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ABSTRACT

STATIONARITY OF INDIVIDUAL RESTING PATTERNS, US
EFFECTS, AND DISCRIMINATED PAVLOVIAN CONDITIONING
OF THE ELECTRIC ORGAN DISCHARGE IN MORMYRIDS

David S, Malcolm

Advisort Professor Frank J, Mandriota

This serieas of experiments was designed to provide more extensive
and systematic information on several aspects of the electric organ dis-
charge (EOD) activity of mormyrid fish, In Experiment 1, the EOD
activity of six Gnathonemus petersii was recorded for thirty-minute
gsamples at various times during the light-dark cycle after the fish were
adapted to isolation in individual tanks, Four Brienomyrus niger were
recordad In a community tank and moved Into isolation, Sixty-minute
recordings were made at the same time dally for 20 consacutive days,

It was found that even with the highly variable nature of the EOD ac-
tivity that mormyrids, while not exhibiting stationarity as proposed

by Bauer (1974), display a consistency in the distribution of their

EOD activity over time., While individuals varied in the amount of stab-
ility shown, all of the fish showed a large degree of consistency. G.
petersii had coefficlents of concordance that ranged from ,72 to .84

for the ten recordings in the light., Concordances were higher at night,
.83 to .99, even though fish are most active then., This is largely due
to the increase in burst activity which correlates with increased motor
activity. The B, niger also showed a high degree of stability in EOD
activity over days, When moved from the community tank to individual

tanks all four fish had a decrease in burst activity over days, Five
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fish from Experiment 2 which were placed into the experimental tank
five times with 150-min adaptation showed only ; slightly lower de-
grea of stability than the fish that were undistunbed for 20 days in
Experiment 1, This finding of stability of EOD activity can provide a
stable baseline for experimental manipulations. The hypothesis of
consistent individual differences proposed by Moller and Bauer (1973)
was not totally substantiated, Whille the fish do show stable EOD
patterns the differonces are not great enough to allow all fish to be

distinguished,

In Experiment 2, a systematic study of different levels of US
found similarities and differences in individual responses to electric
shock, Flve levels of a 100 msec, DC pulse ranging from 0005 to 20
V/cm were presented in an ascending or descending order with one level
of US per session, A reliable increase in EOD activity was seen to the
higher levels of US while both increases and decreases were geen to the
lowest levels, Of saveral response measures used the ratio of mean
frequencies for the 1 sec pre~ and post-US periocds was the most sensi-
tive and allowed reliable discrimination of a reasponse to the four

highest levels of US for the G, petersii,

Experiment 3 was an extension of the classical conditioning pro-
cedure of Mandriota, Thompson, and Bennett (1965) to a discriminated
Pavliovian procedure, Changes in 1llumination were used for the CS + and
CS -, Fish received one of the four levels of US that produced reli-
able responding in Experiment 2, Each fish recelved 40 CS only, 200

conditioning, 200 reversal, and 100 trials with a US of 20 V/em, Dis-




criminated responding occurred in conditioning and reversal in only two
of the eight fish, In most cases discriminated EOD behavior occurred
when the CS + was the decrease in 1llumlnation, This CS also produced
greater rosponding in the CS only phase and most of the instances of
discriminated responding obtainad would seem to be the result of an

interaction between the light decrease CS and the US,
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INTRODUCTION

The weakly electric fish have evolved a highly complex system of
an electric organ and electroreceptors which is used for electro-
location and communication, Bullock (1973) and Schaich and Bullock
(1974) have proposed a division of these fish into two groups based on
differences in the type of elactric organ discharge (EOD) they exhibit:
wvave species, characterized by an approximately sinusoidal wvaveform;
and pulse specles, where the duration of the EOD is brief compared with
the interpulse interval. The wave species show great regularity in
their discharge with only short variations in frequency of under 2%,
The frequency of the EOD is usually high compared with the pulse
specles, Mosat wave spacies are gymnotoids such as Sternopygus
macrurus (50 to 150 Hz), Eigenmannia virescens (250 to 600 Kez), and
Sternarchorhamphus species (greater than 2000 He) (Bullock, 1973),
Individual Gymnarchus niloticus have a frequency range of 300 to 400 Hz,
All of the mormyrids and several gymnotoids, including Elegtrophorus,
Gymnotus, and H omus, are pulse species., In mormyrids the EOD 1is
typically a brief, biphasic pulse. The pulse duration varies over a
range of at least .3 to 5.0 msec, Bennett (1971a) reports a duration
of .3 msec for Gnathonemus niger, G, petersii and Marcusenius speciles
also have a pulse duration of .3 msec (Mandriota, Thompson, & Bennett,
1963), Mollar (Note 1) has observed pulse durations of up to 3.0 msec
duration in some specles. In pulse specles, particularly normyrida,

