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Abstract

"Forward models are increasingly recognised as a aiticd explanatory concept in vertebrate motor
control. The essential idea is that an important function implemented by nervous g/stems is
prediction of the sensory consequences of adion. This is often assciated with higher cognitive
cgpabilities; yet many of the purposes forward models are thought to serve have analogues in insed
behaviour; and the mncept is closely conneded to those of ‘efference @py and ‘corollary
discharge’. This article mnsiders recet evidence from invertebrates that demonstrates the
predictive modulation of sensory processes by motor output, and dscusss to what extent this
supports the oncluson that insed nervous g/stems also implement forward models. Severa
promising diredionsfor further research are outlined.

Introduction

A forward model is a medhanism that predicts the future state of a system given the aurrent state
and the ontrol signals (Box 1). This concept is playing an increasing role in neuroscientific
explanations of motor control, context dependent adion, and cognition [1][2], as it is argued that
biologicd systems neal to be &le to predict the sensory consequences of their adions to be
cgpable of rapid, robust, and adaptive behaviour. In vertebrate neuroscience there is substantial
interest in interpreting the function of various brain areas in these terms (e.g. the ceebellum [3][4]).
Several authors have suggested forward modelling could be a unifying framework for
understanding the brain circuitry that underlies cognition [5][ 6][ 7][ 8].

It is of interest to note, therefore, that many of the problems that have motivated investigation of
forward models in vertebrate neuroscience have dose pardlels in invertebrate neuroscience For
example, a ackroach exeauting a rapid escgpe response needs to know the airrrent position of its
legs to send the right motor command. It has been suggested that proprioceptive feedback may be
too dow to serve this function, and that instead they maintain a prediction of their current position
based on previous motor output [9] (although the sensory feedbadk loop in invertebrates is often
much faster than in vertebrates and some caes extremely rapid e.g. on the order of a millisecond in



[10]). Flying inseds neal to be ale to distinguish salf-induced stimulation (such as rotation of the
visual field caused by tradking a target) from externaly imposed stimulation (such as visual
rotation due to air disturbances) if they are to use the latter for flight stabili sation [11]. This could
be done by using motor outputs to predict expected visual input, and taking the difference from the
adua input as a measure of the external disturbance Locusts [12] and fruit flies [13] appea to
adaptively adjust the gain parameters in their motor system to ded with alterations of the expeded
feaedbadk when tested in flight smulators. These examples have often been addressed by reference
to “efference wpy' or “corollary discharge’: terms that are dosely related to forward models (Box
2).

The purpose of this article is to analyse what evidence might support the ascription of forward
models to inseds and other invertebrates, and to assess whether such evidence is available. |If
inseds do have forward models they may be @nvenient experimental systems for understanding
the underlying neural mechanisms of prediction. On the other hand, if they do not, then we should
be dle to draw clea distinctions between aspeds of vertebrate behaviour and neurophysiology that
require such an interpretation, and those better explained by smpler alternatives.

Isthere central modulation of sensory processes?

An important feaure of forward modelling is that what the system is doing should modulate its
sensory processng. That is, the perceptual system is not smply a feed-forward one, driven by the
sensory input alone. There is ample evidence that the behavioura state of an insed can influence
sensory and subsequent processng through reuromodulation. More interesting is that this can
ocaur in a targeted fashion, i.e. spedfic sensory processes are enhanced or inhibited in a way that
seans closely tied to the redferent input that would beexpeded from the efferent output

Poulet and Hedwig [14] have shown reduced responsiveness in auditory interneurons during
singing in the male aicket (figure 1, discussed further below). Gebhart & Honnegger [15] report,
again in crickets, that interneurons ensitive to movement of the aitennae ae less engtive during
adive movement by the aicket itself. It is well established that proprioceptive sensory neurons, in
a number of invertebrate systems including crayfish [16], stick inseds [17] and locusts [18][19],
have responses that are modulated in phase with central pattern generator rhythms. The dteration is
not always suppresson of the response, for example, Evans et a [20] report on enhanced sensory
neuron responses linked to motor rhythmsin the Aplysia feading network.

