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Preface

The aim of writing a book is to collect the currently available data on
a chosen matter in order to realize a synthetic work. In our days, however,
scientific methods evolve and develop at such a fast pace that because of the
amount of new data appearing during the 1 to 2 years necessary for its
preparation, the book may become obsolete before its publication. Hence,
much courage is necessary to make such an effort and to write a book mainly
presenting the state of actual knowledge.

Electric fish biology has only a short history although the striking power
of strong electric fish was already known by the Ancient Egyptians. It began
in 1951 with Lissmann’s discovery of the weak electric signals emitted by
African tropical fish. During this 40-year period, despite a large number of
scientific and popularized publications, only a small number of reviews and
books have appeared on electric fish biology. Most of these dealt with
anatomical, physiological and biophysical aspects of the electric organs and
with problems concerning the peripheral and central nervous mechanisms of
electrical signal emission and reception. They seldom, or only partially,
touched on behavioural or ethological aspects. It is therefore my pleasure to
welcome the present book on Electrocommunication in teleost fishes.

Bernd Kramer’s monograph, subtitled A fish’s nightsong: the deepest
German poem (C. Morgenstern) treats a particular sensory modality, the
electric sense, used for communication by certain families of a class of
vertebrates living in a conductive medium. It contains four chapters in which
the different aspects of electrocommunication in relation to the different
genera and species are discussed in a very systematic manner. In the first
chapter a concise index of taxonomy and biogeography of (gymnotiform,
mormyriform and siluriform) electroreceptive fish families is proposed, a use-
ful key for comparative ethological research especially for gymnotiforms, the
taxonomy of which means still a real burden for those working in this field.
In the second and third chapters the author describes the characteristics
(forms and patterns) of the emitted electrical signals, the structure of the
specific sense organs and explains the modes of electric signal reception, the
integration mechanisms of electrosensory information, as well as the input-
output links (electroreception — electric emission and its neuronal command
system). In the fourth chapter, the bulk of this monograph, the principles
of communicating with electric signalling are systematically expounded and
a comprehensive review is presented of many experimental data concerning
the specific electric organ discharge patterns occurring during non-reproduc-
tive social behaviour or courtship and spawning. A large part of this chapter
is devoted to an analysis of the electrocommunicating system by experimental
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manipulation in order to understand the meaning of the electric signal pat-
terns emitted in response to stereotyped exogenous electric stimuli in a given
experimental context.

I like this book because its encyclopedic character provides a very com-
plete and clear picture of the current state of our knowledge on the subject.
This well conceived book has the advantage over a multiauthor publication
in that it covers this subject uniformly. The systematic presentation of
neuroethological aspects from a comparative point of view will be useful in
further investigations. It is a real pleasure to read the many minute historical
notes distributed throughout the chapters evoking the time of pioneer scien-
tists who worked in this particular field of sensory physiology. The nicely
shown contrast between old and modern-day methods traces and explains the
rapid widening of our understanding of neuroethological problems in
electrocommunication.

I sign this preface in friendship to Bernd Kramer and in remembrance
of many pleasant hours spent together in our laboratories in Gif and in
Regensburg.

Gif-sur-Yvette, March 1990 T. SzaBo
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Introduction

The unusual capacity of some tropical freshwater fishes (of the dominating
subgroup Teleostei) to generate and sense electric signals, the discharges of
their weak electric organs, was discovered by Hans Lissmann (1951, 1958) of
the University of Cambridge. He demonstrated the function of an active elec-
trolocation system, but, along with others, also proposed a second function,
that of communication. Studies in electrical communication were pioneered by
Patricia Black-Cleworth (1970), then in the laboratory of T. Bullock at the
University of California in La Jolla, and Peter Moller (1970), then in the
laboratory of T. Szabo at the CNRS research institute and the Collége de
France in Paris.

Although we humans of the twentieth century are used to communicating
by means of the electric channel (telephone, radio, etc.), we are unable to sense
weak electric organ discharges, and cannot imagine what it feels like to com-
municate by this modality. Unlike the elephant-nose fishes of Africa
(Mormyriformes) and the knife fishes (Gymnotiformes) of South America, we
do not live right inside the conductive medium, and the electric currents as-
sociated with signalling and communication do not normally flow through
our bodies.

The first two chapters of this book on electrocommunication are intended
to give background information. The short first chapter is on the taxonomy of
electroreceptive teleost fishes and their biogeography. The longer second
chapter deals with the structure and function of the electroreceptive and the
electrogenic parts of the “electric system”, that is, its sensory and its motor
part (comparable to a bat’s SONAR system). Chapter 2 tries to integrate the
major reviews by Bennett (1971a,b), Szabo (1974), Szabo and Fessard (1974),
Bullock (1982), some of the reviews collated in Bullock and Heiligenberg
(1986), and many other sources.

The main emphasis of the book is on the comparative study of electric sig-
nalling and communication from a behavioral perspective (Chaps. 3 and 4).
The author feels that enough knowledge has been accumulated to make such
an endeavor both possible and necessary.

Why write a book on behavior (even if the animals studied are highly un-
usual) when neurobiology appears to be going largely in a molecular direc-
tion? Behavioral studies are among the best, and sometimes the only, means
we have to identify the function of a structure or system. Sometimes from be-
havior we know a sensory capacity before it has been possible to find the as-
sociated sensory system that must exist [for example, orientation using the
earth’s magnetic field in birds (review Keeton 1979; volume edited by
Kirschvink et al. 1985) or fish (review Smith 1985; Walker 1984)]. Very often
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the sensory capacities of an animal are too complex to be deduced from the
study of single neurons or small groups of such. Behavioral methods are use-
ful to study the overall performance and the properties of such sensory
systems, and may aid and guide neurophysiological analysis. The ecological
significance of an adaptation cannot be approached by restrictive or destruc-
tive experimentation like, say, brain-slice techniques, but is, very often,
amenable to behavioral research.

Let us take a look at these highly specialized vertebrates that have remark-
able brains, both in size and complexity, not only by fish standards. These
predominantly nocturnal creatures are the products of one of the least ex-
plored, remote and dangerous biotopes, tropical freshwater that is a true
laboratory of evolution. These fishes offer excellent and, in certain areas,
unique opportunities for the study of advanced and highly specialized sensory,
motor, and communication systems, their adaptive advantages, and the selec-
tive pressures that shaped them in the course of evolution.



Chapter 1

Taxonomy of Electroreceptive Teleosts

Taxonomy is viewed by some as a dull and boring subject. This is un-
derstandable when one thinks of some old-fashioned museums that present
endless shelves of, say, dead fish preserved in alcohol. Very often these fish are
unattractively bleached, unnaturally oriented, difficult to see through the jar,
and covered partly by an identifying tag.

In reality, taxonomy is both exciting and extremely useful. It is exciting be-
cause of all biological disciplines, it is taxonomy that confronts real life, with
its endless variations of structure and function to achieve the most diverse
goals. Modern taxonomy is also useful, for it tries, and largely appears to
succeed, in classifying organisms in a natural, phylogenetic system that
reflects the path of evolution, and finds out the degrees of relationship both
within and between groups.

It is necessary to classify, given the sheer size of the job. Estimates for the
number of living organisms are at least 4 to 5 million and run as high as 10
million (even 30 million; Fittkau 1985). From Linnaeus’ time in the 1750s,
when he introduced binomial nomenclature that is still in use, no more than a
third has been described and named. Estimates of the number of living
vertebrates are 45,000 (Raven and Johnson 1986). About half of these are
teleosts, the most successful vertebrates in terms of species number (23,000,
Lauder and Liem 1983; 30,000 according to Starck 1978). While birds and
mammals have become the dominating land vertebrates, teleosts are the
dominating aquatic vertebrates, ranging in size from a centimeter long when
mature to giants more than 6 m long (Keeton 1980).

Whatever his field of interest or specialization, a biologist needs to know
the systematic place of the organism he studies, and how it is interrelated with
similar organisms. This is especially necessary for comparative research,
something nearly every student of fish behavior, sensory physiology,
neurophysiology, or neuroanatomy, etc., is doing.

The predictive power of a good phylogenetic system is extraordinary. By
recognizing a salient feature of an unknown fish (for example, a mormyrid)
that allows one to place it in the correct family (or even genus), we immediate-
ly know a lot about its biology without ever having studied that species.

Central to taxonomy is the modern species concept that has a rather con-
voluted history. For an introduction, the reader may refer to a general biology
textbook like that of Keeton (1980), Raven and Johnson (1986), or Purves and
Orians (1987).

Just as a set of anatomical, physiological, or behavioral characters defines
a species, a geographical area or range is also typical of every species and
necessary for a complete description. Fossil fresh water organisms, especially
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lungfishes, reveal a lot about the history of the earth’s continents (Alfred
Wegener’s continental drift theory; see general biology or geology textbooks).

Osteichthyes (bony fishes in the broad sense) probably originated in fresh
water and are derived from Silurian Placoderms that have been extinct for at
least 230 million years (Silurian, 430-395 million years ago). Osteichthyes have
become the dominant vertebrates in both fresh water and in the oceans since
the Devonian, the so-called Age of Fishes (395-345 million years ago).
Although known from the early Mesozoic (that is, 225 million years ago), the
teleosts (bony fishes in the strict sense) have their adaptive radiation only late
in the earth’s history, at the close of the Cretaceous (Cretaceous, 136-65 mil-
lion years ago). This was undoubtedly linked with the preceding evolution and
radiation of the flowering plants (angiosperms) in the Cretaceous, which
provided new ecological niches for many animals, including insects and also
freshwater fishes.

Today we believe that electroreception is an ancestral vertebrate sense, still
widely present in the realm of lower aquatic vertebrates, that was lost with the
advent of the ancestors of teleosts and a few of their less well-known relatives
(see Chap. 2 for a more detailed discussion). Electroreception in teleosts must
have reevolved at least twice: in some of the African Osteoglossomorpha
(bony-tongued fishes), and in the siluriform/gymnotiform assemblage of the
Ostariophysi (fish with a Weberian apparatus connecting the swim bladder
with the ear, giving them keen hearing). None of the remaining teleosts are
‘known to be electroreceptive.

The Siluriformes and the Gymnotiformes are now believed to represent a
monophyletic lineage (Fink and Fink 1981 even lump them together under the
label Siluriformes). They probably have electroreceptors of the common
(ampullary) type by common descent (see Chap. 2). However, the tuberous
electroreceptors of the Gymnotiformes that are physiologically different (see
Chap. 2) appear to be a specialized trait. The recent discovery of a tuberous
electroreceptor in a South American siluriform (Andres et al. 1988), if con-
firmed as to its function, might extend the large number of shared traits
between both groups. Siluriforms and gymnotiforms are unusual among
teleosts in that both have an anterior lateral line nerve with a prominent recur-
rent branch that innervates the electroreceptors of the body trunk (see Chap.
2; see Fink and Fink 1981 for further similarities).

Traditionally, gymnotiforms have been viewed as highly modified
characiforms (tetras, piranhas, pacus; see Fink and Fink 1981 for review). The
present view of siluriforms and gymnotiforms as members of a monophyletic
group that is a sister group of the characiforms has become possible by the ap-
plication of Hennig’s (1966) cladistic approach to phylogeny. He considers
that shared traits among a related group of living organisms that have been
acquired recently but are not present in all of its members (synapomorphies)
are more revealing for a phylogenetic tree than those that are old and shared
by all members of a group (symplesiomorphies).

The African Osteoglossomorpha also present evolutionary problems
regarding electroreception and construction of a phylogenetic tree (Braford
1986; Finger et al. 1986). While a/l Mormyriformes that have been studied are
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Fig. 1.1. Phylogeny of electroreceptive teleosts. The distant relationship between the
siluriform/gymnotiform lineage and the notopteroids (Mormyriformes plus
Xenomystinae; Lauder and Liem 1983) indicates that electroreception (E) must have
evolved at least twice. Horizontal names are major teleost groups (modified from
Finger et al. 1986, which was adapted from Lauder and Liem 1983)

electroreceptive (that is, the Mormyridae and the monotypic Gymnarchidae),
this cannot be said of the related Osteoglossiformes; perhaps the Osteoglos-
siformes are not the monophyletic group they were believed to be. One
osteoglossiform family, the Notopteridae, has two African species,
Xenomystus nigri and Papyrocranus (Notopterus) afer, that are both elec-
troreceptive, while the Asian notopterids are not. The electroreceptors of
Xenomystus are of the common, ampullary type (preliminary data, see
Braford 1986). All other Osteoglossiformes seem to lack electroreception (that
is, the Osteoglossidae, Pantodontidae, and Hiodontidae, plus the Asian
Notopteridae; see Fig. 1.1).

