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Abstract
This chapter presents findings that stimulated the formulation of
population-coding hypotheses of motor control, outlines the essential
features of selected hypotheses, and describes the results of experiments designed to test predictions based on these hypotheses . The
predictions of certain population-coding hypotheses have been confirmed in studies of the primate superior colliculus, and in invertebrate
systems by selectively activating or inactivating specific subsets of
neurons with known functional properties . In principle, testing predictions of other population-coding hypotheses should be straightforward; in practice, such tests are often difficult . We suggest that future
research directions include finding how nervous systems select a particular behavioral response represented by a population code and how
individual neurons in overlapping populations can help to mediate
more than one behavior .

The question of how spatial and temporal patterns of
neural activity in various regions of the nervous system
are related to bodily movements has received much experimental and theoretical attention (for a recent review,
see Fetz, 1992) . In general, sensory neurons-both exteroceptors and proprioceptors-that provide signals
for selecting and guiding movements are broadly tuned
to the features of the stimuli that they encode, and central neurons discharging in association with movements
are broadly tuned with respect to the parameters of the
movements they produce (e .g ., force, velocity, direction,
amplitude) . Fundamental questions emerge from these
observations . How can coarsely tuned sensory neurons
select and guide specific, spatially accurate actions? How
can motor cells that discharge before and during a broad
range of movements be responsible for initiating and
executing accurate and precise movements? The broad
tuning of sensory cells and neurons with motor-related
activity means that large populations of cells respond to
each stimulus and that large populations of cells are
active before and during each movement . Moreover,
different populations of "sensory" and "motor" cells in
widely distributed areas of the nervous system are active
simultaneously both before and during any movement .
Therefore, the overriding concern is to explain how
nervous systems extract the signals needed to select,
initiate, guide, and control movements from the spatial

and temporal profiles of large populations of widely distributed and coarsely tuned neurons .
In this chapter we present findings that stimulated the
formulation of population-coding hypotheses, outline
the essential features of selected hypotheses and models,
and describe experiments designed to test the predictions of these models . In addition, many neurons identified for their role in one behavior also take part in one
or more other behaviors . This observation raises issues
about overlapping codes . For instance, can the same
neuron be part of a population that codes for one behavior, and, in addition, participate in the network of
neurons that generates the pattern for another behavior
(Harris-Warrick et al ., chapter 19, this volume)? What
happens when the two behaviors are brought into conflict? Will the overlapping interneurons help to make the
decision about which behavior is executed? This chapter
is divided into separate sections on vertebrate and invertebrate studies to accommodate differences in individual authors' familiarity with the burgeoning literature
on this subject and because different issues have been
addressed more thoroughly in the different types of nervous systems . It should become apparent to the reader,
however, that this artificial division does not represent
fundamental differences in the way different nervous
systems confront similar problems .

mals with their heads restrained . Under these conditions,
many SC neurons discharge before saccadic eye movements . Each cell discharges before saccades that have a
particular range of directions and amplitudes (termed the
movement field of the cell) . The topographical organization of movement fields within the SC forms a map
of motor (saccadic) space (Wurtz and Goldberg, 1972 ;
Robinson, 1972 ; Sparks et al ., 1976 ; Sparks, 1978) .
Because each neuron in the SC fires before a broad
range of saccades, a large population of neurons is active
before each saccade (Sparks et al ., 1976 ; Sparks and
Mays, 1980) . How such broadly tuned activity precisely
controls the direction and amplitude of a saccade might
be accomplished in various ways . The movement might
be based on a "winner-take-all" code in which the
activity of the most intensely firing neurons within the
population is selected at a subsequent stage of neural
processing . Alternatively, the activity of each member of
the population might contribute to the direction and amplitude of the movement . Various schemes by which this
might be accomplished have been proposed (Mcllwain,
1975 ; Sparks et al ., 1976 ; van Gisbergen et al ., 1987; van
Opstal and van Gisbergen, 1989) . The following two
sections present the evidence for the most likely mechanism for generating saccades : vector averaging.
The Vector-Averaging Hypothesis : Description and
Predictions

