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S,~tmmary. 1. Cobalt impregnations of the crayfish, Procambarus, mechanoreceptive 
afferents and interneurons (Fig. 2) indicate that the afferents end with little terminal branch- 
ing within the ipsilateral ganglionic neuropile in the area of the dendritic arbors of the 
interneurons. 

2. The mechanoreceptive interneurons can be divided into two distinct classes: those 
that receive excitatory input only via direct afferent connections (primary interneurons) 
and those that, while they do receive direct afferent connections, receive the majority of 
their excitatory input from other interneurons (higher-order interneurons) (Figs. 4, 7-9, 
Table 2). 

3. The connections between afferents and primary interneurons are probabilistic in 
nature; not all of the tactile afferents from the receptive field of a particular interneuron 
make functional synaptic contacts with that interneuron, nor do all interneurons that share 
a receptor surface in their receptive fields receive functional synaptic contacts from the 
same afferents arising from that surface (Fig. 6, Table 1). 

4. Interneuronal input onto higher order interneurons amplifies the impulse bursts arising 
from phasic mechanical stimuli. Excitation is spread among a pool of interconnected 
interneurons, leading to prolonged and synchronous bursting following temporally restric- 
ted afferent volleys (Figs. 7, 8). 

Introduction 

Crayfish mechanoreceptive 1 hair afferents and the large interneurons of the 
abdominal nerve cord which they innervate, comprise the afferent wing of the 
animal's dramatic backward escape reflex. This reflex is initiated by phasic 
mechanical stimuli to the abdomen and is mediated via the lateral giant fibers 
(Wiersma, 1947; Wiersma and Hughes, 1961; Krasne, 1969; Zucker, Kennedy 
and Selverston, 1971; Zucker, 1972; Wine and Krasne, 1972). Because of their 
importance to the behavior of the animal and the ease with which they are 
recorded these neurons have attracted much attention from neurophysiologists. 

Pioneering studies by Wiersma and co-workers (Hughes and Wiersma, 1960; 
Wiersma and Hughes, 1961) established the uniqueness and identifiability of 
these interneurons by demonstrating constancy in their receptive fields and 
their position in the interganglionic connectives. Several workers (Preston and 
Kennedy, 1960; Kennedy and Mellon, 1964; Zucker, 1972; Wilkens and Larimer, 
1972) have shown that  these cells are easily penetrated within the ganglionic 
neuropile with micropipettes. Such recording techniques have permitted the 
physiological analysis of mechanisms responsible for the synaptic integration of 
mechanoreceptive input (Kennedy and Mellon, 1964; Zucker, 1972), and the advent 
of intracellular dye injection techniques (Stretton and Kravitz, 1968; Pitman, 

* Present address: Department of Molecular Biology, University of California, Berkeley, 
California 94720, USA. 
1 These hair afferents are best termed mechanoreceptive as they respond to near field 
water disturbances (Wiese, in preparation) as well as to direct touch. 
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Tweedle and Cohen, 1972) has made possible a detailed anatomical reconstruc- 
tion of several of these interneurons (Selverston and Kennedy, 1969; Kennedy, 
1971 ; Wilkens and Larimer, 1972). Similarly the mechanoreeeptive hairs on the 
proximal telson have been mapped individually so that  they can usually be 
recognized from animal to animal (Kennedy, 1971, 1974), and the identifiability 
of these afferents has been used to determine the eonsistancy of their connec- 
t ivi ty with an identified interneuron-interneuron A (Zueker, Kennedy and 
Selverston, 1971; Kennedy, 1971, 1974). 

A number of issues regarding the connectivity and synaptic interactions of 
this neuron population are nevertheless still unresolved. The central anatomy of 
the hair afferents is not known, and the functional significance of their central 
projections in the interganglionic connectives (Hughes and Wiersma, 1960; 
Wiersma and Hughes, 1961) is unclear. All mechanoreeeptive interneurons which 
receive sensory input from more than one abdominal segment receive afferent 
connections and generate spikes in each ganglion to which the hair afferents of 
their receptive fields project (Hughes and Wiersma, 1960; Kennedy and Mellon, 
1964). Nevertheless, the central projection of tactile afferents in the intergang- 
lionic connectives may  be involved in ingersegmental summation (Kennedy and 
Mellon, 1964). 

The connectivity between telson hair afferents and interneuron A mentioned 
above has been shown not to be completely consistent from preparation to pre- 
paration, as are many  of the central connections between interneurons and motor 
neurons in the same system (Kennedy, 1971, 1974). Identified telson hair afferents 
do not always connect with interneuron A. Hair  afferents from the rostral telson 
are more likely to connect with interneuron A than those from the caudal telson 
in any given preparation, but few afferents connect with interneuron A in every 
preparation (Kennedy, 1971, 1974). Thus it appears that  a given hair afferent 
can only be assigned some probabili ty of connecting with interneuron A in any 
given preparation. I t  is not known, however, whether this "h i t  and miss"  
pat tern  is a general property of the connectivity between mechanoreeeptive 
afferents and all their interneurons, or whether the failure of an afferent to 
make connection with a particular interneuron is an indication that  it will fail 
to make connection with other interneurons tha t  are driven from. the same 
receptive field. Nor is it known whether afferents which project into the inter- 
ganglionic connectives represent neurons that  have failed to connect with inter- 
neurons within their ganglion of entry. 

Finally the hierarchical organization of meehanoreceptive interneurons re- 
mains nnclear. Zucker (1972, 1973) has shown that  interneurons with broad 
receptive fields receive excitatory input from those with more restricted receptive 
fields. However, the extent and functional significance of this interneuronal 
interaction has not been fully evaluated. 

These issues are addressed in this paper. In  particular, the experiments per- 
tain to the ipsilateral connectivity patterns of telson meehanoreeeptive afferents 
and interneurons inthe sixth abdominal ganglion of the crayfish Procambarus clar~ii. 

Methods 
Procambarus clarlcii were used for all experiments. Male and female specimens (5-10 cm 

in length) were obtained from local suppliers or collected from streams, and maintained in 
aerated tap water until used. 
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Anatomy 
Interneurons,  motor neurons, and sensory neurons in isolated abdominal nerve cords 

were filled with cobaltous chloride (175 m M ~ h y p o s m o t i c - - o r  300 mM--hyperosmot ic - - in  
distilled water) by diffusion into the  cut end of an interganglionic connective or ganglionic 
root or by  sealing the cut end in a polyvinylchloride (PVC) suction electrode filled wi th  
cobalt solution and  passing a positive DC current of ten microamps. After 12 16 hours at  
approximately 8 ~ C, the  intracellular cobalt was precipi tated with ammonium sulphide 
(Pitman, Twecdle and Cohen, 1972). Occasionally longer injection t imes - -up  to 48 hr - -were  
used with no significant differences in results. The abdominal  nerve cord was then fixed 
in 10% formalin in van  Harreveld 's  solution (van Harreveld, 1936), dehydrated in a series 
of alcohols, and cleared in methyl  salieylate. Whole mounts  in methyl  salicylate were photo- 
graphed through a Wild dissecting photomieroscope. 