It could be agued that the spedalised layout and periphera processng charaderistics of
invertebrate sensors (charaderised by Wehner [21] as “neural models of the external world”) are
arealy a 'modulation’ of the sensory system to optimise it for the expeded feedbadck from certain
aaions. An example is the receotive fields of horizontal cdls in the fly visual system, which closely
resemble opticd flow fields resulting from spedfic movements [22]. Or the animal might adopt a
spedfic position or pattern of movement so as to enhance sensory data relevant to the spedfic task,
such as the movements of the praying mantis used to extrad depth information from parallax [23].
However this kind of tuned sensing and adive perception, though interesting, can be distinguished
from the forward model concept by the criteria discussed in the next sedion.

Isthereevidence of internal connectionsfrom the motor system to the sensory areas?

Motor output might affed sensory input via the environment or via proprioceptive feedbadk. But
the implicaion of forward modelling is that there should be aspedfic output strean from notor
areas that is routed not to muscles but to sensory areas. A useful example that ill ustrates the
distinction is the modulation of wind-sensitive interneurons in the cckroadh during flight [24].
Two pairs of identified ‘giant’ interneurons (Gls) in the termina abdominal ganglion show
different modulation. The ventral Gls have astrongly suppressed sensitivity, which appeas in part
to be caised by medhanicd pinching of the nerve due to the different position of the ceci during



flight. The dorsal Gls $iow a strong rhythmic response linked to the wingbea frequency, and this
appeas to have three different sources. One is proprioceptive feedbadk from the flight-linked
oscill ation of the ceci, one is externa feadbadk caused by detedion of the wind produced by ead
wingbea, and the last is a centrally generated motor signal, correlated with the motor output, which
passes from the thoradc ganglion down to the termina abdomina ganglion [24]. Similarly, a
combination of central and peripherd moduation of the Gls isfound duingwalking [25].
Heterosynaptic modulation is also found in the much explored feading medhanism in Aplysia. One
sensory neuron in this circuit (B21) has been shown for example to have avariety of inhibitory and
excitatory synaptic inputs including interconnections from motor neurons that modulate its
sengitivity [26]. However it is, perhaps surprisingly, difficult to find many other examples where
the spedfic connedivity from notor outputs to sensory inputs has been clealy confirmed. What is
more cmmon is the indired evidence provided by demonstrating that the modulatory effed is 4ill
sea in the sensory systems when the motor output, and any potentia proprioceptive feedbad, has
been prevented from occurring, e.g. through de-afferentation. This, for example, was the form of
the evidence reported by Zaretsky and Rowell [27] as evidence of a orollary discharge for
saccalic suppresson in the locust. More receit studies have focused particularly on primary
afferent depolarisation (PAD) as an indicaor of presynaptic inhibition of sensory inputs by motor
outputs. For example, the biophysicd medhanisms of PADs found in crayfish proprioception have
been the subjed of extensive study [28]. An interesting posshility here is that the prediction is
adualy implemented by rather low-level properties such as the predse synaptic positions of
inhibitory inputs on the dendritic treeof the sensory neuron.

One question this discusson raises, however, is how to define 'motor output' and 'sensory ared. The
smple box and arrow diagram of figure 1, though conceptualy convenient, is potentialy
mislealing. In most biologicd systems, the generation of a motor command is a multistage process
and the 'efference @py' signal could branch off at any level, or indeed at several different levels.
Similarly, sensory processng passes through a number of stages, and the predictive modulation
might occur at any of these stages. Some aeas of the nervous g/stem combine sensory and motor
functions. The forward model ‘loop’ could be from the final motor neurons to the primary sensory
afferents, or it could occur wholly within the brain of the animal. In fad it is possble to describe
even a smple feedbadk medanism as containing a predictor [29] as the goa state can be taken to
be both a ‘high-level’ motor command, and a prediction of the state that should result from
exeauting the command: the difference of this from the adual feedbad drives the behaviour. Yet
this smple ‘copying’ of the goal does not seem to require any forward model processto derive out
the prediction, which krings usto the next criterion.

