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Summary. We studied the neuroanatomy of the terminal 
(sixth abdominal) ganglion in the crayfish Procambarus 
clarkii with silver-impregnated sections and nickel fills. We 
describe the fiber tracts, commissures and neuropilar areas, 
and give the topological relationships of motoneurons and 
intersegmental interneurons with reference to their neuropi- 
lar landmark structures. 

All five anterior abdominal ganglia have an almost 
identical number of  600-700 neurons with a similar pattern 
of distribution. Each contains a single neuromere with a 
common plan of neuropil organization. In contrast, the ter- 
minal ganglion consists of two neuromeres which appear 
to be derived from the intrinsic sixth abdominal and 'tel- 
son'  ganglion. The basic organization of each neuromere 
parallels that of  the third abdominal ganglion in the appear- 
ance and arrangement of fiber tracts and commissures, al- 
though some modifications occur. The fusion of two neu- 
romeres is represented by the duplication of segmentally 
homologous neurons, MoGs and LGs, whose topological 
relationships to the neuropil structures are similar to those 
of  the anterior ganglion. 

We also discuss the origin of the telson and its ganglion 
(the seventh abdominal neuromere), and dispute the classi- 
cal theory that the telson derives from a 'postsegmental 
region.' 

Key words: Abdominal ganglion - Neuroanatomy - Nickel- 
filling - Silver impregnation - Procambarus clarkii 

For students of  invertebrate neuroethology, the terminal 
(sixth abdominal) ganglion of the crayfish has been one 
of the most attractive subjects among invertebrate central 
nervous systems; many of its local and projecting interneu- 
rons have been well characterized physiologically and mor- 
phologically, and their role in sensory integration and the 
generation of motor output has been extensively studied 
(Takahata et al. 1981; Sigvardt et al. 1982; Reichert et al. 
1982, 1983; Hisada et al. 1984; Nagayama et al. 1983). Be- 
cause of the duplication of their serially homologous neu- 
rons, it has been suggested that the terminal ganglia of  
the crayfish and lobster consist of at least two fused embry- 
onic ganglia (Johnson 1924). As long ago as 1928, Monton, 
in studying embryogenesis in decapods, noted that the ter- 
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minal ganglion is derived from two fused embryonic gan- 
glia. Nevertheless, there have been no systematic investiga- 
tions on neuroanatomy of the terminal ganglion. Many 
basic questions, such as the number of fused ganglia and 
the extent to which the neuropil organization is modified 
in the course of fusion as well as the organization of the 
ganglion itself, remain to be answered. This situation is 
in striking contrast to the case of some insects, particularly 
with regard to the body ganglia of locusts and the brain 
of flies, for which detailed anatomical maps of the ganglia 
have been effectively drawn (Gregory 1974; Tyrer and Gre- 
gory 1982; Strausfeld 1976). 

Until now, none of ganglionic structures of crustacean 
CNS have been characterized except for the brain (Helm 
1928; Maynard 1966; Sandeman and Luff 1973), although 
the gross anatomy of the third abdominal ganglion of cray- 
fish and the fourth abdominal ganglion of the hermit crab 
have been studied using silver-impregnated materials (Ken- 
dig 1967; Chapple and Hearney 1976). Recent studies by 
Skinner (1979, 1985) have described the architecture of the 
fourth abdominal ganglion of Procambarus clarkii and have 
produced a neuronal map. In the present account, we sum- 
marize initially the neuropil organization of the third ab- 
dominal ganglion with reference to that of  the fourth ab- 
dominal ganglion (Skinner 1979, 1985) to show the basic 
framework of the crayfish abdominal ganglia. We then re- 
late in detail the neuropil architecture of the terminal gan- 
glion to that of  the third abdominal ganglion. We empha- 
size in particular the duplex arrangement of neuromeres 
in the terminal ganglion; each of them is basically organized 
according to a common plan exhibited by the anterior ab- 
dominal ganglion, a plan that provides anatomical evidence 
for the origin of the terminal ganglion. We then proceed 
to describe the topological organization of motoneurons 
and intersegmental interneurons to show the functional or- 
ganization of the ganglion. We shall deal separately with 
intraganglionic sensory projections of  the afferent pathway. 

Materials and methods 

Animals. Crayfish, Procambarus clarkii Girard, of  10-12 cm 
in body length were used in this study. 

Counting of  cells. The number and distribution of the neu- 
rons were elucidated by examining whole-mount prepara- 
tions and serial sections of ganglia stained with toluidine 
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blue (Al tman and Bell 1976). Freshly dissected ganglia were 
stained in a borax-buffered (pH 7.6-9.0) toluidine blue so- 
lution (1%) for 20 min at  50 ~ C. The ganglia were then 
fixed and destained with a formol-acetic acid-alcohol fixa- 
tive (Strausfeld 1976) until an appropr ia te  differentiation 
was obtained.  F o r  sectioning, ganglia were conventionally 
embedded  in paraff in (Merck) and cut horizontal ly at  a 
thickness of  20 jam. Whole -mount  prepara t ions  were 
cleared in methyl benzoate  and mounted  in Biorite (Oken 
Shoji Co.). 

The number  of  neurons were est imated from drawings 
made with a camera  lucida drawing tube. Cells having the 
following features were counted as neurons:  (1) large spher- 
ical nuclei (in contras t  to glia cells with small elliptical nu- 
clei), and (2) cytoplasm heavily stained by toluidine blue. 
Erroneous  double  counting of  cells with large nuclei, which 
appeared  in several serial sections, was avoided by repeated 
examinat ion of  the drawings. 

Silver impregnation. The ganglia to be stained were fixed 
immediate ly  after excision in alcoholic Bouin 's  fixative 
(Gray  1954) for 2 h at room temperature.  They were stained 
with eosin in 90% alcohol (Pantin 1948) during dehydrat ion  
to allow them to be oriented for sectioning, and then em- 
bedded in paraff in with melting points  of  53o55  ~ C. Sec- 
tions were cut to a thickness of  20 jam along the transverse, 
horizontal  and sagittal  planes, and impregnated by the 
Holmes-Blest  method  (Blest and Davie 1980). 

