect of the periphery (e.g., reduce pain or improve
bladder function; Scheepens et al. 2002). We have
demonstrated a novel mechanism for modulation that is
due to the system’s mechanics: changing shape (firing of
motor neuron B8) potentiates the amount of protractive
force caused by firing of I2’s motor neurons (B31/32 and
B61/62), so that I2 can push the radula/odontophore
toward the jaws (protract) with greater force. Thus, our
results suggest a new form of interaction between neu-
rons: neuromechanical modulation, in which the actions
of one neuron are influenced by the outputs of another
neuron through mechanical coupling. Neuromodulation
of individual motor neurons and muscles through

chemical influences (from other neurons, or from cir-
culating hormones) combined with mechanical recon-
figuration of individual muscles by other muscles
demonstrates the flexibility that this neuromuscular
system has in generating behavior, and the importance
of understanding the interactions between the nervous
system and biomechanics for understanding behavior
(Zajac 1989; Chiel and Beer 1997; Dickinson et al. 2000).

Reconfiguration in molluscs

Understanding reconfiguration, in which contraction of
one muscle affects the forces generated by other muscles,
may be important for understanding the feeding mech-
anisms of both gastropod and cephalopod molluscs. For
example, the gastropods Helisoma, Archidoris, and
Lymnea, and the cephalopods Octopus, Sepia, Loligo,
and Nautilus all have radula/odontophores that either
rotate or change shape significantly during behavior,
which could affect the ability of the surrounding mus-
culature to generate specific behaviors (Rose 1971; Rose
and Benjamin 1979; Smith 1988; Messenger and Young
1999). A study of the buccal masses of Octopus bima-
culoides, Sepia officinalis, and Loliguncula brevis dem-
onstrated that the posterior mandibular muscle closes
the beak when the lateral mandibular muscles are re-
laxed. In contrast, when the lateral mandibular muscles
are contracted, creating a more rigid structure, the
posterior mandibular muscle opens the beak, a form of
reconfiguration that has been termed ‘‘muscular articu-
lation’’ (Uyeno and Kier 2005). Given these examples,
understanding mechanical reconfiguration may be criti-
cal to understanding the biomechanics of molluscan
feeding structures.

Reconfiguration in other systems

Reconfiguration may also play an important role in other
behaviors. In musculo-skeletal systems, hard skeletal
structures cannot change shape significantly, but a
muscle may alter the shape of several skeletal compo-
nents, and this shape change may in turn alter the forces
generated by multiarticular muscles. For example, in the
snake, body curvature affects the behavior generated by
phasic contractions of the epaxial muscles. If the body is
straight, phasic contraction of the epaxial muscles in-
duces swallowing. If the body is curved, phasic contrac-
tion of the epaxial muscles induces locomotion (Moon
2000). Alternatively, a muscle may act to alter another
muscle’s ability to exert force, and even the direction in
which force is exerted. For example, in apheid shrimp,
muscle CL1 controls whether contraction of muscle CL2
causes claw closure or claw opening (Ritzmann 1974).
Similarly, the crayfish dorsolateral and transverse mus-
cles use a pulley system to enhance the power of the
central and lateral oblique muscles (Wine and Krasne
1982). Thus, mechanical reconfiguration may be a more
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general mechanism that can allow muscular interactions
in the periphery to enhance or change the effectiveness of
other muscles.

Acknowledgements We thank the NSF (IBN-0218386 to HJC) and
the NIH (NS-047073 to HJC), and the NSF IGERT program
(Grant 345–1898) for their support of this research. We also thank
Richard Drushel for the illustration of the buccal mass anatomy
(Fig. 1a), and for his helpful comments on the research in this
paper, and Robert Herman for his sketches of the MRI. Experi-
ments described in this study comply with the Principles of animal
care, publication No. 86-23, revised 1985, of the National Institute
of Health, and also with the current laws of the United States.