Soft cuticular pressure receptors (Pabst  and Kennedy,  1967) were stained in formol- 
saline fixed abdominal  nerve cords wi th  Azure B, dehydrated,  and observed in cleared 
whole mounts  wi th  a s tandard compound microscope. 

Dissections 
Before dissection the animals were immobilized by cooling in ice for approximately 

10-15 min. Early extracellular experiments were performed on the  split  abdomen prepara- 
t ion described by Zucker (1972). All intracellular experiments employed a semi-isolated ab~ 
dominal nerve cord preparat ion t h a t  included the  uropods and telson. The abdominal  nerve 
cord was isolated from the animal except for its connections to the telson via one or both  
of the pair  of roots of the s ixth ganglion which innervate it. Unless otherwise s ta ted in the  
text ,  only the fourth  roots were left intact.  The s ixth  segment appendages were p inned out  
dorsal side up (allowing mechanical access to the  meehanoreceptive hairs on the dorsal 
surface of the telson) in a plastic chamber contMning a clear Sylgard bot tom in which a 
mirror  had  been embedded to allow i l luminat ion from below. The chamber was filled with 
cold van  Harreveld 's  solution (van Harreveld, 1936) wi th  the bicarbonate buffer replaced 
by Trizma and adjusted to pH 7.2. The roots of the sixth ganglion were twisted, the nerve 
cord pinned out  ventral  surface up, and the connective tissue sheath removed from the 5/6 
interganglionie connectives and  the  ventral  surface of the s ixth ganglion. Individual  axons 
or small bundles of axons were then sometimes dissected free from the desheathed inter- 
ganglionic connectives for subsequent recording and/or s t imulat ion and identification. 

Recordings 
Suction electrodes were used for all extracellular recordings and for electrical stimulation. 

They were led to a switch box t h a t  allowed any electrode to be used for ei ther s t imulat ion 
or recording. Extracellular recordings were amplified with capacity-coupled preamplifiers, 
and electrical st imuli  were provided by pulse generating equipment  with  outputs  isolated 
from ground by  transformers.  

Intracellular recordings were made with micropipettes pulled with glass fibers and filled 
wi th  3 M KC1. Such electrodes had  resistances of between 30 and 80 ~i,Q measured in tile 
physiological saline. Signals were recorded using a W P I  capacitance-compensated high 
impedance DC preamplifier, wi th  a " b o o t s t r a p "  bridge for passing current through the 
recording microelectrode. A Grass SD9 st imulator  was used in conjunction with the  bridge. 

Using known ganglionic landmarks as a guide, the  neuropile of the s ixth ganglion was 
probed with a mieroelectrode unt i l  uni ts  with  the desired characteristics were encountered. 
The hun t  for interneuronal dendrit ic processes was facil i tated by  cobalt impregnations of 
the 5/6 interganglionic connective, in which the  interneuronal axons run, revealing the 
neuropilar areas in which the interneuronal  processes are concentrated (Fig. 2 A). Penetra ted 
uni ts  were discarded unless they had  stable resting potentials  of 40 mV or greater. 

Quasi-intracellular recordings were made from interneuron A (Zucker, Kennedy and 
Selverston, 1971) wi th  a small suction electrode into which the isolated axon of the  inter- 
neuron was drawn just  to its point  of emergence from the s ixth ganglion (Kennedy, 1971). 
Under  such conditions, stable uni tary  EPSP's ,  compound IPSP ' s  and spike act ivi ty  could 
be recorded for periods of ten  minutes  to one hour. 
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Identi/ication o/ Units 
A unit penetrated within the ganglionic neuropile was judged to be an interneuron 

if it could be shown to have an axon in the interganglionic connectives and responded 
readily with EPSP's and/or spikes to tactile stimulation of a large area of the telson and 
electrical stimulation of an afferent root. (Latencies of EPSP's in interneurons were cal- 
culated from the arrival time of afferent spikes in the 6th ganglion neuropile (cf. Zucker, 
1972)). Certain interneuronal elements penetrated within the ganglion were readily identifiable 
by their receptive field properties, the position and size of their axons in the intergangtionie 
connectives, and their characteristic discharge pattern in response to electrical stimulation 
of an afferent root. Two such identifiable units were regularly encountered; interneuron A 
and interneuron C. Interneuron A is the largest fiber in the abdominal nerve cord other 
than the giant fibers; it has a receptive field which includes the ipsilateral uropods and 
telson (Zucker, Kennedy and Selverston, 1971), and is equivalent to fiber A6 of Wiersma 
and Hughes (1961). Interneuron C is another very large and prominent t!iber in the ab- 
dominal nerve cord; it has a receptive field which includes the entire dorsal surface of the 
abdomen (Zucker, Kennedy and Selverston, 1971) and is equivalent to fiber A64 of Wiersma 
and Hughes (1961). Similar criteria were applied to the identification of interneurons in 
extracellular records from the interganglionic connectives. 

Fourth and sometimes fifth root mechanoreceptive afferent fibers were catalogued in a 
particular preparation by their extracellularly recorded spike amplitude and waveform and 
by their characteristic spontaneous discharge frequency. Individual fourth root afferents could 
be stimulated by moving single identified hairs on the telson (Kennedy, 1971). ~eurons 
penetrated in the sixth ganglion neuropile were judged to be fourth root mechanoreceptive 
afferents if they met the criteria set out by Kennedy et at. (1974). 

Results 

The Receptive Fields o/Sixth Ganglion Sensory Roots 

A large number  of mechanoreceptive hairs occupy the two surfaces of the  
sixth abdomina l  segment  and  its appendages - - the  uropods and  t e l s o n - - a n d  send 
their  axons into the central  nervous system via the roots of the sixth ganglion. 
The receptive fields of the various roots have been mapped,  as shown in  Fig. 1, 
by recording responses to mechanical  s t imula t ion  with a fine brush. They are 
s tr ict ly ipsilateral  and non-overlapping.  