Parsimony would suggest that the African Notopteridae (the Xeno-
mystinae) and the Mormyriformes are a monophyletic lineage (called Notop-
teroidei in Fig. 1.1; Lauder and Liem 1983). However, this is difficult to recon-
cile with the present systematics that places the Notopteridae apart from the
Mormyriformes. Braford (1986) discusses alternative paths of phylogeny.



1.1 Osteoglossiformes

African and Asian notopterids superficially resemble the South American
knife fishes, or gymnotiforms, which are only very distantly related. Both
African notopterids are electroreceptive, Xenomystus nigri and Papyrocranus
(Notopterus) afer, and are sometimes also called knife fishes. These fish have
a very long anal fin fusioned with the tail fin, no (or rudimentary) ventral fins,
a laterally compressed body, and small scales on body and head (Lévéque and
Paugy 1984). They are not known to possess an electric organ and occur in
fresh water only.

%ﬁif&f’?&w&»ﬂm

'

P

Fig. 1.2. Several mormyrids. a Brienomyrus niger (Giinther 1866). Gambia, Niger,
White Nile, Chad, Volta, and Senegal basins. Total length up to 130 mm; b
Brienomyrus brachyistius (Gill 1863). Coastal drainages from Gambia to Zaire; ¢ Pol-
limyrus isidori (Valenciennes 1846). Nile, Gambia, Middle Niger, Volta, and Chad
basins, coastal rivers of Ivory Coast (Sassandra, Bandama, M¢). Senegal (Lévéque and
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1.2 Mormyriformes

Mormyridae (Fig. 1.2). The mormyrids occur only in fresh water of Africa
(predominantly fully tropical, excepting the northern Maghreb and the
southern Cape regions). Of the many fish families endemic to Africa, the
mormyrids are the largest: 18 genera and 188 species (subspecies excluded,;
Gosse 1984), about the number of living Primates (approximately 190 species;
Raven and Johnson 1986), or the number of fish species in the whole of
Europe (192; review Lowe-McConnell 1987). Mormyrids range in maximum
size from about 9 cm when mature to 1.5 m or more. Although tremendously
varied, they have a more or less “normal” fish silhouette with a full set of fins
(a pair of both pectoral and ventral fins, a dorsal, an anal, and a tail fin). The
tail fin is the main source of thrust; it is connected to the body by a caudal
peduncle containing Gemminger’s bones. Trunk muscles move the tail fin via
strong tendons traversing the caudal peduncle that contains the “weak” elec-
tric organ discharging in pulse-like fashion. Mormyrids are unrivalled among
fish for their huge brain, and among vertebrates for their gigantic cerebellum;
some of them have bizarre trumpets or snouts that indicate specialized feeding
habits. Mormyrids are principally fluviatile, with only a few species occurring
as well in one of Africa’s great lakes. Of these species most show
potamodromous behavior in moving up affluent rivers to spawn (review
Lowe-McConnell 1987), although very few details, if any, are known. Most
mormyrids do not seem to like the greater salinity of lakes. An especially
characteristic habitat of certain species seems to be river rapids (Roberts and
Stewart 1976).

The systematics has been revised by Taverne (1972). However, some of the
salient features (anatomical and osteological) are difficult to use in the field or
in live fish, and the behavioral scientist finds himself more often than not in
the dark as to the species identity of his object of study.

PR

Paugy 1984). Up to 90 mm standard length; d Grathonemus petersii (Giinther 1862).
West African rivers, from Niger to Zaire basins. Maximum total length, beyond 20 and
probably below 30 cm (Kramer, pers. observ.); e Petrocephalus bovei (Valenciennes
1846). Nile, Chad, Niger, Volta, Gambia, and Senegal basins. Coastal drainages of
Ivory Coast (Lévéque and Paugy 1984). Up to 90 mm standard length; f Marcusenius
cyprinoides (Linné 1758). Nile, from the Delta to Bahr-el-Jebel, Niger and Chad basins.
Up to 330 mm standard length; g Mormyrus rume (Valenciennes 1864). Gambia,
Senegal, Niger, Volta, and Chad basins. Up to 870 mm standard length. Also found in
several coastal basins, especially of Ivory Coast; up to 900 mm standard length
(Lévéque and Paugy 1984); # Mormyrops deliciosus (Leach 1818). Senegal, Gambia,
Niger, Chad, Zaire, Volta, and Zambezi basins, Lakes Malawi and Tanganyika, Webi
Shebeli and Juba. Up to 1.50 m total length; i Campylomormyrus numenius (Boulenger
1898). Zaire basin, only in big rivers. Up to 650 mm total length; j Campylomormyrus
tamandua (Glnther 1864). Volta, Niger, Chad, Shari and Zaire basins. Up to 430 mm
standard length; k Hippopotamyrus harringtoni (Boulenger 1905). White Nile, Niger
river, Chad basin. Up to 305 mm standard length; / Marcusenius greshoffi (Schilthuis
1891). Zaire basin (lower and central). Total length 108 mm (Boulenger 1909). If not
stated otherwise, nomenclature, length and distribution data according to Gosse
(1984). a,b,c.g,j reproduced from Lévéque and Paugy (1984); d.e,il from Boulenger
(1909); £,k from Daget and Durand (1981)




Table 1.1. Classification of the Mormyriformes (after Gosse 1984; references in Daget
et al. 1986)

Mormyridae (188 spp.)
Boulengeromyrus Taverne and Géry 1968, 1 sp.
Brienomyrus Taverne 1971, 8 spp.
Campylomormyrus Blecker 1874, 14 spp.
Genyomyrus Boulenger 1898, 1 sp.
Gnathonemus Gill 1862, 5 spp.
Heteromormyrus Steindachner 1866, 1 sp. (only one specimen known)
Hippopotamyrus Pappenheim 1906, 16 spp.
Hyperopisus Gill 1862, 1 sp.
Isichthys Gill 1863, 1 sp.
Ivindomyrus Taverne and Géry 1975, 1 sp.
Marcusenius Gill 1862, 37 spp.
Mormyrops Miiller 1843, 26 spp.
Mormyrus Linné 1758, 20 spp.
Myomyrus Boulenger 1898, 3 spp.
Paramormyrops Taverne, Thys van den Audenaerde and Heymer 1977, 2 spp.
Petrocephalus Marcusen 1854, 20 spp.
Pollimyrus Taverne 1971, 19 spp.
Stomatorhinus Boulenger 1898, 12 spp.
Gymnarchidae (1 sp.)
Gymmnarchus niloticus Cuvier 1829

For a complete catalogue and a monumental bibliography of the
Mormyriformes (and other African freshwater fishes) see Gosse (1984) in
Daget et al. (1984, 1986); see also Table 1.1. Lévéque and Paugy (1984)
provide a very useful phenetic key for part of West Africa, and Durand and
Lévéque (1981) for the more global “sudanian” fish fauna (see below). A more
complete key is in preparation (part of the CLOFFA-project; Daget et al.,
starting in 1984). A useful short introduction is given by Hopkins (1986a;
along with a detailed bibliography).

Ichthyological provinces of Africa are based largely on the present
drainage systems (Fig. 1.3; Lowe-McConnell 1987). There are also some in-
land drainage areas, such as Lake Chad or Lake Turkana to the East of the
Nile. The equatorial Zaire basin has the richest fish fauna of all (690 species,
excluding Lake Tanganyika with its highly endemic fauna). The Zaire basin
has 75 mormyrids, or 18% of the fauna. The so-called sudanian region, espe-
cially West Africa, also has many mormyrids, with the smaller Cameroon and
Gabon region containing elements from both Zaire and West Africa; this
region is also very rich in species. The southern Zambezi region, however,
lacks many families of fishes present in the neighboring Zaire region; it has on-
ly 101 fish species and also fewer kinds of mormyrids.

In main rivers, mormyrids are benthic or littoral fishes feeding mainly on
aquatic insects (review Lowe-McConnell 1987). Daget and Durand (1981)
report that most species are bottom-oriented micropredators of the benthic
fauna.

With 18 species the Mormyridae are also relatively well represented in
Lake Chad, a riverine lake of the sudanian region (Lowe-McConnell 1987).
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Fig. 1.3. Ichthyofaunal regions of Africa. Lakes: 4 Albert, Ch Chad, E Edward, G
George, Kb Kariba, Kf Kafue Flats, Kj Kainji, M Malawi, NN Nasser/Nubia, Ok
Okavango, Tk Turkana, Tn Tanganyika, V Victoria, V¢ Volta (Lowe-McConnell 1987)

One of these, the small Pollimyrus isidori, occurs in open water, feeding on
zooplankton (as well as, more typical for mormyrids, on insects), thus sup-
porting top consumers like the piscivore tigerfish Hydrocynus forskalii
(Characiformes). P. isidori is among that fish’s main prey. (There are,
however, no reports of sieve-like gill rakers in P. isidori that would be required
for a true planktivore.) In aquaria, P. isidori shows bottom-oriented micro-
predator behavior typical for mormyrids. Daget and Durand (1981) report
that P. isidori’s typical habitat is the inundation plains.

Lake Victoria, a huge lake the size of Switzerland, has five species of
mormyrids. Mormyrus kannume was studied as to its food preference. It took
a wide diet of chironomid, chaoborid, and trichopteran larvae, as well as
ephemopteran nymphs and shrimps. There was no marked preference for any
of these; a seeming preference depending on several factors and where the fish
was feeding (hard or soft bottom, tunar phase, etc.) and also the size of the fish

9



Fig. 1.4. Gymnarchus niloticus (up to 1.5 m long; Lévéque and Paugy 1984)

(see review Lowe-McConnell 1987). The main impression was that of great
flexibility of feeding behavior.

Gymnarchidae. There is only one species to this family, Gymnarchus niloticus
(Fig. 1.4). 1t is a large (maximum size about 1.5 m), predatory fish that is
unique for its mode of locomotion with a long, undulating dorsal fin, all other
fins except the pectorals being lost. Gymnarchus has a weak electric organ
emitting a constant-frequency wave discharge; it is the only representative of
this discharge type in Africa. Gymnarchus has been the favorite study object of
Hans Lissmann for the demonstration of active electrolocation and the
analysis of its mechanism (Lissmann 1958; Lissmann and Machin 1958).

The fish is widely distributed in the drainage systems of the Nile, Chad,
Niger, Senegal, and is also found in Gambia and Volta.

1.3 Gymnotiformes

Gymnotiforms are freshwater fish, widely distributed through tropical South
America. Although some occur as far north as Panama, their central range is
the Amazon basin. Whole river systems have yet to be explored; therefore,
biogeographical data and species numbers are very provisional (Lowe-
McConnell 1987).

It seems that at the turn of the century the range of gymnotiforms was
greater: Ellis (1913) reports gymnotiforms from as far north as the Rio
Motagua in Guatemala (Central America), and as far south as the Rio de la
Plata, east of the Andes; fish also occurred on the western coast of Colombia
and Ecuador. Three species occurred throughout almost the entire range
(Gymnotus carapo, Eigenmannia virescens, and Sternopygus macrurus); with an
additional four species almost, but not quite, so widely distributed. The
remaining species were largely confined to the Amazon system and the
Guianas. One species, G. carapo, even occurred on the West Indies, although
Ellis (1913; p. 157, Table) does not give further detail .
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Fig. 1.5. Major river systems and sites of ichthyological studies in South America (large
map), and ichthyofaunal provinces (inser). The eight provinces are (insef): (1) the
Guyanan-Amazonian region, (2) the Orinoco-Venezuelan region, (3) the Paranean
region, (4) the Magdalenean region, (5) the Trans-Andean region, (6) the Andean
region, (7) the Patagonian region, and (8) the East Brazilian region. Study sites (Jarge
map): 1 Central Amazon at M Manaus; 2 Madeira; 3 Itacoatiara; 4 Negro; 5 Aripuaiia;
6 Ecunador; 7 Peruvian Amazon; 8 Rupununi; 9 Mato Grosso; 10 Orinoco; /1 Mag-
dalena; 12 Paranaiba; 13 Parana; 14 Pilcomayo; 15 Mogi Guassu; /6 Gran Chaco; 17
Lake Titicaca; 18 Panama streams. Cc Casiquaire canal, connecting temporarily
regions 1 and 2; MI Marajo Island; Tn Tocantins; Tp Tapajos; X Xingu (Lowe-
McConnell 1987)

Lowe-McConnell (1987) distinguishes eight ichthyofaunal provinces in
South America (as recognized by Géry 1969; Fig. 1.5): “(1) the Guayanan-
Amazonian region with interconnections to (2) the Orinoco-Venezuelan
region to the north, and (3) the Paranean to the south; (4) Magdalenean and
(5) Trans-Andean in the northwest; (6) Andean and (7) Patagonian south of
this, with (8) the East Brazilian in rivers flowing to the Atlantic coast”.