Does the modulation of sensory input by motor output involve non-trivial predictive
processes?

In the standard control theory paradigm, the forward model is constructed by representing the
motor, environment and sensory medianisms in sufficient detall to be dle to predict the exad
sensory consequences of a given motor command. In principle, an alternative to representing these
processes explicitly would be to generate alook-up table in which ead motor command is paired
to an expeded sensory input. In pradice an adequate prediction model or look-up table could be
aqquired by leaning. Obviousdy a mmplete and acairate model is rarely possble in pradice (and
seamns unlikely to exist in an insed’s snall brain) so any adua forward model is likely to be an
approximation. However, there ae many possble levels between acarate and detailed internal
models and simple, approximate predictors. At what point on this continuum does the forward
model view — that is, that the system implements a spedfic neural medhanism for cdculating the
predicted sensory input from the motor command — becme unnecessary?

In many of the examples discussed so far, the modulation of the sensory input seams little more
than the smple gating of a sensory channel, such as the inhibition of the optomotor response during



escgpe turns as a1 in the locust [30]. This would not sean to require much cdculation - although
even this may require some prediction of the time-course of the expeded input. There is likely, at
the least, to be atime lag between the motor output and the resulting sensory input, so any internal
gating signal should be smilarly delayed. The redferent effeds of a motor signal might often have
a longer time murse than the signal itsdlf, in which case the gating needs to be similarly extended
in duration. In some caes it can be shown that the timing and duration of inhibitory effeds e in
insed sensory neurons is predsely matched to the predicted sensory feedbad, for example in
cricket auditory perception (figure 1). Mae aickets produce bursts of sound by closing their wings.
In auditory interneurons, an inhibitory current driven by efferent signals occurs with the same
temporal pattern and an appropriate delay, so as to reduce the response to ead self-produced sound
burst [31]. This appeas to prevent auditory desensitisation, so that the aicket remains enstive to
other males Sngingin thevicinity.

In the case of the male aicket, however, it appeas that the anplitude of the inhibitory current is
not scded to the amplitude of the wing movements that produce the sound. It would be very
interesting to discover whether more complex predictive transformations can be found in an
invertebrate preparation. Another way to approach this issue is to look for behavioural evidence
that the animal reads to atered feadbadk, in a manner consistent with a quantitative comparison
between expeded and adual feedbadk. This has been investigated to some extent using open- and
closed-loop flight smulation in flies [13], which suggests, for example, that they seledively ignore
visual fealbadk in the expeded dredion but respond to feedbadk in the opposite diredion.
Employment of this paradigm is complicated by the possbhility that the animal is able to adapt,
during the eperiment, to the dtered feadbadk. More recant refinements in this experimental
paradigm (e.g. [32][ 33]) might enable more systematic investigation of these issues. For example it
would be interesting to attempt to implement analogues of some of the receit behavioural
experiments on humans that have been used to test the forward model hypothesis by using detailed
temporal analysis of the behaviours [34][ 35].

Another interesting question is whether it can be demonstrated in inseds that the prediction is
involved in leaning, or modified by experience Kanou et al [36] show that crickets can adapt the
direaionality of their cercd escape response dter damage only if they have experienced re-afferent
input during free movement. The predictive medianism required for more mplex leant
behaviours might link various grands of evidence dout the function of insed mushroom bodies.
These distinctive structures in the insed brain are most often assumed to be principally involved in
leaning, particularly of olfadory discriminations [37]. But other lines of evidence suggest arole in
multimodal integration and context-dependent behaviours. Evidence of efferent neurons that
respond to spedfic stimuli combinations and sequences, and of reaurrent connedivity, lead Li and
Strausfeld [38] to argue that the mushroom bodies may "monitor motor adions or intended motor
aaions, differentiate self and imposed stimulation”. This is just the role suggested for forward
modelsin the cerebdlum of vertebrates.

