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Summary. The cytoarchitectural organization of the 
electromotor system of the electric catfish (Malapterurus 
electricus) was investigated in order to obtain insight 
into the neuronal reorganization accompanying the 
functional transition of a presumptive previous motor 
system to an electromotor system eliciting electric organ 
discharge. The electric catfish possesses two giant elec- 
tromotoneurons situated within the rostral spinal cord. 
Intracellular dye injections have revealed the enormous 
extension of the dendritic tree of electromotoneurons. 
About 50 primary dendrites span the entire lateral funi- 
cle and intermediate grey matter, and reveal an extensive 
contralateral projection. The giant dendritic tree 
(1.2 mm in rostrocaudal direction) presumably receives 
inputs from all ascending and descending pathways of 
the spinal cord. Electromotoneurons and motoneurons 
receive the same type of fibre inputs, and electromoto- 
neurons and interneurons are connected through com- 
mon presynaptic elements. The innervation pattern of 
the electromotoneurons and spinal motoneurons is simi- 
lar. Synaptic terminals with round synaptic vesicles often 
reveal chemical contacts and gap junctions. Further- 
more, dendrites of the two electromotoneurons form jux- 
tapositions (ephapses) with each other and also with spi- 
nal interneurons. Our results suggest that the two elec- 
tromotoneurons are homologous to median (primary) 
spinal motoneuronS and are the central structures of 
the electromotor system within the central nervous sys- 
tem of the electric catfish. A high capability of informa- 
tion processing can be attributed to the giant dendritic 
trees from functional considerations. This presumably 
enables the electromotoneurons to elicit an electric organ 
discharge in different behavioural contexts with a mini- 
mum of functional reorganization. 
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The two electric organs of the strongly electric catfish 
(Malapterurus electricus) are each innervated by a single 
giant electromotoneuron (Bilharz 1857; Fritsch 1887):. 
The somata of the two electromotoneurons are situated 
in the cervical spinal cord between the second and third 
ventral root. Their axons leave the cord ventro-medially, 
giving rise to two single axons, the electromotor nerves: 
Since the somata can have a diameter of up to 0.2 ram, 
the electromotoneurons of the electric catfish represent 
a rare example of identifiable neurons within the verte, 
brate central nervous system. 

Different types of electric organ discharge are ob. 
served depending on the behavioural context (Bauer 
1968; Belbenoit et al. 1979). Long sequences of repete~ 
tire spikes (volley) lasting several seconds are used for 
stunning prey. The electric organ can be discharged sev, 
eral times depending on the size of the prey and the 
success of previous volleys (Bauer 1968). One volley can 
be composed of up to 900 individual discharges. Short 
volleys of normally 4 spikes are used for defence. The 
number of discharges can reach up to 50 per volley de, 
pending on the behavioural context. 

The two electromotoneurons receive synaptic inputs 
from both brain and spinal cord, and are electrotonically 
coupled (Bennett et al. 1967). The pattern of synaptic 
innervation has been partially analysed in previous ultra- 
structural investigations (Bennett et al. 1967; Janetzko 
et al. 1987). Electromotoneurons carry two major types 
of synapses. One contains flat electron-lucent vesicles~ 
reveals no presynaptic dense projections (type I; Uchi, 
zono 1974) and might be :inhibitory. The other forms 
a mixed chemical and electrical contact. It contains 
round electron-lucent vesicles and to a lesser extent 
dense-core vesicles (type II). In addition to a chemica ! 
type of synaptic contact (with pre- and postsynaptic den- 
sities) these synapses contain gap junctions. 

The phylogenetic origin of the electric organ of the 
electric catfish has long been debated. The intimate con- 
nection of the electric organ to the skin has prompted 
earlier investigators to suggest an origin from epidermal 
glandular cells (Fritsch 1883, 1887). However, the obser- 
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va t i on  o f  M a u r e r  (1913) tha t  the shou lde r  girdle  exhibi ts  
a smal l  def ic iency in the muscu la r  wal l  and  the d e m o n -  
s t r a t ion  o f  a p ro l i f e r a t i on  zone  o f  e l ec t rop laque  cells 
nea r  the  shou lde r  g i rd le  (Johnels  1957) imp ly  a m u s c u l a r  
origin.  The  func t iona l  t r ans i t i on  f rom a m o t o n e u r o n  to 
an  e l e c t r o m o t o n e u r o n  el ici t ing electr ic o r g a n  d i scharge  
mus t  have  been  a c c o m p a n i e d  by  n e u r o n a l  r eo rgan iza -  
t ion.  