Most information on gymnotiforms comes from the central Amazonian
system, an area almost the size of the continental US, which contains the
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world’s richest freshwater fish fauna (probably more than 1300 species, Lowe-
McConnell 1987; close to 2000 species, Fittkau 1985). Colinvaux (1989) and
Fittkau (1985) review hypotheses that may explain the evolution of this
unique ecosystem and its (selective) species-richness. Gymnotiforms also oc-
cur in Andean streams at 340 m altitude but the considerable species richness
of the ichthyofauna begins in water at less than 300 m. Even the Amazonian
central basin of below 200 m above sea level is an area of 2.5 million km?
(Lowe-McConnell 1987), or 10 times the size of the German Federal
Republic, or almost one-quarter the whole of Europe. Another relatively well-
studied area is the Orinoco-Venezuelan region, while considerably less, if any-
thing, is known for the other regions.

South America is a low land compared with Africa and lacks large lakes
(except seasonal, lateral varzea lakes resulting from river inundations). There
are, however, trumpet-shaped river mouths of certain tributaries of the
Amazon river that resemble lakes (for example, the Xingu and the Tapajos;
“drowned” rivers, Sioli 1984). Conditions of vital importance for fish, such as

Table 1.2. Classification of the Gymnotiformes (after Mago-Leccia 1978)*

Sternopygtdae (11 spp.)
Sternopygus Miiller and Troschel 1849
Archolaemus Korringa 1970
Eigenmannia Jordan and Evermann 1896
Distocyclus Mago-Leccia 1978
Rhabdolichops Eigenmann and Allen 1942
Rhamphichthyidae (2 spp.)
Rhamphichthys Miiller and Troschel 1849
Gymnorhamphichthys Ellis 1912
Hypopomidae (12 spp.)
Hypopomus Gill 1864
Hypopygus Hoedeman 1962
Steatogenys Boulenger 1898
Parupygus Hoedeman 1962
Apteronotidae (Sternarchidae in the older literature; 25 spp.)
Adontosternarchus Ellis 1912
Apteronotus Lacépéde 1800
Sternarchogiton Eigenmann 1905
Sternarchella Eigenmann 1905
Porotergus Ellis 1912
Sternarchorhynchus Castelnau 1855
Ubidia Miles 1945
Orthosternarchus Ellis 1913
Sternarchorhamphus Eigenmann 1905
Oedemognathus Myers 1936
Gymnotidae (3 spp.)
Gymmnotus Linnaeus 1758
Electrophoridae (1 sp.)
Electrophorus electricus Gill 1864

* Provisional species numbers according to Lowe-McConneli (1987) may show relative
species abundance, even if almost certainly too low in most families (except the Elec-
trophoridae).
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the course of rivers and water level, fluctuate considerably (15 m at Manaus
that is itself only little more than 30 m above sea level, although 1500 km from
the sea when following the river). Certain species (perhaps many?) respond to
this environmental instability by performing long migrations between feeding
and spawning grounds, such as the characid Prochilodus scrofa from the
Parana region with its 1200 km/year round trip (review Lowe-McConnell
1987). For the majority of species, and gymnotiforms in particular, we know
very little or nothing about their ecology (excepting papers by Schwassmann;
Hagedorn; and Lundberg and Stager 1985).

At present there is no useful key to the gymnotiforms; a precondition to
correcting the situation described above. There is no key because the
systematics of the Gymnotiformes is confused in several genera. The most
thorough modern work of gymnotiform classification is that of Mago-Leccia
(1978) whose system is used in this book (Table 1.2). (There will be a key to all
known genera and a complete list of species and synonyms by Mago-Leccia,
in manuscript at the time of this writing; pers. comm.). For a short overview,
see Hagedorn (1986).

Sternopygidae. These are all of the wave-discharge type. Frequencies range
from very low (below 20 Hz) to high (around 800 Hz). Some species are
solitary, others gregarious; most are insectivorous (especially larvae of dip-
terans). Rhabdolichops species with gill rakers are reported to feed on
zooplankton (Lundberg et al. 1987). Sternopygus is considered the most
primitive gymnotiform (Fink and Fink 1981; Lundberg and Mago-Leccia
1986 seem to agree). A recent analysis of the phylogeny within the family is
given by Lundberg and Mago-Leccia (1986), who also describe four new
Rhabdolichops species; see also Schwassmann and Carvalho (1985). Eigen-
mannia (Fig. 1.6A) is the gymnotiform of the tropical fish trade; hence, of
most behavioral and physiological/neuroanatomical studies. Unfortunately,
its systematics is confused.

Rhamphichthyidae. This family includes the sandfish, Gymnorhamphichthys,
that buries into sand during the day (Fig. 1.6B). Members of the genus
Rhamphichthys may grow very large (longer than 1 m); although compressed
and slender, they are eaten chopped in pieces by local people near Manaus.
These fish have a pulse-type discharge.

Hypopomidae. Most species are rather small (some worm-like (Fig. 1.6D);
others, like Steatogenys, resemble fallen leaves; Fig. 1.6C) and have a pulse-
type discharge. A recent systematic study is that of Schwassmann (1984).

Apteronotidae. The only gymnotiforms that have an albeit tiny caudal fin, and
a filamentous dorsal fin that is usually invisible because it rests in a dorsal
groove. Apteronotids are the only electric fish that have neurogenic electric
organs, mostly of high or very high frequencies and often complex waveshapes
(Kramer et al. 1981). The systematics of the genus Adontosternarchus (Fig.
1.6E) has been reanalyzed recently (Mago-Leccia et al. 1985).
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Fig. 1.6. Some Gymnotiformes. 4 Sternopygidae: Eigenmannia (Valenciennes). Ac-
cording to Mago-Leccia (pers. comm. 1990), erroneously designated virescens by
Mago-Leccia (1978). Length, 21 cm; rio Guanare (Venezuela) (Mago-Leccia 1978); B
Rhamphichthyidae: the sandfish Gymnorhamphichthys hypostomus Ellis. Length, 21.5
cm (Ellis 1913); C Hypopomidae: Steatogenys elegans (Steindachner). Up to 12.3 cm
standard length (in gymnotiforms, from snout to end of anal fin). (Schwassmann 1984);
D Male and female Hypopomus occidentalis from Panama (Hagedorn and Carr 1985);
E Apteronotidae: Adontosternarchus balaenops (14 cm long; Ellis 1913). Name cor-
rected according to Mago-Leccia et al. (1985); F Gymnotidae: Gymnotus carapo; G
Electrophoridae: Electrophorus electricus, the electric eel, up to 2.5 m long (M.
Bourgeois, from Lamarque 1979)
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Gymnotidae. The voracious Gymnotus carapo often appears in the tropical fish
trade; it is not only insectivorous like most other gymnotiforms (except, of
course, the eel) but also preys on fish (Fig. 1.6F). This fish’s cross-section is
nearly cylindrical, not knife-like. The organ discharge is of the pulse-type.

Electrophoridae. This is a monotypic family with only one species, the strong-
electric eel, Electrophorus electricus (Fig. 1.6G). Both strong and weak dis-
charges are of the pulse-type.

The natives generally avoid this fish because an eel 5 ft. (about 1.5 m) long
can give so powerful electric shocks that they are “sufficient to knock a man
down” (Ellis 1913). Fish may reach 2.5 m and weigh some 20 kg (Lamarque
1979).

1.4 Siluriformes

The Siluriformes deserve mention, not only for the electric catfish of the
monotypic family Malapteruridae with its strong organ. The distribution of
this large predator is almost pan-African (from the sudanian to the Zambezi
regions, present in rivers and lakes).

The Siluriformes possess ampullary (low-frequency) electroreceptors as a
group. The Siluriformes are the only electroreceptive teleosts that are dis-
tributed worldwide, and are not restricted to the tropics; two families have be-
come secondarily marine (the Ariidae, seacatfishes, and the Plotosidae, eeltail
catfishes). There are about 2000 catfishes in 31 families, with 13 families
endemic to South America (review Lauder and Liem 1983), and three families
endemic to Africa (Lowe-McConnell 1987). According to an unpublished
congress report (Hagedorn and Finger 1986), two African catfishes of the
genus Synodontis (Mochokidae, squeakers) possess weak electric organs, like
the Mormyriformes or the Gymnotiformes. A study of the function of these
weak organs is planned (M. Hagedorn, pers. comm.). The systematics of
African catfishes is found in Daget et al. (1984, 1986), and keys are available
from Durand and Lévéque (1981) and Lévéque and Paugy (1984; Fig. 1.7). A
South American catfish may have high-frequency electroreceptors (Andres et
al. 1988; see Chap. 2).

Fig. 1.7. Malapterurus electricus, the electric catfish, up to 1.2 m long (Lévéque and
Paugy 1984)
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Chapter 2

Electric Sensori-Motor System

2.1 Electroreception in Evolutionary Perspective

The lateral line system of fishes and some amphibia is a major, complex
sensory system containing several kinds of peripheral sensory organs (some of
them occurring in huge numbers per individual), with their afferent and ef-
ferent connections to the brain, with specialized ganglia, nuclei or laminae
within certain brain areas, as well as specific fiber tracts to higher brain
centers. Cutaneous sensory organs distributed over the head and trunk (often
forming a lateral line), such as the neuromasts or the canal organs, detect
pressure waves or currents ir. the water; if present, electroreceptor organs
form part of the system.

Following the discovery of electroreception in the Mormyriformes and
Gymnotiformes by Lissmann (1951, 1958), electroreception appeared to be a
truly exotic sensory modality, only found in remote, tropical freshwater
biotopes of Africa and South America in a few specialized fishes living in
muddy waters (however, many waters are clear, and most are not muddy).
Electroreception in these nocturnal fishes appeared to be linked to their weak
electric organ discharges, the energy source of a system for active electroloca-
tion (and, as shown only later, communication).

The discovery of electroreception raised interest in an early observation of
responses of an ictalurid catfish (which does not possess an electric organ) to
weak electric fields (Parker and van Heusen 1917); the renewed interest led to
the recognition that catfish possess lateral line electroreceptors of the ampul-
lary organ type (see below; the long-known “small pit organs”; Roth 1968).
The ampullae of Lorenzini of cartilaginous fishes, of which afferent nerve im-
pulses were .recorded as early as 1895 (review Murray 1974), were also
regarded in light of a possible electroreceptive function after Lissmann’s dis-
covery. After about half a century of having been assigned various functions
(this is a philosophically interesting case history of science; Bullock 1974)
these receptors were, finally, recognized to be extremely sensitive to weak elec-
tric currents (Murray 1960), and to serve an electroreceptive role in the fishes’
life (Dijkgraaf and Kalmijn, several papers in the 1960s; see reviews Kalmijn
1974, 1988).