the highly variable nature of the EOD activity 1s a conspicuous
feature, Changes in EOD activity are correlated with spontansous move-

ments of the fish, changes in illumination, and introduction of various




stimuli, These include the onset of aeration, mechanical disturbances,
sounds, food, electric currents, and the introduction of objects of

different conductivity into the aquarium (Scheich & Bullock, 1974),

Electric Orygans

In mormyrids the elactric organ is modified from caudal muscle
fibers (Stabo, 1961). It is located anterior to the caudal fin, in
the caudal peduncle, and consists of four columns of cells containing
90 to 200 cells per column, The muscle which usually moves the caudal
fin having been completely modifled into electric organ, the only
other structures found Iin the peduncle are the spinal column, skin,
and the tendons connected to the caudal fin. The innervation of the
electric organ is by spinal neurons. The electrocytes, the active
cells of the organ, tmctlon in the same manner as ordinary muscle or
nerve cells, by means of selective pormeability and passive movements
of ions down concentration gudlltntc. The potentials are generated
when the opposite faces of the electrocytes are at different levels.
The current flows In a circuit that involves the two cell membranes
and the cytoplasm, and is completed through the external medium of the
water (Bennett, 1971a), Moller and Bauer (1973) measured 1.1 to 2.1 V
for several G, petersii between the mouth and the tail with the fish
out of water, In water of 300 to 100 umho approximately 1 V was re-
corded at a distance of 3 om from the fish and ,1 V at 20 om distance,
Bell, Bradbury, and Russell (1976) have shown that the peak to peak
value and the relative heights of the two phases of the biphasic pulse
vary as a funotion of the conductivity of the water, The first phase,
or head positive part of the pulse, shows a monotonic increase in

voltage with decreasing conductivity, rising sharply to about 3 V at
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50 umho and then showing a more gradual increase to approximately 8 V
as the conductl‘vlty is lowered to 5 umho, The second phase does not
show a monotonic function of conductivity but rises to a peak of 8 V at
approxisately 33 umho and then declines to less than 4 V as the con-
duotivity deocreases toward 3 amho, The biphasic discharge of the
electrocytes is produced by the action of both the anterior and poster-
ior faces of the cell (Bemnett, 1971a), The posterior face is in-
nervated and produces the initial head positive phase of the EOD ex-
cept in Mogmyrops, The uninnervated, anterior face of the electro-
cyte produces the head negative phase of the EOD when stimulated by
the current flow of the first phase (Bell et al., 1976), Bell et al,
calculated the average opsn circuit voltage per electrocyte for
several G, petersil and obtained values of 100 to 116 mV for the first
phase or posterior face, and 108 to 129 mV for the second phase or
anterior face, Bennett and Grundfest (1961) reported values of - 60 mV
and 20 mV for the resting and oﬁrlhoot:_ poteantials from intracellular
recordings in mormyrids. These values give a sum close to, but
smaller than, the values determinsd by Bell et al, who conclude that
the difference is due to damage of the slectrocyte following micro-
slectrode penetration, The finding of maximal values for the tetal
output voltage per slectrocyte also supports the idea that these must
be a barrier to local current flow between the anterior and posterior
faces of the cell as this current flow would reduce the total output
of sach cell, Because of "tight junctions! with a relatively high
resistance the current gensratsd at the posterior face must return
through the other electrocytes, the skin, and the external madium,
When the external medium has a high resistance (low conductivity)

there will be little current flow and, therefore, little excitation




of the anterior face of the cell giving rise to a reduced second phase

of the EOD spike as was found in their experiments.