Axonal  fillings with nickel chloride. The projections of  pe- 
r ipheral  nerves were examined by axonal  fillings with nickel 
chloride and subsequent silver intensification (Pitman et al. 
1972; Bacon and Al tman  1977; Sandeman and Okaj ima 
1973). Each ganglion and its nerve t runks were dissected 
out  in van Harreveld ' s  crayfish saline. The cut ends of  pe- 
r ipheral  nerves or connectives were exposed to a 
150-300 m M  nickel chloride solution for 4-8 h at the room 
temperature  or  at 4 ~ C. The tissues were then developed 
for I h in saline solution containing 4 or  5 drops  per 10 ml 
of  a sa turated solution o f  rubeanic acid in alcohol (Quicke 
and Brace 1979; Delcomyn 1981), and then fixed in a for- 
mol-acetic acid-alcohol  fixative. Silver intensification was 
done routinely on whole-mount  specimens. Some of  these 
were dehydra ted  in a series of  alcohols, cleared and 
mounted  in Biorite. Others were then refixed for 1 h in 
1% osmium tetroxide in distilled water, washed, dehydrated 
in acetone and then embedded  in epoxy resin (Quetol 812, 
Nisshin EM Co.). Serial sections 20 jam thick were cut. 

The number  and size of  the motor  axons in the relevant 
peripheral  nerves of  the terminal ganglion were determined 
by examining 3-jam thick Epon sections. Whole ganglia and 
their nerves were dissected out  and fixed with alcoholic 
Bouin's fixative. Immediately after the fixation the tissues 
were dehydrated in acetone and embedded in epoxy resin. 
Sections were cut and stained with toluidine blue. 

Abbreviations. The names of  the fiber tracts used in this 
paper  are based upon those used by Kendig (1967) and 
Skinner (1985), al though some of  them have been newly 
devised. The nomenclature of  peripheral  nerve trunks is 
that  of  Lar imer  and Kennedy (1969). The tracts and other 
structures will be generally referred to by their abbreva-  
tions, as listed below. If  it is necessary to discriminate the 
individual ganglion, the abdominal  ganglion number  pro-  
ceeds the description of  the components.  F o r  example, the 
' lateral  giant interneuron of  the third abdominal  gangl ion '  
is abbreviated as A3LG.  A1-5 first to fifth abdominal  gan- 
glia; A6 sixth abdominal  segment of  the terminal ganglion;  
A7 seventh abdominal  segment of  the terminal  ganglion;  
A V C  anterior  ventral commissure;  C N S  central nervous 
system; DCI- IV  dorsal  commissures I - IV ;  D I T  dorsal  inter- 
mediate tract;  D L T  dorsal  lateral tract;  D M T  dorsal  medial  
t ract ;  D T  dorsal  tract;  DV1 11 dorso-ventral  tracts 1-11; 
eLG extra (posterior) lateral giant interneuron;  L D T  lateral 
dorsal  tract;  LG lateral giant interneuron;  L V T  lateral  ven- 
tral tract;  M D T  median dorsal  tract;  M G  medial giant in- 
terneuron;  MoG motor  giant neuron;  Np neuropil ;  M V T  
median ventral tract;  P V C  posterior  ventral commissure;  
R1-7  nerve roots  1-7; R l m - 3 m  motor  fiber tracts of  nerve 
roots  1-3;  R l s - 3 s  sensory fiber tracts of  nerve roots  1-3;  
SCI -H  sensory commissures I - I I ;  VIT  ventral intermediate 
tract;  V L T  ventral lateral tract;  V M T  ventral medial  t ract ;  
VMTi-ii  ventral median tracts i-ii. 

Results 

The number and distribution o f  neurons 
in the abdominal ganglion 

We found that the number  of  neurons per abdominal  gan- 
glion was within the range of  600-700 (Table 1), with no 
significant difference between the sexes. Although,  in gener- 
al, neurons could be readily identified, difficulties were en- 
countered in the anterolateral  margin of  the five anterior  
ganglia and in the ventro-medial  cell layer of  the terminal 
ganglion. These areas contained small nerve cell bodies with 

Table 1. The number of neurons in crayfish abdominal ganglia 

References Specimen The number of neurons in the abdominal ganglia 
(not including those neurons in the nerve roots) 

1st 2nd 3rd 4th 5th 6th 

Wiersma (1957) I 527 445 517 532 498 520 
II - 628 - 649 - 

Roth and Supper (1973) adult - - 770 - 670 
3rd to 4th instar - 550 - - 480 

- 630-651 Reichert et al. (1982) - - - 
Present study I 687 641 656 638 612 638 

II 664 655 - 634 592 678 
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Fig. 1. Distribution of neurons in all 
abdominal ganglia on the horizontal 
plane. The centers of neuronal cell 
bodies are plotted. Thin lines 
demarcate the borders between glial 
cell layer and neuropil. Nerve R6 and 
R7 are not drawn in the terminal 
ganglion. The anterior part is at the 
top. Scale: 300 pm 

little cytoplasm; this made it difficult to distinguish them 
from glial cells, and, especially in the terminal ganglion, 
to count. 

Reconstructions from serial sections (Fig. 1) demon- 
strated that the anterior five ganglia have much the same 
pattern of distribution of nerve cell bodies. On the other 
hand, the terminal ganglion was found to differ in the fol- 
lowing respects: a group of small cells (20-30 pm in diame- 
ter) lies near the midline of the ventral cortex of the gangli- 
on, while a second group of about 70 cells (30-40 pm) asso- 
ciated with nerve R7 is found at the posterior end of the 
ganglion. 

