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INTRODUCTION

Central nervous systems and their func-
tions may be studied in many ways and in
a variety of different animals. Yet, the
amount of research now being done on
mammals, and on man in particular, far ex-
ceeds that on all other organisms. The jus-
tification for such a concentration of effort,
however, may well be questioned in view of
our present limited understanding, since
the very complexity of these systems makes
them difficult to analyze anatomically,
physiologically and psychologically. For
this reason a comparative approach could
well be more productive. Comparative
physiology has always aimed at contribut-
ing not only to a better understanding of
the particular animals under study, but also
to solution of the more general problems
involved, which may yield more readily to
investigation of particularly favorable sys-
tems.

We know that the main task of the cen-
tral nervous system is to integrate the infor-
mation put into it, and to produce well-co-
ordinated efferent commands, adapted to
the needs of the animal. This output from
the central nervous system gives rise both to
overt behavioral responses and to less obvi-
ous internal regulative changes such as cir-
culatory adjustment, hormone production
and so on. The information supplied to
the central nervous system by the sensory
input can, in the main, be varied only in
terms of the frequency of the impulses
propagated in the individual sensory fibers.
Further analysis of this input must take
place at higher levels.

The so-called simple reflexes are appar-
ently the most readily understood of the
central functions. Such reflexes, which may
be based merely on a monosynaptic connec-
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tion between primary sensory fibers and
final motor fibers, are present in all ani-
mals. Because the delay times involved are
the shortest possible, monosynaptic reflexes
are common in quick withdrawal move-
ments, which generally have priority over
all other responses. However it is quite in-
correct to picture such a reflex as an event
involving only those sensory and motor
fibers which take an obvious and direct
part. Thus the sensory input, in addition
to synapsing directly with the motor fibers,
may indirectly inhibit other motor fibers,
and seems invariably to stimulate interneu-
rons which distribute information to more
distant parts of the central nervous system.
These facts suggest that any sensory stimu-
lation should have effects throughout the
nervous system, a situation which does not
encourage hopes of a simple analysis.
Whether such all-pervasive influences are
important can only be investigated by the
difficult task of tracking down the direct
and indirect effects of a stimulus in all parts
of the central nervous system.

One method of establishing such possible
functional pathways is to examine the de-
generation of neurons after a localized le-
sion. However, this approach cannot be
said to establish unequivocally the physio-
logical function of the degenerated fibers,
since—for example—it cannot distinguish
those that are inhibitory from those that
are excitatory. Another possible approach
is to use stimulating and recording tech-
niques. This latter method will necessarily
be more feasible and lead to a more com-
plete understanding if the system to be in-
vestigated is small in terms of numbers of
constituent units. The arthropod system
has this advantage over the vertebrates, and
still displays a comparable increase in com-
plexity from one species to another. Ft
seems appropriate, therefore. 10 sum up at
this time the present state of our knowl-
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edge of the functional organization of the
arthropod system. Coverage here will be
limited to the specific connections and
functions of individual units, since several
other important aspects of the subject such
as synapses, neuropile, synaptic transmis-
sion, and the relations between neurologi-
cal and behavioral data, are dealt with
elsewhere in this volume. However it must
be remembered that these factors help to
give each and every interneuron in the ar-
thropod system its specific properties.

ANATOMY AND ITS FUNCTIONAL SIGNIFICANCE

The central nervous system of arthropods
consists in principle of a double chain of
ganglia, connected laterally by commis-
sures, and longitudinally by connectives.
These latter consist of the axons of neu-
rons whose cell-bodies usually lie in the
periphery of each ganglion. In more highly
developed species there is a tendency for
the serial ganglia to form smaller or larger
aggregates. Each ganglion contains two or
more neuropiles which are the only known
regions where synaptic (or other) transmis-
sion can take place, with the exception of
the lateral synapses of the giant fibers of
Crustacea and a few cases in which specific
neurons are known to fuse.

The longitudinal connectives consist, as
do the peripheral nerves, of bundles of ax-
ons. Similar bundles are found in the nerv-
ous systems of all higher forms, but in ar-
thropods the number of fibers is relatively
small. This parallels the relatively small
number of neurons in the whole nervous
system, which is estimated to be less than
100,000 when the optic ganglia are ex-
cluded. In a number of forms the connec-
tives are long enough to make a study of
their nerve impulse traffic feasible. Such
analysis shows that they behave very much
like peripheral nerves, and like them can be
studied by splitting into smaller bundles
and determining the activity of each.