A high degree of synchrony is needed in mormyrids to produce the
short duration EODs, This is obtained when all regions of the face of
the cells fire at the same time, In mormyrids this is obtained by a |
reduction, through a fusion, of the mmber of innervating fibers
each of which ends on a stalk on the cell face, In mormyrids there
are differing nusbers of stalks in di!fnr-ﬁt species and this number
correlates with the duration of the EOD pulse (Banneatt, 1971a), In
Mormyrus which has up to ten stalks per electrocyte, the discharge
duration is .6 msec (Kramer, 1974) while in G, petersii and
Marcusenius where the number of stalks 1s reduced to one through
fusion the duration is .3 msec (Mandriotsa et al., 1965). In some
species of mormyrids (e.g., G, petersii) there is a penetration of the
innervated face by some stalks wvhich then have their final stage of
fusion on the anterior side of the electrocyte, It is in these
speciaes that a small, head negative component preceeding the biphasic

EOD 1is observed (Bennett, 1971a).

There are tvo important aspects of the neural control of the
electric organ in mormyrids; the decision to tlz;l the electric organ
and the mechanism required for the synchronous firing of all the
electrocytes of the organ which is necessary to produce the brief EOD,
The command center for control of the electric organ in mormyrids is
more complex in function than in other electric fish (Bennetr, 1971a),

A bilateral pacemaker in the midbrain receives excitatory and probably

inhibitory inputs which affect its decision to fire, A command signal




from either side is passed to a medullary relay. This single spike
gonerates a two splke discharge in the medullary relay., As the neurons
involved have electrotonic junctions the second spike is propagated
backward to the half of the pacemaker that initliated the splke and
b;th spikes propagate to the other half, This causes both halves of
the nucleus to be placed in the hyperpolarized state that follows an
EOD command and both halves are therefore reset, assuring a uniform
initial state for the pacemaker after each EOD. The double spike

from the medullary relay propagates to the spinal relay vhere a triple
spike is generated leading to a triple spike discharge at the atalks
innerwating the posterior fjco of the electrocytes, each of which has
a cumulative effact in the generation of the splke discharge of the
slectrocyte., While one tuncélon of this system seems to be to guaran-
tee an "all or none response® of the EOD the full significance of this

sequence of events is not known (Bennstt, 1971a).

The sccohd important aspect of the neural control of the electric
organ is the mechanism involvad in the near synchronus firing of the
several hundred electrooytes, Bacause of the different distances 1n--
volved in the neurons needed to reach the electrocytes some -ﬁans must
be found to equalize the conduction timaes, One method that occurs in
most electric fish is an equalization of the path length by not taking
the most direct route to the electrocyte to be innervated, In mor-
myrids the neurons innervating the more anterior electrocytes appear
to have a smaller diameter which gives a lowered conduction time,
serving as an additional means to assure that the splkes arrive at

the innesrvated face of all slectrocytes simultaneously (Bennett, 1971a).




In theoretical acoounts of electroreception the electric field
generated by the electric organ was assumed to be a head to tail dipole
by Lissmann and Machin (1958) and a dipole located at the ends of the
electric organ by Frey and Eichert (1972). Knudsen (19753) made ac-
curate measuraments of the fields of four spacies of gymnotids and
found that the field deviated substantially from a dipole in the 'u'eu
around the fish, The field was asymetrical with the equipotential
lines projecting further forward in the lead region, a greater current
density at the tail, and a headward bending of the zero potential
plane wvhich intersected the fish's body at a point 20 to 30X of the
body length ahead of the tail, The caudal pole is a point source but
the rostral pole is distributed, These deviations from a dipole are
due to the body of the fish. EKnudsen found that deviations from a |
dipole field are increased by increasing fish site, decreasing water
resistivity, and decreasing distance from the fish, A comparison of
the available electrolocation data with his obtained field data lead
him to the conclusion that the fish are electrosensitive only in the
near field, the region where the field does not resamble a dipole
field, For exampie the field of a 22 om long Apteronotus in water of
260 pmho conductivity does not approach within + 5X a dipole fleld
even at a distance of 40 ca from the fish. Heiligenberg (1975) has
studied the electric field and slectrolocation by numerical computer
simulation., The obtained results agree wall with the available be-
havioral and neurophysiological data. He has detersined that the
#intensity of the electfical image"” caused by the distortion of the
fish's slectric field by an object on the fish's body decays as a
negat ive ‘ponr function of the distance batween the fish and the ob-