General structure of the ganglion 

The Holmes-Blest impregnation method used in this study 
selectively stains the sheath, perineurium, nuclei but not 
cytoplasm of glial cells, neuropil, neural fibers and cell bod- 
ies of the neurons (Fig. 2). The ganglia are enclosed within 
a sheath and perineurium under which lies a thick layer 
of large glial cells (cortical glial cells, Abott 1970, 1971). 
These glial cells also lie between neural cell bodies and the 
neuropil, occupying an extensive region of the ganglion. 
Moreover, a number of elliptical nuclei of glial cells were 
observed to lie around the neuronal cell bodies and in the 
neuropil, particularly near the midline. On the dorsal sur- 
face of the ganglion and connectives, there are two pairs 
of giant axons, medial giant (MG) and lateral giant (LG). 

The five anterior ganglia consisting of single neuromeres 
are clearly organized according to a common plan. We 
therefore provide here a brief description of the organiza- 
tion of the third abdominal ganglion (A3) as a representa- 
tive of all of them. (For a more detailed description of 
the fourth abdominal ganglion, see Skinner, 1985). Figure 3 
illustrates transverse and horizontal sections showing the 
principal features of the neuropil in A3, where all of the 
major structures in the fourth abdominal ganglion can be 
found. The ten longitudinal tracts, which run between the 

anterior and posterior connectives, are the most prominent 
(Fig. 3): from dorsal to ventral, DT, DLT, DIT, DMT, 
VLT, VIT, VMT, LVT, and MVT. The DT, which runs 
dorsally over the dorsal commissures, DCI-IV, consists of 
two sub-tracts, MDT and LDT. DLT, VIT, and VLT run 
separately from each other in the anterior half of the gangli- 
on core (Fig. 3A), although they are collected into a single 
tract that runs under the axonal bundles of nerve R2 
(Fig. 3 C). VMT separates dorsoventrally into two well-de- 
fined bundles (VMTi and VMTii). VMTi runs over the 
horseshoe neuropil (HN), whereas the VMTii lies under 
it (Figs. 3 C, 3 F, 5 A). In the posterior connectives, the mo- 
tor axons of nerve R3, which originate between DCIII  and 
DCIV, run posteriorly dorsal to MDT (Fig. 3 D). 

Nine prominent transverse tracts (commissures), which 
interconnect the two hemispheres of  the ganglion, can be 
readily distinguished in sagittal section near the midline 
(Fig. 5A): DCI-IV, VCI-III, AVC and HN. The most dor- 
sal, DCI-IV, lies across the midline of the ganglion between 
MDT and DMT, which contain many thick neurites of 
motoneurons running though nerve R2 and R3. The VCIII 
contains a pair of  primary neurites of the LGs which cross 
the midline at the anterior region of VCIII, slightly posteri- 
or to the MoG. Under VMT lie the most ventral com- 
missures, AVC (Figs. 3 A, E), which cross the midline at 
the anterior edge of the neuropil. HN, which is a region 
of fine fibered neuropil, lies between VMTi and VMTii 
(Fig. 3 C). A small posterior commissure, PVC, lies between 
the right and left VMT. 

Repetitive arrangement of commissures 
in the terminal ganglion 

Reconstruction from silver-impregnated sections (Fig. 2) 
clearly demonstrated that the terminal ganglion consists of 
two fused neuromeres, the sixth (A6) and seventh (A7) ab- 
dominal neuromeres. These two neuromeres fuse complete- 
ly with each other (Fig. 2 E) so that the limit between them 
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Fig. 2A-G.  Microphotographs of silver-impregnated sections of the terminal ganglion on the horizontal (A, B, C), sagittal (D, E) 
and transverse (F, G) planes, orientations given in 1 D (arrows a, b, c, f and g). The arrowhead in D indicates the midline cleft of 
the ganglion. The anterior part  is at the top in the horizontal sections and at the left in the sagittal sections. The dorsal part  is 
at the top in the transverse sections. Scale: 300 lam 



277 

\ .Y2,o:' \ ts 

Fig. 3A-F. Drawings of sections 
of the third abdominal ganglion, 
showing the major structures of 
the neuropil. Broken line circles 
(center, in D, E) indicate the 
central canal of the ganglion, 
which contains numerous glial 
ceils. Scale: 300 txm. 
A-C Transverse sections arranged 
from the anterior to the posterior 
parts. The dorsal part is at the 
top. 
D-F Horizontal sections are 
arranged from the dorsal to the 
ventral side. The anterior part is 
at the top 

can be discriminated only by the midline cleft (Fig. 2 D ar- 
rowhead) into which numerous glial cells insert themselves. 
The basic organization of the core in each neuromere is 
similar to that in A3 (Fig. 5A), though there are slight mod- 
ifications. There are two dorsal (A6DCI-II) commissures, 
three intermediate (A6VCI-III) ones and a single ventral 
(A6AVC) commissure in the intrinsic A6 neuromere 
(Fig. 5 B). The A6SCI, which lie across the ganglion midline 
under the VCIII, is a region of finely fibered neuropil in 
addition to HN in A3; it is designated here as a sensory 
commissure because of its special association with the pro- 
jection of primary afferents. No conspicuous tracts compa- 
rable to PVC in A3 were found under VMT. The arrange- 
ment of commissures in A7 neuromere is modified rather 
extensively (Fig. 5B). There is one dorsal commissure, 
A7DCI, above DMT, three intermediate commissures, 
A7VCI-III, between DMT and VMT, and two ventral com- 
missures, A7AVC and A7PVC, under VMT. Sensory com- 
missures, A7SCI-II, also form a region of finely fibered 
neuropil into which the primary afferents of nerves R3, 
R4 and R5 project (Kondoh and Hisada, in preparation). 
The A7SCI located posterior to A7VCI-II is a unique struc- 
ture found only in the A7 neuromere. 

