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Electroreception in Lampreys: Evidence That the 
Earliest Vertebrates Were Electroreceptive 

Abstract. Evoked potential and unit responses from the lamprey brain to weak 
electric fields demonstrate that lampreys have an electrosensory system as sensitive 
as those of other electroreceptive fishes. Electrosensory responses were recorded in 
the dorsal medulla, the midbrain torus semicircularis, and the optic tectum. 
Similarities in the structure of the anterior lateral line nerves and medullary 
organization between lampreys and several primitive jawedfishes indicate that the 
electroreceptive systems are homologous in these taxa. Thus electroreception was 
probably present in the earliest vertebrates ancestral to both agnathans and 
gnathostomes. 

Marked similarities between lampreys 
and cartilaginous fishes in the morpholo- 
gy of the lateral line nerves and the 
specific projections of these nerves in 
the brain suggest that lampreys, like 
sharks, skates, and rays, may be elec- 
troreceptive (I). The octavolateralis area 
of the lamprey medulla, like that in carti- 
laginous fishes, is divided into dorsal, 
medial, and ventral nuclei (2, 3) (Fig. 1). 
The anterior lateral line nerve in both 
lampreys and cartilaginous fishes is di- 

vided into dorsal and ventral roots, 
which enter the dorsal and medial octa- 
volateralis nuclei, respectively. Howev- 
er, the posterior lateral line nerve has a 
single root and enters only the medial 
nucleus. The ventral octavolateralis nu- 
cleus does not receive lateral line input, 
but is the main target of the entering 
eighth nerve fibers (4-6). 

Boord and his colleagues (4, 7) have 
suggested that the dorsal root of the 
anterior lateral line nerve in sharks is 

composed solely of electroreceptive fi- 
bers innervating head ampullary organs, 
whereas the ventral root is composed of 
mechanoreceptive fibers innervating 
head neuromast organs. This anatomical 
hypothesis was recently confirmed by 
electrophysiological recordings from sin- 
gle units in the dorsal and ventral roots 
of the anterior lateral line nerve of the 
thornback ray (8). Additional physiologi- 
cal evidence revealed that the dorsal 
octavolateralis nucleus in these rays is 
the primary medullary target of the en- 
tering electroreceptive fibers. Thus, the 
presence of a dorsal octavolateralis nu- 
cleus in the medulla of fishes should 
indicate the presence of electrorecep- 
tion, and the existence of this nucleus in 
lampreys suggests that these fishes are 
electroreceptive. 

To test this hypothesis, we have stud- 
ied an anadromous lamprey (Lampetra 
tridentata Richardson) that spawns in 
rivers from Alaska to southern Califor- 
nia, but spends most of its adult life in 
the Pacific Ocean. Adult animals (60 to 
70 cm in total length, 0.5 to 0.7 kg) were 
captured in the course of their upstream 
spawning migration in the Columbia Riv- 
er and transported to the laboratory, 
where they were held and tested in 
spring water (resistivity, 9.0 x lo3 ohm- 
cm) . 

Electrophysiological responses to sen- 
sory stimuli were recorded after briefly 
anesthetizing animals by immersing 
them in tricaine methanesulfonate (0.01 
percent) and surgically exposing the dor- 
sal surface of the brain. Animals were 
then paralyzed by an intramuscular in- 
jection of tubocurarine chloride (4 mg 
per kilogram of body weight) and posi- 

Fig. 1. Single unit responses to weak electric field stimuli. (A) 
Transverse section through the medulla oblongata at the level of entry 
of the anterior lateral line nerve. The cell in (B to F) was recorded at 
the surface of the indicated electrode track in the periventricular layer 
of cells, the processes of which form the neuropil of the dorsal 