This approach provides considerable in-
sight into the types of connections which
different fibers make within the central
nervous system, when and how they cany
their signals, and, in favorable cases, the
motor effects of these signals. To date, this

particular method has, for technical rea-
sons, only been possible in the crayfish, and
it is therefore regrettable that no really
good histological study of the crayfish nerv-
ous system has been made. Studies of this
sort in related forms and in other arthro-
pods have revealed a variety of interneu-
rons with different structural connections.
Several of these types can now be confi-
dently assigned to neurons with specific
functional characteristics, and it should
soon be possible to know both the physio-
logical and anatomical relations of a num-
ber of such units, thus coming closer to an
understanding of their functional signifi-
cance (Wiersma, 1958; Hughes and Wiers-
ma, 1960).

Both anatomical and physiological inves-
tigations have shown that a significant pro-
portion of the connective can be made up
of primary sensory fibers, which have their
cell-bodies in the periphery. A good pro-
portion of primary sensory fibers therefore
pass beyond the ganglion of the segment in
which they originate. Some simply pass
through it to the next ganglion without
synapsing in the first, but many make con-
nections in more than one ganglion.

The degree to which such intersegmental
spreading of the sensory input takes place
varies greatly, but the established extent of
such spreading suggests that it might well
provide a mechanism for integration at a
local reflex level. For the spreading appears
to be much greater between ganglia within
major body regions like the abdomen than
between ganglia of different tagamata like
thorax and abdomen. Indeed, the larger
number of nerve fibers to be observed in
cross-sections of the thoracic cord (about
8,000 as against 4,000 in the commissures,
and 2,400 in the abdominal cord) may be
mainly due to the extensive spreading of
the sensory input among the thoracic gan-
glia.

Some cases have been found in which the
sensory input spreads to all the ganglia.
The abdominal stretch receptor fibers, for
example, bifurcate on entering the cord
and rim anteriorly as far as the circum-
oesophageal commissures and posteriorly
into the last abdominal ganglion. The rea
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ARTHROPOD CENTRAL NERVOUS SYSTEM 69

son for such great spread of sensory infor-
mation is as yet unknown. The sensory in-
put in question is known to activate the
efferent inhibitory fibers going to the
stretch receptor cell bodies, without need-
ing to reach either the brain or the telson
ganglion (Eckert, 1961). Since any one in-
hibitory fiber can react to the signals of sev-
eral stretch receptor fibers, the latter must
make synaptic connections in a number of
ganglia. In this they are similar to the
most commonly encountered type of inter-
neuron.

Most, if not all, of the sensory fibers of
the same nature, for instance hair fibers,
from a single body area make synaptic con-
nections with a common interneuron in ad-
dition to any other connections they may
make. This interneuron therefore receives
a great redundancy of sensory information.
While this means a considerable loss in de-
tail, it also prevents the interneuron from
reacting to insignificant signals or mere
noise. Thus these interneurons react only
to a pattern of signals in many fibers, and
not to background noise caused by acciden-
tal firing of one or more fibers.

FIRST ORDER INTERNEURONS AND THEIR

CONNECTIONS

These can be conveniently divided into
single- and multi-segmental interneurons,
according to whether they react solely to
input into one ganglion, or to that into a
number of consecutive ganglia. Some (but
by no means all) such interneurons in the
crayfish show that this relatively simple
mechanism can provide the feature of con-
trast, presumably in much the same way as
in the Limulus eye (Hartline, Wagner, and
Ratliff, 1956). For example, one interneu-
ron in the abdominal cord of the crayfish
has a very restricted sensory field, respond-
ing solely to a double or triple row of hairs
on the dorsal side of the first segment of the
telson. This interneuron will discharge con-
tinuously while the hairs in this area re-
main bent, but its discharge is completely
suppressed by simultaneous stimulation of
adjoining hairs, which thus must inhibit
the generation of impulses in the interneu-
ron in question.

A general feature of interneurons with
fields restricted to one segment is that all
those performing the same function for dif-
ferent segments tend to run together in
definite bundles.

The only integrative function of most
single segmental interneurons seems to be
to bring together the information received
from a number of similar sense organs, but
a few of these neurons, perhaps only one or
two for each appendage, integrate further
by responding to more than one sensory
modality. For example, some fibers in the
crayfish respond both to hair touch and joint
manipulation, and Kennedy and Preston
(1960) have shown that some interneurons
from the posterior part of the cord respond
both to light striking the 'eye' in the last ab-
dominal ganglion, and to touch of the tel-
son hairs.