Population Codes for Movements in Vertebrates
In vertebrates, the issue of population coding has been
addressed most vigorously in studies of the role of the
superior colliculus (SC) in orienting movements of the
eyes (e .g ., Mcllwain, 1975 ; Sparks et al ., 1976 and 1990),
as well as in experiments related to the role of the motor
cortex in the planning and execution of reaching movements of the arm (e .g ., Humphrey et al ., 1970; Fetz, 1992 ;
Georgopoulos et al ., 1986, 1988, and 1992) . This chapter
focuses on studies of the primate SC . Population coding
in the motor cortex is also considered elsewhere (Grillner
et al ., chapter 1, this volume) .
Population Coding in the Superior Colliculus
Experimental Basis of the Population-Coding
Hypotheses
The intermediate and deeper layers of the SC receive
convergent auditory, visual, and somatosensory signals,
and generate motor commands for orienting movements
of the eyes and h ead . SC neurons related to saccadic eye
movements have been studied most extensively in ani-
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The vector-averaging hypothesis was first proposed by
Sparks and colleagues (1976) . This hypothesis assumes
that the large population of collicular neurons active
before a given saccade occupies a symmetrical area
within the motor map on the SC (panel 1 of figure 2 .1) .
Only the neurons in the center of the active population
(marked A in the figure) discharge maximally before the
programmed movement ; however, for each subset of
active neurons (marked B) discharging maximally before
movements with a direction and amplitude other than
the programmed movement, there will be a second subset of active neurons (marked C) discharging maximally
before movements of other directions and amplitudes
such that the average direction and amplitude will be
the same as that coded by neurons in the center of the
population . Thus, it is hypothesized that each member of
the active population contributes to the ensuing saccade .
Specifically, the direction and amplitude of each saccade
is the average of the vectors that describe the movements coded by each of the active neurons . This hypothesis predicts that any perturbation in the spatial profile
of collicular activity should produce an alteration in the
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Figure 2 .1

Using the vector-averaging hypothesis to predict the direction and amplitude of saccades . (Panel 1) Vector-averaging scheme of Sparks and
colleagues (1976) . On the left is the motor map of the left SC . The area
within the circle represents the locus of neurons active before saccades
to a target five degrees right of the fixation point. The locus is assumed
to be symmetrical. Neurons at locations A, B, and C fire most vigorously for movements in the directions and with the amplitudes shown
by the three vectors in the middle . As indicated on the right side of
the panel, the weighted average of activity at points B and C yields
approximately the same movement vector as does activity at A . (Panels
2-4) Predicted effect of deactivating a localized set of neurons in a
specific region of the SC . The locus of deactivation (the darkly stippled

circle) is the same in each panel, but the location of the active population (the lightly stippled area) is different, indicating saccades to
three different targets (i .e ., to a location corresponding to locus A in
panel 2, to locus B in panel 3, and to locus C in panel 4) . Beneath each
map are the saccade vectors associated with neural activity at the center and the outside edges of each of the locations illustrated . The open
square represents the vector of the intended saccade . The dashed line
represents the vector of the movement tendency produced by the deactivated neurons . Because these neurons do not contribute to the saccade, the actual movement (indicated by the filled square) may be the
same as (panel 2) or different from (panels 3 and 4) the intended movement. (Reprinted with permission from Lee et al ., 1988) .

direction and amplitude of the ensuing saccade . Specific
predictions of the vector-averaging hypothesis regarding the effects of deactivating a portion of the SC are
outlined in panels 2-4 of figure 2 .1 .
Panel 2 shows that deactivation restricted to the center of the activated population will have no effect upon
saccade direction and amplitude . (A more recent version
of this hypothesis [Sparks and Mays, 1990] assumes that
the speed of the movement is related to the overall level
of activity within the active population, so that the
movement would be slower after deactivating the central
region .) Panels 3 and 4 show that a systematic pattern of
errors will be observed when the deactivated cells are

on the periphery of the active population . Activation
(instead of deactivation) by microstimulation, or by small
injections of substances that produce local elevations
in neuronal activity, is predicted to have effects upon
direction, amplitude, speed, and latency that are opposite
to those produced by deactivation of cellular activity .
Experimental tests of these predictions are presented in
the following section .
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Evidence Related to the Predictions
The vector-averaging hypothesis was based, in part, upon the finding of Robinson
Microstimulation experiments