The  p resen t  p a p e r  is p a r t  o f  a s tudy  to e luc ida te  the 
m e c h a n i s m  o f  con t ro l  o f  the  electr ic  o r g a n  d ischarge  
in the  electr ic  ca t f i sh  and  the type  o f  func t iona l  and  
s t ruc tu ra l  a l t e ra t ions  t ha t  have  occur red  dur ing  the for-  
m a t i o n  o f  this new effector  system. O u r  p r e l i m i n a r y  re- 
sults have  sugges ted  t ha t  the b r a i n  o f  the electr ic  catf ish  
resembles  closely tha t  o f  o the r  s i lu r i fo rm fish. Fu r the r -  
more ,  there  is no  ind ica t ion  o f  the existence o f  special-  
ized p r e m o t o r  systems tha t  could ,  l ike the  p a c e m a k e r  
nuclei  in w e a k l y  electr ic  fish, p r o d u c e  the p a t t e r n  o f  elec- 
tr ic o r g a n  d i scharge  (Dye  and  M e y e r  1986). This  has  
p r o m p t e d  us to s tudy,  in grea te r  deta i l ,  the  n e u r o n a l  
cy toa rch i t ec tu re  o f  the cervical  sp ina l  co rd  wi th in  the 
r ange  o f  the  g ian t  e l e c t r o m o t o n e u r o n s .  The  s tudy  in- 
c ludes  a de ta i l ed  ana lys i s  o f  the  dendr i t i c  o r g a n i z a t i o n  
o f  the  e l e c t r o m o t o n e u r o n  and  a c o m p a r i s o n  wi th  tha t  
o f  o the r  spinal  m o t o n e u r o n s .  Some  o f  the resul ts  have  
been pub l i shed  in abs t r ac t  f o rm  (Sch ikorsk i  a n d  Zim-  
m e r m a n n  1989; Braun  e t a l .  1990; Sch ikorsk i  e t a l .  
1990). 

Materials and methods 

Animals, anaesthesia, and fixation 

Electric catfish (Malapterurus electricus) of either sex, between 8 cm 
an 16 cm in length, were obtained from local fish deaters. They 
were kept in de-ionized water (200 gS) at 22-26 ~ C. Although the 
literature suggests that a "large mouth" species of Malapterurus 
electricus may be distinguished from a "narrow mouth" species 
(Poll and Gosse 1969; Mahy 1970), we did not further identify 
our specimens. Fish (21 animals) were anaesthezised with 0.05% 
tricaine methane sulphonate (Sigma, Deisenhofen, FRG). During 
all experimental procedures anaesthesia was maintained by super- 
fusing the gills with water containing 0.015%~).025% of the anaes- 
thetic. 

For fixation, animals were perfused via the arterial trunk first 
with 20 ml saline (pH 7.2) containing heparin (i mg/ml, Sigma) 
and tricaine (0.005%) and then with fixative (90 ml) as indicated 
for the different procedures. After perfusion, the brain was re- 
moved and immersed in the same fixative for 2-14 h at 4 ~ C. 

charges, electric nerves were cut at the site where they enter the 
electric organ at the ventral side of the body. 

For intracellular dye injection, the electromotoneuron was iden- 
tified by its electrically evoked large extracellular field potentials 
(Bennett et al. 1967). Glass microcapillaries were used as recording 
electrodes and were filled with 8% horseradish peroxidase (HRP, 
Sigma Type VI) in 0.2 M KC1 or with cobaltic lysine (G6rcs et al. 
1979). After successful penetration, the substances were iontophor- 
etically injected into the electromotoneuron using 1 Hz current 
pulses of + 10 to + 30 nA of 500 ms duration (up to 2.5 h). Before 
perfusion, the dye was allowed to diffuse for 1-2 h. 

Following HRP-injection, the brain was fixed with 2.5% glutar- 
aldehyde in 100 mM phosphate buffer as described above. After 
being washed, the Vibratome slices (100 gm) were cut and placed 
in phosphate buffer. Peroxidase was visualized with 0.05% 
diaminobenzidine (Sigma) and 0.01% hydrogen peroxide (Fluka, 
Neu-Ulm, ERG). Sections were then embedded in glycerol-gela- 
tine, viewed with a light microscope and photographed. Subse- 
quently coverslips were removed, and after several rinses with phos- 
phate buffer, the slices were osmicated, dehydrated, immersed in 
2% uranyl acetate and embedded in Epon. Semithin sections ob- 
tained from embedded slices were stained with toluidine blue. After 
light-microscopical analysis they were further embedded in Epon 
for ultrathin sectioning. 

Following cobaltic-lysine labelling, animals were perfused with 
100 mM phosphate buffer and 0.02% ammonium sulphide (Merck, 
Darmstadt, FRG) for the precipitation of cobalt ions. This was 
followed by perfusion with ammonium-sulphide-free phosphate 
buffer and finally by perfusion with 4% paraformaldehyde (Merck) 
and 0.5%-1% glutaraldehyde in 100 mM phosphate buffer (pH 
7.4). The cobalt precipitate was visualized in Vibratome sections 
by silver intensification according to Gallyas (1979) and the sec- 
tions were fixed with 0.5% sodium thiosulphate. The subsequent 
steps were identical to those described for the HRP injection proce- 
dure. 

Electron microscopy 

Ultra-thin sections (Ultracut, Reichert and Jung) were stained with 
1% uranyl acetate and lead citrate according to Reynolds (1963). 
Electron micrographs were taken using a Zeiss EM-902 electron 
microscope. 