The multi-segmental interneurons collect
information from a variable number of
body segments, ranging from two to all of
them. An interneuron responding to stimu-
lation of only two segments could make all
necessary connections in one ganglion, the
sensory input from the two segments com-
ing directly to the ganglion in primary sen-
sory fibers. However this is not so for the
more complex interneurons which can be
experimentally shown to have synaptic con-
nections in three or more ganglia. Impulses
reaching the same interneuron in different
ganglia must necessarily collide, a situation
which has been demonstrated (see figure
1). Because of this interaction, the nature
of the resulting discharges to both anterior
and posterior centers presents itself as a
real problem. Analysis of the number of
impulses lost through collision has proved
to be difficult, and a computer investigation
along these lines is still in progress. Pre-
liminary results indicate that preserving the
functional relationship between the origi-
nal inputs and final output requires that
the stage, or stages, after this interneuron
be pattern-sensitive in a very specific way.
In the absence of such pattern sensitivity,
the correct interpretation of intensity dif-
ferences in the various input connections
would seem to be impossible, since slight
changes in the timing of input impulses re-
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FIG. 1. Three records from two "diphasic' leads
from a small bundle of fibers in a 3-4 abdominal
connective of the crayfish. Jn each frame the upper
of the two lines is from the anterior lead. Stimula-
tion in upper frame from posterior segment, in
lower frame from anterior segment, and in middle
frame from simultaneous stimulation. The first and
last impulses in the middle frame collide between
the leads. Cuts from long records. Note the gradual
reduction of action potential size between frames
which developed with time. The spikes are re-
touched. Time 1/60 sec. (From Hughes and Wiers-
ma, 1960n, J. Exp. Biol.)

suits in considerable increases or decreases
in the total number of output impulses. An
interneuron of this type cannot transmit
data on stimulus location within any part
of its total sensory field.

First order interneurons show strongly
stereotyped reactions to stimulation of their
sensory fields. Fatigue caused by the con-
stant stimulation of one part of the sensory
field does not limit the effectiveness of an-
other sensory area in evoking impulses in
the interneuron. Sometimes, however, an
interneuron which responds to fields lo-
cated on both sides of the body may show a
different susceptibility to fatigue on the two
sides. This indicates strongly that the side
which fatigues more rapidly has an inter-
vening interneuron while on the other side
the input is directly from sensory fibers.
Such mixtures of different-order connec-
tions can be observed in other, more com-
plex interneurons; hence divisions into

classes on tin's basis must not be taken too
literally.

A study of first order interneurons with
bilateral inputs has shown that their con-
nections within the central nervous system
can be very different (see Fig. 2). In some
cases after sectioning the interneuron, the
posterior portion will respond to stimula-
tion of the posterior sensory fields, and the
anterior portion to stimulation of the an-
terior sensory fields. In other cases similar
sectioning will result in a posterior portion
which responds only to stimulation on the
same side and posterior to the cut, while
the anterior portion responds to all other
fields, including heterolateral posterior
fields. Histological features which could ex-
plain this type of difference were described
long ago for crabs by Bethe (1897).

The great majority of interneurons with
known input properties are first order in-
terneurons, and, in general, little is known
of the effects produced by the impulses
which they propagate. A considerable num-
ber of these first order interneurons (as
many as 15-20) will respond to stimulation
of a single sensory field. At the same time
all but two or three of these interneurons
may also be activated by stimulation of a

FIG. 2. Three different types of connexions (D, E,
F) indicated by the findings in interneurons re-
sponding to bilateral sensory stimulation in the
crayfish. In D it will be possible to record responses
to stimulation of the sensory field in both portions
of the interneuron after it has been sectioned. In E
the posterior part of the sectioned interneuron will
respond only to stimulation of the posterior region
of the sensory field on that side, the anterior por-
tion responding to the remainder of the field. In F
the posterior portion will respond to the posterior
part of the field, and the anterior portion to the
anterior part of the field. (From Hughes and
Wiersma, 1960a, f. Exp. Biol.)
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ARTHROPOD CENTRAL NERVOUS SYSTEM 71

number of other sensory areas. We may
therefore state that although any precise in-
formation appears to be lost at higher levels
of the central nervous system, a single lo-
calized stimulus will activate a complex
network of pathways.

The primary information is thus sub-
jected to a detailed analysis at the very first
level of integration following the transfor-
mation of the sensory stimulus into nerve
impulses. The purpose of this arrangement
might be to make the sensory input avail-
able for use in a number of ways for differ-
ent functions. Only in a very few instances
can we readily evaluate the significance of
such parallel analysis. In the optic nerves
of the decapod Crustacea, some of the fibers
which run between the eye-stalk ganglia
and the brain were found to transmit in-
formation about large objects moving in
the visual field. These fibers are, no doubt,
rather directly connected to the motor
fibers in the legs and, in the crayfish, with
the giant fibers; presumably playing a ma-
jor part in causing the typical escape reac-
tions (Waterman and Wiersma, unpub-
lished).