Population Coding for Movement Control

(1972) that simultaneously stimulating two points in
the SC evoked movements intermediate in amplitude
and direction between movements produced by stimulating either site alone . This finding strongly suggested
an averaging, rather than winner-take-all, strategy for
combining activity throughout different regions of the
SC. Sparks and Mays (1983) observed a similar interaction between visually guided saccades and stimulationinduced movements : the direction and amplitude of
stimulation-evoked saccades were influenced toward the
location of a visual target to which a saccade had not yet
been directed . Such interactions were apparent even
when the stimulation was at a sufficiently low frequency
that it was subthreshold for producing any movement
(Glimcher and Sparks, 1993) . The subthreshold stimulation trains biased the direction and amplitude of spontaneous and visually guided eye movements in the
direction and amplitude of movements induced by suprathreshold stimulation of the same collicular location . All
of these data are consistent with the predictions of the
vector-averaging hypothesis of Sparks et al . (1976) .
Injection
of substances that either depress or enhance activity in a
localized collicular region perturb the spatial and temporal balance in the collicular motor map (Lee et al ., 1988 ;
Sparks et al ., 1990) . These experiments provide additional tests of predictions of the vector-averaging model .
Following local deactivation of collicular neurons, the
endpoints of visually guided saccades were biased away
from the endpoint of the control stimulation-induced
movement (figure 2 .2A) . The opposite perturbationactivating a small region by injecting bicuculline, which
blocks input from inhibitory neurons-produced saccades to surrounding targets that displayed an "attraction" to the position commanded by the activated region
(figure 2 .2B) . These results provide compelling support
for the vector-averaging model . According to this
model, saccadic accuracy results from the averaging of
the movement tendencies produced by the entire active
population rather than from the discharge of a small
number of finely tuned cells . Small changes in the direction and amplitude of saccades are produced by slight
shifts in the location of the large population of active
cells .
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Population Coding in Other Vertebrate Motor
Systems
Recent experiments by Berkowitz and Stein (1994a,
1994b) suggest that the turtle nervous system may select
the appropriate form of scratching, rostral or pocket, by
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Figure 2 .2

Modifications of saccades by injections that inactivate and activate
small regions of the SC. Plots show the positions of the initial fixation
(+) and the endpoint (') of the best saccade. Each square represents the
average endpoint of three to five visually guided saccades . Unfilled
squares represent movements that occurred before the injections; filled
squares represent postinjection trials for matching targets. Lines connecting the squares represent the average error introduced by modifying the spatial and temporal pattern of neuronal activity within the SC .
(A) Effects of a single 200-n1 injection of lidocaine . (B) Effects of a
single 200-n1 injection of bicuculline. (Modified from Sparks et al .,
1990 .)