It was only with the late 1970s that we began to recognize that elec-
troreception, in the form of ampullary receptor organs of the lateral line
system, is present in all jawed fishes except most Teleostei (and a few relatives,
the bowfin Amia and the gars; that is, the Neopterygii, see Fig. 2.1). Elec-
troreception was probably present in the earliest bony fishes, as suggested by
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Fig. 2.1. Cladogram of the interrelationships of jawed fishes and their descendants in
relationship to electroreception. k kinocilium present on the apical membrane of an
ampullary electroreceptor cell; 7 microvilli (? indicates “uncertain status”). All of these
taxa, with the notable exception of the Neopterygii including the teleosts, are elec-
troreceptive, probably by inheritance from common ancestors. Only after the advent of
teleosts did electroreception reevolve at least twice (in certain Osteoglossomorpha and
in ostariophysan ancestors of the Gymnotiformes and Siluriformes). Besides the lack of
a kinocilium, teleost ampullary receptor cells are distinguished by their sensitivity to
weak anodal rather than cathodal voltages outside the receptor opening, as observed in
all other taxa (Northcutt 1986)

its presence in extant representatives of all major taxa except the Neopterygii,
and fossil evidence from the cosmine-layer of the dermal armor of certain
lobe-finned fishes (see review Northcutt 1986). Electroreceptive nonteleosts
include the Chondrostei (sturgeons and paddlefish), the Cladistia (the bichirs,
Polypterus), the Dipnoi (the lungfishes) and even two of the three amphibian
taxa (review Fritzsch and Miinz 1986).

It is likely that the ancestors of the bony fishes (Osteichthyes) and their
sister group, the cartilaginous fishes (Chondrichthyes: sharks, rays, chimaeras
or ratfishes) were also electroreceptive (reviews Northcutt 1986; Bodznick
and Boord 1986). We may even include the ancestors of the most primitive
vertebrates, as suggested by the discovery of electroreceptors, termed end
buds, and their central connections in the jawless lampreys (Bodznick and
Northcutt 1981; review Ronan 1986).

Electroreception by common descent at least in the jawed fishes (excepting
the few teleosts that are electroreceptive) is suggested by special structural and
functional properties of the receptor cells: there is, as in hair cells of the
mechanoreceptive lateral line system, a kinocilium at the apical membrane of
a cell that faces the ampullary lumen (with an 8+1 or 9+1 arrangement of
microtubules). The afferent nerve fiber responds to a weak stimulus voltage
that is cathodal at the receptor opening. The receptor cell contacts the afferent
nerve fiber by a chemical synapse with a presynaptic ribbon; there are no ef-
ferent nerve fibers terminating on the receptor cell, unlike mechanoreceptive
hair cells. The receptor cell may or may not have microvilli at its apical,
lumenal face.
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Concerning the significance of the kinocilium, Ronan (1986) observes that
its presence (rather than that of microvilli) need not represent the ancestral
condition in vertebrates. The end bud receptor cells of lampreys bear micro-
villi but no kinocilia. Northcutt (1986), from a cladistic point of view, con-
siders it most likely that the earliest electroreceptors in vertebrates had both
kinocilia and microvilli.

Electroreceptive teleosts, on the other hand, have electroreceptor cells that
lack a kinocilium but do possess microvilli; the afferent nerve fiber increases
its firing rate to a weak stimulus voltage of opposite polarity (that is, anodal at
the receptor opening), compared to the rest of the jawed fishes, including the
jawless lampreys. In teleosts, ampullary electroreceptors (and, for that matter,
also tuberous receptors) must have arisen at least twice: (1) in certain African
Osteoglossomorpha, and (2) in the South American Gymnotiformes and the
ubiquitous freshwater catfishes (including a marine species that has been in-
vestigated, Plotosus; the latter two taxa both belong to the ostariophysan sub-
group of teleosts). Northcutt (1986) discusses how electroreception that was
probably lost with the origin of neopterygians for unknown reasons (but see
Northcutt) may have reevolved only after the origin of teleost fishes (in a way
that strikingly resembles the ancestral condition in both form and function,
although at a finer level of analysis many differences are also apparent; see
also Braford 1986).

2.1.1 Cranial Nerves and Somatic Distribution of Electroreceptors
in Teleosts

The lateral line system is served only by cranial nerves. These nerves, like
those of the nose, eye, and ear, are called “special” sensory nerves because of
their distinctive nature, not corresponding to the serial spinal nerves. Sensory
fibers from the lateral line system are, among other fibers, found in the facial
nerve (VII), the glossopharyngeal nerve (IX), and in the vagus (X), but not in
the statoacoustic nerve (VIII) which serves the organs of equilibrium and
hearing (see, for example, Hildebrand 1982; Fig. 2.5). However, the so-called
secondary sensory cells of the statoacoustic system are hair cells that are very
similar to those of the lateral line system; there is reason to believe that both
are phylogenetically closely related.

Northcutt (1986) feels that the traditional view of cranial lateral line nerves
should be modified because these nerves are distinct from the other cranial
nerves, both in terms of embryonic origin and central termination. He argues
that all lateral line organs of the head are innervated by a pair of anterior
lateral line nerves, whereas all lateral line organs of the trunk and tail are in-
nervated by a pair of posterior lateral line nerves (but see the significant
modification of this pattern in the electroreceptive Gymnotiformes, Fig. 2.5,
and Siluriformes; Szabo 1965; review 1974; Fink and Fink 1981). Each of
these nerves possesses several ganglia; these ganglia and the organs they in-
nervate arise from different neurogenic placodes. This suggests, according to
Northcutt, that the so-called anterior and posterior lateral line nerves and the
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Fig. 2.2. The somatic distribution of ampullary electroreceptor organs (“small pores™)
in the flattened electroreceptor epidermis (hatched) of a Gnathonemus petersii
(Mormyridae). White areas no electroreceptors present; the electric organ is located in
the peduncle of the tail fin, as indicated (Harder 1968)

organs they innervate are not single phylogenetic units, but composite nerves
with multiple phylogenetic origins and subsequent histories (see also Szabo
1974) that are, in spite of an extensive literature, only poorly understood.

Electroreceptors are found in four of the about 33 orders of teleost fishes
(see, for example, Rosen 1982; Nelson 1984): the Mormyriformes, the Gym-
notiformes, and the Siluriformes (see the detailed reviews of Bennett 1971b;
Szabo 1974). A recent addition are the two African knifefishes, especially the
“false featherfin” Xenomystus nigri, but also Papyrocranus afer, of the
Osteoglossiformes (but no other osteoglossiforms; review Braford 1986).
Mormyriformes and Osteoglossiformes are closely related (Osteoglossomor-
pha), while the Gymnotiformes and the Siluriformes represent a monophyletic
radiation of the Ostariophysi (Fink and Fink 1981). Osteoglossomorpha and
Ostariophysi are only distantly related (see Chap. 1).

The above teleosts have tonic “ampullary” receptor organs in common,
while the Mormyriformes and the Gymnotiformes have in addition phasic
“tuberous” receptors. Recently, however, a silurid was also found to possess a
tuberous electroreceptor, but the physiology and behavior are unstudied at
the time of this writing (Andres et al. 1988; see Sect. 3.2.3). The following dis-
cussion focuses on the teleosts, Gymnotiformes and Mormyriformes, possess-
ing weakly electric organs for electrolocation and communication.

In most mormyrids, the somatic distribution of electroreceptor organs is
restricted to that part of the skin which has been called the “electroreceptor
epidermis” (Fig. 2.2; Harder 1968). Electroreceptors are found over the entire
head and ventral and dorsal surfaces, but are absent on the sides of the body

20



GNATHONEMUS

MORMYRUS

S SR

fepheg s

—
tem

HYPOPOMUS

Fig. 2.3. The somatic distribution of electroreceptor organs in mormyrids and gym-
notiforms. A Gnathonemus petersii, tuberous electroreceptors. The Knollenorgan dis-
tribution is only shown for the head while mormyromasts are shown only for the trunk.
Both types extend over head and trunk, but not the sides of the body and the caudal
peduncle (as shown in Fig. 2.2). BIn Mormyrus caballus only the tail region and the fins
lack electroreceptors. C The electric eel (Gymnotiformes) shows a patchy distribution
of electroreceptors over most of its body. D Diamonds ampullary organs in Sternarchus.
Center area of 5 mm? distribution of tuberous (dots), ampullary, and canal organs
(squares) of the lateral line. E Tuberous organs in Hypopomus. Large dots pulse marker
(or M) receptors. Arrows in C,D: the numberss give the density of tuberous organs/mm?
(A, B from Quinet in Szabo 1974; C—E Szabo 1974)

and on the caudal peduncle (where the electric organ is located). Grathonemus
petersii is a representative of the most common distribution pattern (Fig.
2.3A) while Mormyrus caballus with its electroreceptors distributed over al-
most all of its body represents an extreme case (Fig. 2.3B).

In addition to the tonic ampullary receptors there are two kinds of phasic
tuberous receptors, the mormyromasts and the Knollenorgane. The distribu-
tion of the mormyromasts (Fig. 2.3A) resembles that of the ampullary recep-
tors (Bennett’s “small pores”, Fig. 2.2), but there are about twice to three
times as many mormyromasts compared to ampullary organs, depending on
the species. The number and distribution of the Knollenorgane (Bennett’s
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Fig. 2.4. Innervation of electroreceptors by anterior (head) and posterior (trunk) lateral
line nerves in the mormyrid, Grnathonemus petersii. Ventrally located receptors are in-
nervated only by the medial branch of the posterior lateral line nerve; dorsally located
receptors by both the dorsal and medial branch. Mechanoreceptive canal organs are
found at the level of the medial branch. Both branches carry also mechanoreceptive af-
ferences (Harder 1968; from Bennet 1971b)

~
N

1,
C

ANTERIOR
LATERAL LINE

LATERAL
LINE N,

POSTERIOR
J LATERAL LINE NERVE
(MECHANORECEPTIVE)

Fig. 2.5. Cranial nerves of the electric eel (Gymnotiformes). Only the anterior lateral
line nerve carries electroreceptor afferences; the posterior lateral line nerve is exclusive-
ly mechanoreceptive. The anterior branch of the anterior lateral line nerve innervates
cramal electroreceptors and canal organs; its posterior branch only electroreceptors
from the trunk (De Oliveira Castro in Bennett 1971b)

22



“large pores”; Fig. 2.3A) is similar to that of the ampullary organs; however,
they are less uniformly distributed with their highest density in the gill region
(opercula). These electroreceptors, as well as mechanoreceptive lateral line
organs, are innervated by either posterior or anterior lateral line nerves. From
the posterior nerve a large dorsal branch splits off which innervates
predominantly electroreceptors from the dorsal region of the trunk, while the
ventrally located electroreceptors, as well as mechanoreceptive organs near
the medial branch of the posterior lateral line nerve, are innervated by this
medial branch (Fig. 2.4).

In the monotypic representative of the family Gymnarchidae (Mormyri-
formes), Gymnarchus niloticus, there are also ampullary and two types of
tuberous receptors, gymnarchomasts type I and II (Szabo 1974). They are
found everywhere in the skin, decreasing in density towards the tail. Over
40,000 gymnarchomasts type I have been estimated in a fish of 25 ¢m in
length.

Also in gymnotiforms the density of ampullary organs is greatest on the
head and decreases toward the tail (see Fig. 2.3D). The much more numerous
tuberous organs show a similar trend but subtypes are restricted to certain
regions differing among species (Szabo 1974). The electroreceptors of the
entire body are innervated by the anterior lateral line nerve from which the
large posterior branch, which carries exclusively electroreceptive fibers, splits
off to join the smaller posterior lateral line nerve just behind the head (Fig.
2.5). This latter nerve is purely mechanoreceptive (neuromasts and canal
organs).

The ampullary receptors of catfish tend to occur all over the body, includ-
ing fins, and are sometimes arranged in orderly rows, but are more con-
centrated on the head and opercula. The marine catfish Plotosus shows a
unique pattern resembling in part that of elasmobranchs as do its ampullary
receptor organs with their long canals (Szabo 1974). They are clearly more
sensitive to weak stimulus voltages than those of freshwater catfish (review
Bennett and Obara 1986).

2.1.2 Structure of Electroreceptors in Teleosts

In freshwater electric fish, electroreceptors are visible at weak magnification
of a dissecting microscope, especially in pigmented areas of the skin, because
the receptors themselves are unpigmented (Fig. 2.6).

For an understanding of the electroreceptive function, the structure of the
skin, as well as that of the electroreceptors and their accessory structures, is
just as important as the morphology of the eye or ear for their respective func-
tions.