On the other hand, fibers which continue
to fire when certain areas are lighter than
neighboring ones, must be used for other
purposes, such as general visual orientation.
Similar speculations can be made about
hair and joint fibers, but the problem of the
very great 'redundancy' of pathways will
only be clarified when more is known of the
central connections of the various interneu-
rons.

RESPONSE PATTERNS OF HIGHER ORDER
INTERNEURONS

Relatively little is known as yet about
these fibers. Most of them appear to have
rather high thresholds, or may fire only
when several of the first order interneurons
converging on them are simultaneously ac-
tivated. In a few instances, however, they
react to local sensory stimulation almost as
readily as first order interneurons, even
though their secondary nature is shown by
the difference in their reaction after being

sectioned. In this respect the interneurons
responding to bilateral fields are the most
instructive. For in contrast to the first order
bilateral neurons, activity in second order
elements occurs in only one-half of the sec-
tioned nerve in response to stimulation any-
where in the whole sensory field and no ac-
tivity is shown in the other portion. The
information must therefore be conducted
to a central location, and thence be trans-
mitted at one or more loci to the neuron
under investigation. In several cases the
anterior portion shows the activity, while
in one case activity has been found in the
posterior portion (Wiersma and Bush, in
preparation).

The response of higher order interneu-
rons depends on the activity of first order
interneurons, and thus on the condition of
the preparation being studied. This obvi-
ously contributes to the difficulties found
in studying higher order units. In addition,
inhibitory influences begin to play a very
important role at this level of integration.
Thus, stimulation of a distinct part of the
sensory field—e.g., the homolateral legs-
may readily activate the interneurons in
question at certain moments, but at other
times completely fail to do so. It has not
yet been possible to determine either the
causes of these changes in activity, or their
specific interneural input.

Although functional motor relations have
been determined for the secondary inter-
neurons with high thresholds, so far no ef-
fects of activating the lower threshold fibers
have been demonstrated. Possibly their in-
fluence is mainly inhibitory, and again dif-
ficult to observe. In general, it has not yet
been possible to establish beyond doubt
both input and output relations for any one
given interneuron. The output relations
must be studied by specific stimulation ex-
periments which will be discussed in the
next two sections. These sections will deal
with two groups of interneurons, both of
which must be stimulated at a minimum
constant frequency to produce their motor
effects, but which can be distinguished by
the nature of these effects.
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INTERNEURONS DIRECTLY RELEASING

CHARACTERISTIC POSTURAL RESPONSES

The first of these groups is made up of
interneurons whose stimulation results in a
characteristic response which is maintained
for the duration of the stimulus. In the
crayfish, stimulation of certain fibers results
in specific positioning of the appendages,
the speed and completeness of the postural
change depending on the strength of the
stimulation. The best known of these fibers
is the one giving rise to the 'defense reflex'
of the crayfish. Here the animal raises the
front of the body and the claws, and bal-
ances on the tail, maintaining this posture
throughout the stimulus.

Presumably there are also inhibitory
fibers with similar activity patterns, since
cutting the central tracts, particularly in
the brain, results in an exaggerated tonus
in certain muscles of the body. Such in-
hibitory interneurons are probably active
most of the time, being themselves inhi-
bited on occasion. A similar picture of the
central control of inhibition has been ob-
tained in the case of the peripheral nerve
fibers in the claw of the crab, Carcinus,
(Bush, in preparation). Here repetitive
stimulation of a part of the commissure
causing excitation of the opener motor neu-
ron, was found to inhibit simultaneously
any reflex firing of the opener inhibitor ax-
on, and probably also the closer motor ax-
ons. Such observations do stress the impor-
tance of central inhibitory mechanisms in
overall coordination, but also show how
difficult precise analysis becomes even for
apparently simple reflex systems.