J0.5 rnv 
0.1 second 

octavolateralis nucleus. (B) Evoked potential and sbperimposed sin- 
gle unit response to an electric field stimulus presented as a 50 msec d- 0.5 rnm 

c pulse indicated by the line beneath the record. The 50 )*V/cm field 
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was oriented parallel to the longitudinal axis of the fish, with the 
caudal end positive relative to rostral. (C to F) Poststimulus-time 

50 histograms of responses (20 in each case) of the unit in (B) to four 
different orientations and polarities of the stimulus field. (C) Trans- 
verse to the longitudinal body axis, left side positive. (D) Transverse, 
right positive. (E) Parallel to the longitudinal axis, caudal end posi- 

2 5  

tive. (F) Parallel, rostral positive. Abbreviations: ALLN, anterior 

- u 

0.1 second 
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.J 1 
lateral line nerve; D, neuropil of dorsal octavolateralis nucleus; DR, - 
dorsal root of anterior lateral line nerve; DZ', descending trigeminal 
tract and nucleus; ET, electrode track; M, neuropil of medial octavo- 
lateralis nucleus; P, plate of cells whose processes form the neuropils 
of the octavolateralis nuclei; V N ,  ventral octavolateralis nucleus; V R ,  
ventral root of anterior lateral line nerve; V ,  trigeminal motor nucleus. 



tioned in the center of a large plexiglass 
aquarium filled with spring water (16" to 
20"C), with only the dorsal surface of the 
head and exposed brain above water 
level. Animals were ventilated with oxy- 
genated spring water through a mouth 
tube. 

Electric field stimuli were presented as 
d-c pulses 5 to 150 msec long between 
pairs of carbon rod electrodes on the 
ends or sides of the aquarium so that 
electric fields were parallel or transverse 
to the longitudinal axis of the fish; the 
intensities of the fields varied from 0.01 
to 1000 pV/cm, depending on the experi- 
ment (9). Electrophysiological responses 
to visual stimuli presented as 10-psec 
light flashes were also recorded. The 
large and easily recorded visual evoked 
responses from the midbrain served as a 
measure of the condition and responsive- 
ness of the experimental animal. 

Electrophysiological activity in the 
form of evoked potentials, multiple unit 
activity, and (rarely) isolated single-unit 
impulses was recorded from the brain 
through the use of glass micropipettes (5 
to 10 pm tip diameter) or stainless steel 
electrodes (1 to 5 megohms). When steel 
electrodes were used, specific recording 
sites were marked by the Prussian blue 
technique (10) and identified in subse- 
quent histology. With glass microelec- 
trodes, recording sites were determined 
on the basis of electrode depth and infor- 
mation provided by adjacent tracks with 
steel electrodes. Signal averaging was 
used to improve the signal-to-noise ratio 
of evoked potentials. 

Positive evidence of electrorece~tion 
was found in five of the six lampreys 
studied. Evoked potential and multiple- 
unit responses to electric fields as weak 
as or weaker than 20 pV/cm (2.2 x 

pA/cm2) were recorded in each of 
these fish: in the best case. reliable re- 
sponses to field intensities as low as 0.1 
pV/cm (1.1 x pA/cm2) were mea- 
sured. This establishes a sensitivity 
threshold for lampreys as low as thresh- 
olds reported in freshwater fish with 
electrosensory systems (11, 12). Only 
marine elasmobranchs have been shown 
to be more sensitive, responding to uni- 
form fields as weak as 0.01 pVkm (13, 
14). 

We recorded electrophysiological re- 
sponses to electric field stimuli from 
three different areas of the lamprey 
brain. The responses of shortest latency 
were from the dorsal medulla, where the 
onset of the evoked potential response to 
a moderately intense field (100 pVIcm), 
in the best orientation and polarity, had a 
latency of about 40 msec, and the major 
peak in the evoked wave occurred 65 

msec after stimulus onset. Single unit 
responses from the dorsal octavolateralis 
nucleus had latencies as short as 25 msec 
(Fig. 1C). 