The skin of freshwater electric fish (at least that of the mormyrids and the
gymnotiforms) is of high resistance; the anatomical basis apparently being a
region of flattened cells on top of the stratum spinosum. In sections parallel to
the skin surface of mormyrids, these cells are closely packed (no intercellular
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Fig. 2.6. Receptor organs in the skin of Gymmnotus are visible as unpigmented spots. P
phasic, tuberous, and 7 tonic, ampullary electroreceptors; N neuromasts (Bennett
1971b)

spaces) and regularly hexagonally arranged, resembling a botanical prepara-
tion. These cells contact each other by many desmosomes (tight junctions) and
have a high content of tonofilaments (Szabo 1974). Above an electroreceptor
organ this high resistance layer is punctured by a plug of “loose” tissue, that
is, there is a channel across the skin where current can flow through the recep-
tor. “In mormyrids the skin resistivity is about 50 kQ - cm?, which is some
hundred times greater than that of goldfish or hatchetfish (the latter is a South
American freshwater fish). The skin resistivity is much smaller in gymnotids,
1-3 kQ - cm?, but is still greater than in the other freshwater fish.” (Bennett
1971b).

An ampullary receptor, as found in gymnotiforms and mormyriforms, is
schematically shown in Fig. 2.7A. The ampulla proper lies rather deep in an
epidermal invagination into the underlying corium that is surrounded by the
epidermal basement membrane. The lumen of the ampulla is connected to the
outside by a jelly-filled, open canal which is lined with several layers of over-
lapping, flattened cells. The canal wall appears sealed by the layer of flattened
cells, presumably giving the skin its high resistance. The sensory epithelium at
the base of the ampulla is composed of several sensory cells and a large num-
ber of accessory cells. Usually, several ampullae are served by a single afferent,
branching nerve fiber.

Only a small part of the apical surface of a receptor cell is exposed to the
ampullary lumen. The sensory cells of teleost ampullary organs bear microvilli
(but no kinocilia).

Tuberous organs (Fig. 2.7C-F) are also located in epidermal invaginations
into the corium. Unlike ampullary organs there is usually no true canal open-
ing to the skin surface (one exception occurs in the mormyrids; Szabo 1974).
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Fig. 2.7. Schematic electroreceptor organs in teleosts, located in invaginations of the
epidermis. 4 Ampullary receptor; B tuberous receptor from a gymnotiform; C Knol-
lenorgan (one kind of mormyrid tuberous receptor); D mormyromast (other kind of
mormyrid tuberous receptor). Peculiar mucoid ball on top of sensory cells type 2. E
Gymnarchomast type I; F gymnarchomast type Il of Gymnarchus (Mormyriformes).
Note stratification of epidermis in Gymnotiformes and mormyrids (but not Gymnar-
chus) by flattened cell layer with many zonular tight junctions and high tonofilament
content, presumably giving the skin its high electrical resistance (horizontally hatched).
This current barrier is punctuated above an electroreceptor, either by a jelly-filled canal
(A4), a plug of loose cells with wide intercellular spaces (B,C), or a mucopolysaccharide-
filled perisensory space (D). ac Accessory cells; b capsule wall; bm basement membrane;
cc covering cells; n nerve terminals; ps perisensory space; sc sensory cells. Numbers refer
to different types (Szabo 1974)
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Functionally, however, there is a canal across the skin, because the space
covering the receptor is filled by rather loose plug cells; that is, the high
resistance layer of the skin is punctured also above tuberous receptors.

In mormyrids there are two anatomically distinct types of tuberous recep-
tors, the Knollenorgane (K) and the mormyromasts (D), which are the begin-
nings of two distinct sensory pathways in the brain. In gymnotids there is only
one anatomical type of tuberous receptor; it can, however, apparently be sub-
divided into subtypes on morphological and physiological grounds.

The Knollenorgane are generally believed to serve the communication and
the mormyromasts the electrolocation function of the electric sensorimotor
system, although this is, in some regards, an oversimplification (see below).
The segregation of functions is less obvious in gymnotiforms.

The Knollenorgane have 1-35 receptor cells, with each cell located in its
own perisensory cavity within the sensory organ, while in the tuberous recep-
tor of gymnotiforms 10 to 100 cells share one cavity. About 90% of the apical
surface of a tuberous receptor cell is exposed to the perisensory space; the sur-
face is richly decorated with microvilli. The basal part of a sensory cell rests on
a hillock of supporting cells; there is only one (branching) afferent nerve fiber
contacting all cells of an organ. The Knollenorgan sensory cell is capable of
spiking; transmission to the postsynaptic membrane is thought to be elec-
trotonic and fast, although in tuberous organs only chemical synapses have
been described to date. [However, in the gymnotiform Sternarchus gap junc-
tions in addition to chemical ribbon synapses were found (reviewed in Szabo
1974); gap junctions are known to be fast, electrotonically transmitting and
sometimes to occur together with chemical synapses in the same cell.]

The tuberous organs of pulse gymnotiforms can be functionally and
anatomically divided into pulse marker units (M units) and burst duration
coders (B units). Anatomical details of the contact zone of the afferent nerve
fiber with the sensory cells differ between these two types (see review Zakon
1988). Synapses are chemical.

The tuberous organs of wave gymnotiforms (especially Sternopygidae)
are divided into phase coders (T units) and probability coders (P units) on
physiological grounds; it is not certain whether anatomical correlates exist,
and even the physiological distinction has been doubted (Viancour 1979a).
Based on the number of receptor organs contacted by a single afferent fiber,
Zakon (1988) considers that he can anatomically distinguish P from T recep-
tors in Sternopygus and Eigenmannia.

The mormyromasts are the most numerous of all electroreceptors in the
mormyrid skin: in a 13 cm Grathonemus petersii, Harder (1968) counted 2296
mormyromasts, 911 ampullary and 986 Knollenorgane. The mormyromast is
the most complex of all electroreceptors; a sense organ (Szabo). Two different
types of sensory cells are innervated separately. There is an outer and an inner
sensory cavity, one for each sensory cell type, which are connected by a small
canal. The skin’s flattened cell layer of high resistance is punctured above a
mormyromast by the bigger outer sensory cavity (instead of a plug of loose tis-
sue with large intercellular spaces, as observed in most other tuberous recep-
tors).
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The bottle-shaped sensory cells of the outer, larger sensory cavity of a
mormyromast are embedded in its wall and contact the lumen only by their
apical tips; they are unique among electroreceptors (and hair cells in general)
by not bearing microvilli nor any other specialization in their apical cell
region. Until recently, their status as electroreceptor cells appeared mainly
derived from their innervation, as there are no intracellular recordings;
recordings from afferent nerve fibers could not be attributed to either sensory
cell type (Kramer-Feil 1976; but see below). Each of the five to seven outer
sensory cells is contacted by one of two or three branching nerve fibers.

The other, inner sensory cell type is more similar to that seen in the Knol-
lenorgan, and especially to that in gymnotiforms: 3-5 elongated cell bodies
stand upright in the deeper sensory chamber, exposing most of their
microvilli-covered surface to the chamber fluid. A single, branching nerve
fiber contacts these cells. Still not known is the function of the unique
mucopolysaccharide “ball” resting on top of the inner sensory cells, depress-
ing their surface; the ball is free of calcium and therefore does not represent a
statolith (Denizot in Szabo 1974).

Bell et al. (1989) now have shown that the afferent fibers from both cell
types project to the electrosensory lobe of the lateral line (ELL), by using
retrograde labeling with horseradish peroxidase. Fibers from the outer
sensory cells terminate in the medial zone while fibers from the inner sensory
cells terminate in the dorsolateral zone of the ELL (see Sect. 2.1.4). Also
physiological data supporting an electrosensory function of both sensory cell
types are now available (Bell 1990; see below).

The morphology of gymnarchid tuberous electroreceptors, gymnar-
chomasts, is strikingly different from that of mormyrids (Fig. 2.7), despite the
close phylogenetic relationship of both families. As the physiology of gymnar-
chomasts has been little studied (with the exception of Bullock et al. 1975;
Table 2.1), and occur in just one species, Gymnarchus niloticus, the only
African fish with a wave discharge, gymnarchomasts are dealt with here only
in passing. It may, however, be noted that all gymnarchid electroreceptor cells
(including ampullary) are unique in their more or less deep, microvilli-covered

Table 2.1. Summary of physiological, tuberous receptor types for both orders of weakly
electric teleosts ® (Zakon 1988)

Gymnotiforms Mormyriforms

Family EOD?* Recept. Family EOD* Recept.
Types Types

Sternopygidae W PT Gymnarchidae w 0,8

Apteronotidae W P, T Mormyridae P K,D

Rhamphichthyidae P B.M

Hypopomidae P B,M

Electrophoridae P ?

Gymnotidae P B,M

* EOD Electric organ discharge; W wave type; P pulse type.
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invaginations of the apical surface. The gymnarchomast type I (S unit) resem-
bles the mormyromast by its two kinds of sensory cells wich are, in contrast to
those of the mormyromast, innervated by the same nerve fiber. Functionally,
however, the S unit corresponds to the Knollenorgane by its spike-like activity
that is correlated 1:1 with the fish’s constant-frequency wave EOD, and occurs
also spontaneously at similar frequency in a silenced fish (Szabo 1962a,b;
Szabo and Fessard 1974).

2.1.3 Modes of Encoding Electrical Stimuli

Ampullary receptors of gymnotiforms and mormyrids are very similar both
structurally and in their physiological properties. Ampullary receptor fibers
fire permanently (spontaneously), sometimes at more than 100 spikes/s
(around 50/s in mormyrids). An anodal step stimulus applied to the receptor
opening increases the rate of firing, a cathodal stimulus decreases it (Fig. 2.8).
Their response pattern therefore is opposite compared with that of the ampul-
lary receptors of elasmobranchs (ampullae of Lorenzini), or the ampullary
receptors of nonteleost bony fishes. Teleost ampullary receptors are also sensi-
tive to mechanical stimulation, at least those of mormyrids (Szabo 1970b), as
are their elasmobranch counterparts (review Murray 1974).
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Fig. 2.8. Response of an ampullary receptor of Gymnotus. A This afferent nerve fiber
discharges spontaneously at more than 100/s; its rate is modulated up or down by a B
anodal or C cathodal stimulus potential. Upper traces impulses in the afferent nerve
fiber; lower traces stimulating potential applied externally at the receptor opening. The
stimulus/response relationship for a 100-ms stimulus is of sigmoid shape, being linear at
small stimuli of either sign. Changes in sensory nerve discharge occur to changes in
stimulus voltage of several pV only (Bennett 1971b)
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The apical face of the cell membrane of the teleost ampullary receptor has
a larger surface area than the basal membrane and a lower resistance. There-
fore, the basal membrane limits the current flow through this cell. A stimulus
that is anodal outside (lumenal face) depolarizes the basal face of the receptor
cell which is presynaptic to a nerve fiber. The depolarization leads to an in-
creased secretion of transmitter by the receptor cell which in turn causes the
nerve fiber to fire at an increased rate. Cathodal stimuli that hyperpolarize
the inner receptor cell face decrease the secretion of transmitter, thereby
lowering the rate of afferent nerve impulses. These electroreceptor cells are
voltage to chemical transducers and are believed to have voltage-sensitive Ca-
channels that are responsible for transmitter-release or their regenerative
voltage response (Bennett and Obara 1986).

The roles of the apical and basal receptor membranes have been inferred
from whole-ampulla studies only (except in the transparent catfish, Kryptop-
terus; Bennett 1971b). It is believed that in the teleost ampullary receptor the
physical stimulus itself, if greater than about 10 uV, causes transmitter release
(linear behavior of the receptor membrane). This is in contrast to the marine
elasmobranchs, where both receptor faces seem to interact, resulting in high
amplification of the physical stimulus, which would explain the extraordinary
sensitivity of marine elasmobranchs compared with freshwater teleosts
(5 nV - cm ™! measured behaviorally; 10-100 times stronger threshold stimuli
were determined neurophysiologically; see the review by Kalmijn 1988).