HIGHER ORDER INTERNEURONS GOVERNING

PATTERNED MOVEMENTS

The second of these major groups con-
sists of interneurons whose stimulation re-
sults in definite rhythmic movements, such
as coordinated movements of the legs or
beating of the crayfish swimmerets. Simple
coordinated motor systems are present in
both the cockroach (Roeder, 1948) and the
dragon-fly nymph (Fielden, 1960). Stimula-
tion of hairs on the posterior abdomen in
these animals is transmitted via a limited

number of interneurons to motor units
which produce leg movements and an es-
cape reaction (see figure 3). In both cases
the link between the interneurons and the
motor units is the most variable one in the
reflex chain, and may be influenced by
other factors. This system is in some ways
comparable with the giant fiber system in
crayfish, with the important difference that
in the giant fiber system it is the link be-
tween the sensory afferents and the inter-
neuron which is the more variable one.
There is little indication that the transmis-
sion at the giant fiber-motor unit synapse
can be influenced at all by other factors,
though the possibility of some inhibitory
mechanism cannot as yet be dismissed.
Small post-synaptic potentials which arise
in the giant motor fibers, either spontane-
ously, or as a result of stimulation of the
dorsal surface of the nerve cord, have been
described (Furshpan and Potter, 1958).
These slow potentials depress the excitatory
post-synaptic potentials arising at the giant
motor synapses, but it cannot yet be stated
that this is a mechanism normally involved
in regulating transmission. The giant fiber
system of the crayfish, however, generally
does not produce movements which might
be described as patterned or rhythmic, and
may therefore fit better into the first group
described above.

Another simple example of an interneu-
ron commanding the release of patterned
movements is known in the cicada, where a
typical sound reflex is obtained by stimu-
lating the central cut end of the caudal
nerve branch (Hagiwara and Watanabe,
1956). The response consists of a pattern
of alternating contractions of the main
sound muscles on opposite sides, and sever-
al pattern cycles can be elicited by a single
shock of sufficient strength.

The crayfish swimmeret movements pro-
vide another example which has been stud-
ied in some detail (Hughes and Wiersma,
1960). In the isolated abdomen these move-
ments may occur spontaneously, or be
elicited by suitable stimulation (e.g., press-
ing one of the anterior swimmerets back-
wards). In this system coordination depends
on the sensory input produced bv the move-
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FIG. 3. Cockroach giant fibers. Schematic diagram
of the ascending pathways involved in the evasion
response of the cockroach. TG 1, 2, and 3; corre-
sponding thoracic ganglia. AG 1 to 6; abdominal
ganglia. The crural nerves leaving the metatho-
racic ganglion are included to represent efferent
connections. Not shown are the reinforcing connec-
tions of the motor centers with the head ganglia.
The spike response at various levels in the nervous
system following an afferent stimulus is indicated
diagrammatically on a base line of 10msec. (From
Roeder, 1948, J. Exp. Zool.)

ments themselves. These would become un-
coordinated if it were possible to sever the
sensory fibers alone, as can be shown by cut-
ting the relevant nerve roots and recording
efferent activity in the cut motor fibers. The
root normally supplying each swimnieret
still shows rhythmic patterns of motor im-
pulses, but these are not synchronized for
the various swimmerets.

Uncoordinated movements probably
originating from a similar efferent pattern
can, in fact, be observed in the intact ani-
mal at times, especially when weak local
stimulations are applied. It is remarkable
that if one root is left intact in the above
preparation, thus providing some sensory
input, the motor activity in all roots will be
considerably more synchronized and closer
to its normal pattern. This situation closely
parallels that reported for locomotor coor-
dination in sharks and anurans (Gray,
1950).

Coordination not noticeably different
from normal is obtained even when all the
abdominal roots are cut, when certain in-
terneurons in the circumoesophageal com-
missure are repetitively stimulated (e.g., at
60 pulses/sec). Such 'command' fibers can
thus release the whole coordinated pattern
without assistance from the sensory feed-
back. The rhythmic movements obtained
will continue as long as the stimulation
lasts, and in the intact animal usually for
some time longer, because of the peripheral
feedback mechanism. Even with the ab-
dominal roots cut, a rhythmic discharge
persists for a while after ending the stimu-
lation of the interneuron in the circum-
oesophageal commissure. This may be in-
terpreted as an after-discharge of the pace-
maker center. Stimulation of other inter-
neurons in the commissure stops the rhyth-
mic swimmeret movements either only
while the stimulus continues or for some
longer period. This control of the rhythmic
movements by interneurons having oppo-
site effects is reminiscent of the nervous con-
trol of the heart.

A similar type of control has been shown
for a variety of movements in insects. A de-
tailed examination of the control of flight
in locusts showed that, while peripheral
feedback may influence the frequency of

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/2/1/67/2110829 by guest on 23 April 2024



74 C. A. G. WlERSMA

wing beat, depriving the central nervous
system of local sensory input from the wings
does not disrupt or noticeably effect the co-
ordinated movements of the wings (Wilson,
1961). This coordinated movement is ap-
parently triggered and maintained by ele-
ments in the central nervous system which
can be fired, among other ways, through
stimulation of the head hairs by moving
air. The same effect can be produced by
stimulating the supra-oesophageal ganglion
or the commissures, in preparations which
exclude all sensory feedback except from
the muscles in the head. Under similar con-
ditions inhibition of the flight movements
also may result from appropriate stimula-
tion of higher centers.