Results 

General anatomy 

Electromotoneurons. The  large s o m a t a  o f  the  two elect ro-  
m o t o n e u r o n s  are  s i tua ted  close to  the sagi t ta l  p l ane  o f  
the  cervical  spinal  cord ,  be tween  the second and  th i rd  

General anatomy 

Brains were fixed with 2.5% glutaraldehyde (Plano, Marburg, 
FRG) in 100 mM phosphate buffer (pH 7.4). After fixation, the 
tissue was washed several times with phosphate buffer, embedded 
in agar and cut transversally or horizontally using a Vibratome. 
Sections were osmicated (1% OsO4), dehydrated and embedded 
in Epon. Semi-thin sections (2.5 gin) were cut from the embedded 
Vibratome sections and stained with toluidine blue. 

Dye injection 

Anaesthetized fish were paralysed by an intramuscular injection 
of 10 gl gallamine (0.03%, Sigma). To prevent electric organ dis- 

Fig. 1 A-E. Transverse semi-thin sections of the rostral spinal cord 
of the electric catfish. A An overview at low magnification reveals 
the relative size of the giant soma of the electromotoneuron (e). 
It is located dorsal to the central canal (cc) and is surrounded 
by a net of myelinated fibres (arrowheads). Its ventrally proceeding 
axon is situated medial to the Mauthner axon (m). The arrow marks 
a perforation of the soma of the electromotoneuron, x 110. B As- 
pect of A at higher magnification revealing the position of lateral 
interneurons (in, one possessing a lateral dendrite) in close contact 
with arcuate fibres (aJ) running in a dorsal direction adjacent to 
the fibre net and of a motoneuron (star). The Mauthner axon 
(m) forms a collateral, x 470. C Detail of the main course of ar- 
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cuate fibres (aJ) and of an additional, more laterally located course 
(arrowheads). Transverse section caudal to the electromotoneuron 
revealing only its dendritic trunks (e). A large interneuron (in) 
dorsal to the electromotoneuron in close proximity to the fibre 
net is contacted by a myelinated fibre (arrow). The star marks 
a group of motoneurons lateral to the electromotoneuron, x 170. 
D Ramification of lateral dendrites of the electromotoneuron with- 
in the lateral funicle. Dendritic processes are often in apparent  

contact with fibres and proceed through individual tracts within 
the funicle. The approximate position of the detailed view is given 
in the rectangle in A. x 330. E Centripetal projection of fibres, 
from the lateral funicle (arrows) to the fibre net as observed along 
the entire extension of the funicle. Position as for D. x 410. dh 
Dorsal h o rn ; / f l a t e r a l  funicle; sva sensory visceral area; tts tractus 
spinalis trigemini; vfventral  funicle; vh ventral horn. Bars: 200 ~trn 
in A; 50 gm in B; Jr00 gm in C; 50 gm in D, E 
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Figs. 2A-C. Horizontal sections of the rostral spinal cord dorsal 
to the central canal. The dorsal direction is marked by large arrows. 
A A pair of large motoneurons (ran) is located within the next 
segment of the spinal cord caudal to the electromotoneurons (e). 
Fibres originating from the fibre net (small arrowheads) surround- 
ing the electromotoneurons proceed to the motoneurons and parti- 
cipate in the formation of their fibre net. Small arrows additional 
smaller motoneurons; large arrowheads' dendritic projections of 
electromotoneurons into the lateral funicle (/J). • 100. B Section 
slightly dorsal to the axon hillock of the electromotoneuron (e) 

depicting the left bundle of myelinated fibres (small arrowheads), 
entering the fibre net and surrounding the somata. Some of the 
fibres cross the midline (arrow). Large arrowheads dendritic projec- 
tions of electromotoneurons into the lateral funicle, x 120. C Later- 
al Column of interneurons (arrowheads). Arcuate fibres (af, trans- 
versally cut) run in close apposition to interneurons (arrowheads) 
and dendrites of the electromotoneuron (e). Fibres projecting from 
the lateral funicle proceed parallel to the dendrites of the electromo- 
toneuron (small arrows), x400. Bars: 200 gm in A; 100 gm in 
B; 50 gm in C 

ventral  spinal roo t  (Figs. 1A, 2A).  They  are separated 
by bundles o f  myel inated fibres. In larger animals the 
soma ta  are sometimes perfora ted  several times by bun-  
dles o f  axons and  by capillaries (Fig. 1 A). Even within 
these perforat ions,  the surface o f  the soma  is densely 
occupied by synapses. The axon  originates at the level 
o f  the central canal, which is located ventral  to the elec- 
t romotoneurons .  The  axon  passes s traight  in a ventral  
direction, medial  to the Mau thne r  axon  (Fig, 1 A, B), 
and leaves the spinal cord  with the third ventral  root.  
Numerous  p r imary  dendrites arise f rom the soma  
(Figs. 3 A, 4). The lateral dendrites enter the lateral funi- 
cle, and  close associat ions can be observed between den- 
drites and axons  o f  the funicle (Figs. 1 D,  2 A-C) .  Medial  
dendrites cross the midline and project  contrala teral ly  
into the intermediate  grey mat te r  (Figs. 3 A, 4). In addi-  
tion, dorsally directed dendrites and the rostral  and cau- 
dal dendrites arborize within this intermediate neuropile.  