ject. This finding would agree with the short effective distances for
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electrolocation obtained in experimental studies. Belbenoit (1970)
found that the maximal distance for cbject location in G, petersii
was approxisately 4 om, The field of mormyrids differs in some partl-
culars from that of gymnotid and other elesctric fish with an elonga-
ted body but is basically the same (Heiligenberg, 1975), While the
field is not a dipole at the distances involved iIn electrolocation

it does approximate one more closely at the distances involved in
communication between two fish, Moller and Bauer (1973) found the
communication distance to vary between 12 and 27 cm for different
pairs of G, petergii, with greater effective distances occurring when
the pair of fish were more closely matched in size and voltage, The
effective distances for both communication and electrolocation will

depend on the conductivity of the water,

Electroreceptors
'uukly electric fish have a system of specialiced receptors

which combine with the electric organ to complete the electrosensory

and electrocommunication system, Bemnett (1971b) reviewed the anatomy
and function of the electroreceptor organs, All the specialired electro-
receptor organs are modified from normal lateral 1ime organs. In

weakly slectric fish these are distributed along all or most of the

body as would be necessary if they were to serve as part of an electro-
sensory system, In G, pegersii they are found on the head and the

dorsal and ventral areas of the body, while in Mormyrus they are

found on the entire body except for the area over the electric organ
(ressard and Szabo, 1974)., Mormyrids have three distinct types of re-

oceptors which are classified by the sisze of the pore, or opening in

the skin, The large and medium types, also called Knollenorgane and




Mormyromast respectively (Fessard and Szabo, 1974), are tuberous
organs and do not have an open cansl connecting with the surface of
the skin, the connection being made via intercelluar clefts. The
amall type are ampullary organs and have an obvious canal from the
i-oo-ptor cavity to the exterior of the skin, The receptors may also
be divided into two classes, tonic and phasic, on a funotdonal basis
(Bennstt, 1971b). Toniec receptors show long lasting responses to
low frequancy or maintained DC stimuli, Phasic receptors respond to
high frequency stimull with a brief response and ghow a small or no
response to low frequenoy or DC stimulation, In mormyrids the large
and medium types are phul_c receptors and the small type are tonic
receptors. All receptor types are innervated by the anterior or

posterior lateral Lins nerves (Bennett, 1971b),

The tonic receptors have a canal open to the exterior which en-
larges at its base to fors an ampula. In mormyrids a single recsptor
cell is embedded in the wall of the ampula vhich is innervated by a
single merve fiber, The skin around the receptors contains a zone
of specialised flattened colls with tight junctions which exclude the
extracelluar space and therefore serve to channel the current flow
through the receptor cell, increasing its sensitivity, Tonic recep-
tors m rhytimically, spontansously active, An anodal DC stimulus
causes an increase in the rate of firing which is proportional to the
nagnitude 6! the applied stimulus, A silent period follows the termi-
nation of the stimulus, With the application of a cathodal stimulus
the reverse occurs, a decrease in firing rate proportional to the
magnitude of the stimulus and a burst at the termination of the

stimulus (Bennett, 1971d), The sensitivity and range of effective




frequencies for small receptors in mormyrids is not known (Kalmijn,
1974), Ssabo (1970) has shown that the EOD activity has no effect on
ampullary rocopeéu of G, petersii, Fessard and Szabo (1974) suggest
that they are 60 to 100 times less sensitive than Ampullae of
Lorensini which would place the threshold value in the range of 1 to
10 uV/em, Suga (1967) measured a threshold of 60 uV/em in Gmynotus
carapo with recordings from the nerve fibers and Kalmijn (1973) found
a behavioral threshold of 5 uV/cm in Sternopygus. As the structure of
the ampullary receptors is similar in gymnotids and mermyrids
(Bennett, 1971b), the mormyrids would be expected to have threshold