This indicates that in locusts, as in the
case of the crayfish swimmerets, the ulti-
mate mechanism controlling the wings is a
fixed system of neuronal pathways, which
are normally coordinated so as to produce
an organized rhythmic movement of the
flight muscles. This mechanism is con-
trolled by the activity of higher-order com-
mand interneurons, and can be influenced
by information received through peripheral
feedback.

In the nervous mechanism controlling
the rhythmic respiratory movements of the
cricket, each abdominal ganglion governs
the expiratory and inspiratory movements
of its own segment, but all the ganglia in-
teract to produce the overall abdominal
respiratory movements (Huber, 1960a). The
overall regulation may in this case be con-
trolled by interneurons which make synap-
tic connections in all the abdominal gan-
glia, probably in a way similar to those in-
volved in crayfish swimmeret movements.
The sub-oesophageal ganglion seems to
function as a regulator of the frequency,
since cutting its functional connections re-
sults in a permanent depression of the res-
piratory rhythm. Local stimulation of vari-
ous parts of the protocerebrum in these ani-
mals results in respiratory movements (or
inhibition of these movements) either alone
or with parallel effects on locomotor move-
ments depending on the position of the
point stimulated (see Fig. 4). Hence pre-
vious claims that there are no centers for

I'IG. 4. Frontal view of cross-section through the
brain of a cricket, showing the localized stimulation
points, causing •—respiratory enhancement: Q—
respiratory inhibition; Q—enhancement of both
respiratory and locomotor movements; ^—decrease
in both respiratory and locomotor activity. PC—
protocerebruni; DC—deuterocerebrum; TC--trito-
cerebruin; nop—optic nerve; na—antennal nerve;
sk—circumocsophageal commissure; PK—mushroom
body; ZK—central body. (After Huber, 1960«, /..
vergleich. Physiol.)

respiration in the insect brain are appar-
ently incorrect, and large areas of the cen-
tral nervous system must cooperate in the
coordination and regulation of respiratory
movements.

Rhythmic movements of the antennae
and the head and palps, as well as locomo-
tory movements, can be obtained by stimu-
lating parts of the brain in both crickets
and grasshoppers (Huber, 1959). These
movements are again coordinated and have
an inherent rhythmicity. The stimulation
is believed to affect pre-motor interneurons
which determine the duration and thresh-
old of the different stages of the response as
well as their intensity. The protocerebrum
contains a control system for the head
movements and the tendency to turn while
walking. In addition, stimulation of cer-
tain points in the brain can result in the in-
hibition of motor activity. The brain also
contains neurons which influence the start,
duration, and strength of forward move-
ments, and which couple this locomotion
with movements of the antennae and palps.
Small lesions produce no effect on the mo-
tor activity, but if both mushroom bodies
are destroved, inhibition seems to be re-
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FIG. 5. Anterior part of the central nervous system
of the cricket, demonstrating, in black, the regions
involved in singing: the brain, one tract to the me-
sothoracic ganglion, and the whole of this ganglion.
Sko—circumoesophageal commissures; USC—sub-
ocsophageal ganglion; Ko I, II—connectives be-
tween the lower ganglia; TH.G 1 and 2—protho-
racic and mesothoracic ganglia. (From Huber,
19606, Z. vergleich. Physiol.)

moved, since forward motion and jumping
activity increase; if the central body is re-
moved, diminished locomotion results, pre-
sumably from an absence of activation.

Stridulation in crickets is effected by the
mesothoracic ganglion which controls all
the twenty-eight muscles involved, and is in
turn activated or inhibited by the brain
(Huber, 1960b.) Stimulation of the gan-
glion after sectioning its connection with
the brain results in rhythmic movements of
the elytra, but these are somewhat abnor-
mal and do not result in singing. Bisection
of the ganglion destroys the coordination
between the movements of the two elytra.
Stimulation of various parts of the brain
suggests that the mushroom bodies coordi-
nate information from antennae, cerci,

hearing organs, and the receptors of the
genital apparatus, and on the basis of all
this integrated sensory input, activate or in-
hibit sound production (see Fig. 5). These
protocerebral centers are connected to the
mesothoracic ganglion by way of the cen-
tral body, which produces activation pat-
terns based on the information from the
two mushroom bodies (see Fig. 6). Direct
stimulation of the central body gives rise to
a type of squeaking unlike the usual stridu-
lation sound. The final motor patterns re-
sulting in the production of a particular
song type and pattern, are released by the
mesothoracic ganglion. If this interpreta-
tion of the control of stridulation is correct,
then at least three interneurons must be in-
tercalated between brain and motor cells.