The ganglionic fusion of two neuromeres is represented 
also by the duplication of segmentally homologous neurons. 
The most typical of these are the lateral giant interneurons 
(LGs) and the motor giant neurons (MoGs) whose topolog- 
ical relationships to the fiber tracts and commisures are 
parallel to those of A3 (Fig. 4). Two pairs of LGs, the 
ordinary sixth abdominal segment and an extra LG segment 
(Johnson 1924; Kondoh and Hisada 1983), lie in the dorsal 

part of the terminal ganglion (Fig. 2A, F). Cell bodies lie 
side by side in the posterior end of the ganglion contralater- 
al to their thick neurites. The primary neurites transverse 
the midline of the posterior intermediate commissures, 
A6VCIII and A7VCIII, which lie under the DMT (Fig. 4 B), 
as is found in LG of A3 (Fig. 4D). 

Topological similarities among MoGs in A3, A6, and 
A7 neuromeres are also obvious (Fig. 4A-D). The MoG 
neurite in A3 invades the neuropil between DCIII  and 
DCIV obliquely and then runs ventrally just anterior to 
the primary neurites of LGs (Fig. 4D, C). Two pairs of 
MoGs in the terminal ganglion share the structural features 
of their anterior homologous (Mittenthal and Wine 1978; 
Selverston and Remler 1972) (Figs. 2 A, 4 E): large cell bod- 
ies with a diameter of 100-120 ~tm, simple dendritic contacts 
with a terminal of a medial giant interneuron (MG) and 
thick axons (60-80 pm in diameter). Their primary neurites 
run near the midline just anterior to the primary neurites 
of A6LGs and of eLGs (Fig. 4A, B). 

Longitudinal and vertical fiber tracts 

The system of longitudinal tracts in the A6 neuromere is 
largely similar in appearance and arrangement to that in 
A3: within the core of the ganglion, ten longitudinal tracts 
can be readily distinguished (Fig. 7A-C). The dorsal tracts 
MDT, LDT, DLT, DIT and DMT terminate to ramify 
in the posterior half of the ganglion. In contrast, ventral 
tracts including VMT, VIT, VLT, MVT and LVT run 
through the ganglion core to enter the peripheral nerves. 
Of these, VMT consists largely of the axonal bundles of 



Fig. 4A-G.  The topological organization of MoGs and the other fast flexor motoneurons, revealed by nickel fills and subsequent 
silver intensification. Scale (for A-D shown in C and F, G in F): B, C, F, G 300 ~trn; A, D, E 200 ~m. A, B Sagittal sections near 
the midline of the terminal ganglion. Note that the anterior and posterior MoGs (arrowheads) run dorsoventrally just anterior to 
the A6LG and eLG (arrows), respectively, orientations given in E (arrows a and b). C, D Sagittal sections of the third abdominal 
ganglion, orientations given in F (arrows c and d). E Camera lucida drawing (ventral view) of telson flexor motoneurons, showing 
the central branching pattern, dendritic fields and locations of cell bodies. F, G Camera lucida drawings of the fast flexor motoneurons 
in the third abdominal segment, viewed ventrally; of these, eight neurons lie in the third abdominal ganglion and two cells lie in 
the fourth abdominal ganglion. The anterior part is at the top 
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Fig. 5A, B. Schematic drawings of 
the sagittal section of the third 
abdominal (A) and terminal (B) 
ganglion at the midline, showing the 
arrangement of commissures, 
longitudinal fiber tracts (hatched) and 
the central pathways of MoGs and 
LGs. Scale: 300 I~m 

neurons associated with nerve R7, which innervates the 
hind gut (Winlow and Laverack 1972) (Figs. 12, 13); the 
rest are exclusively associated with the sensory projection 
of five paired nerves. 

Primary neurites of neuronal cell bodies are grouped 
into several fiber bundles for insertion into the neuropil. 
Some tracts are distinct and may form useful landmarks. 
They are designated as dorsoventral tracts (DV), and are 
numbered according to their position from the anterior to 
posterior parts (Fig. 8). DV1 and DV2 (Z-tracts of Kendig 
1967) lie between A6VCI and A6AVC to interconnect them 
dorsoventrally. The primary neurites of the telson flexor 
motoneurons form three prominent tracts, DV3, DV4 (J 
and M-tracts of Kendig 1967, respectively) and DV6. In 
the anterolateral region of the neuropil two vertical tracts, 

DV7 and DV8, lie between the DIT and DLT (Fig. 8D-F) .  
DV9 and DV10, which are prominent in transverse sections 
(Fig. 7 E, F), run in the posterolateral region of the neu- 
ropil. DV11 runs obliquely between fiber bundles of periph- 
eral axons from nerve R2 and R3. It consists of  primary 
neurites of motoneurons associated with nerve R3 and of 
many local interneurons (Fig. 11 A). In the midline cleft 
between A6VCITI and A7SCI several thick fibers associated 
with nerve R7 run obliquely to form DV5 (Figs. 8A, 13D). 

Details o f  the neuropil 

The basic anatomical features of  the terminal ganglion are 
illustrated in Figs. 6 and 7, We give here a detailed descrip- 
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Fig. 6A-H. Reconstructed horizontal sections of the terminal ganglion in planes A-H are shown in lateral view of the ganglion at 
the left. Broken line circles indicate the midline cleft and canals formed by glial cells. Scale: 200 gm 

tion based mainly on horizontal sections and supplementar- 
ily upon transverse sections. 

The dorsal region of the neuropil at the dorsal commissure 
level (Fig. 6A-C) .  Axons of MG, eLG and flexor motoneu- 
rons (MeG and nerve R6) lie on the dorsal surface of the 
neuropil (Fig. 2A). Two commissures, A6DCI-II, lie in the 
anterior half of the ganglion between MDT and DMT, 
which run near the midline slightly medially to A6LG 
(Fig. 7 A, B). They consist of relatively thick neurites com- 
posed largely of motoneurons (Fig. 4A, B). MDT and LDT 
run over the dorsal commissures, A6DCI-II, to terminate 
by fusing with A7DCI and A7VCIII (Fig. 9C). Of these, 
the latter runs posteriorly under the LG and eLG. In the 
A7VCIII, a pair of neurites of eLG crosses the midline 
(Fig. 6B). 