Because of their relatively slow accommodation, ampullary receptors are
called “tonic”. These receptors have their highest sensitivity to sinusoidal
stimuli of 30-50 Hz (Poppele and Bennett; in Bennett 1971b), or 10-30 Hz
(review of Zakon 1986), and thus do not respond well to DC current nor to

Knolienorgan Mormyromast Ampullary
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Fig. 2.9. Post-EOD histograms showing afferent nerve responses of the three types of
electroreceptors to a mormyrid’s own EOD (N=100-400). Two different Knol-
lenorgane and three different mormyromasts are shown. The responses of an ampullary
fiber are also shown at high sweep speed to facilitate the comparison with the other two
receptors (Bell 1986)
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high-frequency EODs. They may, however, respond to EODs if they are either
low in frequency (as in certain sternopygids; Gymnotiformes) or of the pulse
type (Fig. 2.9). Most puise EODs have considerable spectral amplitudes at low
frequencies. The frequency range of highest sensitivity of elasmobranch
ampullary receptors is around 6-8 Hz; there is thus an additional functional
difference from teleosts (reviews Kalmijn 1988; Zakon 1986).

The function of the ampullary receptors appears to be the coding of ex-
ternal low-frequency signals such as those generated by all aquatic animals
and various nonbiological sources. A fish can “transform” a pure DC field to
alow-frequency signal by its movement (see Kalmijn 1988).

The Knollenorgane respond to EODs as do mormyromasts, but Knol-
lenorgane are 10-20 times more sensitive. They respond to an EOD by just a
single spike, the latency of which remains nearly constant even if the intensity
is increased (Fig. 2.9). The biological function of the Knollenorgane appears
to be the detection of other fish. Their tuning to the fish’s spectral EOD
properties is, however, only very broad.

The mormyromasts have a wider though still narrow working range of up
to about three times stimulus threshold (Kramer-Feil 1976) centered on the
(strong) intensity of their own EOD. They are only weakly tuned to the broad-
band spectral frequency range of the EOD. They code for intensity variations
induced by the presence of a conducting or non-conducting object in the fish’s
field if sufficiently close to the mormyromast studied. The threshold response
is one spike at long latency; with increasing stimulus intensity the latency
decreases and, depending on the mormyromast, more spikes may be added
(up to a total of nine spikes, Kramer-Feil 1976; Fig. 2.10). The presence of ob-
jects evokes similar changes.

Bell (1990) found physiological differences between the afferent fibers aris-
ing from the two types of mormyromast sensory cells when recorded near
their separate central terminations in the ELL (as shown by Bell et al. 1989;
see previous Section). Chief among these were a higher threshold and a
reduced number of maximal spikes from fibers arising from the outer sensory
cells compared to fibers arising from the inner sensory cells. Similar findings
were obtained from recordings from the peripheral electrosensory nerve, so
that most likely fibers from both sensory cell types were represented in the
sample.

Mormyromasts appear to be the electroreceptors enabling a fish to sense
nearby objects by the distortions they impose on the fish’s own EOD field (ac-
tive electrolocation). However, mormyromasts mediate a specific communica-
tion function in addition to their electrolocation function: they are the recep-
tors mediating the “echo” response (Russell et al. 1974), also called the
“Preferred Latency Response” (Bauer and Kramer 1974; Kramer 1974) to
another fish’s EOD within a distance of up to about 25 cm, explained in Sec-
tion4.1.1.1.

The PLR’s function is not yet determined, but a role in sensory gating has
to be considered from Kramer-Feil’s (1976) work on adaptation of
mormyromast afferent responses to the second of a pair of stimulus pulses. In-
hibition of the first afferent spike (and all subsequent ones, if present in that
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Fig. 2.10. Poststimulus time histogram of nerve spikes in a mormyromast afferent fiber
(from the dorsal branch of the posterior lateral line nerve; Gnathonemus petersii). This
fiber responds by up to six spikes; note a dramatic shortening of the latency of the first
and successive spikes at increased stimulus intensity. Ordinates show relative occur-
rences for each spike; abscissa the poststimulus latency (bin width 0.1 ms). N number of
responses for each spike order (in contrast to all earlier spikes, the last spike was evoked
by less than 100% of the stimuli, as indicated). Insets stimulus parameters: #g stimulus
duration, 0.1 ms; I stimulus current in pA; stimulus repetition rate, 0.77/s. The
stimulus was applied to the receptor opening by a local disc-shaped Ag/AgCl-electrode
(surface parallel to the skin; electrode back and support insulated; disc diameter, 5.5
mm). The EOD was blocked by Flaxedil; the fish was only lightly anaesthetized by
MS222 (Kramer-Feil 1976)
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fiber) was observed when two suprathreshold, identical square wave stimuli of
0.3 ms duration were separated by up to 8 ms. For any subsequent afferent
spikes, if present (see Fig. 2.10), inhibition was observed even for inter-
stimulus intervals of up to 165 ms. Bell (1989) presents strong arguments for a
single- (first-) spike latency code of intensity measurement in mormyromasts,
the significance of the additional afferent spikes, if present, being unclear. The
PLR of about 12 ms would assure that mormyromasts respond by at least one
afferent spike to the fish’s own discharge, providing it with a stable sensory in-
put even in the presence of the discharges of another mormyrid, so long as the
spatial geometry of the fish’s impedance load does not change.

It is probably the Knollenorgane which enable a fish to find (locate) a con-
gener at some considerable distance (depending on conditions, up to 1.35m in
a small mormyrid; Squire and Moller 1982) by following the current lines of
its dipole field (Schluger and Hopkins 1987; see Sect. 2.3.2).

In pulse gymnotiforms, two kinds of tuberous receptors are distinguish-
able both physiologically and anatomically (see above). M units (pulse
markers) fire a single spike in response to an EOD with little latency shift as
intensity changes (Fig. 2.11). They thus signal the occurrence of an EOD but
do not give information about its intensity. B units (burst duration coders) fire
a variable number of spikes from 1 to 20. The latencies as well as the number
of spikes depend on stimulus amplitude; the timing of the spikes relative to the
EOD stimulus is less precise than that of M units. Some units are sharply
tuned to the spectral frequency of peak amplitude of the EOD, others deviate
considerably from it, while still others show broad tuning.

Wave gymnotiforms also have two types of tuberous electroreceptors, in
general sharply tuned to their EOD frequency (compare with Figs. 4.59, 4.60).
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P units show increased sensitivity also to very low frequencies and to
amplitude modulation. T units (phase coders) show a strict 1:1 relationship to
the fish’s own EOD, which is nearly intensity-independent. P units
(probability coders), on the other hand, sometimes miss one cycle and show
jitter in their phase relationship to the EOD. When the EOD intensity is raised
their firing rate increases (Fig. 2.11).

Both pulse and wave gymnotiforms could, in principle at least, test resis-
tive and capacitive reactance properties of an object in their electric field
(Meyer 1982) by evaluating phase shifts of local receptors (M or T units) rela-
tive to the majority, and local amplitude variation of the EOD (B or P units;
Scheich et al. 1973; Scheich and Bullock 1974; reviews Zakon 1986, Bastian
1986). The mechanism of how “own” (reafferences) from “foreign” EODs (ex-
afferences) is discriminated continues to be the subject of much discussion
(Scheich 1977a,b,c; Heiligenberg and Bastian 1984; Hopkins and Westby
1986; Heiligenberg 1988; see Sects. 4.2.2.1 and 4.2.2.2).

2.1.4 Central Projections of Electroreceptive Afferents
(Mormyridae and Gymnotiformes)

Recent reviews are those from Bell and Szabo (1986) and Bell (1986, 1989) on
mormyrids, and Scheich and Ebbesson (1983) and Carr and Maler (1986) on
gymnotiforms; see also the classic review by Szabo and Fessard (1974).

Mormyridae. For about 100 years the mormyrid brain has been a favorite
neuroanatomical study object, because of its unusual size for a teleost, espe-
cially of its huge cerebellum, covering the rest of the brain (“gigantocerebel-
lum”, Nieuwenhuys; “particularly impressive” among vertebrates, Braiten-
berg 1977). The relationship of brain to bodyweight is nearly the same as for
humans, about 1:50 (Fessard 1958). It appears that most of this “hyper-
trophy” is related to processing electroreceptive information.

The lateral line nerves (see above) innervate cutaneous sensory organs (like
the electroreceptors, but also mechanoreceptive neuromasts, etc.). Primary
electrosensory afferents terminate in the posterior part of the rhomben-
cephalon, the electrosensory lateral line lobe (ELL). This medullary roof
structure has a nucleus and a cerebellum-like cortex (see Fig. 2.12).

Primary afferents from the three types of mormyrid electroreceptors end in
different regions of the ELL: for afferents from the Knollenorgane, it is the
nucleus; for afferents from ampullary electroreceptors, it is the ventrolateral
zone of the ELL cortex; afferents from mormyromasts terminate in both the
medial and dorsolateral zones. The projections of each kind of afferent forms
a somatotopic map (there are even two maps for mormyromast afferents, as
indicated).

Axons of the nucleus of the ELL (the Knollenorgan pathway) project via
the lemniscus lateralis to the anterior exterolateral nucleus of the torus semi-
circularis. The torus is a huge coordinative center of the midbrain (mesen-
cephalon). Up to this point fiber diameters are large and synapses electrotoni-
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Fig. 2.12. Electrosensory connections in the brain of a mormyrid (incoming primary af-
ferences, lower right). Connections of the mormyromast-ampullary system are shown
with solid lines; of the Knollenorgan system, with dotted lines. The thicker lines indicate
connections that are judged to be most important. apa Ampullary primary afferents;
comm commissural connection; K Knollenorgan area of the valvula; kpa Knollenorgan
primary afferents; LC caudal cerebellar lobe; mpa mormyromast primary afferents;
nELL nucleus of the electrosensory lateral line lobe; RF reticular formation; MAV
mormyromast ampullary area of valvula; OT optic tectum; L lateral toral nucleus; ELa
anterior exterolateral toral nucleus; ELp posterior exterolateral toral nucleus;, PE
preeminential nucleus; EGp eminentia granularis posterior; LCmp posterior molecular
zone of caudal cerebellar lobe; ELL electrosensory lateral line lobe (Bell and Szabo
1986)

cal, important features of a fast pathway preserving precise timing relative to a
stimulus, both in electrolocation and communication. From there on fibers
project exclusively to the posterior exterolateral toral nucleus, which projects,
through other midbrain nuclei, to the valvula of the cerebellum.

All three cortical zones of the ELL (that is, afferents from ampullary
receptors and mormyromasts) project to the lateral toral nucleus in the mesen-
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Fig. 2.13. Interactions between EOD-evoked reafferent input and the electric organ
corollary discharge ( EOCD) for all three electroreceptor systems of a mormyrid. When
the EOD command nucleus at left evokes an EOD, an EOCD signal is relayed to the
electrosensory lateral line lobe, ELL (symbolized here by components between “higher
centers” and horizontal EOCD-line). In the Knollenorgan region, reafferent input is
blocked by the EOCD (as symbolized by an inhibitory input to a NAND gate). In the
ampullary region, a “central expectation™ concerning the reafferent input based on past
input is stored in an EOCD-driven expectation-generator (1). The EOCD-driven ex-
pectation is subtracted from the actual reafferent input in the ELL (2). In the
mormyromast region of the ELL, reafferent input is facilitated by an EOCD, as symbol-
ized by a fixed facilitatory input to an AND gate (3). A subsequent adaptive process
similar to that in the ampullary region has now been identified also for mormyromast
input (dashed lines ). NELL Nucleus of the electrosensory lateral line lobe (Bell 1989)

cephalon, suggesting that ampullary and mormyromast afferences become in-
tegrated at a higher brain level. There are two major, somatotopically
organized projections from other brain centers to the ELL, suggesting that the
results of electrosensory information processing at mesencephalic and cerebel-
lar levels influences the initial stage of information processing in the ELL.
From a functional point of view the extensive, somatotopically organized
coupling across the midline of electrosensory information is also interesting,
suggesting that there may be a central comparison of right/left side dif-
ferences.

For the processing of electrosensory information the motor command for
an electric organ discharge (EOD) also has a prominent role, because corol-
lary discharges, or efference copies, are relayed to the ELL. Corollary dis-
charges affect the EOD-evoked, reafferent input from ampullary receptors,
mormyromasts, and Knollenorgane.