Electrosensory responses were readily 
recorded from the midbrain, and elec- 
trode marks indicated two distinct 
sources of electroreceptive activity-(i) 

f-?r 
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Fig. 2. Evoked potential responses from a 
single recording site in the optic tectum to 
electric and photic stimuli. (A) Single unaver- 
aged evoked potential responses to an electric 
field of 50 pVkm and 20-msec duration (indi- 
cated by the line below the record) and a 10- 
ksec light flash. In each case the evoked 
potential is accompanied by a multiple unit 
response near the peak of the evoked wave. 
The results indicate convergence of visual and 
electrosensory modalities in the tectum. (B) 
Average evoked potential responses to an 
electric field of 100 pV/cm illustrate the selec- 
tivity of the response for field orientation and 
polarity. The field was aligned with or trans- 
verse to the longitudinal axis of the lamprey. 
(C) Evoked potential response versus the 
electric field intensity. Repeatable responses 
were elicited by fields as weak as 0.1 pVicrn. 
Each record is the average of 64 responses. 
The vertical calibration bar is 20 pV for the 
top three records and 10 kV for the remaining 
two records. Positive potentials are upward in 
all records. 

an area deep to the optic tectum that 
represents the lamprey torus semicircu- 
lark and (ii) the optic tectum itself (Fig. 
2). Responses from the torus semicircu- 
laris had shorter latencies than tectal 
responses, with the earliest peak of the 
evoked responses at about 75 to 85 msec, 
compared with 140 msec for the earliest 
tectal responses. In all cases, the laten- 
cies of electric evoked responses of lam- 
preys were longer than those of elasmo- 
branchs (for example, 65 msec versus 20 
to 50 msec for medullary evoked poten- 
tials) (15). This may, in part, be a result 
of the absence of myelin from the ag- 
nathan nervous system (16). 

Evoked potential responses to visual 
stimuli were found throughout the mid- 
brain, with latencies to the peak of the 
response varying from 95 to 140 msec, 
depending on the recording site. At sev- 
eral locations multiunit responses were 
elicited by both light and electric field 
stimuli (Fig. 2A). Although it is not cer- 
tain that the same cells were affected by 
both stimuli, the results indicate conver- 
gence of visual and electrosensory infor- 
mation in both the torus semicircularis 
and the optic tectum. 

In all areas studied, the profile and 
latency of the electrosensory evoked re- 
sponse varied greatly depending on the 
orientation and polarity of the electric 
field (Fig. 2B). The best orientation and 
polarity were different at different re- 
cording locations, suggesting that senso- 
ry maps of field orientation and polarity 
may exist in the brain. 

Our results indicate that lampreys are 
electroreceptive and that their sensitivity 
is comparable to that of cartilaginous and 
electroreceptive teleost fishes (13). This 
is, to our knowledge, the first demon- 
stration of electroreception in the verte- 
brate class Agnatha, although it has been 
suspected (1, 17). 

The adaptive significance of electrore- 
ception in lampreys remains to be deter- 
mined, but behavioral studies of similar- 
ly sensitive cartilaginous fishes demon- 
strate that low-frequency electric fields 
can guide close-range prey localization 
and suggest that electric field informa- 
tion may also be used in orientation (18). 

Lampreys and several groups of primi- 
tive jawed fishes (Chondrichthyes, 
Chondrostei, Dipnoi, and Crossopteryg- 
ii) have anterior lateral line nerves di- 
vided into dorsal and ventral roots; in 
each case the dorsal root terminates in 
the dorsal octavolateralis nucleus (6). 
The high degree of similarity between 
the lateral line system of lampreys and 
that of jawed fishes suggests that these 
anatomical features are homologous (I). 
Electroreception has probably evolved 
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independently in the teleosts; living rep- 
resentatives of the holostean fishes, the 
group from which teleosts evolved, lack 
a dorsal,nucleus (I) and are not electro- 
receptive (19), and only 3 of 35 teleost 
orders are dectroreceptive (20). 