References

Ahn AN, Full RJ (2002) A motor and a brake: two leg extensor
muscles acting at the same joint manage energy differently in a
running insect. J Exp Biol 205:379–389

Brezina V, Orekhova IV, Weiss KR (1996) Functional uncoupling
of linked neurotransmitter effects by combinatorial conver-
gence. Science 273:806–810

Brezina V, Orekhova IV, Weiss KR (2000a) The neuromuscular
transform: the dynamic, nonlinear link between motor neuron
firing patterns and muscle contraction in rhythmic behaviors.
J Neurophysiol 83:207–231

Brezina V, Orehova IV, Weiss KR (2000b) Optimization of
rhythmic behaviors by modulation of the neuromuscular
transform. J Neurophysiol 83:260–279

Brezina V, Orekhova IV, Weiss KR (2003) Neuromuscular mod-
ulation in Aplysia. II. Modulation of the neuromuscular
transform in behavior. J Neurophysiol 90:2613–2628

Brezina V, Horn CC, Weiss KR (2005) Modeling neuromuscular
modulation in Aplysia. III. Interaction of central motor com-
mands and peripheral modulatory state for optimal behavior.
J Neurophysiol 93:1523–1556

Brusca RC, Brusca GJ (1990) Invertebrates. Sinauer Associates,
Sunderland

Chiel HJ, Beer RD (1997) The brain has a body: adaptive behavior
emerges from interactions of nervous system, body and envi-
ronment. Trends Neurosci 20:553–557

Chiel HJ, Crago P, Mansour JM, Hathi K (1992) Biomechanics of
a muscular hydrostat: a model of lapping by a reptilian tongue.
Biol Cybern 67:403–415

Church PJ, Cohen KP, Scott ML, Kirk MD (1991) Peptidergic
motoneurons in the buccal ganglia of Aplysia californica:
immunocytochemical, morphological, and physiological char-
acterizations. J Comp Physiol A 168:323–336

Dickinson MH, Farley CT, Full RJ, Koehl MA, Kram R, Lehman
S (2000) How animals move: An integrative view. Science
288:100–106

Drushel RF, Neustadter DM, Shallenberger LL, Crago PE, Chiel
HJ (1997) The kinematics of swallowing in the buccal mass of
Aplysia californica. J Exp Biol 200:735–752

Drushel RF, Neustadter DM, Hurwitz I, Crago PE, Chiel HJ
(1998) Kinematic models of the buccal mass of Aplysia cali-
fornica. J Exp Biol 201:1563–1583

Drushel RF, Sutton GP, Neustadter DM, Mangan EV, Adams
BW, Crago PE, Chiel HJ (2002) Radula-centric and odonto-
phore-centric kinematic models of swallowing in Aplysia cali-
fornica. J Exp Biol 205:2029–2051

Evans CG, Cropper EC (1998) Proprioceptive input to feeding
motor programs in Aplysia. J Neurosci 18:8016–8031

Evans CG, Alexeeva V, Rybak J, Karhunen T, Weiss KR, Cropper
EC (1999) A pair of reciprocally inhibitory histaminergic sen-
sory neurons are activated within the same phase of ingestive
motor programs in Aplysia. J Neurosci 19:845–858

Fox LE, Lloyd PE (1997) Serotonin and the small cardioactive
peptides differentially modulate two motor neurons that inner-
vate the same muscle fibers in Aplysia. J Neurosci 17:6064–6074

Fox LE, Lloyd PE (1998) Serotonergic neurons differentially
modulate the efficacy of two motor neurons innervating the
same muscle fibers in Aplysia. J Neurophysiol 80:647–655

Howells HH (1942) The structure and function of the alimentary
canal of Aplysia punctata. Q J Microsc Sci 83:357–397

Hurwitz I, Susswein AJ (1992) Adaptation of feeding sequences in
Aplysia oculifera to changes in the load and width of food. J
Exp Biol 166:215–235