Conclusion

There ae anumber of examples of recant reseach in invertebrate neuroscience that may benefit
from, and have relevance to, the arrent discussons of forward modeling in vertebrate
neuroscience.  The link between spedfic physiologicd circuits and behaviour can potentialy be
more direaly explored in these 'smpler' animals. Already the consideration of how we might
determine whether and how prediction is used in these systems has been helpful to focus the often
vague discussons of 'efferent copy' and 'corollary discharge' and to indicate what might be the most
criticd lines of evidence to explore. These can be summarised by asking whether central
modulation of sensory processesin invertebrates can be demonstrated to be:
i.  spedficdly targeted to enhanceor suppressbehaviourally relevant stimuli;



ii.  well-scaled in amplitude and timing to match the expected feedback, demonstrating non-
trivial transformation of the motor output to predict theinput;
iii. ableto adapt toalterationsin the motor-sensory linkages.
And can we uncover the actua pathways and mechanisms by which the motor signal is transformed
and transported so asto interact with the sensory input?

Outstanding questions

» Can some of the behavioura experiments that have strongly supported the forward model
hypothesis be used as paradigms for invertebrate investigations?

» Can more examples of direct motor output to sensory areas befound, so that neural circuitry
of these mechanisms can be understood?

» Are the mushroom bodies, or some other brain structure in insects, carrying out a non-trivial
and learned prediction process?

* What aretheimplications for understanding cognitive processesin insects [39]?



Box 1: What isa forward model?

The term ‘forward model’ comes from control theory, the study of how to control the behaviour of
dynamicd systems. The principle is illustrated in figure 1. Consider a smple example, such as
‘cruise control’ in a ca, where the am is to control the speed of the vehicle with a motor command
(normally given by the ‘gas’ pedal) that changes the throttle position. The dange in whed spedl
(the motor output) will be a omplex function of fadors sich as the engine charaderistics, the
current speed, and the aupling from engine to wheds. The dhange in speed of the ca (the dfed of
the motor output on the world) will also depend on the road surface the wind resistance of the
vehicle and so on. The adual speead can be measured by a sensor such as a tachometer, which itself
has cetain charaderistics. In theory, al these fadors could be represented in a ‘forward model’
that takes the motor command as input and, by simulating the relevant processs, predicts the speal
that will be measured by the tachometer (the ‘sensory input’).

Why not just run the system and observe the mnsequences? There ae several advantages to
making the prediction as well, as control engineas have discovered. One is the potentia time lag
involved in sensory feedbad. For example, if the quise controller waited till the tadhometer
reated the speal limit before dosing the throttle, the ajustment could come too late to avoid
excedaling the spedl limit. Another is that a cmmparison between the prediction and the observation
can be used to distinguish externa disturbances from expeded feadbadk. For example, if the ca
has a flat tyre, we don't want the controller to keg increasing output to try to read the desired
spead despite the additional friction, but rather to deted that some significant change to the system
dynamics has occurred. Differences between prediction and feedbadk can also be used to lean and
improve the generation of control signals, e.g. that are well-tuned to the spedfic vehicle.

Another potential function of a predictor isthat it can be run off-line to test out whether a particular
control input is viable or leals to bad consequences, e.g. that changing the throttle position too
rapidly might cause the engine to stall. This notion of a ‘demupled’ forward model is an important
one, but it is important to note it is not an essential component of the forward model concept, at
least as discussd in this paper. That is, claming that a nervous g/stem is using a forward model to
predict isnot the same asclaming it isade to use it to plan.



Box 2 How do forward modelsrelateto efference copy and corollary discharge?

Descartes was perhaps the first to explicitly note that passve motion of the e/e produces an
impresson of world motion when deliberate movements do not [40]. Pukyne and Helmholtz ae
usualy credited as the first to suggest that this might involve motor output (or 'effort of will*) being
copied internally to interad with sensory input - that is, we dont see the world move if we can
predict from the motor command to the eye that the scene is about to change - and Madh and von
Uexkull were among the first to depict the ideain the form of feedbadk diagrams [40]. The concept
was more dealy formulated in 195Q simultaneoudly and independently, as 'efference opy' by
von Holst and Mittelstaadt [11], and 'corollary discharge' by Sperry [41].