values in this range,

The phasic receptors in mormyrids are of two distinct anatomical
types (Bennett, 1971b). The large receptors have a canal and ampula
surrounded by the zone of cells with tight junctions as do the tonic re-
ceptors, In the large receptors however the canal is not open to the
surfaos but is filled with u;ﬂ-‘ of loosely packed epithelial cells
vhich seem to have a low resistance, The single receptor cell lﬁ the
smpula protrudes into the cavity, Experiment lndlcntoi that the face
of the receptor cell behaves as a series capacity. This feature would
account for the phasic nature of the response of the large receptors,
The capacitance would block any DC, and attenuate AC signals of low
frequency resulting in these noiptou responding only to high fre-
quency aimh. those in the frequency range of the fish's own EOD
pulse,. The threshold for the large receptors is approximately .2 to .5

aV/cm for a 50X response, One afferent nerve impulse is produced for
each applied stimulus pulse and no effect is found on the output if the

amplitude of the stimulus is increased over threshold values. These re-




ceptors cannot therefore give mich information about variations in the

fish's electric field, The afferent impulse is produced with ths onset

of the stimulus for anodal stimull and at the offset for cathodal stimull,

The medium receptors are morphologically more complex than the

small or large receptors (Bennett, 1971b)., They consist of two cavities

wvith a conmecting canal, Neither cavity has an opening through the skin,

The outer cavity however is outside the insulating zcone of flattened,
tight junction cells. Each cavity has recsptor cells; in the outer they
are located in the wall of the ampula, and in the inner they protrude
into the ampula. The receptor cells show the series capacity effect
as do the receptor cells of the large type. Thres nerve fibers inner-
vate sach cell, As is to be expected from the more complicated struc-
ture of these medium cells the neural response is more complex, The
nerve response is phasic, and as In the large type s produced at the
onset of anodal and offsat of cathodal stimull, Medium receptors in
addition show a graded response by means of reduced latency and in-
creassd numbar of affeorent impulses as the stimulus increases in sagni-
tude (Fessard and Ssabo, 1974), The thﬂs.hold of the medium receptors
can be as high as 10 aV/cm (Bennett, 1971b), While this is much Righer
than uﬁr receptor types it is within the range of stimulation of the
field produced by the fish's own electric organ at the distances 'ln-
volved in electrolocation, These medium receptors are probably the
most important for active elsctrolocation as they have the capabllity

of producing a graded response,

The effective stimulus for the electroreceptor organs is the po-
tential gradient across the skin (Benmett, 1971b), Because the internal

resistance of a freshwater slsotric fish is much smaller than that of
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the external medium, the inside of the anterior body of the fish is 11
isopotential, serving as a zero reference potential, and the current as-
sociated with the EOD passes the skin in the anterjor part of the body

perpendicular to its surface, thus stimulat ing the elesctroreceptors.

Mormyrids have the potential for passive as well as active electro-
location, The tonic receptors can detect currents from many naturally
occurring gources in the enviromment (of, Kalmijn, 1974) while the field
produced by the fish's electric organ allows active electrolocation,

The passive detection of extarnal electric flelds has not been studied
in Mrlda as 1t hu in many other fish probably hecause of the grea-

ter intersst {n the active system,

Paraneterg of Elec 0 D e Rate

Research with mermyrids has used many different stimuli and experi-
mantal situations and all of them have bean found to have an effeoct,
often excitatory on the EOD activity. Typical resting, or undistrubed,
frequencies in mormyrids range from about 2 to 22 Hr (Kramer, 1974;
Mandriota et al,, 1965), with the nnn EOD fraquencies in the range of
2 to 13 He, For G, pstersii Moller and Bauer (1973) found that 98X of
the interpulse times (IPTs) were between 10 and 210 msec (100 to 4.8 Hz),
A difference in mean resting tnqum_\cy betwean day and night has been
reported in all species observed, with the EOD activity being of higher
frequency in the dark, Harder, Schief, and Uhlemann (1964) found mean
frequencies of up to 10 He in the light and 15 ¢to 20 Hs in the dark for
G, petersii. For G, piger Moller (1970) observed 4.to 8 He during the
day and 6 to 14 Hz at night, While an overlap in the range of frequen-
cles is shown, in each case esch individual f£ish had a higher mean

frequency at night.