The existence of command interneurons
which have excitatory or inhibitory effects
on lower centers has thus been amply dem-
onstrated. Clearly, the integration of such
command interneurons is a matter of great
importance, for, as many of them produce
opposing effects, there must be some mecha-
nism to prevent their simultaneous an-
tagonistic action. This problem will be re-
ferred to again below.

When the brain is separated from the rest
of the central nervous system, the absence
of inhibitory interneurons will have the
most obvious effect on resulting activity.
Thus a mantis with its brain removed will
walk forward until exhausted, or prevented
by obstacles from advancing any further,

FIG. 6. Frontal view of cross-section through the
brain of a cricket showing the following stimulation
points: ^—normal song; Q—rival song; Q]—inhi-
bition of song; •—atypical song. (After Huber,
19606, Z. vergleich. Physiol.)
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and a decapitated male mantis can make
complex patterned movements resulting,
under favorable circumstances, in the trans-
fer of sperm to the female (Roeder et al.,
I960). Many other similar examples could
be quoted. Roeder deduced from these ex-
periments that, in insects at least, there
were widespread systems of spontaneously
active efferent neurons, controlled by in-
hibitory systems of various types. However,
in locusts the activating centers in the brain
are at least as important as the inhibitory
ones for the general coordination of the
body (Huber, 1960), and it seems probable
that this is generally the case. It appears,
therefore, that any general statements about
the inhibitory influence of the brain on the
rest of the central nervous system must be
made with caution. It is definitely not true
to say that the brain normally controls the
lower nervous system merely through the
activation of inhibitory fibers.

CONCLUSIONS

The picture of the central nervous system
gradually developing from these various ob-
servations offers a good many unexpected
features. Several of these have been previ-
ously considered by workers in this field,
but their existence was not clearly enough
established for them to be incorporated into
any more generally accepted theory. In my
opinion they must now be taken into ac-
count in any attempt to explain the mecha-
nism by which the central nervous system
functions. The conception of a stepwise
analyzing system with its main linkages in
series, in which integration proceeds gradu-
ally from lower to higher levels, now ap-
pears both inaccurate and inadequate, al-
though, as an idea which is relatively easy
to grasp, it may remain in our thinking for
some time.

Recent developments seem to point, in
the arthropods at least, to a system which is
to a great extent linked in parallel at all
levels. Fixed, interconnected reflex path-
ways provide for stereotyped motor patterns
which, however, may be influenced by sen-
sory input, and are under the control of
higher order fibers. The complexity of the
organization of the system is indicated by

the wide spread of sensory information,
which is channeled simultaneously to the
highest integrating levels and to efferent
pathways at various levels.

It is obviously an advantage for certain
response movements to be made more
quickly and directly than would be possible
if sensory information had to travel through
an hierarchical system to the integrative
centers before action could take place. This
is especially true for escape and flight reac-
tions. As one example, Maynard (1956) has
shown that the spikes obtained in the vari-
ous centers in the cockroach brain on stimu-
lation of the antennae, are not causally re-
lated to the sudden jump which is the usual
response to such excitation. The latency for
these spikes is much greater than the lat-
ency of the giant fibers producing the move-
ments. Hence there is a more direct con-
nection between sensory input and effector
which bypasses the higher integrative cen-
ters. In this way the muscular reaction may
take place before, or at the same time as, the
information reaches the brain.

However, reflexes of this type can on oc-
casion be inhibited, or may appear without
apparent sensory input, so that the higher
centers can influence the activity of the re-
flex. It is quite feasible that all the move-
ments made by an animal like the crayfish
may be organized in a similar way, and that
the function of higher centers consists essen-
tially of activating excitatory and inhibi-
tory command fibers controlling the reflex
pathways. The available evidence shows
that these command fibers are not able to
vary their commands to suit the changing
conditions in the periphery—they merely
have the ability to fire or not to fire. Once
the command has been given to the lower
ganglionic centers, sensory information
coming into the local reflex system will de-
termine to what extent the command will
be obeyed.