Although only a single type of lateral 
line receptor has been reported for lam- 
preys (21), we have histologically identi- 
fied at least two populations that differ 
with respect to their depth from the 
epidermal surface and the diameter of 
their canals. We have not yet positively 
identified the electroreceptors. The ho- 
mologies suggest, however, that the re- 
ceptors, like those of chondrichthian and 
chondrostean fishes (22), will be ciliated 
and excited by cathodal electric stimu- 
li-that is, negative electrical potential at 
the outer face of the receptor relative to 
the rest of the fish. In contrast, the 
electroreceptors of teleosts bear micro- 
villi on their apical surfaces and are 
excited by anodal stimuli (23). 

If electrosensory systems in lampreys 
and primitive jawed fishes are indeed 
homologous, by definition they have 
been inherited from the common ances- 
tor of agnathans and gnathostomes. 
Thus, the earliest vertebrates were prob- 
ably electroreceptive, and vertebrate 
electroreceptors may be as ancient as 
lateral line mechanoreceptors. 
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Insects as Selective Agents on Plant Vegetative Morphology: 
Egg Mimicry Reduces Egg Laying by Butterflies 

Abstract. Experiments show that Heliconius butterflies are less likely to oviposit 
on host plants that possess eggs or egglike plant structures. These egg mimics are an 
unambiguous example of a plant trait evolved in response to a host-restricted group 
of insect herbivores. 

The idea of coevolution between in- 
sects and plants is attractive to biologists 
attempting to account for patterns of 
plant chemistry and the use of plants by 
insects (1). However, it is difficult to 
demonstrate a causal connection be- 
tween a plant characteristic and a partic- 
ular selective agent (2) because most 
plants have been exposed through time 
to a multitude of pathogens and herbi- 
vores, any complement of which may 

have helped to drive the evolution of the 
presumed defensive chemistry. Thus, in- 
stead of a gene-for-gene coevolution, 
there may be a more diffuse process (3) 
that is intractable to experimental analy- 
sis. 

One approach is to study plant groups 
that support only one or a few important 
herbivore taxa and that may therefore 
have traits attributable to coevolution 
with such taxa. For neotropical vines of 
the genus Passzj7ora, heliconiine butter- 
flies are likely selective agents on several 
features of morphology (4). Plants such 
as Pass$ora may have effectively "fil- 
tered out" most potential herbivores at 
an early stage of the evolution of their 
defensive chemistry, so that the insects 
remaining as significant herbivores of 
these plants are those that circumvent 
the chemical defenses of these plants. 
Morphological rather than chemical in- 
novation is the effective evolutionary 
response to such herbivores (3, and 
herbivore behavior rather than counter- 
defensive chemistry shapes the course of 
evolution (4). 

Structures resembling the yellow eggs 
of Heliconius butterflies have arisen in- 
dependently on a number of Passiflora 
species in several subgenera and are 
derived from several distinct structures 

, .- 
(6). That these structures have evolved \ ,  

Fig. 1. Pass@ora cuttings used in experiment: to mimic eggs is (A)  PassifZora cyanea, showing display of egg 
mimics on stioule tios, (B, Passifiora oerste- indicated by the facts that (i) heliconiines 
dii, showing yellowtegg (open drcle) placed are important defoliating agents of Passi- 
near green egg (closed circle) on tendril. (C) flora (71: (ii) larvae of manv Heliconius \ ,  

Enlarged view of P, CYanea stipules showing feed on congeneric eggs and larvae (6); 
(top) unaltered stipule, (middle) stipule with 
egg mimic removed, and (bottom) stlpule cut and (iii) females exhibit great care in 
but retaining eee mimic for control. Passiflora inspecting oviposition sites (6, 8). In this 
cyanea stip;l&are 3 to 4 cm in length. " report we provide experimental evidence 
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