activating populations of broadly tuned neurons, rather
than highly specialized neurons (see also Stein and Smith,
chapter 5, this volume) . Testing whether a populationcoding scheme controls turtle scratching is difficult,
however, because the axons of propriospinal neurons
maximally tuned for a particular form of scratching do
not appear to be localized in particular regions of the
spinal cord white matter (Berkowitz and Stein, 1994a) . It
may be impossible to use microstimulation or reversible
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activation/inactivation in this preparation to test the
contributions of particular neuronal subsets . Berkowitz
and Stein's studies do, however, raise an interesting issue
about how nervous systems code for specific directions
of movement (e .g ., dorsal vs . ventral pocket scratching)
as well as make choices between behaviors (e .g ., rostral
vs . pocket scratching) . Within a scratch type, the same
muscles are used in similar patterns . A population code
similar to that described above for primate motor control
could also be used for turtle pocket scratching-that is,
a population of neurons could be activated in a slightly
different pattern to produce a pocket scratch directed to
a slightly different location . Berkowitz and Stein (1994b)
have proposed an additional feature that may account
for appropriate choice of scratch form : the knee extensor
motoneuron pool may provide a possible integration site
for the behavioral choice . The issue of behavioral choice
will be considered further in the section on invertebrate
motor control .
Georgopoulos and colleagues (1986) have described
a possible population code in the monkey motor cortex
that controls reaching movements of the arm . During an
arm-reaching task, many broadly tuned cells discharge
maximally in association with movements in a preferred
direction, but less vigorously in association with movements in other directions . Georgopoulos and colleagues
have shown that the sum of the activity of directionally
tuned cells, weighted by their discharge rate, provides
a population vector that points in the direction of the
movement of the limb . Other studies suggest that the
length of the vector is related to movement speed and
that the population vector may also represent aspects of
the intention to move (Georgopoulos et al ., 1993) . These
findings have been interpreted as evidence that the
direction of hand displacement by the arm, rather than
muscle force or other movement parameters, is coded
by populations of neurons in the motor cortex . This
hypothesis is an extension of earlier work by Humphrey
and colleagues (1970) showing that by optimally selecting weighting factors for each parameter, the output of
neuron populations in the motor cortex can be made to
match force trajectories and wrist displacements, as well
as their temporal derivatives . Numerous experiments
have extended the feasibility of the vector summation
hypothesis of Georgopoulos and colleagues to a variety
of conditions, including reaching movements in threedimensional space (Georgopoulos et al ., 1988 ; Schwartz
et al ., 1988) and drawing movements (Schwartz, 1994) .
Repeated demonstrations of the feasibility of the
population vector hypothesis of Georgopoulos and colleagues do not, however, constitute proof of the hy-
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pothesis . As others have emphasized, it is not so easy
to decide which features of a movement are explicitly
coded by the nervous system and which are consequences of the interaction of the output with the external world (Gottlieb, 1993 ; Kalaska and Crammond,
1992; Latash, 1993) . Plausible arguments can be made
that neurons in the motor cortex encode a variety of
movement parameters-including force, rate of change
of force, direction of movement, and muscle stiffness .
Mussa-Ivaldi (1988) has shown that the solution of
the matrix transform between the direction of endpoint
handpath and shoulder muscle-state variables predicts
that cells encoding information about shoulder muscle
lengths and the rate of changes of muscle lengths would
have directional tuning properties similar to cells in the
motor cortex. This alternative interpretation of the data
offered as support of the Georgopoulos hypothesis is
also consistent with models of motor control in which
the kinematic features of a movement, such as direction,
are emergent properties of the interactions between programmed forces and the loading of the limb (Gottlieb,
1993) . Theoretical arguments have been made that the
existence of a population vector constitutes only weak
support for the explicit use of a particular coordinate
representation by the motor cortex (Sanger, 1994) . Other
models (Houk, 1989) have treated the overall premotor
network of the arm as a parallel distributed system in
which movements are controlled by cooperative neuronal activity distributed in the cerebellum, the red nucleus,
motor portions of the thalamus, and the pontine nuclei,
as well as in the motor cortex . Finally, it has also been
suggested that the search for explicit coding may be diverting us from understanding more distributed neural
mechanisms that are more complex and less directly related to explicit movement parameters (Fetz, 1992) .
Clearly, many vertebrate nervous systems use population coding to produce a variety of directed movements .
However, because nervous systems may control different
metrics of movements and because different types of
population codes may be used (e .g ., winner-take-all, vector summation, and vector averaging), testing the predictions of particular models or hypotheses becomes
critical . For example, because cells in columns in the
motor cortex tend to have similar preferred directions
(Georgopoulos et al., 1984), it should be possible to test
the vector summation hypothesis by deactivating a subset of cortical cells coding for a particular direction to
see if predictable errors in direction occur, both in the
trajectory and endpoint of the movement . In a more
general sense, further progress in understanding the role
of population coding in the control of movements in
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vertebrates depends upon developing experimental tests
that distinguish one type of population code from another . In such experiments, however, attempts to reconstruct the actual distribution of cells with particular
functional properties in various motor areas are important, as are efforts to develop methods for activitydependent inactivation of cells or for selectively
modifying the response properties of particular subsets
of functional classes of cells involved in motor control .