Hurwitz I, Neustadter DM, Morton DW, Chiel HJ, Susswein AJ
(1996) Activity patterns of the B31/B32 pattern initiators
innervating the I2 muscle of the buccal mass during normal
feeding movements in Aplysia californica. J Neurophysiol
75:1309–1326

Hurwitz I, Cropper EC, Vilim FS, Alexeeva V, Susswein AJ,
Kupfermann I, Weiss KR (2000) Serotonergic and peptidergic
modulation of the buccal mass protractor muscle (I2) in Aply-
sia. J Neurophysiol 84:2810–2820

Katz PS, Frost WN (1996) Intrinsic neuromodulation: altering
neuronal circuits from within. Trends Neurosci 19:54–61

Kier WM, van Leeuwen JL (1997) A kinematic analysis of tentacle
extension in the squid Loligo pealei. J Exp Biol 200:41–53

Kier WM, Smith KK (1985) Tongues, tentacles and trunks: the
biomechanics of movement in muscular-hydrostats. Zool J
Linnean Soc 83:307–324

Kupfermann I (1974) Feeding behavior in Aplysia: a simple system
for the study of motivation. Behav Biol 10:1–26

LeBeau FE, El Manira A, Grillner S (2005) Tuning the network:
modulation of neuronal microcircuits in the spinal cord and
hippocampus. Trends Neurosci 28:552–561

Mallett ES, Yamaguchi GT, Birch JM, Nishikawa KC (2001)
Feeding motor patterns in anurans: Insights from biomechan-
ical modeling. Am Zool 41:1364–1374

Messenger JB, Young JZ (1999) The radular apparatus of cepha-
lopods. Phil Trans R Soc Lond B 354:161–182

Moon BR (2000) The mechanics of swallowing and the muscular
control of diverse behaviours in gopher snakes. J Exp Biol
203:2589–2601

Morton DW, Chiel HJ (1993a) In vivo buccal nerve activity that
distinguishes ingestion from rejection can be used to predict
behavioral transitions in Aplysia. J Comp Physiol A 172:17–32

Morton DW, Chiel HJ (1993b) The timing of activity in motor
neurons that produce radula movements distinguishes ingestion
from rejection in Aplysia. J Comp Physiol A 173:519–536

Nagahama, Shin (1998) Patterned jaw movements and the motor
neuron activity during rejection of seaweed in Aplysia kurodai.
J Comp Physiol A (1998) 182:551–562

Nagahama T, Takata M (1988) Food-induced firing patterns in
motoneurons producing jaw movements in Aplysia kurodai.
J Comp Physiol A 162:729–738

Neustadter DM, Chiel HJ (2004) Imaging freely moving subjects
using continuous interleaved orthogonal magnetic resonance
imaging. Magn Reson Imaging 22:329–343

Neustadter DM, Drushel RF, Chiel HJ (2002a) Kinematics of the
buccal mass during swallowing based on magnetic resonance
imaging in intact, behaving Aplysia californica. J Exp Biol
205:939–958

Neustadter DM, Drushel RF, Crago PE, Adams BW, Chiel HJ
(2002b) A kinematic model of swallowing in Aplysia californica
based on radula/odontophore kinematics and in vivo magnetic
resonance images. J Exp Biol 205:3177–3206

Nishikawa KC (1999) Neuromuscular control of prey capture in
frogs. Phil Trans R Soc Lond B 354:941–954

Ritzmann RE (1974) Mechanisms for the snapping behavior of two
alpheid shrimp, Alpheus californiensis and Alpheus heterochelis.
J Comp Physiol A 95:217–236

Rose RM (1971) Functional morphology of the buccal mass of the
nudibranch Archidoris pseudoargus. J Zool Lond 165:317–336

Rose RM, Benjamin PR (1979) The relationship of the central
motor pattern to the feeding cycle of Lymnaea stagnalis. J Exp
Biol 80:137–163