As far as we know, the response of the Knollenorgane to the fish’s own
EOD (a reafference) conveys no useful information but interferes instead with
sensing EODs from other fish. The corollary discharge of the electric organ
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motor command, EOCD, completely “blanks” the information from the
Knollenorgan response to the fish’s own EOD, by inhibiting the postsynaptic
cells on which Knollenorgan afferents project (Fig. 2.13). This blanking oc-
curs during a short period (3 ms) only, which is matched in latency and dura-
tion to the reafferent signals.

In contrast, the reafferent response from mormyromasts is enhanced by a
facilitatory EOCD which also corresponds to the reafferent response in
latency and duration. The function of active electrolocation is thus facilitated
by an EOCD which is inhibitory in other ELL regions (Knollenorgane and
ampullary receptors). There seems to be an ingenious mechanism of lateral in-
hibition by efferent spikes in the afferent mormyromast fibers, cancelling af-
ferent nerve responses by “collision”, perhaps aiding in contrasting an elec-
trosensory “image” of an object from the background.

Gymnotiformes. The gymnotiform brain was studied mainly in context with
active electrolocation (review Bastian 1986) and jamming avoidance responses
(reviews Heiligenberg 1986, 1988). Recent reviews of the brain’s functional
anatomy are those from Scheich and Ebbesson (1983) and Carr and Maler
(1986), but see also Szabo (1967) and Szabo and Fessard (1974).

The primary afferents innervating ampullary and tuberous electrorecep-
tors have their cell bodies in the anterior lateral line nerve ganglion and
terminate, like in the Mormyriformes, in the ipsilateral lateral line lobe (ELL)
of the medulla (see Fig. 2.14).

The ELL’s ventromedial segment receives input from ampullary afferents
only. The other three divisions of the ELL receive input from both P and T
units (Eigenmannia) forming three identical somatotopical maps. T and P
units terminate on distinct cell types. There are four cell types projecting to the
midbrain torus, the nucleus praeeminentialis (of the metencephalon), or to the
contralateral ELL. Ascending efferent projections form the lateral lemniscus
fiber bundle that transmits topographically ordered electrosensory informa-
tion to both the torus and the nucleus praeeminentialis. The time coding T
units project only to the torus (see below).

Similarly as in the mormyridae, there is an electrosensory information
loop within the metencephalon. Information runs from the nucleus
praceminentialis to the cerebellar caudal lobe (which also receives
mechanoreceptive and proprioceptive input). From there, information is
returned to the ELL (although other connections are known as well, for ex-
ample, to the tegmentum and the torus).

The torus seems to be the main site of electrosensory information process-
ing. It is a huge, “superlaminated” (Scheich and Ebbesson 1983) midbrain
structure unlike anything found in other teleosts (although the torus of
mormyrids is also large it is not laminated). The torus is the equivalent of the
inferior colliculus in mammals; it has 12 laminae and about 48 cell types (15
~ laminae according to Scheich and Ebbesson 1983).

The torus receives lemniscal electrosensory, mechanoreceptive, and
auditory input; its huge size is in association with the electrosensory input
which is confined to the dorsal torus, while auditory and mechanoreceptive
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Fig. 2.14. Electrosensory connections in the brain of a gymnotiform with a wave EOD,
Eigenmannia. Primary afferents terminate in the ELL, electrosensory lateral line lobe,
and are of the 4 ampullary, P- and T-type (lower right). Heavy lines lemniscal system
(connections to higher brain centers). In the lemniscal system, dotted lines denote the T-
type efferents of the ELL; intact lines the ampullary and P-type efferents. The laminar
organization of the T'S torus semicircularis is shown by numbers. TEL telencephalon;
IL inferior lobe of diencephalon; PC posterior commissure; OT optic tectum; PED dor-
sal preeminential nucleus; PP prepacemaker nucleus; EGm, EGp eminentia granularis
medialis and posterior. The four segments of the ELL: MS medial, CMS
centromedial, CLS centrolateral, LS lateral. PM pacemaker; MRN medullary relay
nucleus; 70 inferior olivary nucleus (Carr and Maler 1986)

systems project to the ventral torus. Certain neurons of the dorsal torus
respond to various combinations of amplitude and phase (timing) of electrical
stimuli; for example, those which occur during the presentation of objects
(electrolocation context) or the presence of real or simulated conspecifics
(electrocommunication context).

In the torus the somatotopically organized electrosensory information is
preserved in many of its laminae. The torus is the site of integration of the
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electrosensory system with the visual system, with motor control, and with
electrosensory feedback to lower electrosensory nuclei.

Examples of ascending electrosensory projections from the torus are the
ones to the optic tectum and the nucleus electrosensorius (located at the dien-
cephalic pretectal border). The nucleus electrosensorius receives a bilateral
projection from the torus and a unilateral one from the tectum. Among
several projections originating from the nucleus electrosensorius the descend-
ing one to the prepacemaker nucleus may be of greatest significance for the
control of the jamming avoidance response (Sect. 4.2.2.2). The paired
prepacemaker nucleus may be the only afferent input to the medullary
pacemaker nucleus, a single midline nucleus composed of electrically coupied
cells that control the discharge frequency of the electric organ (see
Chap.2.2.2).

Some electrosensory brain centers and areas of sensorimotor integration
contain monoamines, a class of transmitter substances including nor-
adrenaline (NA), dopamine (DA) and serotonine (5-HT), which are known to
be involved in the reproductive function and motor control (DA), the regula-
tion of arousal and mood (NA, 5-HT), and sensory perception (5-HT). In
Eigenmannia, all the main layers receiving electrosensory input, especially the
large T-celis of the torus’ layer 6 that are part of the fast-conducting, phase-
sensitive system, are monoamine-perikarya. Both types of cells of the medul-
lary pacemaker nucleus, the pacemaker and the relay cells, contain
monoamines (Bonn and Kramer 1987). The only functional evidence to date
concerning a possible role of monoamines in the electromotor system is the
observation that chlorpromazine, a dopamine antagonist, reversibly reduces
the EOD frequency in Apteronotus (Kramer 1984).

2.2 Electric Organs

Electric organs are specialized to generate an electric field around a fish. Elec-
tric organs are only found in certain cartilaginous fishes (rays and skates, or
Batoidea), and certain teleosts (Fig. 2.15). Skates and rays are either weak or
strong electric, as is also true in electric teleosts (with one species, the electric
eel, being both).

Strong electric fish, such as the electric ray, Torpedo, of the Mediterranean,
the electric catfish from the Nile, and the electric eel of tropical South
America, were certainly known to primitive man and have their place in an-
cient art (the catfish, but also certain mormyrids, is depicted on Egyptian
murals), ancient Greek and Roman medicine (Torpedo), belletristic literature
(Balzac reporting upon the voyages of A. v. Humboldt and his encountering
the eel in South America), and comics magazines of our time (adventures of
the French/Belgian Tintin). In the second half of the eighteenth century,
strong electric fish played an important part in the development of the physi-
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Fig. 2.15. Representative electric fish. a Strongly electric; b weakly electric. All are
shown from the side except Torpedo and Raja, which are shown from the top. Electric
organs indicated by stippling and arrows. Cross-sectional plane as indicated by line. The
large arrows indicate the direction and sequence of current flows through the organs;
the length of these arrows is proportional to the amplitude of the successive phases (if
there is more than one). Raja and Torpedo are cartilaginous fishes; all other fishes are
teleosts. Astroscopus, the stargazer, is a perciform; Malapterurus, the electric catfish
(Siluriformes); Gnathonemus (a mormyrid) and Gymnarchus are mormyriforms; Elec-
trophorus, the electric eel, Gymnotus and Sternarchus (an apteronotid) are all gym-
notiforms (Bennett 1971a)

cal science of electricity, and in electrophysiology (reviews Kellaway 1946, Wu
1984, Zimmermann 1985).

In contrast to weak electric fish, strong electric fish discharge only inter-
mittently. Probably all strong electric fish feed mainly or exclusively on other
fish, that is, extremely sensitive and agile prey that are exceedingly difficult to
catch. An organ discharge volley at the moment of attack greatly increases the
success rate, apparently by numbing or panicking the victims (offensive role of
discharges). Another established function of the strong organ is defense. All
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strong electric fish that have been studied emit discharge volleys when
prodded with a stick. Strong organs are not known, however, to play an im-
portant role in intraspecific communication, although so little is known about
their behavior, especially during reproduction, that this cannot be excluded.
(There is some evidence for a social role of strong discharges in feeding eels;
Bullock 1969). Active electric catfish discharge not only during attack and
defense, but apparently also to stir up and chase prey fish (Scheuch-
entladungen; beating function of strong discharges), although the catfish rarely
discharges at all in an intraspecific context (see Sect. 3.3.3).

Strong discharges could, in principle, also serve in active electrolocation,
although there is, to date, no clear evidence for such a role. All strong electric
fish, except the “highest”, the stargazer (Perciformes), possess ampullary elec-
troreceptors that may be expected to respond to the fishes’ discharges. Unlike
most weak electric fishes, strong electric fishes emit pulsed DC current (which
perhaps leads to more effective shocking of the prey or aggressor). Only the
eel, like its fellow-gymnotiforms, possesses in addition tuberous electrorecep-
tors that are sensitive to the higher frequency components of discharges.
(There is recent field and experimental evidence suggesting that the eel may
prey largely on other electric fish; Westby 1988).

Weak organ discharges, on the other hand, are only a recent discovery
(Lissmann 1951, 1958; Coates et al. 1954; Grundfest 1957), although weak
electric organs of all major groups were well-studied anatomically by the turn
of the century. Sometimes weak organs were referred to as “pseudoelectric”
(because of their histological similarity to strong organs). A human observer
handling weak electric fish would normally never notice the feeble currents
they generate, and electronic equipment is needed to detect the discharges (ex-
cept in certain species, like Mormyrus rume of sufficient size; see Chap. 3.1).

All weak electric species discharge continuously during their whole life;
short pauses in response to disturbances may occur but are relatively rare, ex-
cept in social context. The function of weak organs are active electrolocation
and communication (both intra- and interspecific); weak organs are not known
to serve an offensive or defensive role like strong organs.

Darwin discussed the problem of how a strong electric organ, like that of
the eel or of Torpedo, could have evolved by small intermediate steps when the
initial stages could have had no adaptive advantage (in “The Origin of
Species”, chapter “Difficulties of the Theory”; see Bennett 1971 a). Evidence
for an electrosensory function of the transition stage that was selected for
came only 100 years later (Lissmann 1958). Although certainly a key dis-
covery and part of the solution for a longstanding evolutionary riddle, this ex-
planation might also suggest that weak electric fish will all become strong elec-
tric fish, given enough time.

Who would want a weak rather than a strong organ? Where is the adaptive
advantage of a weak organ? Communication and electrolocation should be
possible both with a weak and a strong organ; if not rather better with a
strong one.

It appears that in most cases, a weak organ is not simply an example of in-
cipient evolution, but represents a different “evolutionary strategy”, or adap-
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tive peak (for an introduction into this terminology, see, for example, Krebs
and Davies 1987). By “giving away” the option of being powerful and terrify-
ing (with easy access to a fish meal), weak electric fishes gain improved
capacities to actively and constantly probe their nocturnal environment, and
to exchange information with conspecifics via a private channel. These gains
may compensate fully for the losses; there are quite a few weak electric fishes
that are heavily or exclusively piscivorous; for example, the (in general well-
fed) huge Gymnarchus, which could easily accommodate the tissue for a strong
organ. An active location system is only known for certain birds and mam-
mals (echolocation or SONAR), and has evolved several times independently
in these “highest” land-living vertebrates. Some of these systems are incredibly
sophisticated and exceedingly powerful location and discrimiation devices (for
example, in certain bats; Griffin 1958; Neuweiler 1984; von der Emde and
Menne 1989).

There are two reasons why an organ designed for electrolocation and com-
munication, that is, continuous operation, must be weak: (1) The energy cost
of a continuous strong field would be prohibitively high. Continuously dis-
charging fish all have weak organs, and have exclusively evolved in tropical
freshwater biotopes with their low ion content (that is, high water resistivity)
that keeps energy requirements low. Some marine skates, for example, are
weak electric; they discharge, however, only intermittently (for example, Brat-
ton and Ayers 1987). (2) Too strong an organ would be counterproductive be-
cause it would signal the presence of the sender also to non-electroreceptive
prey and predators (by stimulating their nerves directly and making their mus-
cles twitch), giving them a headstart. Not only eavesdropping of the weak
electric fields generated by all aquatic organisms, but also private communica-
tion would not be possible with a continuously operating, strong organ.