Population Codes for Movements in Invertebrates
At first glance, it may seem that animals with relatively
simple nervous systems use different strategies for producing behaviors than do animals with more complex
nervous systems . Higher vertebrates, with more than
10 13 neurons, can invest populations of neurons to perform each of their behaviors, whereas animals with less
than 10 6 neurons must use each one sparingly . This distinction has bred the expectation that the interneuronal
networks in invertebrates would be sparse and simple . It
came as a surprise, therefore, when a variety of reflexive
movements in invertebrate animals also appeared to use
population codes . For instance, cricket and cockroach
interneurons that respond to the direction of air movements (and thereby to the direction of an approaching
predator) are so broadly tuned that each is activated by
inputs from many directions (Miller et al ., 1991; Comer
and Dowd, 1993 ; Ritzmann, 1993 ; Ritzmann and Eaton,
chapter 3, this volume) . The interneurons responsible for
leg reflexes in stick insects are also broadly tuned, both
in their responses to mechanosensory input and in the
motor effects they produce when stimulated (Baessler,
1993) . The simplest segmental bending response of the
medicinal leech, caused by light pressure, activates a
pool of interneurons whose actions can be mimicked by
the sorts of parallel distributed networks generated by
neural nets (Lockery et al ., 1989; Lockery and Kristan,
1990; Kristan, 1994; see also figure 2 .3) . In all of these
invertebrate systems, the same interneurons can be identified from individual to individual, so are they truly
population codes, and, if so, what are their natures?
These questions will be addressed in more detail for the
leech local-bend reflex and the initial directed turn made
by standing cockroaches away from air movement, in
anticipation of running away (figure 2 .3) .
The local-bend reflex and the initial directed turn are
similar behaviors in that both are directed responses to
mechanical stimuli that may come from anywhere around
the animal . In the leech, a touch to the skin around the
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body surface (top, bottom, left, or right) may be sufficient
to activate one or more of the six T (touch) or four P
(pressure) cells with overlapping receptive fields in each
segment (Kristan et al ., 1995) . In the cockroach, the activating stimuli are air movements that bend sensory hairs
in the posteriorly directed cerci (Kolton and Camhi,
1995), as well as tactile stimuli that activate mechanoreceptors in the anteriorly directed antennae and over
the surface of the whole body . Such stimulation activates
some of the hundreds of sensory neurons at the bases of
the hairs (Ritzmann, 1993) . Depending on the size of the
cockroach, there are hundreds to thousands of primary
mechanoreceptors, plus additional pathways from visual
and auditory stimuli that have not yet been as well
characterized.
Population Coding in Leech and Cockroach
Mechanosensory Interneurons
The mechanosensory interneurons involved in both reflexes respond to stimuli over a broad range . There are
about thirty such interneurons per segment in the leech
(Lockery and Kristan, 1991) . In the cockroach, the major
interneurons receiving direct input from the cercal
mechanosensors are termed giant interneurons (GIs), primarily those with axons located ventrally in the nerve
cord, the vGIs (Kolton and Camhi, 1995) . There appear
to be only two pairs of vGIs (Comer and Dowd, 1993;
Levi and Camhi, 1994) . In the leech, mechanosensory
interneurons make connections directly with motoneurons, whereas the GIs of the cockroach connect with
type A thoracic interneurons (TIAS), which in turn alter
the excitability of leg motoneurons (Ritzmann, 1993 ; see
also Ritzmann and Eaton, chapter 3 this volume) . These
leech and cockroach interneurons share several functional
properties with those in the primate superior colliculus .
1 . Their activity is correlated with the behavior . In both