Gallon, Mandriota, and Thompson (1967) showed the effect of water 12
temperature on the discharge frequency of mormyrids, Over the range of
20 to 30% they found an inorease in mean EOD rate with an increase in tempe-
ratuse with Qyg/70 (or the ratio of rates at 30° and 20°C) of 2,08 and
2.46 for two G, petersii and 2,81 for a G, mori, They also sxamined the
effect of a 100 msec, g to 6 mA DC pulse on the EOD activity of four
G, petersil, The ratios o!. the 2-sec period postshock to the 2-sec
period preshock for the fish were 2,43, 1.48, 2,62, and 2.11, an in.
crease of more than 100% in frequency in three of the four cases, The
response to shock lasted approximately 10 to 13 sec before a return to

basel ine frequency occurred,

Mandriota et al, (1965, 1968) successfully modified the EOD activi-
ty of several species of mormyrids through conditioning procedures.
Using an electric shock as the reinforcement both Pavlovian and operant
conditioning were obtained, The conditioned response and the operant
response were an increase in instantanebus frequency of EOD activity to

at least 2.8 times the individual baseline level.

Movement of the fish as in swimming or in being physically trans-
ferred from one tank to another also has effects on the EO0D activity,
Kramer (1976) presents time interval (TI) histograms of tha EOD activi-
ty of resting and syimming G, petersii. The resting h!léogru is tri-
modal and has a mean frequency of 8,4 He, When swimming the EOD activi-
ty of the fish increases to 16 Hs and is unimodal., Moller (1970) re-
ported observing "peculiar" discharge patterns in G, niger after trans-
fer to the experimental tank, Experissnters have used various adapta-

tion times in experiments for the fish to become adapted to the new



situation, Mandriota et al, (1965, 1968) allowed the fish to adapt 13
overnight, Moller and Bauer (1973) uaed an adaptation iurlod of a few
hours, the time required for the fish to acospt and remain within a
provided shetter tube, Kramar (1976) in agonistic interaction experi-
ments allowed the resident fish to inhabit the experimental tamk for at
least three days. In similar experiments Bell, Myers, and Russell
(1974) allowed a G, petersii a one hour period to recover from anesthe-
sia before the second fish was also placed into the experimental tank,
Atfter the interaction with the first pair had been recorded, the second
fish was removed and as many as six different fish were placed, one at
a time, in the tank to interact with the first fish, Therefore, In
each palring the firat fish had an inoreased adaptation time to the
test tank, Although the transfer is known to affect the EOD activity
of mormyrids, none of the experimenters has tried to determine by an ex-
amination of the EOD activity when the fish has adapéod to the experi-
mental situation, Moller and Bauer (1973) did use a criterion of ad-
aptation, the acoepting of a shelter in the oxp-r‘ﬁnm:al tank, Because
it is the EOD activity is usually being studjed, a criterion based on

the discharge bshavior would seem to be preferred,.

Dewsbury (1966) has suggested that the increases in EOD activity
sean in pulse type sleotric fish may be related to the concept of arou-
sal., This inocrease in activity is seen in situations that might be ex
pected to lncruu'anunl such as changes in illumination, shock, loco-
motion and disturbances of the fish, Hagiwara and Morita (1963) have
ott;rod the suggestion that an increase in EOD aotivity increases the
information flow of the fish through an increased sampling of its en-

viromment, This is not inconsistent with Dewsbury's concept of




arousal as in situations that would lead to an increased level of
arousal in the fish an increased information flow would usually also
be desirable, Support for Hagiwara and Morita was obtained in experi-