The command fibers themselves must be
controlled in order to prevent conflicting
instructions from being presented simul-
taneously. One possibility is that a higher
integrating level is present, consisting of
'decision' units which determine the activ-
ity of the command fibers. The interaction
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of inhibitory and excitatory command fibers
might, however, provide an equally efficient
control. If this is the case, the decision
would be made at the level of the neurons
responsible for activating a rhythmic pat-
terned movement, or even at the level of
the muscular junction. This latter certainly
occurs in the control of the opener and
stretcher muscles in the claw of Carcinus
(Bush, in preparation), where signals in the
inhibitor fiber are present at the same time
as the motor impulses. Indeed, the activity
of an inhibitory interneuron, overriding
the effect of the excitatory interneuron on
automatic centers in the cord, may be re-
sponsible for halting the rhythmic move-
ments of the crayfish swimmerets.

One main question is whether the cen-
tral nervous system of the arthropods can
be considered to share many of its proper-
ties with the central nervous systems of
other phyla, or must be regarded as highly
specialized. It would be impracticable to
point out all the similarities that exist, but
two points are worth mentioning. Firstly,
interneurons with very specific properties,
a prime requirement for the mechanisms
here described, have been found in mol-
luscs (Arvanitaki and Chalazonitis, I960),
and fishes (Bennett, Crain, and Grundfest,
1959). Vertebrates have a more complex
musculature and muscle innervation, neces-
sitating the establishment of motor neuron
pools, and in turn an increase in the flexi-
bility of the control system. Even here, how-
ever, the evidence in support of automatic
centers controlling rhythmic movements is
very strong (e.g., von Hoist, 1937). The sec-
ond point is the close similarity between
the responses of interneurons in the optic
nerves of the frog (Lettvin, Maturana, Mc-
Culloch, and Pitts, 1959), and those in the
crayfish as described above. Thus simul-
taneous analysis of incoming information
by different interneurons, another funda-
mental requirement for the views expressed
here, also occurs in the vertebrates.

Personally, I believe that all nervous sys-
tems will be found to function in a manner
closely similar to that of arthropods. The
latter can manage with a relatively few
command interneurons, partly because they

have developed a rigid system of movement,
which involves only a few motor fibers, and
partly because the number of input chan-
nels is more limited. Many of the interneu-
rons in the arthropods have a widespread
input and output, and run for considerable
distances through the system, a feature
which may help to account for the fact that
the arthropod system is smaller in terms of
numbers of units than other systems with
comparable capabilities. An intriguing pos-
sibility for future development would be to
study such phenomena as learning in the
arthropods, where a more basic approach
might be possible.

This review is simply an initial attempt
at a realistic analysis of the arthropod nerv-
ous system on the basis of present knowl-
edge. Several additional factors are known
to exist which have not been incorporated
in the present discussion. Thus no attempt
has been made to distinguish between in-
terneurons with identical sensory fields, al-
though preliminary evidence from work on
the crayfish suggests that they do occur, and
that they show quite different reaction
types. For example, one may fire only at
the start of the stimulation with a rapid
initial rate and quick adaptation, while an-
other may fire at a lower rate throughout
stimulation. Such central differences re-
semble strongly those between peripheral
fast and slow motor fibers and also similar
differences in sensory fibers. The hypothe-
sis that parallel systems, producing the
same reaction but with differing velocities,
are present throughout the central nervous
system, might bear testing.

Another important factor in the present
context is the presence of 'spontaneously'
firing interneurons. Tt is difficult to deter-
mine exactly which these are, but any gan-
glion isolated together with its outgoing
roots still shows impulse activity, (e.g., Roe-
der, 1955). Little enough is known about
the genesis of these impulses and even less
about their functional significance; prob-
ably this lack of knowledge constitutes the
most serious deficiency in our knowledge of
impulse transmission in the central nervous
system. Tn addition, a number of factors
apart from growth and differentiation may
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influence the function of the central nerv-
ous system in time. Thus hormones may
cause changes within the system so that the
same stimulus may cause differing effects—
for example, acceptance or rejection of
male advances by the female. Whether
these changes are caused by alterations in
the rates of spontaneous impulse genera-
tion, or by changing thresholds of neurons,
or possibly other factors, is an important
question which still awaits an answer.

Other pertinent questions have been
raised in several of the papers in this vol-
ume. Although one may wonder whether a
complete insight into the workings of the
central nervous system, such that all the re-
actions of an aniraal become predictable,
can ever be obtained, there is no doubt that
in the last years we have reached a point
where the realization of such a goal is no
longer beyond the bounds of reason. In-
teresting analogies have now been found
between the functioning of the nervous sys
tern at the neuronal and at the behavioral
levels. Continuation of research along all
the lines developing at present must surely
lead eventually to a more sophisticated ap-
proach to the whole problem of the central
nervous system than has hitherto been pos-
sible.
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