The Composition o/ the Fourth Root and the Anatomy o/ Its Mechanoreceptive 
A//erents 

The fourth root contains a number  of large axons (5-10 microns in diameter) 
(Kennedy,  1974), m a n y  of which are associated with the mechanoreceptive hairs 
on the dorsal surface of the laterorostral  telson. These axons enter  the ma in  root 
via  its medial  branch.  Several axons of large diameter  form a smaller lateral  
b ranch;  these are associated with mechanoreceptive hairs on the caudal edge 
of the dorsal surface of the s ixth abdomina l  segment (Fig. 1). The root also 
contains the cell bodies of several neurons  tha t  are morphologically identical  to 
the soft cuticular pressure receptors described by  Pabs t  and  K e n n e d y  (1967) 
in the roots of other abdomina l  ganglia. 

Cobalt impregnat ions  of this root reveal a single cell body in  the ganglion 
which is medial  and  ipsilateral (Fig. 2B). I n  addi t ion extracellnlar recordings 
from the fourth root reveal only one tonical ly  active efferent un i t  in the root. 
Therefore, it  seems safe to assume tha t  the four th  root contains only a single 
efferent fiber. On only a few occasions, large neurons in  addi t ion  to the single 
efferent fiber were filled with cobalt ;  these are assumed to be associated with 
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Fig. 1. (A) Composite diagram of the sixth abdominal ganglion of the crayfish, Procambarus 
clar/cii (ventral aspect). The roots are numbered according to the scheme used by Larimer 
and Kennedy (1969). Root 7 is unpaired but all others have bilateral homologues. Both 
root 7 and root 6 Iack mechanoreceptive afferent components. (B) Composite diagram of the 
sixth abdominM segment and its appendages--the uropods and telson--of the crayfish 
Procamba~'~s clarkii (dorsal aspect), showing the mechanoreeeptive fields of the various 
roots of the sixth abdominal ganglion, l~eceptive fields are strictly ipsilateral and non- 
overlapping. The lateral and medial branches of the fourth root (R41 and R4m) are con- 
sidered separately because they have quite different central projections. Ventral surface hair 
afferents, where they occur, enter the same root as their dorsal counterparts. Abbrevia- 

tions used throughout: R = root. A G 6 = sixth abdominal ganglion 

the mechanoreceptive hair  afferents because they have no cell bodies wi th in  the 
ganglion or the root (Fig. 2 0  and  D). These fibers progress rostral ly into the 
central  neuropile into the v ic in i ty  of dense in te rneurona l  dendri t ic  arborizat ions 
(Fig. 2A), where they  appear to end with li t t le t e rmina l  branching  (Fig. 2D). 
No cobalt-filled fourth root  fiber has been observed to cross the ganglionic 
midl ine or enter  the interganglionic connectives. Physiological evidence, pre- 
sented in  the next  section shows tha t  some meehanoreeeptive hair  afferents do in  
fact send axons into the interganglionic  connectives;  thus  it may  be t ha t  the 
afferent fibers do no t  fill completely with cobalt  with the techniques used. 
The fifth root  (for receptive field, see Fig. 1) appears no t  to conta in  any  efferent 
fibers; otherwise, it  resembles the fourth in  composit ion 2 and  in  the central  
a n a t o m y  of its mechanoreceptive afferents. Cobalt fills of this root have a 
similar  low probab i l i ty  of success. 

Central Projection o/Fourth Root Mechanoreceptive A[[erents 

Electrical  s t imula t ion  of the vent romedia l  aspect of the connect ive between 
the fifth and  sixth ganglion leads to a powerful ant idromic  discharge in the 
ipsilateral  bu t  no t  the eontralateral  fourth root  (Fig. 3A). The n u m b e r  of uni ts  
responding is a funct ion  of the s t imulus in tens i ty ;  response components  are 
added in  an all-or-none fashion. The response has a short and cons tant  la tency 
and follows s t imulus rates up to 100 Hz wi thout  failure (Fig. 3C). Electr ical  
s t imula t ion  of the fourth root leads to a similar response from a fiber t rac t  in  

2 Barth (1964) has demonstrated the presence of fifth root afferents sensitive to telson 
displacement. These neurons, though present, are normally silent in the preparation used 
here, The fifth root fuses with the sixth just caudal to their exit from the ganglion, and 
thus some sixth root motor neurons occur in the fifth root peripheral to this fusion. In these 
experiments the sixth root was always severed proximal to its fusion with the fifth root 
(see Fig. 1 A). 
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Fig. 2A--D. Anatomy of sixth ganglion mechanoreceptive afferents and interneurons as 
determined by cobalt dye impregnation. (A) Photograph of the ventral surface of the sixth 
ganglion in which the left interganglionic connective was filled with cobalt, revealing the cell 
bodies and dendritic ramifications of many meehanoreceptive interneurons. The dotted line 
indicates the ipsilateral dendritic domains of the interneurons. (B) Photograph of the ventral 
surface of the sixth ganglion in which the left fourth root has been filled with cobalt dye. 
The arrow indicates the cell body of the single efferent fiber regularly found in the fourth 
root. (C) Photograph of the dorsal surface of the same preparation as B at low power. The 
large axons which are filled with cobalt are presumably those of telson hair afferents. (D) 
Same as C except at higher power. Note that afferent fibers appear to terminate within the 
dendritic domain of the mechanoreceptive interneurons. Calibration bar: (A, C) 400 BM; 

(B, D) 200 ~ 

the vent romedia l  aspect of the adjacent  ipsi lateral  bu t  no t  the eontralateral  
interganglionic connective (Fig. 3 B and  D). These observat ions have been con- 
f irmed by  intraeel lnlar  recording from fourth root mechanoreeeptive afferents 
penet ra ted  in  the ganglionic neuropile (Fig. 3 E and  F). The ant idromic response 
of a four th  root un i t  to connective s t imula t ion  ma y  be blocked by orthodromic 
ac t iv i ty  evoked in  the same un i t  by  deflecting the appropriate  sensory hair. 
Afferents belonging to the four th  root thus  mus t  project  to more rostral  ganglia. 
Most of the afferents enter ing the interganglionie connectives are those of sixth 
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segment hairs that  have axons of relatively large diameter (as judged by extra- 
cellularly recorded spike amplitude) in the lateral branch of the root (Fig. 3 A); 
only a few of these axons project beyond the fifth ganglion. Afferents from 
telson hairs tha t  enter the interganglionic connectives are of smaller diameter 
and originate in the caudal par t  of the fourth root telson field (Fig. 3A). The 
largest axons from the phasic hair afferents of the rostra] fourth root telson 
field (Kennedy, 1971) cannot be shown to enter the interganglionic connective by 
the same techniques. 