The medial region of the neuropil at the level of intermediate 
commissures (Fig. 6C-E) .  Under DMT, there are three 
transverse tracts (A6VCI-III) and one sensory commissure 
(A6SCI) in the anterior half of the ganglion. The posterior 
commissures, A6VCII and III, are separated by the primary 
neurites of MeG, under which lies A6SCI. Primary sensory 
axons of nerve R1 entering from the ventrolateral edge 
of the neuropil run anteriorly mainly via the VIT. A pair 
of large neurites of an identified local sensory interneurons, 
LDS (Reichert et al. J982, 1983), cross the midline in the 

A6DCII, providing an useful landmark. In neuromere A7 
lie three transverse fiber tracts, A7DCI-III and two sensory 
commissures, SCI-II (Fig. 7E, F). Near the midline, 
A7AVC, A7PVC and A7SCII are enclosed by the axons 
associated with nerve R7 (Fig. 13 C, D). The neurites of 
the motoneurons in nerves R1, R2, and R3 occupy the 
dorsolateral region of the neuropil into which DLT and 
DIT insert themselves before diffusion. 

Ventral region of the neuropil (Fig. 6 F-H).  Near the midline 
run two longitudinal tracts, VMT and MVT, under which 
the primary neurites from the anterior cluster of neuronal 
cell bodies cross the midline to make up A6AVC (Fig. 9 D). 
The small commissure, A7AVC, lies at the posterior end 
of the neuropil, in which the main neurites from some cau- 
dal cells of ascending interneurons cross the midline 
(Figs. 7 G, 9 E). Sensory fiber bundles of nerves R2 and R3 
(R2s and R3s) enter the ventral region of the neuropil be- 
neath the projection of nerve Rls. On the ventral surface 
of the neuropil lie two longitudinal tracts, LVT and MVT 
(Fig. 7A-G). LVT, VIT, and VLT are major tracts for the 
ascending projection of the primary afferents. 

Tracts of ascending interneurons 

The ventral commissures can be well characterized by the 
contents of the primary neurites of their ascending inter- 
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Fig. 7A-H. Transverse sections of the terminal ganglion in planes A-H shown in lateral view of the ganglion at the left. Scale: 200 pm 

A6VCI ._~:~ ~ i ~ ( ~ 0 .  v DV? ---...~LVT~ ~ ' l  ~ , \ J  ~ l 

C D E F  

Rl.2m R3m RI.2.3m Fig. 8 A - F .  Arrangement of the 
~ ~ dorsoventral tracts in the terminal 

ganglion. Scale: 300 pm. 
A, B Horizontal sections. The 
anterior part is at the top. 
C-F Sagittal sections, orientations 
given in A. The anterior is at the 
left 
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Fig. 9A-F. Microphotographs of a whole-mount (A) and sectioned (B-F) terminal ganglion stained by axonal fillings with nickel chloride 
via the cut end of anterior hemiconnective and silver intensification. Scale: 200 ~tm. In A, B, C the anterior part is at the top and 
in D, E, F the dorsal part is at the top. A A whole-mount preparation filled via anterior right commissure in the terminal ganglion, 
viewed ventrally. Note that almost all the contralateral cell bodies of the ascending interneurons lie across the midline in A6VCI, 
A6AVC, A7AVC and A7PVC. Arrowheads d, e, and f indicate the planes of section D, E, F, respectively; cb cell bodies of ascending 
interneurons, rn midline. B A horizontal section at the plane of A6VCI and A7AVC through which the primary neurites of the ascending 
interneurons cross the midline. C A horizontal section at the plane beneath the MG, showing that descending fibers in the MDT 
and LDT turn medially to cross the midline at the A7DCI. D-F Transverse sections at the level of A6VCI and A6AVC (D), A7AVC 
(E) and A7PVC (F) as major fiber tracts of the ascending interneurons 

neurons;  these were revealed clearly by nickel fills via the 
cut end of the A5-A6 connective. Fig. 9 shows the location 
of their cell bodies and the topological organization of the 
primary neurites in relation to commissures and fiber tracts. 
In total, 86 cell bodies associated with the ascending inter- 
neurons were stained in each half of the ganglion. Most 
of them lie in the cortex contralaterally to the ascending 
axons (Fig. 9A), but a few cells are ipsilateral. The primary 
neurites originating from those cell bodies, which lie in the 
anterolateral region of the ganglion, cross the midline in 
A6AVC and A6VCI (Fig. 9B, D); they ascend largely via 
the VIT. However, some of them run medially along the 
anteroventral  edge of the neuropil  (Fig. 9D) and turn dor- 
sally to project A6VCI via DV1 and DV2 before crossing 

the midline (Fig. 9D). In contrast, the posterolateral cells 
extend primary neurites toward the midline, which then 
run into A7AVC (Fig. 9B, E) and A7PVC (Fig. 9F)  to 
cross the midline; they ascend via the LVT and MVT. 

Motoneuronal geometry 

There are six pairs of nerves (RI 6) and one unpaired nerve 
(R7) originating from the terminal ganglion. Their innerva- 
tions have previously been reported (Larimer and Kennedy 
1969; Sandeman 1982). The number  and size of axons in 
the relevant motor  branches of the peripheral nerves are 
shown in Table 2, and the number,  size and position of 
cell bodies of motoneurons in Table 3. With regard to 



Table 2. The number and size of the axons of motoneurons in 
the peripheral nerves of the terminal ganglion 

Nerves Number Diameter (No. of axons) 
of axons 

R1 8 20-30 gm (7); 10 gm (1) 

R2 24 30M0 gm (4); 10-20 gm (17); 
< 10 p,m (3) 

R3 31 50-60 gm (3); 30-40 gm (2); 
20-30 lam (3); 10-20 gm (16); 
< 10 gm (7) 

R6 16 50.80 gm (2); 20-30 gm (8); 
< 20 ~tm (6) 