From a biogeographical viewpoint one may wonder why there are no
freshwater electric fish in tropical South East Asia, a region famous for its
especially rich vertebrate radiations; in general, richer than those of Africa or
South America (Fittkau 1985) where we do find distinctive electric fish com-
munities.

2.2.1 Structure and Function of Electric Organs

The study of electric organs has contributed significantly to membrane
physiology. Histology and ultrastructure of electric organs, electrophysiology
and ionic mechanisms, biochemical aspects and transmitter mechanisms have
been studied in depth. For the purposes of this book, Bennett’s (1971a) com-
parative study is the most important reference (and should be consulted for
more details and references to the original work). Bennett’s study is a definite
treatise of most aspects of the subject; a recent review is Bass (1986).

Electric organs are derived from muscle tissue (there is one exception, see
below), although different muscle groups are involved in different taxa (see
Fig. 2.15). These muscle cells are unusual in that they do not twitch when
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neurally excited by transmitter substance (acetylcholine); various ultrastruc-
tural anomalies have been found in different groups, which may explain why
in electric organs the electromechanical coupling of normal muscle cells does
not work (for the mechanical part).

Often these muscle cells are short cylinders (resembling coins) that are
stacked one upon another, forming one of several, parallel columns enclosed
in a tight jacket of connective tissue. There is also connective tissue inside the
columns, as well as blood vessels and nerves. Sometimes these cells are long
and spindle-like (for example, in Eigenmannia); therefore, the name “elec-
trocyte” (Bennett 1971a) seems more appropriate than some earlier names
[electroplate(s), electroplax(es), electroplaque(s)].

There is an inherent problem for all electric fish: the voltage generated by
one active cell tends to hyperpolarize the innervated face of the next cell in
series with it and thus prevent its firing. Therefore, each electrocyte must be
innervated separately to receive the central command synchronously, by a
spinal motoneuron that may form part of a nucleus (mormyrids). The
presynaptic fiber may arborize and contact the cell multiply, or there may be
one or several stalks of the electrocyte that are contacted by the endings of
the nerve fiber. An axon of a medullary relay cell contacts each elec-
tromotoneuron in mormyriforms and gymnotiforms. The cells of a medullary
command nucleus “decide” when to fire the electric organ; all electrocytes are
excited synchronously. Because the electrocytes of one column are in series,
their potentials add. In general the columns are oriented rostro-caudally; so is
the potential difference (and the direction of internal current-flow) when the
organ is fired.

In the bottom-dwelling stargazer and the electric ray the columns are
oriented vertically (dorso-ventrally), in accordance with their upwards
directed attacks on prey fish (Belbenoit and Bauer 1972 for Torpedo; Pickens
and McFarland 1964 for the stargazer).

The marine species with strong organs (with the stargazer as the only
teleost) have flattened organs with many columns in parallel (500-1000
columns in parallel, each with about 1000 cells in series in Torpedo; 150-200
cells in series in the stargazer, a “weak” strong electric fish). Their organs
generate a low voltage, high current output as is adequate for their conductive
medium (Zorpedo: the pulse amplitude is 50 V in air, with a power output ex-
ceeding 1 kW at the peak of the pulse). In contrast, electric organs of fresh-
water species (teleosts) are often long, generating a high voltage, low current
field as indeed they must in a medium of high resistivity. The eel has about
6000 electrocytes in series, and dorsoventrally about 35 (bilaterally) in paral-
lel.

In contrast to all other electric fish, the apteronotids (of the gymnotiforms)
have neurogenic electric organs; their presynaptic nerve fibers have lost their
contact with muscle cells and form the organ. (Larval apteronotids have a
temporary organ of myogenic origin; Kirschbaum 1983.) The apteronotids
show species differences in discharge waveform that are related to organ mor-
phology and physiology; apteronotids are outstanding for their very high dis-
charge frequency, which reaches 1800/s in certain species. No ordinary nerve
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Fig. 2.16. Equivalents of electrocytes during rest and activity. 4 Diagram of a cell at
rest; equal potentials are opposed. B When the upper face generates an overshooting
action potential, two potentials act in the same direction and current flows as indicated
by the arrows. C Equipotentials (solid lines) and lines of current flow (dotted lines)
around a thin electrocyte indicated by the heavy horizontal line. The isopotentials are
separated by equal increments and meet at the two edges of the cell. D Electrical equi-
valent of a resting cell. The resistance of the external current path can be represented by
rey, re,, and re;. E Equivalent of an active cell. The small arrows indicate the direction
of current flow (Bennett 1971a)

or muscle tissue comes close to even half that rate (at least not in sustained ac-
tivity). These exceedingly high frequencies may only be possible because of a
command pathway with entirely electrotonical synapses, and the specialized
anatomy and physiology of the organ (see also Waxman et al. 1972). But
certain sternopygids, for example of the genus Rhabdolichops, may also dis-
charge at greater than 800/s, although the motor synapses of the organ are
chemical, and the effector organ is specialized muscle tissue.
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All aquatic organisms create electric fields around them, sometimes of
considerable strength (see, for example, Kalmijn 1988), but electric fish have
anatomical and physiological adaptations that increase the strength of the
fields, and that control for a precise onset and synchronization of the excita-
tion of the electrocytes, and high stability of waveform and often frequency.
Otherwise, the system operates on the same general principles as ordinary
nerve or muscle (explained in Fig. 2.16).

One of the mechanisms for precise synchronization concerns the com-
pensation for conduction time differences from the medullary pacemaker to
electrocytes located in near or far parts of the organ (the electric eel may reach
2.5 m in length, requiring synchronization among electrocytes about 2m
apart). Fibers running to nearer parts of the organ take a more devious path,
or have a lower conduction velocity than fibers running to the far end of the
organ (seec Bennett 1971a; Meszler et al. 1974).

The ionic mechanisms of electrocyte membranes differ widely among
species; these differences are the main source of the wide variation of organ
discharge waveforms and frequencies among species. An organ discharge may
be either of the pulse (“buzzer’) or of the wave (“hummer”) type (see Fig. 3.1);
they are called hummers or buzzers because of the sound of their audio-
amplified discharges. Wave discharges are all weak.

The mechanism of the eel’s discharge was the first to be elucidated (Keynes
and Martins-Ferreira 1953; Altamirano et al. 1953). The eel emits weak and
strong puises (about 10 and 500 V or more in a strong fish). The weak pulses
are emitted continuously, at a few per minute when the animal is resting, and
at about 30/s when it is actively swimming. The weak pulses are believed to
subserve active electrolocation (perhaps also communication), the strong ones
are emitted when the fish attacks its prey, or in defense.

Mk -
ity

Fig. 2.17. Responses of electrocytes of the electric eel. 4 Both electrodes external to the
innervated face; no response to a brief stimulus (there is a diphasic artifact) is seen. B
One electrode is advanced into the cell. The inside negative resting potential of about 90
mV and an overshooting action potential of about 140 mV in amplitude are recorded.
C When the exploring electrode is advanced to outside the uninnervated face, the rest-
ing potential disappears, but the spike is essentially unchanged (Bennett 1971a, after
Keynes and Martins-Ferreira 1953)
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The weak pulses are emitted by the Sachs’ organ, the strong ones by the
Main organ, while the Hunter’s organ seems to be functionally divided and to
contribute to both. The Sachs’ organ also contributes to the strong pulses in a
minor way (Albe-Fessard and Chagas 1954). The discharge waveforms are the
same for weak and strong pulses (monophasic, head-positive pulses of about 2
ms).

The electrocytes are innervated on their posterior faces by spinal nerves
that contact the cell primarily on short stalks. The anterior, uninnervated
faces have a surface considerably increased by a large number of papilli.

The innervated face responds to depolarization by an overshooting spike
of unusual amplitude (150 mV; Fig. 2.17). The uninnervated face of very low
resistance does not become excited (0.2 Q - cm? as compared with 19 Q - cm?
for the innervated face, and about 3000 Q - cm? for frog twitch muscle; review
Bennett 1971a). The two faces of the electrocytes are thus fairly matched in
their impedances, still more so when the innervated face becomes excited (and
its resistance declines). This kind of impedance matching also comprises the
extracellular space and the external environment, and is seen in many electric
fish.

At rest, the cell’s membrane potential is largely determined by intra- and
extracellular K* concentrations. The inward current is Na*-dependent, as
shown by the effectiveness of the specific blocking agent tetrodotoxin. Unlike
the squid axon and many other tissues, the eel’s electrocytes lack a delayed K *
outward current, which would quickly restore the resting potential. Instead,
the time constant of the membrane is sufficiently short so that the cell can be
fired at a rate of almost 500/s (for a brief period). As Bennett (1971a) points
out, it makes sense for an organ designed for maximal power output that the
circuit for all the Na* inward current of a cell should be completed by the ex-
ternal environment, and not by local opposing currents in the innervated cell
membrane.

In contrast to freshwater electric fish, marine strong electric fish, including
the stargazer, generate exceptionally large PSPs (of up to 90 mV amplitude)
instead of spikes. Their membranes can only be excited chemically, not by
depolarization. The advantage of a PSP-generating over a spike-generating
membrane in the marine environment is unknown.

Weak electric freshwater fishes, such as the high-frequency apteronotids,
tend to have no or little DC associated with their discharges, which allows
them to have a more effectively dual electrosensory sytem: one for low-
frequency voltages of primarily external origin, and another for monitoring
the higher frequency organ discharges. The wave fish Gymnarchus (perhaps
also Eigenmannia) achieves an organ discharge free from a DC component by
modification of one electrocyte face (the uninnervated one) to pass current on-
ly capacitatively. It has a large capacity and is of high resistance and in-
excitable (Bennett 1971a); for anatomical data see Srivastava and Szabo
(1972,1973).

Pulse fish, such as a biphasic Hypopomus species, Gymnotus, or the
mormyrids have the opposed faces of their electrocytes act in sequence to
achieve a similar effect. The uninnervated face is electrically excited to
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Fig. 2.18. Current flows generating triphasic pulses in electrocytes with penetrating
stalks in mormyrids. Diagrams show a region near a single penetration during different
stages of activity. Active membrane is indicated by dotted outlines. Arrows show direc-
tion of current flow. Resulting potential is shown on the lower right. A Head negativity
is produced when the stalk activity, initiated near the site of innervation, is passing
through the penetration. B Head positivity results when the impulse in the stalk excites
the caudal face. C Head negativity is again produced when the rostral face becomes ac-
tive (Bennett 1971a)

generate a spike that is slightly delayed compared to the spike of the in-
nervated face. The net result is a biphasic potential, because the currents flow
in opposite directions (with some cancellation in the shorter discharges).

In contrast to mormyrids, many gymnotiforms (excepting sternopygids)
have more than one organ, which are either anatomically distinct (as in the eel,
or in certain hypopomids and apteronotids with rostral accessory organs), or
functionally heterogeneous (as in Gymnotus where the dorsal portion of the
organ is fired %2 ms earlier than the rest; in addition to inverted polarity
because of its reversed innervation). This complexity is reflected in additional
phases or inflexions to the basically biphasic discharge that are species-
characteristic or probably species-specific in many cases (see Chap. 3).

Mormyrids have mechanisms of their own that complicate their basically
biphasic organ discharge. These mechanisms include more or less elaborate
stalks of the innervated face of the electrocytes (see also Szabo 1958, 1961).
The simplest (probably primitive) stage appears to be that of Mormyrus rume
with multiple innervation on fine and numerous stalks. In species with shorter
discharges the number of innervation sites is reduced to the final limit of one,
suggesting that more precise synchronization can be achieved with fewer in-
nervation sites. Synchronization is particularly important in these bi- or
triphasic discharges, because slight out-of-phase firing leads to cancellation.

The stalks may, in certain species, penetrate the electrocyte and find their
nerve on the “wrong”, usually the anterior side of the cell, and this shows up in
the overall organ discharge (Fig. 2.18). Fish possessing organs with penetrat-
ing stalks all produce triphasic discharges, the biphasic “main” discharge
being preceded by a head-negative potential. There are species in which the
stalks penetrate the cell twice so that they contact their nerve on the “correct”,

46