Antidromic spikes evoked in fourth root meehanoreceptive afferents by 
stimulating interganglionic connectives can give rise to unitary EPSP ' s  in first- 
order meehanoreeeptive interneurons within the sixth ganglion (Fig. 3 G and H). 
In  addition antidromic discharge in fourth root afferents evoked by intergang- 
lionic connective stimulation can produce interneuronM discharges which originate 
in the sixth ganglion--in particular, in interneuron A which is known to receive 
only direct meehanoreceptive afferent connections and only within the sixth 
ganglion (Zucker, Kennedy and Selverston, 1971). Thus afferent axons that  pro- 
ject into the interganglionic connectives must make synapses within the sixth 
ganglion. 

To compare the arrangement in more "typical" segmental ganglia, similar 
experiments were performed on second root mechanoreceptive hair afferents of 
the third abdominal ganglion. The axons of some of these sensory neurons may 
enter either the ascending or descending ipsilateral interganglionic connectives. 
The ascending projection is heavier than the descending one, in agreement with 
the observation that  intersegmental summation effects onto multisegmentM 
mechanoreceptive interneurons are rostrMly biased (Kennedy and Mellon, 1964@ 

Connections between Mechanoreceptive A]]erents and Primary lnterneurons in the 
Sixth Ganglion 

Neurons penetrated within the sixth ganglion were judged to be pr imary 
mechanoreceptive interneurons if they met the following criteria: (1) they 
responded with EPSP 's  to stimulation of a number of telson hairs. (2) they 
could be shown to have an axon in the interganglionic connectives. (3) unitary 
EPSP 's  followed the individual spikes of afferents in ipsilateral roots at a con- 
stant  latency of less than 2 msee. (4) no unitary EPSP ' s  in the cell were asso- 
ciated with interneuronal activity recorded in the interganglionic connectives. 
Of 25 mechanoreceptive interneurons sampled in four preparations in order to 
estimate the proportion of pr imary interneurons, only 5 met  all criteria; one of 
these is illustrated in Fig. 4A. (The sample did not include interneuron A, 
discussed below.) Most pr imary interneurons encountered were tested for their 
response to electrical stimulation of the ipsilateral fourth root. They responded 
with short-latency (0.5-2 msec) compound EPSP ' s  of relatively short duration 
(10-40 msee) and rarely produced more than 3 impulses even at maximal stimulus 
intensities (Fig. 4B). All pr imary interneurons tested also responded to fifth root 
stimulation. The short latency of compound EPSP ' s  evoked by electrical stimula- 
tion of afferent roots and the observation that  these EPSP ' s  were increased in 
amplitude by increasing the level of polarization of the cell, indicates that  they 
are monosynaptie and chemically mediated. These cells as a class are therefore 
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Fig. 3A---H. Central projections of fourth root mechanoreceptive afferents. (A, C) Anti- 
dromie spikes in fourth root afferents evoked by electrical stimulation of the ipsilateral 
interganglionic connective; a single stimulus and superimposed sweeps from a train of 
stimuli at 100 ttz,  respectively. Traces are from top to bottom: main fourth root activity, 
activity in the lateral branch of the fourth root (spikes are monophasic because the recording 
is from the cut end of this nerve), activity in the medial br~nch of the fourth root. (B, D) 
Fourth root afferent activity recorded in the ipsilateral interganglionic connectives, evoked 
by electrical stimulation of the fourth root; a single stimulus and superimposed sweeps 
from a train of stimuli at 100 ttz,  respectively. The top traces monitor fourth root 
activity, and the bottom traces monitor fourth root afferent activity in the interganglionic 
connective. In D the stimulus intensity was adjusted so that  only a single unit responds 
in the interganglionie connectives. (E) Antidromic response evoked in a fourth root mechano- 
receptive afferent fiber penetrated in the ganglionic neuropile by electrical stimulation of the 
ipsilateral interganglionic connective; superimposed sweeps from a strain of stimuli at 100 Hz. 
The top trace is an intracellular record from the meehanoreceptive afferent, and the bottom 
trace monitors act ivi ty in the same afferent in the fourth root (afferent spike indicated 
by arrow). (F) Activi ty recorded intracellularly from a fourth root mechanoreceptive afferent 
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similar to interneuron A (Kennedy, 1971; Zucker, Kennedy  and Selverston, 1971), 
a p r imary  interneuron also often encountered in the present experiments.  Table 2 
summarizes the response properties of p r imary  interneurons.  

Probabilistic Nature o/Mechanoreceptive A]/erent Connections onto 
Primary Interneurons 

Kennedy  (1971) has previously shown tha t  four th  root  afferents f rom telson 
hairs connect in a "probabi l i s t ic"  fashion with interneuron A:  t ha t  is, not  all the 
afferents from within the receptive field of interneuron A connect with it, and 
the part icular  afferents t ha t  do so differ somewhat  f rom preparat ion to pre- 
parat ion.  

Since the judgement  t ha t  a part icular  afferent connects or fails to connect with 
an interneuron requires the assumption tha t  all the synapt ic  input  onto a given 
interneuron can be recorded from a single site, experiments were performed to 
test this assumption. I n  these experiments, the identified axon of interneuron A 
was placed in a suction electrode so tha t  un i ta ry  E P S P ' s  associated with the 
discharge of single afferents f rom both  four th  and fifth roots could be recorded. 
The neuropile of the ganglion was then probed with a microelectrode until  a 
dendrite of interneuron A was penetra ted : thus the two recording sites straddled 
the spike init iation zone. 

Intracel lular  and extracellular records were identical in the two successful 
experiments of this kind, except t ha t  the extracellularly recorded E P S P ' s  
showed more capacitive distort ion (Fig. 5A  and B). The afferents t ha t  produced 
no E P S P ' s  in one record also failed to show them in the other, and vice-versa. 
These results indicate tha t  all of the synaptic  inputs onto this tactile interneuron 
are within a space constant  or so of one another  and of the intracellular record- 
ing sites, perhaps because each afferent makes widely-distributed, multiple 
terminations.  Since the un i ta ry  E P S P ' s  recorded f rom various intracellular sites 
in other p r imary  interneurons (Fig. 4A) are similar in ampli tude and waveform 
to those recorded in interneuron A, all these cells probably  have dendritic trees 
with roughly  similar cable properties. Therefore, the assumption tha t  it is possible 
to record all un i ta ry  E P S P s  evoked in them by  ipsilateral afferents seems quite 
reasonable. 