Table 3. Number, size and position of cell bodies of motoneurons 
in the terminal ganglion (best estimates) 

Nerve Total Position (No.) Size (No.) 
number 
of cells 

R1 8 anterior ventral (7) 40-50 gm 
midline (t)" 40-50 gm 

R2 23 anterior ipsilateral (16) 60-70 gm (2); 
40-50 gm (1); 
30-40 gm (8); 
20-30 gm (2); 
10-20 gm (3) 

ventrolateral (4) 10-20 gm 
caudal (2) 1 0-20 gm 
midline (1) ~ 40-50 gm 

R3 27 near the midline (5) 60-80 gm (3); 
20-30 ~tm (2) 

ventrolateral (3) 50-70 gm (2); 
20-30 ~tm (1) 

caudal (19) 60-80 gm (3); 
30-50 ~tm (7); 
20-30 gm (9) 

R4 1 ipsilateral (1) 20-30 ~tm 

R5 1 anterior contralateral(1) 20-30 gm 

R6 16 anterior contralateral (7) 60.100 gm (4); 
20.30 gm (3) 

posterior contralateral (4) 60-100 gm (3); 
20-30 gm (1) 

R7 71 

posterior ipsilateral (5) 50-60 ~tm (1); 
20-30 gm (4) 

near the midline 
dorsal (1-3) 30-50 I-tm 
anterior ventral (2-3) 30-50 lam 

caudal (65) 20-40 ~tm 

" An identical neuron 

nerves R2 and R3, we failed to stain the same number  
of  cell bodies o f  motoneurons  as expected from the thin 
sections of  the nerves. We do not  yet known whether this 
was the result o f  missing some cell bodies by the nickel 
filling method  or  because of  count ing as double  or  triple 
the branched axons that  originate from a single neuron. 

There are eight motoneurons  associated with the first 
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branch of  the nerve R1 innervat ing muscles (Fig. 10A). One 
of  these, the midline cell, sends its bifurcated axons to nerve 
R2 in addi t ion to RI  (Fig. 10A, arrow). Pr imary  neurites 
originating from cell bodies in anteroventra l  edge of  the 
ganglion run dorsal ly to the dorsal  neuropil  via DV7, where 
they turn poster iorly and then run together  with those of  
the motoneurons  in nerve R2 within the dorsa l  neuropi l  
(Fig. 11 A). 

Motoneurons  innervating nerve R2 and R3 are strik- 
ingly similar in the locat ion o f  their cell bodies,  neurites, 
dendrit ic fields and axons. Twenty-three cell bodies asso- 
ciated with nerve R2 and 28 cell bodies with nerve R3 were 
found in the anterolateral ,  medial  and  posterola tera l  re- 
gions of  the cortex of  the ganglion (Table 3, Fig. 10B, C). 
The pr imary  neurites originating from lateral  and poster ior  
cells run dorsally via DV7, DV8 and DV11. They turn 
abrupt ly  poster iorly in the dorsal  neuromere where they 
lie hor izontal ly  parallel  to each other;  the axons of  nerve 
R2 are located laterally to those of  nerve R3. Their  major  
dendrit ic fields are restricted to the dorsomedia l  neuropil  
over the VIT, a l though they send lateral  branches to the 
ventrolateral  region o f  the neuropi l  (Fig. 11 B-E).  Posteri-  
orly, some branches extending posteromedia l ly  reach the 
midline to project  the A7SCII .  

Sixteen cell bodies were stained in our  best fills, as might  
be expected from the thin sections of  nerve R6 (Fig. 4E). 
Their central branchings are confined entirely to the dorso-  
medial  region o f  the neuropil  (Fig. 4A,  B). All  transverse 
branches and neurites were confined to the A 6 D C I - I I  and 
A7DCI ,  whereas those of  M o G  transverse above the MDT.  

Nerve R7, an unpaired median nerve innervating the 
hind gut, contains about  70 neurons. Mos t  o f  these neurons 
lie in the caudal  medial  and of  the ganglion but  a few 
cells occur in the ventromedial  and dorsomedia l  regions 
of  the ganglion (Fig. 12, Table 2). Addi t ional ly ,  nickel fills 
via nerve R7 revealed one medial  cell near the midline of  
the fifth abdominal  ganglion (Fig. 12C). The axons and 
dendrites run near  the midline to form the VMT (Fig. 13 A, 
D) in which three commissures,  A7AVC,  A7PVC and A7SCII  
(Fig. 13B, C), cross the midline. Some thick fibers from 
R7 run dorsoventral ly  along the boundar ies  of  the com- 
missures (Fig. 13 D). 

Discussion 

At the end of  the last century, Retzius (1892) and Allen 
(1894), who studied the CNS of  decapods  in detail  using 
Golgi  impregnat ion and methylene blue staining, presented 
the earliest description of  the cellular neuroana tomy of  an 
a r th ropod  CNS. In our  own day, the recent advent  of  intra-  
cellular staining techniques (Pi tman et al. 1972; Stret ton 
and Kravi tz  1968; Stewart  1978) has revitalized our  interest 
in the cellular ana tomy of  the crustacean CNS. In these 
studies, the morphology  of  intracellularly stained cell were 
given in detail  to include the fine dendrit ic branches,  but  
their posi t ions were plot ted roughly inside the contour  of  
the ganglion. Their  relat ion to other neurons or intragang-  
lionic structures was always difficult to assess because of  
the lack of  any overall anatomical  s tudy of  crustacean CNS 
apar t  from the brain (Helm 1928; M a y n a r d  1966; Sande- 
man and Luff  1973). Our  present  findings should remedy 
this lack of  information,  all the structures characterized 
should provide useful l andmarks  as a guide through this 
par t icular  region of  the neuropil .  
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Fig. 10A-C. Whole-mount 
drawings of NiC12-filled 
motoneurons in nerves R1 (A), 
R2 (B) and R3 (C) in the terminal 
ganglion, showing the location of 
cell bodies and central branching 
patterns, viewed ventrally (A, B) 
and dorsally (C). Scale: 100 gm 