the cockroach and the leech, these interneurons are activated by the same mechanical stimuli that produce
motor output (Kristan et al ., 1995 ; Kolton and Camhi,
1995). The broad-tuning curves of the cockroach interneurons are nearly the optimal width and separation
from one another to maximize information transfer from
primary sensory neurons to interneurons, as established
for similar cricket interneurons (Theunissen and Miller,
1991). Most leech local bend interneurons receive input
from three or four segmental P cells, the latter being the
sensory neurons most strongly responsible for eliciting a
local bend (Lockery and Kristan, 1991) . As a result, most
of the interneuronal receptive fields extend one-half to
three-quarters of the way around the animal .
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Figure 2 .3
Population coding in two invertebrate behaviors . (A) Type of circuit
ventral giant interneurons (vGls), which in turn project to a common
used to produce local bending in the medicinal leech . Two types
set of premotor interneurons in the thoracic ganglia (TI A) . The TI A
of mechanoreceptors, the T (touch) and P (pressure) neurons (D, L, and
layer projects to extensor (Ex) and flexor (Fl) motoneurons at two leg
V subscripts indicate dorsal, lateral, and ventral receptive fields), excite
joints, the coxa-femur (CF) and the femur-tibia (FT) . This system prolocal-bend interneurons (LBI), and the LBIs both excite and inhibit
duces orientation movements away from the stimulus source before the
the longitudinal muscle motoneurons : dorsal excitors (DE), dorsal in- animal starts to run . (For more details, see Ritzmann and Eaton, chapter
hibitors (DI), ventral excitors (VE), and ventral inhibitors (VI) . (B) Types 3, this volume .) In this figure and in figure 2 .4, circles indicate individof circuits used to produce the orientation of cockroaches before escape
ual neurons and shaded boxes indicate that there is a larger population
from mechanical stimuli . Three sets of mechanosensory neurons (from
of each type of cell . Also, the connectivity patterns in both figures are
the cerci, the abdominal surface, and the anteriorly projecting antennae)
meant to represent the types of connections made and their known
make connections with separate sets of interneurons . The best characeffects . The patterns do not necessarily indicate physiologically defined
terized pathway is the one from the cereal mechanoreceptors to the
monosynaptic connections .
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2 . Stimulating individual interneurons produces part of
the behavior . Leech interneurons that respond during
local bend activate different combinations of motoneurons to the longitudinal muscles (Lockery and Kristan,
1991 ; Wittenberg and Kristan, 1992) . Levi and Camhi
(1994 and 1995) discovered that stimulating individual
vGIs in cockroaches as they turned in response to air
puffs delivered to the cerci produced, for one direction
of turning, a bias in the direction of movement away
from the source of the stimulus .
3 . Removing individual interneurons weakens directional responses . In two studies, leech local bend interneurons were removed transiently by hyperpolarizing
them individually while monitoring motoneuronal responses to P-cell stimulation (Lockery and Kristan, 1991 ;
Wittenberg and Kristan, 1992) . In fact, only those interneurons whose removal changed motoneuronal responses were considered to be local-bend interneurons .
Similarly, killing a single vGI in the nerve cord of a
cockroach by injecting a proteolytic enzyme made the
animal less likely to turn in the direction of the optimal
response of that vGI (Comer and Dowd, 1993) .
In summary, both leech local-bending behavior and
cockroach orientation are produced by population codes .
The nature of the codes can now be investigated in more
detail . For instance, is the average firing of the interneurons the only important feature, or do the details of the
firing pattern matter? Preliminary findings for cockroach
vGIs indicate that the code may be simply a weighted
number of spikes in each vGI during the period after an
air puff is administered (Liebenthal et al ., 1994) . Will
other features-such as the tonic or phasic nature of the
interneuronal responses-turn out to be important, too?
Do all the interneurons have the same effects, or are
there qualitative differences? Because of the relative simplicity of these invertebrate systems, it should be possible to determine the cellular and network properties
important for producing population codes .
Multiplexing by Individual Interneurons
In addition to firing to a broad range of stimuli as part
of a coding population, an interneuron can be active
during qualitatively different behaviors . For instance,
both Dorsal Swim Interneurons (DSI) and Ventral Swim
Interneurons (VSI)-identified as members of the central
pattern generator (CPG) for swimming in the mollusk
Tritonia-are also activated in a reflexive withdrawal response (Getting and Dekin, 1985) . Which behavior is elicited depends upon what kind of stimulus is given, which
interneurons are activated, and possibly modulations of
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the properties of the synaptic interactions among the
CPG neurons (Katz and Frost, 1995) . The number of welldocumented cases of multiplexing in which the circuits
for both behaviors have been elucidated is, not surprisingly, very small . There is, however, at least one example of a neuron-cell 115 in the leech-that participates
both in the population-coded local-bending response and
in the CPG for swimming (Lockery and Kristan, 1990 ;
Wittenberg and Kristan, 1992) .
The neuronal circuitry controlling leech swimming
is largely understood, from stimulation to undulation
(Brodfuehrer et al ., 1995) . It consists of five distinct and
hierarchical levels, starting with mechanosensory neurons and moving through two layers of decision-making
neurons (trigger cells fire a burst at the start of a swimming episode, whereas gating cells fire throughout such
episodes) to the CPG itself, which in turn connects directly with motoneurons (figure 2 .4A) . Cell 115 is one of
the CPG neurons whose firing centers at 40° in the cycle
period ; it also contributes to the local-bending response .
Cell 115 has several properties that make it suitable for
such a dual role. First, it is "premotor," making connections directly to motoneurons, so it can participate in
local bending, a behavior in which only a single layer of
interneurons lies between mechanosensory neurons and
motoneurons . Second, cell 115 connects to all motoneurons appropriate for both behaviors : it excites the dorsal
longitudinal muscle excitors and inhibits the ventral longitudinal excitors (Lockery and Kristan, 1990), thereby
helping to produce a ventral bend useful in both behaviors . Other CPG interneurons are not activated during
local bending, and only weak connections exist among
any local-bend interneurons . Based on its connections, a
reasonable explanation can be given for cell 115's role in
these two behaviors . When T and P mechanoreceptors
are stimulated at low levels, the swim-activating network
is silent, so mechanoreceptors' connections to cell 115
and to other local-bend interneurons produce local bending. At higher stimulus levels, T and P cells excite the
swim-activating interneurons strongly, turning on the
gating interneurons, so the positive feedback between
these gating interneurons and the CPG interneurons
produces a prolonged episode of swimming .
In addition, cell 115 is also activated in the wholebody shortening response . There appear to be parallel
pathways to the motoneurons for this behavior (figure
2 .4B) : a fast-conducting system (FCS) and a slower pathway (Shaw and Kristan, 1995) . The FCS quickly activates
some motoneurons in whole-body shortening . The slower
interneuronal pathway responsible for the more prolonged part of the response has not yet been charac-
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terized in detail, but cell 115's activity may play some
role in this response, too .
Behavioral Choice