Are afferents tha t  fail to  connect with a part icular  p r imary  interneuron also 
ineffectual in making synapt ic  contacts with other p r imary  interneurons tha t  

penetrated in the ganglionic neuropile and extraeellularly from the same fiber in the 
ipsilateral interganglionie connective (afferent spike indicated by arrow). The activity was 
evoked by electrical stimulation of the ipsilateral fourth root; superimposed sweeps from a 
train of stimuli at 100 Hz. The top trace is an intraeellular record from the afferent and 
the bottom trace monitors afferent activity in the interganglionie connective. (G, H) 
Unitary EPSP (indicated by arrow in H), produeed in a first-order intemeuron by an anti- 
dromie spike in the fourth root meehanoreceptive afferent which was evoked by electrical 
stimulation of tile ipsilateral interganglionie connective. In G the stimulus intensity is just 
below threshold far antidromie aetivity in the afferent; in H the stimulus intensity is 
just above threshold for antidromie activity in the afferent. The top trace is an intra- 
cellular record from the interneuron, and the bottom trace monitors fourth root activity. 
Calibration bars: (A, B, C) 2 msec; (D) 1 msee; (E) 10 mV, 5 reset; (F) 5 mV, 5 msee; (G, 

H) 2 mV, 2 reset. Voltage calibrations refer only to the intraeellular traces 



92 

A 
R, L. CMabrese 

1 

. t t . . . . . . . . .  t !l ' t  t _ t i l  ; 

2 3 4 

B ,,,r 

L 
Fig. 4A and B. Records from an unidentified primary mechanoreceptive interneuron in the 
sixth ganglion. (A) 1) 5Ieehanically evoked aetivi V in the interneuron. Traces are from top 
to bottom: interneuronal activity recorded in the ipsilateral interganglionic connective, 
ipsilateral afferent root activity, and intracellular records from the interneuron. Note the 
two particularly active afferents (one is quite smMl), each of which gives rise to unitary 
lgPSP's in the interneuron. 2) An excerpt from the same record as i,  demonstrating that 
high frequency activity in the small afferent produces a stable EPSP amplitude, whereas 
similar activity in the large afferent produces a facilitating EPSP. 3) l~esponse of the 
interneuron to electricM stimulation of an ipsilateral afferent root. The to o ~race shows the 
afferent volley in the stim~xiated root, and the bottom trace is an intercellular record from 
the interneuron. 4) Superimposed sweeps of antidromie activity recorded intracellularly 
from the interneuron induced by electrical stimulation of the ipsilateral interganglionic 
connective at 100 ~z,  demonstrating that the penetrated celI has an axon in the ipsilateral 
in~erganglionic connective. Interneurons appear to have no effect on the penetrated cell. 
(I3) The response of a primary mechanoreeeptive interneuron to electrical stimulation of an 
ipsilateral afferent root ~t Your different increasing intensities (l to 4, respectively). Traces 
are from top to bottom: [ntracellular records from the interneuron, internearonal activity 
recorded from the ipsilateral interganglionie connective, and ipsilatcral afferent root activity. 
In 3 and 4 the bottom trace has been omitted. The large spikes in the connective record 
are from the axon of the intcrneurom Calibration bars: (A) 1,2) 3.26 mY, 6.5 msec; 3) 3.25 mV, 
1.3 reset; 4) 3.25mV, 0.65msec. (B) 1,2) 20mV, 10msec; 3,4) 4OmV, 20msee. Voltage 

calibrations refer rally to intracellular records. Afferent spikes in A were retouched 

include the  same receptor  surface in the i r  recept ive  fields ? To answer  th is  ques- 
t ion,  ser ial  pene t ra t ions  were made  of p r i m a r y  in te rneurons  in the  same prepara -  
t ion  while a cons tan t  popu la t ion  of afferents  was sampled.  The sensory uni ts  
sampled  were fou r th  roo t  te lson ha i r  afferents showing ac t iv i ty  in the  absence 
of a n y  appl ied  s t imula t ion .  Since such discharge resul ts  f rom spontaneous  surface 
waves  in the  p r e p a r a t i o n  d i sh  (Wiese, personal  communica t ion) ,  the  afferents 
sampled  were those having  lowest  th resholds  for surface waves ;  the  large, phas ic  
ha i r  afferents  f rom the  ros t r a l  te lson f ield of t he  four th  root ,  which have  the  
highest, p robab i l i t y  of connect ing wi th  in te rneuron  A (Kennedy,  1971) are nor-  
ma l ly  s i lent  under  these  condit ions,  and  the  four th  roo t  afferents from the  s ix th  
segment  are r emoved  in mak ing  the  p repara t ion .  In te rneurons  pene t r a t ed  in 
these  exper imen t s  were t e s ted  to  make  sure t h a t  t h e y  responded  to m a n y  hairs  
f rom all o v e r  the  te l son  f ield of t he  four th  root.  Fig .  6 shows records  f rom such 
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Fig. 5A--C. Simultaneous intracellular recordings from the dendrite of interneuron A and 
quasi-intraeellular recordings from its axon in the same preparation. (A) Responses of inter- 
neuron A to mechanical stimulation of the telson. Traces are from top to bottom: ipsilateral 
root five afferent activity, intraeellular records from interneuron A, quasi-intracellular 
records from interneuron A, and ipsilateral root four afferent activity. (B and C) Response 
of interneuron A to electrical stimulation of the ipsilateral fourth and fifth root, respectively, 
at three different intensities. Tr~ees are from top to bottom; intraeellular records from 
interneuron A, and quasi-intraeellular records from interneuron A. (The ratio of intraeellular 
to quasi-intraeellular EPSP amplitude is roughly the same regardless of the root stimulated 
or the stimulus intensity.) Calibration bars: (A) 5 mV, 10 msee; (B, C) 3 mV, 3 msee. Voltage 

calibrations refer only to the intracellular traces 

an  exper iment .  Some of the  ident i f ied  afferents  numbered  1 -8  give rise to  E P S P ' s  
in  bo th  in terneurons ,  some in one and  no t  the  other ,  and  some in nei ther .  
Table  1 shows the  resul ts  of two such exper iments .  E x p e r i m e n t  1 is t h a t  of 
Fig.  6, and  E x p e r i m e n t  2 compares  the  i nne rva t ion  p a t t e r n  of in te rnenron  A 
wi th  t h a t  of ano the r  p r i m a r y  in terneuron.  I n  each ease the  connec t iv i ty  p a t t e r n  
appears  to  be probabi l i s t i c  for bo th  pos t synap t i e  t a rge t s :  fai lure of a sensory  
axon to connect  wi th  one p r i m a r y  in te rneuron  does no t  preclude connec t iv i ty  
wi th  another .  S imilar  resul ts  were ob ta ined  in o ther  exper imen t s  a l though the  
number  of afferents  in these  samples  was smaller .  