Fig. l l A - E .  Nomarski  optic 
microphotographs of sections of 
NiCl2-filled motoneurons in 
nerves R1, R2 and R3, showing 
their topological organization; dor 
dorsal, yen ventral, ant anterior. 
Scale: 300 gm. 
A A horizontal section at the level 
of the A6DCII  from the 
preparation in which Rim,  R2m 
and R3m were filled 
simultaneously. 
B A sagittal section near the 
midline, showing the dendritic 
fields of motoneurons in nerves 
R2 and R3; those are restricted to 
the antero-dorsal neuropil over 
the VIT to beneath the neurites of 
eLGs. 
C A transverse section of R2 
motoneurons. 
D, E Transverse sections of R3 
motoneurons in the posterior 
neuromere; they extend their 
lateral branches (unmarked 
arrows) to the ventral neuromere 
where sensory fibers in nerves R2 
and R3 project extensively 
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Fig. 12A-C. Camera lucida 
drawings of whole-mount 
preparations backfilled from the 
cut end of nerve R7. The anterior 
part is at the top. Scale: 500 gm. 
A A ventral view of the terminal 
ganglion. 
B A lateral view; dor dorsal, yen 
ventral. 
C A ventral view of the fifth 
abdominal ganglion 

Fig. 13A-D. Nomarski optic 
microphotographs of ganglia stained 
by axonal fillings of nerve R7, 
showing the relationships of it central 
projection. Scale: 300 gm. 
A-C transverse sections, orientations 
given in D (vertical arrows a, b and 
c). The dorsal part is at the top. 
D A sagittal section near the midline. 
The VMT are stained selectively. 
Several fibers run horizontally 
through the dorsal region of the 
neuropil and dorsoventrally between 
the commissures; cb cell bodies 
associated with nerve R7 

The segmentally common and specific distribution o f  neurons 

The total  number  of  neurons in each segmental ganglia 
of  the crayfish abdomen  has been counted by several 
workers  (Table 1). Some appear  to underest imate and some 
to overestimate. Either of  these faults would be the result 
from a failure to follow up cells with small diameter  and 
little cytoplasmic volume, which are difficult to distingush 
from glial cells and from each other. Our  counts show, 
however, that  all the abdomina l  ganglia have almost  an 
identical number  o f  neurons within a range o f  600-700. 
Using computer -a ided  techniques, Macagno (1980) counted 

the precise neuronal  number  in the leech central nervous 
system and found segment specific differences: sex ganglia 
have a large number  of  addi t ional  cells. Our  counts, how- 
ever, did not  show any considerable degree of  segmental  
difference in number  of  neurones. Each abdomina l  segment 
of  the crayfish carries a pair  o f  appendages  which are modi-  
fied in different ways depending upon the segment: those 
of  the first and second abdomina l  segments in the male 
are used as a genital organ,  the third to fifth are swimmerets 
and the sixth is a uropod.  A more  precise count  may  there- 
fore reveal segment-specific differences in neuron numbers  
representing segmental differences in the appendages.  
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Table 4. The number to efferent neurons, projecting interneurons 
and local interneurons 

Third Terminal 
abdominal 

Total number of neurons 656 638 a or 678 a 
Efferents 188 (29%) 233 (37%) 233 (34%) 
Projecting interneurons 198 (30%) 136 (21%) 136 (20%) 
Local interneurons 270 (41%) 269 (42%) 309 (46%) 

a Two separate countings of different individuals 

The five anterior abdominal ganglia show a common 
pattern of cell distribution, whereas the terminal ganglion 
differs significantly, probably resulting from ganglionic fu- 
sion (Kondoh and Hisada 1983). No matter how the termi- 
nal ganglion is constructed as a consequence of the fusion 
of the two ganglia, it has far fewer neurons than might 
be expected from a simple fusion of the two ganglia (Ta- 
ble 1). The distribution of the neuronal cell bodies (Fig. 1) 
also indicates that rather extensive modification has oc- 
curred in arrangement of cell bodies. An explanation of 
this could be that the fused posterior ganglion produces 
relatively few neurons because of a lack of appendages. 
Another factor to be considered is the possible elimination 
of unnecessary neurons by degeneration during neurogene- 
sis, as is known to occur in insects (Goodman and Bate 
1981 ; Truman and Schwartz 1983). 

Central neurons constituting a ganglion in arthropods 
fall into three categories: efferent neurons, projecting inter- 
neurons and local interneurons. Their ratio to the total 
number of neurons has been estimated in the crayfish termi- 
nal ganglion (Reichert et al. 1982), the locust thoracic gan- 
glia (Siegler and Burrows 1979) and the brain of the earth- 
worm (Ogawa 1939). Our estimates with regard to the third 
abdominal and terminal ganglia of the crayfish are shown 
in Table 4. Their values nearly coincide with those obtained 
by Reichert (1982); either the third abdominal or the termi- 
nal ganglia contain about 20~30% of projecting interneu- 
rons, 30-40% of efferent neurons and 40 50% of local in- 
terneurons. 

Serial homology and modification of neuropilar organization 

Concentration of the nervous system by fusion of the seg- 
mental ganglia is omnipresent in insects and crustacea (Bul- 
lock and Horridge 1965). The present study reveals unam- 
biguously that the terminal ganglion consists of two fused 
neuromeres, those of the intrinsic sixth abdominal ganglion 
and a n '  seventh abdominal ganglion' (or '  telson ganglion'), 
as Monton (1928) suggested on embryological grounds. 
Each of them conforms to the same basic plan of com- 
missure arrangement of that of the anterior five abdominal 
ganglia (Fig. 5). Many of the commissures are clearly ho- 
mologous with those of A3 (Table 5). The most dorsal com- 
missures, DCI-IV of A3, DCI-II  of A6 and DCI of A7 
are located above the DMT. The anterior intermediate com- 
missures, VCI of A3 and A6, are characterized by thick 
neurites of intersegmental interneurons. The posterior inter- 
mediate commissures in all the abdominal ganglia, VCIII, 
contain the primary neurites of the LGs. The anteroventral 
commissures, the AVC of neuromeres A3, A6 and A7, 
which are located under VMT, contain primary neurites 
of intersegmental interneurons exclusively. 