Myel inated fibres fo rm a dense net a round  the cell bod-  
ies o f  the e lec t romotoneurons  (Figs. 1 A, 2 A, B). It  has 
its largest extension median to the somata  ( ~ 6 5  gm). 
Laterally,  the fibre net is only ~ 20 gm thick. The fibre 
net dorsal  to the somata  is ~ 55 gm wide and cont inues 
into the intermediate  neuropile. Only  dendrites o f  the 
e lec t romotoneurons  are found  in this extensive fibre net. 

Fibres o f  the lateralfunicle.  The fibre net a round  electro- 
m o t o n e u r o n s  is formed by fibres originating f rom the 
lateral funicle. Fibres enter the fibre net  in a centripetal 
direction along the entire dorso-ventra l  extension o f  the 
funicle (Figs. 1 E, 2 C). Individual  fibres differ in diame- 
ter and  therefore p robab ly  represent axons  and their 
collaterals. They  often run in close proximity  and in 
parallel to the e l ec t romotoneuron  dendrites (Fig. 2C).  
A p rominen t  rostral  fibre tract  arriving at a level slightly 
dorsal  to the axon  hillocks o f  the e lec t romotoneurons  
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Fig. 3A-E. Aspects of cobaltic-lysine- (A) and HRP-filled (Big) 
electromotoneurons. A 100-1am-thick transverse section through 
the somata of the electromotoneurons depicting a large number 
of long dendrites running in lateral, medial, dorsal and contralater- 
al directions. Arrowheads Perforations of the cell soma; ax axon 
of electromotoneuron; cc central canal; igm intermediate grey mat- 
ter; /f lateral funicle; vf ventral funicle; vh ventral horn. x 160. 

B Dendritic perforations (arrows) often occur in clusters resulting 
in a net-like structure, x 1500. C Aspect of a single dendrite show- 
ing spines (arrows) with long spine stems, x 1500. D Fine dendrites 
ensheathing cellular structures, which are possibly interneurons 
and dendrites, x 1500. E The distal arborization of a dendritic 
terminal, x 1200. Bars: 200 gm in A; 5 gm in B--E 

cont inues  to the m e d i a n  side o f  their  s o m a t a  (Fig. 2B).  
This  t rac t  gives rise to a large p a r t  o f  the  f ibre net  sur- 
r o u n d i n g  the cell bodies .  A x o n s  o rg ina t ing  f rom this 
f ibre net  also con t inue  b e y o n d  the e l e c t r o m o t o n e u r o n s  
in a c a u d o m e d i a l  d i rec t ion  and  fo rm a smal l  m e d i a n  
t rac t  (Fig.  2A) .  In teres t ingly ,  the  next  segment  o f  the  
spinal  co rd  con ta ins  a n o t h e r  pa i r  o f  large  m o t o n e u r o n s  
(Fig. 2A) .  Aga in ,  their  s o m a t a  are  s u r r o u n d e d  by  a net-  
work  o f  f ibres tha t  are  der ived  f rom the m e d i a n  t rac t  

and  f rom the la te ra l  funicle. Such f ibre nets a re  of ten 
obse rved  a r o u n d  la rger  m o t o n e u r o n s  (Fig.  2 A )  and  
large in t e rneurons  (Fig.  1 C), and  m a y  no t  be  de tec tab le  
a r o u n d  small  neurons .  

Fibres o f  the ventral funicIe.  Fibres  o f  the  vent ra l  funicle,  
l ike those  o f  the m e d i a n  long i tud ina l  fascicle,  o r ig ina te  
f rom the b ra in  s tem a n d  descend  into  the spinal  cord.  
Even in the  b r a i n  stem, a rcua te  f ibres fo rm a p r o m i n e n t  
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dors. rost. 

: 25 
Fig. 4. Reconstruction of 100-gm- 
thick transverse sections through 
an HRP-filled electromotoneuron. 
The range of the rostral spinal 
cord that has been sectioned is 
indicated by the two arrows at 
the lateral aspect of the brain of 
the electric catfish (bottom right). 
Within the lateral funicle, lateral 
dendrites are observed over a 
length of at least ~.0 ram, where- 
as within the intermediate grey 
matter, the rostro-caudal length 
of the dendritic tree reaches 
0.8 mm. The final few dendrites 
in the subsequent sections are not 
shown 

commissure. Similar arcuate fibres are observed at the 
level of  the electromotoneurons (Figs. 1 B, C, 2C). Some 
of  these originate in the ventral fascicle, whereas others 
are commissural fibres. Spinal arcuate fibres are loosely 
associated rather than forming a compact  tract as in 
the brain stem. Some of  these fibres proceed in a dorsal 
direction directly adjacent to the fibre net; here, they 
branch (Fig. 1 A, C). Other arcuate fibres first run later- 
ally and only then turn in a dorsal direction to penetrate 
the lateral funicle where they branch (Fig. l C). Horizon- 
tal sections clearly reveal the close apposition of  arcuate 
fibres and dendrites of  the electromotoneurons at differ- 
ent distances from the soma (Fig. 2C). 