Interneuror.3 with Higher-Order Connections 

Many  mechanorecep t ive  in te rneurons  (80% of a sample  of 25 in te rneurons  
f rom 4 p repara t ions )  enconntered  ~ i t h i n  t he  s ix th  gangl ion showed prolonged,  
compound  E P S P ' s  wi th  two ampl i tude  peaks  a t  d i f ferent  l a t ency  (bimodal)  to 
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electrical stimulation of the fourth root (50 to over 100 msee in duration). Often 
these interneurons gave prolonged series of discharges, composed of 15 to greater 
than 20 spikes, in response to a single afferent volley, t~eeords from such a cell--  
interneuron C--are  compared in Fig. 7 with those from a pr imary interneuron, 
interneuron A. At low intensities of electrical stimulation of an afferent root the 
evoked EPSP  in interneuron C was similar in waveform and duration to com- 
pound EPSP 's  in pr imary interneurons. As the stimulus intensity was in- 
creased, however, the EPSP  developed a second peak (i.e., became bimodal) 
and became prolonged; large numbers of spikes arose from the second phase of 
the EPSP  (Fig. 7B 2). In  general it was impossible to record unitary EPSP 's  
associated either with afferent root activity or interneuronal activity in the 
interganglionic connectives from these cells, however they responded to mechanical 
stimulation with slowly-rising depolarizations and spikes (Fig. 7A 2). Penetra- 
tions of these cells were thus probably at a distance from the actual synaptie 
sites; this does not explain, however, the prolonged and bimodal nature of the 
evoked EPSP's .  

Occasionally, penetrations were closer to the synaptie sites so that  unitary 
EPSP ' s  associated with afferent root unit activity at short (1-3 msec)constant  
latency could be observed in such interneurons (Fig. 8A); these resembled 
EPSP ' s  in pr imary interneurons in waveform, amplitude and duration (Fig. 9 A) 
and were similarly affected by the level of polarization of the cell. In  these 
interneurons, however, uni tary EPSP ' s  of 2-3 mV were also associated at con- 
stant  latency with internenronal discharge (Fig. 8A). Low intensity electrical 
stimulation of an alferent root led to a monophasie compound EPSP  of rela- 
t ively short duration, associated with direct afferent connections (Fig. 8B). 
Increases in stimulus intensity above this level caused the EPSP  to become 
bimodal and prolonged, and unitary components of the second phase could 
be associated with impulses in otherinterneurons (Fig. 8B). Such interneurons 
were termed high-order interneurons; their response properties are listed in 
Table 2. Fig. 9 compares the latency, threshold, and time course of the response 
of interneuron A and interneuron C recorded simultaneously in the same pre- 
paration to electrical stimulation of an afferent root, Interneuron C responded 
with impulse activitiy at longer latency and at a much higher stimulus intensity 
than interneuron A. At high stimulus intensities interneuron C showed a much 
longer compound EPSP  that  gave rise to many  more impulses. 

The present results indicate that  while higher-order interneurons do receive 
monosynaptie afferent input, interneurons also represent powerful synaptie 
inputs. This interneuronal input is, in fact, responsible for the prolonged 
EPSP ' s  and consequently the large number of impulses observed in higher- 
order interneurons following brief afferent volleys. 

Discussion 
Sensory Axons: Roots o/ Entry and Central Projections 

The receptive field maps of the sixth ganglion roots shown in Fig. 1 extend 
the observations of others (Wiersma and Hughes, 1963; Kennedy, 1971) so that  
now the entire mechanoreceptive surface of the crayfish abdomen is known in 
terms of routes of access to central ganglia. I t  has also been shown that  telson 
afferents project rostrally at least to the level of the fifth ganglion. Hence, 
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Fig. 6. Identified ipsilateral afferent input to two unidentified primary mcchanoreceptive 
interneurons in the same preparation. In both A and B the top traces are records of fourth root 
afferent activity, and the bottom traces are intracellular records from the respective inter- 
neurons. Each identified afferent is numbered from 1 to 8 at least one time in both A and B 
except afferent 7, which is not numbered in A (see Table 1 for explanation). Affcrents 6 and 8 
are very small, but were readily identifiable with the aid of a magnifying glass or in afferent 
records at higher gain. Records are not continuous for a particular intcrneuron, but. rather 
represent three exemplary stretches of record. Calibrations: (A, B) 2 mV, 10 reset. Voltage 

calibrations refer only to the intracellular traces 

central  afferent projections are probable candidates for the in tersegmental  
s u m m a t i o n  effects previously observed in  mul t i segmenta l  mechanoreceptive 
in te rneurons  (Kennedy and  Mellon, 1964). Similarly, both an  ascending and  
a smaller  descending afferent project ion have been observed for second root  
mechanorecept ive afferents of the th i rd  ganglion, extending the observat ions of 
Wiersraa and  Hughes  (1961) and offering a possible explanat ion  for the rostral ly 
directed bias of intersegmental  summat ion  onto mul t i segmenta l  meehano- 
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Table 1 
Experiment 1 

Interneuron 1 2 

Afferent 1 - -  § 

2 -- § 
3 § § 
4 -4- -- 
5 -- + 
6 § -- 
7 ? + 
8 + -- 

Experiment 2 

Interneuron 1 2 (Interneuron A) 

Afferent 1 d- 
2 § § 
3 - -  - -  

4 -- d- 
5 -- § 
6 - -  d -  

Data from two experiments in which serial penetrations were made of two primary me- 
chanoreceptive interneurons in the same preparation. Exp. 1 is data from the records dis- 
played in Fig. 6, and the Exp. 2 data is from a preparation in which interneuron A was 
penetrated along with another primary interneuron. Afferents are numbered in the order 
in which they were identified, and interneurons in the order penetrated. A q- indicates 
that the afferent in question makes a functional excitatory connection with the indicated 
interneuron, Whereas a - -  indicates no functional excitatory connection. In Exp. 1 for inter- 
neuron 1 it was not possible to distinguish afferent 7 from afferent 1, as they have almost 
identical spike amplitudes and waveforms, and because neither connects with the inter- 
neuron. Therefore a ? follows afferent 7 under interneuron 1. No such trouble was encoun- 
tered with interneuron 2 of the same experiment, as afferents 1 and 7 give rise to 
EPSP's of quite different amplitudes in this interneuron. See Fig. 6. 

receptive in terneurons  (Kennedy and Mellon, 1964). Such central  projections 
to adjacent  ganglia are not made at  the expense of connect iv i ty  wi thin  the 
ganglion of entry.  