Figure 2 .4
Neuronal circuits underlying swimming and whole-body shortening in
the medicinal leech . (A) The neuronal circuitry for swimming. The T, P,
and N (nociceptive) mechanosensory neurons, particularly those in
posterior segments, activate "swim-activator" interneurons (Tr, trigger,
SE, swim excitor) in the anterior brain, which excite segmental swimgating interneurons (paired cells 21 and 61, plus the unpaired cell 204
in many midbody ganglia), which in turn activate the segmental central
pattern-generating (CPG) interneurons . The CPG interneurons produce
a three-phased oscillatory rhythm and connect to the same longitudinal
muscle motoneurons (DE, DI, VE, and VI) used for local bending . (B)
Neuronal circuitry for whole-body shortening . T and P mechanoreceptors, especially those in anterior segments, activate two pathways :
one is fast, comprising the electrotonically coupled S cells in successive
segments, and activates the pairs of segmental L motoneurons ; the
other is slower and provides more prolonged excitation to the L, DE,
and VE motoneurons in each segment . The interneurons in these two
pathways have yet to be identified . (C) Excitatory and inhibitory influences from the shortening circuit to neurons in the swimming circuit .
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Some behavioral acts are compatible (e .g ., walking and
breathing), whereas others are not . For instance, leeches
can locally bend while performing a number of other behaviors, but they cannot shorten their whole body and
swim at the same time. In several kinds of tests, shortening always dominates swimming . For instance, the same
stimulus that reliably elicits shortening in a resting
leech (i .e., simultaneous activation of several T and P
cells in the front end of the animal) also causes a swimming leech to stop swimming and to shorten . To find
the neuronal basis for this behavioral choice, Shaw and
Kristan (1997) recorded the neuronal activity at several
CNS levels in the swimming hierarchy while delivering
shortening-inducing stimuli . Not surprisingly, cell 204one of the most effective swim-gating interneurons
(Brodfuehrer et al ., 1995)-is strongly inhibited during
shortening, as is cell 208, one of the CPG interneurons
(figure 2 .4C) . Somewhat surprisingly, cell 61, another
swim-gating interneuron, is excited during whole-body
shortening . Because it is serotonergic, cell 61 may share
with other serotonergic neurons (Szczupak and Kristan,
1995) the role of arousing the whole nervous system
whenever tactile stimuli are received . Stimulation of
cell 61 produces a sensitization of the local bending
response, for instance, that can last several minutes
(Lockery and Kristan, 1991) . The most surprising result
of this study, however, was that all the swim-activating
neurons at the highest level of the swimming hierarchy
are excited by stimuli that produce whole-body shortening . All of these results suggest that the swim-activating
interneurons are more likely to be "do something" interneurons, that swimming is just one of several possible
outcomes of their activation, and that the decision
whether to swim or to shorten is made at the level and
below the level of the swim-gating interneurons .
Moreover, the gating neuron, cell 204, may serve a
similar function to that proposed for cell C2 in Tritonia
(Getting and Dekin, 1985) : when activated along with
other interneurons, swimming occurs ; when inhibited
while the same (or at least some of the same) interneurons are activated, shortening occurs . In fact, cell 115the interneuron that functions both in local bending
and as a 40° CPG cell in swimming-is also activated
during shortening (figure 2 .4C), so that it is multiplexed among at least three different behaviors . This
neuron and all the other interneurons involved in the
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population coding of local bending do not appear to
participate in the choice of behaviors ; the choice is
made at a higher hierarchical level . For turtle scratching, the choice of a limb posture to be used to reach
a given irritating stimulus is thought to be made by a
population-coding scheme (Berkowitz and Stein 1994a,
1994b) . All locations within reach of the leg being
held in a particular posture are also thought to be
determined by a population-coding scheme .
The mechanisms used to make different behavioral
choices in different animals may well differ in detail .
Given the similarities in the types of neuronal coding
mechanisms, however, it seems likely that the general
logic of connectivity used to choose between behaviors
in virtually all animals will prove to be as similar as are
the mechanisms used to code the individual behaviors .