Spinal neurons at  the level o f  the electromotoneurons.  Nu- 
merous neurons are observed within the range of  the 
electromotoneurons. Neurons of  the ventral horn includ- 
ing large dorsal motoneurons (about 1000 ~tm 2) are also 
situated near the axon hillock of  the electromotoneurons 

(Figs. 1B, 2A). Dorsal to the motoneurons,  there is a 
horizontal column of  interneurons of  varying sizes (di- 
ameters between 7 lain and 33 gm; Figs. 1 B, 2C). Their 
dendrites project into the lateral funicle; the arcuate 
fibres of  the ventral funicle are often adjacent to their 
somata. Occasionally, dendrites of these interneurons 
proceed dorsally and run parallel to the arcuate fibres. 
These interneurons, like electromotoneurons, also dis- 
play close appositions with fibres of  the lateral funicle. 

The central area of  the intermediate grey matter con- 
tains interneurons of  a large range of  sizes. The largest 
have a diameter of  up to 54 ~tm (Fig. 1 C). These inter- 
neurons are also closely adjacent to fibres of  the fibre 
net and to fibres originating from the lateral funicle. 
Similar interneurons are found rostrally and caudally 
to the electromotoneuron somata and in other spinal 
segments, but there they take a more ventral position. 
It appears that, because of  the enormous size of  the 
electromotoneuron somata, the intermediate grey matter 
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Fig. 5. Schematic overview of the cytoarchitecture of the electromo- 
toneuron within the cervical spinal cord. Arrows mark positions 
of interneurons; arrowheads indicate dendrites in the dorsal part 
of the ventral horn. White White matter; grey grey matter; af 
arcuate fibres; ce central canal; dh dorsal horn; e electromotoneur- 
on;/flateral funicle; m Mauthner axon; sva sensory visceral area; 
tts tractus spinalis trigemini; vfventral funicule; vh ventral horn 

in the electric catfish has become dorsally, rostrally and 
caudally displaced. This would also explain the extreme 
ventral location of  the central canal in the cervical cord 
of Malapterurus compared with other fish (Fig. l A). 

Morphology o f  the electromotoneuron as revealed 
by dye-injection 

Extension o f  the dendritic tree. Only intracellular dye- 
injections (HRP or cobaltic lysine) reveal the enormous 
extension of the electromotoneurons (Figs. 3A, 4). In 
addition to numerous fine dendrites that do not leave 
the fibre net, the neuron contains at least 50 large prima- 
ry dendrites, Fine primary dendrites originate even with- 
in the perforations of  the cell soma. 

The large primary dendrites give rise to numerous 
fine branches resulting in an extremely dense dendritic 
projection. All ipsilateral dendrites traverse the lateral 
funicle and almost reach the lateral margin of  the spinal 
cord. In a rostrocaudal direction, the lateral funicule 
is occupied by electromotoneuron dendrites over a range 
of 1.2 mm (Fig. 4). The rostral extension thereby exeeds 
the caudal extension by about 200 lain. Although the 
dendritic arborizations run through the entire lateral 
funicle, they do not reach the spinal trigeminal tract 
(Tuge et al. 1968; Figs. 1 A, 3 A). Some ventral dendrites 
branch within the dorsal part of the ventral horn 
(Fig. 3A). 

Rostrally and caudally directed dendrites arborize 
within the intermediate grey matter, turn laterally and 
proceed within the lateral funicle. Within the grey mat- 
ter, the dendritic tree has a rostrocaudal extension of 
70~800  gm (Fig. 4). 

Median and dorsal dendrites arborize within the in- 
termediate grey matter. They cross the midline and pos- 
sess an extensive contralateral arborization zone (Figs. 

3A, 4). Some of  these dendrites enter the contralateral 
lateral funicle but only a few reach the contralateral 
margin of the spinal cord (Fig. 4). The dendritic projec- 
tions have the same extension and are of  similar density 
within the ipsi- and contralateral neuropile. The dorsal 
dendrites reach the ventral margin of  the sensory visceral 
area but the dorsal horn is free of branches (Figs. 1 A, 
3A). Furthermore, no electromotoneuron dendrites oc~ 
cur within the ventral funicule. No recurrent axon collat- 
erals of the electromotoneuron have been observed. 

Dendritic shape. The diameters of  primary dendritic 
trunks range from 0.7 pm to 22 ~tm. Diameters are re- 
duced by half, halfway along the dendritic length. Many 
fine processes originate from these primary dendrites but 
the formation of second- and third-order dendrites is 
rarely observed. This results in a radiating structure of  
the dendritic tree (Fig. 3A). All dendrites carry spines 
(Fig. 3 C) but these occur more often on dendrites within 
the grey matter. The number of  spines varies between 
individuals. They can be less frequent and small, or nu- 
merous and exhibiting long spine stems. The reason for 
this variability is not clear. The number and shape o:f 
the spines are possibly correlated with the variable usage 
of the electromotor system by animals kept in captivity 
for different lengths of  time. Dendrites are often perfor- 
ated. Clusters of  such perforations give rise to a net-like 
appearance of the dendrites (Fig. 3B), Fine dendritic 
processes frequently form a plexus (Fig. 3 D) that sur- 
rounds cell bodies and processes of other spinal neurons. 
Dendritic terminals reveal numerous tiny branchels 
(Fig. 3 E). 