Al though the cobalt techniques used to elucidate the central  a n a t o m y  of 
fourth root mechanoreeeptive afferents were somewhat  less t h a n  satisfactory, 
the few good preparat ions  tha t  have been obta ined probably  represent  accurate 
pictures of their  central  morphology. The afferent fibres appear to end within  
the ganglionic neuropile with li t t le te rminal  branching.  Al though no afferent 
projection within the interganglionic connectives has been observed in  these 
preparations,  only the largest axons fill with cobalt ;  m a n y  of these, especially 
those associated with the phasic hairs of the rostral  telson, do no t  project  
beyond the sixth ganglion. Recently,  Sandeman and  Okajima (1973) have filled 
statocyst  and  carapace mechanoreeeptive hair  afferents in  the bra in  of the crab 
Scylla using techniques similar to those used here. These authors,  too, have 
noted  an  absence of significant t e rmina l  branching in  all the afferent types filled. 

Both the anatomical  da ta  from cobalt-filled neurons and  the electrophysio- 
logical observat ion tha t  meehanoreceptive afferents project  central ly  only into 
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Fig. 7A--C. Comparisons of intemeurons A and C. A is a primary interneuron, while C is a 
higher-order interneuron. (A) 1 and 2, meehanieMly evoked activity in the interneurons 
A and C, respectively. The top traces are records of ipsilateral afferent root activity, and 
the bottom traces are intracellular records from the interneurons. An artifact, associated 
with the stimulus probe entering the bath is marked by a. dot in 2. (B) 1 and 2, responses 
of the interneurons A and C, respectively, to electrical stimulation of an afferent root. 
The stimulus intensity increases from left to right. In 1 the traces are from top to bottom: 
interneuronal activity recorded in the ipsilateral interganglionic connectives, ipsilateral 
afferent root activity, and intraeellular records from the interneuron. In 2 the top traces 
are interneuronal activity recorded in the ipsilateral interganglionic connectives, and the 
bottom traces ate intracellular records from the interneuron. Each intraeel|ularly recorded 
spike in interneuron C is followed by a spike recorded from its axon in the interganglionic 
connectives. See the text for further explanation of the figure. Calibration bars: (A) 1) 
10mV, 10msee; 2) 5mV, 10msee. (B) 1) 10mV, 10reset; 2) 5mV, 10msee. Voltage 

calibrations refer only to the intraeellular records 

the i r  ips i la te ra l  in tergangl ionic  connective argue t h a t  the  sensory axons do no t  
cross the  ganglionic midline.  Similar ly ,  s t a tocys t  and  carapace ha i r  afferents  
are  in general  r e s t r i c t ed  to  the i r  side of en t ry  in the  bra in  of Scylla (Sandeman 
and  Okaj ima ,  1973). 

Interneuron Morphology 
The cobal t  impregna t ions  p resen ted  here ind ica te  t h a t  all  or nea r ly  all inter-  

neurons  of the  s ix th  (and fifth) gangl ia  t h a t  have  axons in the  in tergangl ionic  
connect ives  have  con t ra la te ra l  cell bodies.  (The med ian  cell bodies  seen in 
Fig.  2 A  are mos t ly  those  of seventh  roo t  efferent  fibers which have  axons in the  
in tergangl ionic  connectives.)  These results ,  wi th  those  of o thers  (Kennedy,  1971 ; 
Wi lkens  and La t imer ,  1971; Wi lkens  and  La t imer ,  1972) suppor t  the  genera l i ty  
t ha t  crayf ish  in te rneurons  have  con t ra la te ra l  somata .  I t  is of in te res t  t h a t  the  
in terneuron soma ta  appear  in two clusters in the  s ix th  gangl ion (]Pig. 2A). The 
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Fig. 8A and B. l~ecords from an unidentif ied higher-order meehanoreceptive interneuron. 
(A) Response of the cell to meehanical st imulation.  Traces are from top to bot tom:  inter- 
neuronal act ivi ty  recorded in the  ipsilateral interganglionie connectives, ipsilateral afferent 
root activity,  eontralateral afferent root act ivi ty,  and intracellular records from the inter- 
neuron. Dots mark each ipsilateral afferent and interneuron spike which evokes a uni tary  
E P S P  in the penetra ted cell. Lines mark the spike of the interneuron recorded in the  ipsi- 
lateral interganglionic connective. (13) Response of the  interneuron to electrical st imulation 
of an  ipsilateral afferent root at  three increasing intensities (1 to 3, respectively). The top 
traees are interneuronal act ivi ty recorded in the ipsilateral interganglionie connective, and 
the bot tom traces are intraeellular records from the interneuron. Dots mark ipsilateral 
interneuronal spikes which add uni tary  components to the evoked compound EPSP's .  
Calibrations: (A) 10mV, 10msec;  (B) 10mV, 5msee.  Voltage calibrations refer only to 

intraeellular traces 

Table 2. Response properties of meehanoreeeptive interneurons 

EPSP ' s  Pr imary  Higher-order 

Uni ta ry  

Latency 

Durat ion 

Ampli tude 

from afferents 0.5-2 msec 1-3 msee 
from interneurons none not  measured 

from afferents 5-10 msec 5-10 msec 
from interneurons none 5 msee or less 

from afferents 2-10 mV 2-10 mV 
from interneurons none 2-3 mV 

Compound 

Latency 0 . 5 ~  msec 1-3 msec 
Shape unimodal bimodal 
Dura t ion  10-40 msec 5 0 - >  100 msec 
No. of spikes ini t iated 1-4 1 - >  20 
Latency to first spike 1-3 msec 4 5 msec 
Threshold to electrical s t imulat ion 

of an  afferent root low high 
% of populat ion 20% 80% 

The response properties of crayfish pr imary and higher order meehanoreceptive inter- 
neurons are compared. Uni ta ry  EPSP ' s  were evoked by mechanical s t imulat ion of hairs 
while compound EPSP ' s  were evoked by electrical s t imulat ion of afferent roots. All meas- 
urements  are given as the range of observed values. Percentages of pr imary and higher 
order interneurons are derived from a sample of 25 interneurons in four preparations. 
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Fig, 9. Simultaneous records from interneurons A and C in the same preparation. Inter- 
neuron A was prepared for quasi-intraeellular recording as described in Methods, and inter- 
neuron C was penetrated with a microelectrode. Their responses to four increasing inten- 
sities of electrical stimulation of an afferent root are shown (1 to 4, respectively). Traces 
are from top to bottom: interneuronal activity recorded in the ipsilateral interganglionic 
connective, quasi-intercellular records from interneuron A, and intraeellular records from 
interneuron C. Calibration bars: 5 mV, 2 msec. Voltage calibrations refer only to the intra- 

cellular traces 

caudal photoreceptor has its cell body in the anterior group (Wilkens and Larimer, 
1972) while interneurons A (Zucker, Kennedy and Selverston, 1971) and C 
(Calabrese and Kennedy, 1974) have their cell bodies in the posterior group. 
Neither the deeussation of interneurons nor their segregation into anatomical 
groups has, at this time, any obvious functional significance. 