Rosen SC, Miller MW, Cropper EC, Kupfermann I (2000a)
Outputs of radula mechanoafferent neurons in Aplysia are

869



modulated by motor neurons, interneurons and sensory neu-
rons. J Neurophysiol 83:1621–1636

Rosen SC, Miller MW, Evans CG, Cropper EC, Kupfermann I
(2000b) Diverse synaptic connections between peptidergic rad-
ula mechanoafferent neurons and neurons in the feeding system
of Aplysia. J Neurophysiol 83:1605–1620

Scheepens WA, Jongen MM, Nieman FH, de Bie RA, Weil EH,
van Kerrebroeck PE (2002) Predictive factors for sacral neu-
romodulation in chronic lower urinary tract dysfunction.
Urology 60:598–602

Scott ML, Govind CK, Kirk MD (1991) Neuromuscular organi-
zation of the buccal system in Aplysia californica. J Comp
Neurol 312:207–222

Smith DA (1988) Radular kinetics during grazing in Helisoma
trivolvis (Gastropoda: pulmonata). J Exp Biol 136:89–102

Sutton GP, Macknin JB, Gartman SS, Sunny GP, Beer RD, Crago
PE, Neustadter DM, Chiel HJ (2004a) Passive hinge forces in
the feeding apparatus of Aplysia aid retraction during biting but
not during swallowing. J Comp Physiol A 190:501–514

Sutton GP, Mangan EV, Neustadter DM, Beer RD, Crago PE,
Chiel HJ (2004b) Neural control exploits changing mechanical
advantage and context dependence to generate different feeding
responses in Aplysia. Biol Cybern 91:333–345

Uyeno TA, Kier WM (2005) Functional morphology of the ceph-
alopod buccal mass: a novel joint type. J Morphol 264:211–222

Van Leeuwen JL (1991) Optimum power output and structural
design of sarcomeres. J Theor Biol 149:229–256

Van Leeuwen JL, Kier WM (1997) Functional design of tentacles
in squid: Linking sarcomere ultrastructure to gross morpho-
logical dynamics. Phil Trans R Soc Lond B 352:551–571

Wilson JF, Mahajan U, Wainwright SA, Croner LJ (1991) A
continuum model of elephant trunks. J Biomech Eng 113:79–84

Wine JJ, Krasne FB (1982) The cellular organization of the crayfish
escape behavior. In: Sandeman DC, Atwood HL (eds) The
Biology of Crustacea, Chapter 4. Academic, New York, pp
241–492

Ye H, Morton DW, Chiel HJ (2006) Neuromechanics of coordi-
nation during swallowing in Aplysia californica. J Neurosci
26:1470–1485

Yu S-N, Crago PE, Chiel HJ (1999) Biomechanical properties and
a kinetic simulation model of the smooth muscle I2 in the
buccal mass of Aplysia. Biol Cybern 81:505–513

Zajac FE (1989) Muscle and tendon: properties, models, scaling,
and application to biomechanics and motor control. Crit Rev
Biomed Eng 17:359–411

Zajac FE (1993) Muscle coordination of movement: a perspective.
J Biomech 26(Suppl 1):109–124

870


	Mechanical reconfiguration mediates swallowing and rejection�in Aplysia californica
	Abstract
	Introduction
	Materials and methods
	Anatomy of Aplysia rsquo s buccal mass
	Magnetic resonance imaging of rejection
	Fig1
	Shape-changing kinetic model of the buccal mass
	Results
	MRI kinematics of rejection
	Grasper shape change enhances I2 force during �protraction phase of rejection
	Fig2
	Fig3
	Reconfiguration enhances I3 rsquo s strength during retraction phase of swallowing
	Fig4
	Discussion
	Fig5
	Limitations of results
	Fig6
	Fig7
	Biomechanical implications for feeding
	Reconfiguration and neural control
	Reconfiguration in molluscs
	Reconfiguration in other systems
	Acknowledgements
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR57
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR56