The principal cytoarchitectural features o f  the rostral 
spinal cord within the range of  the electromotoneuror~s 
are summarized in Fig. 5. 

Connectivities within the dendritic tree 

Innervation o f  dendrites. Dendrites are not homogen- 
eously innervated. Regions with densely packed synapses 
alternate with regions lacking axon terminals. Nerve ter- 
minals originate from both myelinated and unmyelinat- 
ed fibres (Fig. 6B, C). Both types of  fibres give rise to 
the two types of  nerve terminals that have previously 
been described (Janetzko et al. 1987): nerve terminals 
with flat electron-lucent synaptic vesicles (type I) and 
nerve terminals with round electron-lucent vesicles as 
well as electron-dense vesicles displaying both chemical 
and several electrical contacts (gap junctions) (type II). 
On electromotoneuron dendrites, type-II synapses a~e 
the predominating type. Myelinated and unmyelinated 
fibres often form en passant synapses (Fig. 6 B) that are 
of  the second type. 

Within the intermediate grey matter, dendrites of  tile 
electromotoneurons form a dense neuropile together 
with dendrites of  spinal neurons and axon collaterals 
of  differing origin (Fig. 6A). Electromotoneuron den- 
drites often reveal a ruffled surface with numerous in- 
dentations forming a bowl-like structure and containing 
axon terminals or dendrites (Fig. 6C). Presynapses 
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Fig. 6A-D.  Contacts of cobaltic-lysine- (A) and HRP-labelled den- 
drites (B-D) of electromotoneurons with various cellular elements. 
A Semithin section of the intermediate grey matter after cobaltic- 
lysine filling. Small dendritic processes (arrowheads) are found in 
close apposition to interneurons (in). Dendrites often reveal a ruf- 
fled surface (large arrowheads). The arrow marks the perforation 
of a dendrite, c Capillary. x 1000. B Innervation of a labelled 
dendrite (de) of the electromotoneuron by an en passant synapse 
that originates from a node of Ranvier. x 33500. C Innervation 

of a dendrite with ruffled surface as in A. Synaptic terminals are 
located within indentations of the dendritic surface (stars). The 
dendrite (de) also ensheaths a fine unlabelled dendritic process (ar- 
row). x 25000. D Ultrastructure of a dendritic perforation as in 
A. Such perforations often reveal gap junctions (arrowheads and 
inset; inset: x 82000) but only rarely chemical synapses (star; nt 
nerve terminal). • 31000. Bars: 20 ~m in A; 0.5 pm in B; 1 gm 
in C; 0.5 ~tm in D 



Fig. 7A-E.  Innervation of two postsynaptic structures by a com- 
mon presynaptic element. One electromotoneuron was labelled 
with HRP. A Symmetrical synaptic contact (stars; type I) with 
dendrites (de) of both  labelled and unlabelled electromotoneuron 
within the fibre net. x 29000. B Mixed chemical (stars) and electri- 
cal (arrowheads gap junction) contacts with a labelled dendrite of 
the electromotoneuron and a dendritic process of unknown origin. 
x 30000. C Small process of a labelled dendrite in close apposition 

with the soma of an interneuron (in) corresponding to the fine 
processes marked by arrowheads in Fig. 6A. The gap between the 
two membranes is 20 nm and the total contact as revealed by an 
analysis of  serial sections is up to 3 gm long. At the site of the 
interneuron, electron-dense structures radiate from the gap. In the 

adjacent section (not shown), the nerve terminal marked by a star 
forms a mixed electrical-chemical synaptic contact with the inte> 
neuron, x 35000. D Synaptic terminal contacting a primary den- 
drite (de, black letters) of the unlabelled electromotoneuron and 
a fine dendritic process (de, white letters) of the labelled electromo- 
toneuron. The section reveals gap junctions (arrowheads) only at 
the unlabelled dendrite, whereas the labelled dendrite carries exclu- 
sively a chemical contact (stars'). x 26000. E Juxtaposition (within 
the fibre net) between dendrites of labelled and unlabelled electro- 
motoneurons. The gap is reduced to about 17 nm and is 4 lain 
long (between arrowheads). • 32000. Bars: 0.5 ~tm in A-C;  1 gm 
in D; 0.5/am in E 
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Fig. 8. Schematic summary of connectivities of the electromoto- 
neuron (EMN) within the spinal cord, including contacts with in- 
terneurons (IN) and motoneurons (MN). It reveals the high level 
of common innervation of interneurons and electromotoneurons. 
Dashed lines based only on light-microscopical evidence 

aligned in series are separated by dendritic folds that 
form the rim of  the "bowls" .  The lateral folds of  the 
dendrites do not carry sites of contact. These are con- 
fined to the bot tom of  the indentations and reveal syn- 
apses of  type I and II. Axons are sometimes completely 
enclosed, resulting in a perforation of  dendrites 
(Fig. 6 D). Electrotonic contacts via gap junctions pre- 
dominate at these perforations. 