ments on electrolocation by Heiligenberg (1975) and Push (Note 2),

In both cases the response used to determine the distance at
which the fish, G, niger and G ersii, detected the object of con-
ductivity different from the water was an increase in the rate of on-
going EOD activity, To diatinguish a criterion response from the spone
taneously occurring changes in EOD activity Push required the increase
in EOD activity to have a duration of at least 2 sec, The data obtain-
ed in these two experiments agroi with the theoretical model of
Heiligenberg (1975) and the experimental results of Belbenoit (1970)
which used a conditionsd locomotor response to determine the maximal

distance for slectrolocation.

Bauer (1974) found that G, petergii show individual differences in
resting EOD activity. There were differences in the TI histograms of
EOD activity both in the number and the location of modes and minima,

In several fish these individual resting patterns remained constant
over time and Bauer suggested that the fish wers showing stationarity

in their EOD activity. This 1s an interesting finding because it indi-
cates that despite the high degrea of vnflgblllty shown in the EOD acti-
vity and its sensitivity to disturbance by stimuli of most modalities

there are consistencies in the behavior of individual fish,
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It is in the social or more particularly agonistic behavior of mor- 13
myrids that the extreme variability of the EOD activity hl‘l basn shown,
Russell, Myers, and Bell, (1974) and Bell et al. (1974) studied agonis-
tic activity in G, petergii by placing a second fish, an intruder, in.
to the tank of a resident conspecific, When the second fish was placed
into the tank pauses in EOD activity were observed which lasted from 2
to 6 sec, The IPTs observed during attacks were as short as 9 msec
(111 Hz). The average EOD triquoncy of the dominant fish was 21.8 He
and that of the subordinate fish 13,6 He, They also observed a bshavior
which they called the "echo response' in which the EOD of one fish
followed that of the other with an interval of 10 to 14 msec, This ex-
treme range of EOD frequencles, from pauses of up to 6 sec duration to
EOD activity of over 100 Hz fllustrates the great range and variabllity
of the EOD activity in mormyrids., Kramer and Bauer (1976) and Kramer
(1976) studied agonistic behavior in G, petersii and the relationship
batween EOD activity and motor &leu. The mean frequency of the
ECD activity was found to increase in attack behavior to three times
that of resting level and two times the level seen in an isclated
. swimming animal, They also fourdd that the amount of variability and the
shape of the TI histogram changed with different behaviors. Attacking
beshavior is accompanied not only by a large increass in EOD rate but
also by increased variability in EOD activity. Two sharp high frequenocy
peaks are seen, A fleeing fish also shows a higher level of variability
than a resting or Ilolltlt.l swimming fish with some IPTs being of 1 sec
duration, While the range of IPTa resembles most that seen in an at-
tacking fish, the two high frequency modes are not seen, The distribu-

tion is unimodal vwith the pesk value being the same as that seen in an

1selated swimming fish,




The high varlability of EOD activity of mormyrids and the changes
in EOD activity correlated with the introduction of stimull of many
modalities make these fish an interesting and challenging subject of
study. Bauer's (1974) finding of a stationarivy of indivdual resting
patterns in the EOD activity of G, petersil suggests that there may be
less variability in the EOD activity than is at first apparant, This
stationarity may provide a means of determining when a fish has adapted
to a new situation, The disturbance of being moved into an experimental
tank produces a large increase in high fraquency EOD activity, as doos
most any new stimulus (Scheich & Bullock, 1974)., Adaptation times in
studies with mormyrids have varied greatly with no standard procedures
existing for insuring that a stable baseline of EOD actlivity exists to
measure the experimental manjipulations against. If stacionarity returns
to the EOD actlvity of a fish it would provide a stable baseline, One
part of this series of experiments will be a more extensive analysis of
the stationarity of individual resting pattoerns in mormyrids and an ex-
amination of adaptation to a new situation and the usefulness of stationa-

rity as a measure of adaptation to this new situatlon,

The variability in EOD activity has made tho use of naturally oc-
curring responses less valuable for sensory studies with these fish (e.g.,
Push, Note 2), An extension of the conditioning taechniques of Mandriota
et al, (1965) to discriminated Pavlovian conditioning would provide a use-
ful means of obtaining a consistency in EOD activity that would enable
further electrosensory studies to be done, including instances where no
pre-existing £OD response occurs, The effects of several levels of
electric shock on the EOD will alsc be examined to extend the findings of
Gallon et al, (1967) to other values and to determine if lowﬁr levels of

shock will serve as potential US for conditioning,
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EXPER IME. 17