Table 5. The serial homology of the arrangement of commissures 

Third abdominal Terminal 

A6 neuromere A7 neuromere 

DCI-II A6DCI ~ A7DCI 
DCIII-IV A6DCII --------- 

VCI A6VCI A7VCI-II 
VCII-III A 6 VCII-III A 7 VCIII 
AVC A 6 AVC A 7 AVC 
PVC - A 7 PVC 

- A7SCI 
HN A6SCI A7SCII 

A prominent region of finely fibered neuropil, which 
lies across the midline at the ventroposterior part of the 
ganglion core, can be observed in all the abdominal neu- 
romeres (HN in A3, SCI in A6 and SCII in A7). The most 
distinctive neuropilar areas within the terminal ganglion 
are A6SCI and A7SCI-II; these contain arborizations of 
primary afferents largely derived from mechanosensory 
hairs on the surface of the telson (Kondoh and Hisada 
in preparation). Similar structures are observed in many 
insect ganglia; they can be found, for example, in the thor- 
acic ganglia of crickets (Wohlers and Huber 1985), in the 
cockroach (Gregory 1974) and in the locust (Tyrer and Gre- 
gory 1982), in which they designated as the ventral associa- 
tion center (VAC). The VAC in the locust is known to 
be projected by neurons from a variety of mechanosensitive 
sensory organs (Tyrer and Altman 1974; Tyrer et al. 1981 ; 
Pflfiger et al. 1981). 

Some considerable modification, reduction, compres- 
sion and addition of commissures is evident, of a more 
extensive nature in the A7 neuromere than in other neu- 
romeres. Firstly, PVC in A7 neuromere, accompanied by 
a finely fibered neuropil A7SCII, is more conspicuous than 
that of A3. No tract comparable to PVC in A3 could be 
found in neuromere A6. Secondly, the dorsal commissures 
(A6DCI-II and A7DCI) are so much reduced in number 
as well as being much smaller than in A3, that they can 
not be divided further into sub-tracts. Finally, an additional 
neuropil (A7SCI) lies across the midline at the anterior part 
of neuromere A7; this is a unique structure not found in 
any other anterior abdominal neuromeres. Such modifica- 
tions of neuropil structure from a basic plan can also be 
observed in the fused ganglia of insects (Tyrer and Gregory 
1982). It is still unknown, however, whether these modifica- 
tions commonly observed in fused ganglia are attributable 
to the ganglionic fusion or not; they may simply represent 
a difference of segments. 

The evidence that we present here shows that the plan 
exhibited by the fourth abdominal ganglion (Skinner 1985) 
is followed by all the other abdominal ganglia, including 
the fused, terminal ganglion, although little evidence is 
available that would enable us to generalize that this plan 
of crayfish abdominal ganglia can be found in all the other 
segments of crayfish, or, by extension, in other decapods. 

Origin of the terminal ganglion and telson 

In crustaceans, the segments are grouped into three tegmata 
according to the peculiarities of their shape or appendages. 
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These are the head, thorax and abdomen. One theory re- 
garding the phylogenetic and embryonic consti tution of seg- 
ments (Borradaile et al. 1958) states that the body should 
be regarded as containing, besides the somites, an anterior 
presegmental region to which the eyes belong, and a post- 
segmental region (telson) in which the anus opens. Our 
evidence that the seventh abdominal  neuromere exhibits 
a serial homology on topological organization of the neu- 
ropil appears to refute this theory. An alternative explana- 
t ion is that the telson, although it lacks an appendage, may 
be the 'seventh abdominal  segment '  with the ganglion em- 
bryonically and serially homologous to the anterior ganglia. 

If  this is so, then, to which ganglion do the visceral 
cells (more than 70 cells associated with nerve R7 that in- 
nervates the hindgut at the caudal end of the crayfish termi- 
nal ganglion) belong? Winlow and Laverack (1972) sup- 
posed that it was the ' th i rd  fused ganglion ' ,  from which 
the visceral cells are derived. In  each anterior abdominal  
ganglia there is an unpaired median neuron, the axon of 
which extends to nerve R7 at the anterior ventral margin 
of the cortex (Fig. 12C), thus giving some clues for consid- 
eration of the origin of the visceral cells and the seventh 
abdominal  ganglion. It is likely that the embryonic origin 
of these cells and the visceral cells in the terminal ganglion 
are the same. Indeed, like the progeny of median neuroblast  
in the locust embryo (Goodman et al. 1980), these cells 
share a common physiological property of cell body excit- 
ability (J.J. Wine, personal communication).  It is therefore 
reasonable to assume that visceral cells belong not to be 
'h indgut  gangl ion '  but  to the ' telson (seventh abdominal)  
ganglion ' .  Their large number  of their siblings may be at- 
tributed to the embryonic events in which their precursor 
cell(s) produce(s) far more progeny than the anterior coun- 
terparts, or that cell death diminishes the number  of proge- 
ny in the six anterior ganglia (Goodman and Bate 1981; 
Truman  and Schwartz 1983), although no evidence is avail- 
able. Recent immunological  investigation of the embryonic 
development of the terminal ganglion (J. Dumon t  and J.J. 
Wine, personal communication),  however, supports our 
proposal that the terminal ganglion consists of two fused 
embryonic ganglia. It has been widely accepted that the 
hindgut in arthropods is formed by the invaginat ion of the 
ectoderm in the last segment (the telson in a decapod) where 
the anus opens. It is therefore not so surprising that the 
' te lson gangl ion '  has many visceral neurons. 
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