Connections with spinal interneurons. Labelled dendrites 
of  electromotoneurons are often observed in close ap- 
parent contact with dendrites and somata of  interneu- 
rons (Fig. 6 A). Thick sections reveal that these dendrites 
sometimes wind around interneurons and their processes 
(Fig. 3 D). Dendrites may approach a cell body produc- 
ing fine processes to contact the surface (Fig. 6A). Elec- 
tron-microscopical analyses have rarely revealed direct 
contacts between cells. However, the dendrites of  the 
electromotoneuron and dendrites or soma of  an inter- 
neuron are often found to be innervated by a common 
presynaptic terminal (this type of  contact is depicted 
in Fig. 7 A, B). Such synapses can be of  either type. They 
include gap junctions between the presynaptic terminal, 
and both the electromotoneuron dendrite and the inter- 
neuron. 

Occasionally, fine processes of  the labelled electromo- 
toneuron dendrite have been found to form a synapse- 
like contact with an interneuron (Fig. 7 C). The mem- 
brane apposition at such contacts is extended, contain- 
ing an electron-dense matrix and a postsynaptic-density- 
like structure. The apposition can be up to 3 gm long, 
but  often has a length of  only 0.5 gm-1 gm. 

Connections between the two electromotoneurons. Close 
dendritic appositions can also be found between electro- 
motoneurons.  One principal type of  contact is depicted 
in Fig. 7 D. A thin dendrite of  the contralateral and la- 
belled cell approaches a primary dendrite of  the unla- 
belled electromotoneuron. This primary dendrite carries 
a mixed electrical-chemical contact that in addition 
makes a chemical synaptic contact with the labelled den- 

drite. In addition, within the fibre net, which contains 
only electromotoneuron dendrites, there are numerous 
dendritic juxtapositions (Fig. 7E). Here, the dendritic 
membranes of the two electromotoneurons form ~ 17- 
nm-wide contacts over a length of  several gin. 

A schematic summary of the connectivities of  the 
electromotoneurons within the spinal cord is presented 
in Fig. 8. 

Discussion 

Electromotoneuron and motoneurons 

The cytoarchitecture of  spinal motoneurons bears many 
similarities with that of  the electromotoneurons. Gener- 
ally, primary (or median) motoneurons of fish have a 
dorsomedian location and their axons run medial to the 
Mauthner axon (Meyers 1985; Fetcho 1986, 1987). They 
have long rostrocaudal dendrites and a contralateral 
dendritic projection that interacts with contralateral mo- 
toneurons. These features are shared by the electromo- 
toneurons of  the electric catfish. Moreover, the fine- 
structural characteristics of  electromotoneurons are sim- 
ilar to those of  somatic spinal motoneurons.  Somatic 
motoneurons of  lower vertebrates are innervated by 
chemical synapses of  both types, including mixed electri- 
cal-chemical synapses. They have dendritic juxtaposi- 
tions and a common presynaptic innervation (Schnitz- 
lein and Brown 1975; Erulkar and Soller 1980) as de- 
scribed for the electromotoneurons. The contralateral 
dendritic projection results in the electrotonic coupling 
of motoneurons from opposite sides (Erulkar and Soller 
1980). These data agree with the conclusion of  Johnels 
(1957) that the electric organ of  the electric catfish is 
phylogenetically derived from muscle. Thus, the giant 
electromotoneurons represent modified primary moto- 
neurons. 

The two electromotoneurons might be coupled elec- 
trotonically via gap junctions of  common pre-fibres as 
previously suggested by Bennett et al. (1967). In addi- 
tion, juxtapositions occur between dendrites of the elec- 
tromotoneurons.  Dendritic juxtapositions where the dis- 
tance between cells is reduced to ~ 17 nm are sites of  
electrotonic coupling in the motoneurons of  frogs (Erul- 
kar and Soller 1980). Two different structural features 
might therefore effect electrotonic coupling between the 
two electromotoneurons, viz., direct contacts via juxta- 
positions (ephapses) and indirect contacts via gap junc- 
tions of common prefibres. Electrotonic coupling is the 
prerequisite for synchronous activity of both electromo- 
toneurons followed by synchronous electric organ dis- 
charge. 

Electromotoneuron and interneurons 

There is a considerable number of  interneurons within 
the dendritic tree of  the electromotoneurons. Histologi- 
cally, these interneurons are not different from other 
spinal interneurons along the spinal cord. Membrane 
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appositions similar to those between electromotoneur- 
ons also occur between the electromotoneuron dendrites 
and spinal interneurons. Nevertheless, the apposition is 
about 20 nm wide and the contacts are shorter. These 
contacts show some features of chemical synapses, such 
as a radiation of electron-dense material on one side 
of the contact. However, in spite of the considerable 
width of the gap, these membrane appositions may be 
a site of electrotonic coupling if, for example, the mem- 
brane resistivity was sufficently low (Bennett and Auer- 
bach 1969). 

The common innervation of electromotoneurons and 
interneurons is frequent. A shared presynaptic terminal 
would result in synchronous activition of electromoto- 
neurons and spinal interneurons. We thus predict a par- 
ticipation of the interneurons in the electromotor system 
of the electric catfish. Our light-microscopical investiga- 
tions also suggest a similar pattern of common innerva- 
tion of electromotoneurons and somatic motoneurons. 

