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Motor systems evolved to produce behaviors that accomplish diverse goals that enhance animals’ survival
and fitness in the face of an uncertain environment. Thus, it is fundamentally important that patterns of
muscle activations be correctly computed if a specific behavioral goal is to be achieved. To understand
such computations is a major challenge for students of motor control. There are several approaches to
elucidating these computations'. One prominent proposal is that the CNS produces behaviors using
internal models®”. Another approach involves using optimal feedback control theory (e.g.,*"). A third
approach that emphasizes neural implementation suggests that motor behavior is based on simple units (or
building blocks) that can be flexibly combined to accomplish a variety of tasks. This approach has
focused on identifying building blocks/modules in the spinal cord (e.g., force fields, muscle synergies or
motor primitives*”; or interneuronal populations'®). The spinal interneurons, which, compared with
cortical and subcortical structures, have a most direct access to motoneurons, play a role in transforming
the higher level signals to behavior (cf."'"). Our recent work suggests that the Aplysia feeding motor
network is also organized in a modular and hierarchical fashion and that elements at different levels of the
motor hierarchy play distinct computational roles. Here, we describe strategies and mechanisms used to
solve these computational tasks in Aplysia.

The Aplysia feeding motor apparatus, the radula, is a hand-like structure that serves to handle
food objects (Fig. 1). The radula generates two sets of movements: forward-backward motions
(protraction-retraction) that are coupled with opening-closing movements. To accomplish a variety of
tasks, Aplysia use strategies that are common in most other motor systems (e.g.,'?). First, tasks are divided
into categories: ingestion, e.g., biting, that serves to grasp the food and move it toward esophagus, and
egestion that serves to push inedible objects out of the mouth. The switch between ingestion and egestion
is accomplished by a phase-shift of radula closure relative to protraction-retraction, which similarly
occurs in different behaviors produced by vertebrate limbs'*'*. Second, in order to produce behaviors
that meet diverse contextual and environmental demands, Aplysia produce variants of a behavior within
the same behavioral category, e.g., they produce ingestive responses that vary in protraction duration that
contributes to changes in the speed of the behavior".

We present evidence showing how the same network is effective in generating both categorically
different behaviors and variants of a single behavior, a fundamental property of most motor systems. The
key is that the network uses a hierarchical organization that involves at least two layers of interneurons: a
set of higher-order neurons and lower-order pattern-generating interneurons. The higher-order neurons
receive sensory inputs and act on lower-order interneurons that generate specific motor patterns.

Lower-order interneurons are organized as functional modules or building blocks that encode
specific features of the motor output through their direct actions on the motoneurons and other
interneurons in the local circuit (Fig. 2A, 3A). Significantly, the modules can be classified into two broad
classes: behavior-independent ones that encode features common to more than one behavior (B63/B64),
and behavior-specific ones that encode features specific for a single behavior (B40, B20). Modules thus
form a type of alphabet of computational elements that can be exploited by higher-order neurons to
generate a variety of behaviors. Three higher-order neurons CBI-2, CBI-3, CBI-12 are active to various
degrees during actual ingestion/biting behavior in semi-intact preparations, suggesting that they serve to
decode sensory inputs through a combinatorial code. Specifically, a simple combination of activity of
CBI-2 and CBI-3 functions to produce motor program switching (Fig. 2B), while that of CBI-2 and CBI-
12 produces variations in protraction duration during ingestion (Fig. 3B). Higher-order neurons
accomplish these roles through their diverse but specific patterns of synaptic outputs on a number of
interneurons, which result in different combinations of active modules. Consequently, higher-order
neurons produce motor programs with various parametric features. Importantly, through tuning of
modules, their effects on parameters are largely indirect, thereby allowing them to use a combinatorial
code to produce variations in a parameter. Thus, higher-order neurons represent a higher level of
abstraction and their population activity is transformed by modules into an adaptive motor act.
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