It is clea from reading the latter formulations that both were describing the same principle & that
outlined in box 1 as forward modelling. Sperry describes corollary discharge "into the visual
centers [alowing] anticipatory adjustment...spedfic for eadr movement with regard to its direcion
and spedad”. Von Holst and Mittelstaadt describe dference @py as being compared to the sensory
re-afference like a "photo-negative". Sperry focusses on the alvantages of being able to predict
input in advance whereas Von Holst and Mittlestaedt emphasise the potential for using the
difference between the predicted and adual feedbadk to control behaviour. What is not so clea is
whether 'efference opy' and ‘corollary discharge' were intended to be the input to a forward model
or the output of a forward model. If ‘efference ®py means (as the name suggests) a wpy of the
efferent motor command, then this is the input to a forward model; but if ‘efference opy’ isto be
compared like a “photo-negative” to the sensory re-afference then it must be the output of a
forward model, i.e. the predicted sensory consequences of the motor command, not the motor
command itself. ‘Corollary discharge’ is even more anbiguous. is it the discharge from the motor
areas (the input to a forward model) or the discharge into the sensory areas (the output from a
forward model)? This isale refleds the tendency, stil common in many discussons of efference
copy and corollary discharge, to negled the problem of how the motor output is to be transformed
into a signal that can be mmpared to the sensory input, as it is by no means obvious why these
should be comparable. One alvantage of the forward model terminology is that it makes this
problem explicit.

Current reseach on forward models generally uses the term ‘efference ®py’' to refer to the output
of the motor command system that is fed into the predictor, and ‘corollary discharge’, where used
a al, to refer to the output of the predictor, i.e. the signal fed into the sensory system. However
there is an dternative tradition in neuroethology that defines “corollary discharge' as "any neural
signal that branches off centraly from an efference signal” [42]. ‘Efference opy’ is then taken to
be that subset of corollary discharge in which the signal is “exadly proportionate to the dference
signal” and thus used to “exadly counterbalance the redference” [42] — though note, as mentioned
above, it is not adually so evident that being proportionate to the motor signa will corredly predict
the sensory signal. However it is adso not uncommon to find the terms ‘efference opy’ and
‘corollary discharge’ used interchangeably in invertebrate neuroethology.
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Box 1 Figure 1. Schematic representation of a sensory-motor system with aforward model. The
solid arrows indicate the loop by which a motor command is trandated into motor output, has some
effect on the world, causing some sensory input, which the system can process to generate the next
command. The forward model is an internal loop that takes themotor command, and predictsthe
expected sensory input, which can be used to modulate the processing of the actud input. A classc
example isthat moving our eyes causes the image on the retinato move, but we perceive a stable
world because the image movement is predictable from the eye movement command.
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Legend for main text Figure 1:

( Poulet & Hedwig 200331], figure 10, reprinted with permisson). Male crickets producea
cdling song by rubhbing one wing against the other, producing a series of sound bursts. The omega
neuron (ON1) isan identified auditory interneuron in the prothoradc ganglion that normally has a
strong response to the sound of cricket song, but this responseis reducel for sdf -generated song.
A: If the male cricket’s own song is made silent (by removing one wing) and it is presented with an
externa acoustic stimuli, the spike frequency observed in ONL to this stimuli is significantly
reduced during slent Snging movements (dots represent the maximum ike fre quency, the bladk
line the average spikefrequency, plotted a@nst the average wing movement). B: During normal
singing, the wing movements produce four bursts of sound (lower graph) which resultsin four
spike burstsin ONL1 (shown asaPST histogram) with a15-20mslatency. The grey barsindicate
that the response rediction seen in A is closdy matched to the timing of the pe&s of the response
to self-generated sound as seen in B. Thus the ON1 neuron will fire sgnificantly lessto the maé
cricket’s own song while maintaining sensitivity to external sources of sound.
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