The structure of the dendritic tree 

Whereas somatic motoneurons have only a few primary 
dendrites, electromotoneurons possess about 50 den- 
drites spanning the entire lateral funicle and the interme- 
diate grey matter. Furthermore, electromotoneurons 
might obtain inputs from arcuate fibres that originate 
partly within the ventral funicle. Thus, the giant den- 
dritic tree of the electromotoneurons is capable of con- 
tacting all ascending and descending pathways within 
the spinal cord. In contrast, somatic motoneurons have 
smaller and distinct dendritic projections areas within 
the grey matter (Sz6kely 1976, frogs). In fish, the two 
main descending pathways are the reticulospinal and the 
vestibulospinal system (Kimmel 1982; Kimmel etal. 
1982; Metcalfe et al. 1986; Rao et al. 1987). It is known 
that these descending systems participate in the initiation 
and maintenance of various spinal mechanisms, includ- 
ing locomotion (McClellan 1986; Grillner et al. 1989, 
lampreys; Livingston and Leonard 1990, stingrays; Kas- 
hin et al. 1981, carp; Cruce and Newman 1984, reptilia) 
and the escape response in fish (Eaton et al. 1991). 

Individual dendrites of the electromotoneurons can 
be up to 600 gm long. Synapses on dendrites form clus- 
ters leaving surface areas uninnervated. It can be specu- 
lated that this clustering of synapses is related to a specif- 
ic spatial distribution of synaptic inputs. Possibly, these 
long dendrites, like those of retinal ganglion cells, are 
electrically non-uniform and can form subunits that are 
electrically isolated from each other (Koch et al. 1982). 
The specific spatial distribution of synapses and the pre- 
cise timing of synaptic inputs at subunits would form 
the basis for complex information processing. These in- 
clude logic operations and directional selectivity to mo- 
tion in some retinal ganglion cells. Interestingly, com- 
partmentalization of a dendritic tree was originally de- 
scribed for a median motoneuron in the goldfish (Yasar- 
gil and Diamond 1968; Diamond and Yasargil 1969). 
Here, the ventral dendrite forms a functional decoupled 
compartment that contacts a collateral of the Mauthner 
axon. 

The formation of the extensive fibre net with individ- 
ual fibres first surrounding the soma before forming syn- 
aptic contacts can be viewed in the context of a precise 
timing of the synaptic input: variations in axonal length 
would cause a differential delay of signals. This could 
result in an increased time discrimination at the level 
of the electromotoneuron. 

Comparison with other electric fish 

Electrotonic coupling is a common feature of electromo- 
tor systems in electric fish. In weakly electric fish, elec, 
tromotoneurons are directly coupled via gap junctions 
and are activated mainly by electrical contacts derived 
from the pacemaker nucleus. In this case, the function 
of the electromotoneurons is reduced to the simple trans- 
mission of signals from the medullary pacemaker neu- 
rons directly to the electric organ (Dye and Meyer 1986). 
Thus, the pattern of electric organ discharge is generated 
by the pacemaker nucleus only. The cytoarchitectonic 
organization of spinal electromotoneurons of the electric 
eel (Electrophorus electricus) bears similarities to that 
of the electric catfish. In the electric eel, electrotonic 
coupling between electromotoneurons is effected by 
common prefibres forming mixed synapses (Meszler 
et al. 1974). There is, however, morphological evidence 
for the existence of a medullary command nucleus (De 
Oliveira Castro 1961). Only in electric rays (Torpedini- 
dae) the electromotoneurons (~60000, situated in the 
electric lobe) carry a purely chemical innervation. Their 
function is restricted to a one-to-one transmission Of 
impulses received from the reticular command nuclei 
(Roberts and Ryan 1975; Fox 1977; Krenz 1985). 

The electromotor system of the electric catfish." 
.functional considerations 

For effective electric organ discharge, the electromoto- 
neurons of the electric catfish require access to informa- 
tion carried by the various descending or ascending 
pathways; this information would include, for example, 
the distance of the prey, its size or smell, or the internal 
emotional state of the fish. Such information is also re- 
quired by other spinal motor systems to initiate, for ex- 
ample, locomotion in prey-catching behaviour. Never- 
theless, in principle, the activity of the electromotoneur- 
ons must remain independent of the activation of, for 
example, locomotive activity. The electromotoneurons 
have to extract only the essential information from the 
bulk passing through the spinal cord. This demands a 
high capability of information processing that is normal- 
ly achieved by a mass of neurons. Our results suggest, 
however, that information processing is performed by 
a giant soma and about 50 huge primary dendrites in 
the case of electromotoneurons. 

Our data thus support the earlier view (Bennett et al. 
1967) that the two electromotoneurons are the main 
structures for the production of electromotor discharges 
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in the electric catfish. If this is the case, the electromotor 
system of the electric catfish would have been established 
with a minimum of functional reorganization of the ner- 
vous system. A pre-existing motor innervation involving 
only two motor neurons might therefore have evolved 
to become the control centre of a sophisticated behav- 
ioural response by a local increase in size and in the 
complexity of information processing. 
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