Evidence /or Two Hierarchial Classes o/ Meehanoreceptive Interneurons 
Table 2 summarizes the evidence that crayfish mechanoreceptive interneurons 

can be classified into two distinct groups based on their input properties. Using 
the classification scheme developed here, Wine (1975) has shown that  higher order 
interneurons also differ from primary interneurons in that they have cell bodies 
which support over-shooting action potentials. 

A. Primary Interneurons 

A minority of the interneurons (20 %) encountered within the sixth ganglion 
are designated as primary interneurons because under the conditions of the 
experiment all of their excitatory input within the sixth ganglion could be 
accounted for by monosynaptic chemical connections from meehanoreceptive 
afferents. In these cells synchronous afferent volleys give rise to short duration. 
(usually less than 30 msec) compound EPSP's  which cross firing threshold at 
low stimulus intensities and give rise to at most three or four impulses. 

8 ~I. c o m p .  P h y s i o l .  
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B. Higher-Order Interneurons 
Most interneurons (80%) encountered within the sixth ganglion are clearly 

not primary in that  they receive powerful input from other interneurons in addi- 
tion to their direct afferent input. In these higher-orderinterneurons, long (50-100 
msee), often prominently bimodal compound EPSP's  follow synchronous afferent 
volleys. These compound EPSP's  reach threshold only at relatively high stimulus 
intensities compared to primary interneurons, but because of their long duration 
they give rise to long trains of => 15 spikes at high stimulus intensities. The 
interneuronal input to higher-order interneurons accounts for most of the spike 
activity observed in these cells in response to a synchronous afferent volley. 
Such input to higher-order interneurons can be fl'om interneurons of the same 
type. (For example in Fig. 9 the large interneuron recorded--marked by dots-- in  
the interganglionie connectives is interneuron C, a higher-order interneuron, 
and it provides considerable excitatory synaptie input to the penetrated inter- 
neuron.) Similarly, Zueker (1972) showed that  both interneuron A, a primary 
interneuron, and interneuron B, a higher-order interneuron, connect synaptieally 
with interneuron C in the third ganglion. Interneuron C also connects synaptically 
with interneuron B in the third ganglion (Zueker, 1972). Thus, crayfish mechano- 
receptive interneurons are arranged in a hierarchy; primary interneurons receive 
all their input from afferents but higher order interneurons collect input from 
afferents, primary interneurons and other higher order interneurons. 

Zucker (1972, 1973) suggested that  the majority of input to mechanoreceptive 
interneurons was directly from afferents and relegated the role of interneuronal 
interaction to the synchronization of spikes in interconnected interneurons. The 
evidence presented here suggests, however, that  such interconneetion represents 
a major source of excitation for higher order interneurons by the addition of a 
positive feedback loop within the pool of interconnected interneurons that  con- 
tributes heavily to burst formation. The gain of the feedback loop is less than 
one (individual interneuronally mediated EPSP's  are small compared to the 
threshold of the innervated interneurons), preventing runaway bursting. The 
function of bursting in these cells may be related to the extraordinarily high 
threshold (greater than 50 mV above rest as recorded near the synaptic input 
sites) of the lateral giant fiber to which they are presynaptic (Zucker, 1972). 

The bimodal nature of the compound EPSPinduced in interneuron C and 
others like it (e.g. interneuron B) by electrical stimulation of an afferent root 
provides a simple and appealing explanation for the burst-gap-burst firing pattern 
often seen in these cells upon such stimulation (see Fig. 7 B 2). However, other fac- 
tors may also contribute to this pattern (Kennedy and Mellon, 1964 ; Zueker, 1973). 

The Probabilistic Nature o/Mechanoreceptive A//erent Connections 
The experiments on the connectivity of identified meehanoreeeptive afferents 

with primary interneurons within the sixth ganglion show that  the pattern of 
connection is in general probabilistie. Assessment of primary interneuronal 
responses to activity in a specific set of afferents by serial penetration in the 
same preparation demonstrated that  not all sensory neurons from a particular 
receptor surface connect with all interneurons whose receptive fields include that  
surface; nor do all these interneurons receive connections from the same afferents 
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of that surface. I t  is noteworthy that  missing afferents in the receptive fields of 
interneurons sharing ~ common receptor surface are not shared in common. I t  
might have been supposed that  afferents failing to connect with one interneuron 
did so as the result of a developmental error, or that  the input element was 
defective in some other way. But the results clearly show that such afferents 
connect in the predicted way with other postsynaptic targets. 

Evidence will be presented elsewhere (Wiese, Calabrese and Kennedy, in pre- 
paration) that some of the "gaps"  in the receptive fields of interneurons can be 
accounted for on the basis of the directional nature of mechanoreceptive afferents. 
Most telson hairs are dually innervated, with one of the afferents sensitive to 
headward deflection and the other to tailward deflection. Some interneurons 
receive synaptic input only from the headward-sensitive afferents, and others 
only from tailward-sensitive ones. This segregation of afferents and interneurons 
cannot account for the serial penetration observations made here, however. If 
connectivity between afferents and interneurons is rigidly determined, and de- 
pendent on the directional properties of the afferents alone, then any pair of 
interneurons of the same directional class should have the same afferent "gaps" 
in their receptive fields; if they are of opposite directional classes, then they 
should share no afferents. Neither of these situations was observed. Moreover 
in some cases both headward-sensitive and tailward-sensitive afferents inner- 
vating a single tactile hair fail to connect with a particular directionally selective 
interneuron and some interneurons that show afferent "gaps"  in their receptive 
fields (such as interneuron A) receive synaptic input from both classes of afferents 
(Wiese, Calabrese and Kennedy, in preparation). 

In  few systems can afferent connectivity be accounted for at the level of 
resolution attempted here. The connections of 1 A muscle spindle afferents with 
spinal motor neurons in vertebrates (genneman, 1974) comprise one such system, 
~nd the contrast is stark enough to warrant comparison. Every 1A afferent 
from a particular muscle connects with every motor neuron to that same muscle 
(Henneman, 1974). In  the connectivity between afferents and interneurons stud- 
ied here, the distribution of sensory axons is such that each interneuron receives 
input from a region~lly varying sample of the possible afferent population; con- 
versely, each afferent connects with a sample of the possible interneuronal 
population. The probabilistic nature of this pattern suggests that  synaptic 
weighting of the various receptor surfaces that  make up the receptive field of 
an interneuron could result from differences in the probability of connection of 
the interneuron with the afferents from each one. If this were so, one might 
expect that  some interneurons would receive very few afferents from a particular 
receptor surface, while others would receive a larger proportion. Such observations 
have in fact been made (see Table 1, experiment 2). 
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