Summary
Neurophysiological findings have forced students of
vertebrate and invertebrate behavior to consider the
problem of sensorimotor integration from a populationcoding perspective . Most sensory signals and motor
commands are represented by the spatial and temporal
patterns of neural activity in (usually) large populations
of sensory, premotor, and motoneurons . It is not a trivial
problem to choose among many candidate schemes for
extracting signals and/or commands from the spatial and
temporal profiles of the ensemble activity . Progress in
this area has been most rapid in vertebrate systems in
which the sensory signals and motor commands are represented by neural activity within well-defined computational maps and in invertebrate systems in which the
neurons involved in the behavior are relatively accessible . Direct manipulations of the spatial and temporal
profile of activity (i .e., perturbations of activity within
specific regions of a map, or selective activation or inactivation of specific neurons with known functional
properties) are necessary to test the predictions of alternative models .
It seems clear that future invertebrate and vertebrate
research on this topic will follow a parallel course . Because most population-coding schemes currently proposed generate a single motor output (e .g., a saccade
with a particular direction and a particular amplitude),
the problems of decision making, behavioral choice, and
response selection must be considered in the development of future experimental plans . Preliminary work
with vertebrates (e .g ., Glimcher and Sparks, 1992) and
invertebrates has served to focus the questions, but much
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additional work is needed before we have a general
understanding of the neural mechanisms involved in the
selection of particular behavioral responses from a large
repertoire of potential actions . Based upon the work
already done, it seems likely that decision making or response selection is not the task of a few specialized
"command neurons" but arises from consensus in a large
population of neurons .
Another problem that has emerged in both vertebrate
and invertebrate studies of population coding of movements is the involvement of individual neurons in more
than one behavior . For example, the problem of pinpointing the involvement of specific leech neurons in
swimming, whole-body shortening, and local bending
was discussed in this chapter, but similar problems are
emerging in the vertebrate literature as well (i .e ., the
involvement of neurons in the superior colliculus in
movements of both the eyes and head ; see Friedman
and Sparks, 1994) .
Finally, our review has revealed the need for more
conceptual work on the use of population coding in
the control of movements . In this article, we treated
population-coding schemes and pattern generator
schemes as separate coding mechanisms, but we ignored
the obvious facts that pattern generator circuits involve
populations of neurons and that those circuits considered
to be the best examples of population codes must generate patterned outputs . More conceptual and computational work is needed as a guide to understanding how
the activity of neurons distributed within a motor map
is used to generate the temporal pattern of activity
required by separate motoneuronal pools, especially
when considering the neural control of saccadic eye
movements .
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