The existence of consiatent individual patterning in the EOD be-
havior of mormyrid fish was first reported by Moller and Bauer (1973).
The TI histograms of the control recordings made prior to experimsnts
on social interaction of G, pstersii showed consistent individual dif-
ferences in the spontaneous EOD activity among four fish, Two of the
fish had bimodal TI histograms but differed in that the high frequency
peak was greateat in one and the low frequency peak in the other, The
third fish had a unimodal distribution that was skewed to the left or
higher frequenctes, The fourth fish had histograms that were such
flatter in shape and had either two or three modes., While no systema-
tic exploration was made, as the purpose of this expsriment was one of
communicative interactions of pairs of fish, the TI histograms pre-
sented do seem to show a large degree of consistency in the EOD activi-
ty within fish and individual differences between fish, Bauver (1974)
specifically addressed this question of consistency in the spontaneous
or resting EOD activity of mormyrids, Bauer observed the TI histograns
of 12 G, petersii for 3 min periods during the light for 2 to 7 days.
Data are preasented for five of these fish, For fish H five T1 histo-
grams are shown, All théd histograms were trimodal with peaks at 18-24
mgec, 77100 msec and 125-133 msec, Bauer described these three modes
as the burst activity, first interburst activity, and second interburst
activity peaks, The EOD activity was very similar over days with the
major change being in the relative heights' of the modes. The high
frasquency mode was the highest on the two recordings made on the first
day. In the thres subsequent recordings the mode at 77-100 msec was

the highest or preferred mode. This similarity among the TI histogram




envelopes 1ed Bauer to conclude that there is stationarity of the EOD
splke producing process., Fish I, for which five TI histograms were
also presented, showad much less similarity in the envelopes, Three
of the histograms were unimodal and skewed toward low frequencies; the
other two were trimodal, They were somevhat similar in a tendency to-
ward a flat shape without the sharp modes shown by fish H, For five
f£ish, Including H and I, a figure showed the locations of modes and
minima in the TI histograms, The number of hutogrinl summar ized
ranged from 8 to 17, PFour of the five fish showed trimodal histograms
in at least one recording, Baver reports that stationarity is high in
fish H and Q, both of vhich were trimodal. Fish L which had bimodal
T1 histograms also showed a high degree of consistency among the ten
histograms shown. The other two fish were not as consistent with one
or more of the modes not present Iin every recording, DBauer concluded
that the EOD activity has the property of stationarity for an individ-
ual G, petersii under resting conditions and was found in 12 individuals
fonond‘ over two to seven days. VWhile data were not presented for 7
of the 12 fish stationarity did not seem to be present in at least three
of the fish for which TI histogram data were reported, The other two
fish showed more variability, to the extent that some of the modes
wers not present in all of the recordings shown, a condition that

would.argue against a stationarity of the EOD spike generating process
in these fish,

While the term stationarity has a specitic set of defining pro-
perties in the theory of stochastic processes (e,g., Parzen, 1962) it
is often used in an approximate manner to mean one in which the mea-

sured statistical properties of the prooess are the same at all times
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(Wyman, 1965). Rodiack, Kiang and Gerstein (1962) in developing methods 19
to deal with the spontansous activity of single neurons (very similar

to the spontansous EOD activity of electric fish in many ways) use the

term stationarity wvhen the statistical properties of a short sample of

data are indepondent of the particular choice of sample within a long

run of data, This less formal definition of stationarity would appear .

to be the one implied by Bauer's use of the term,

-In- the  present.series of sxperiments Wyman's-(1963). reqstvement 6f
having the measured statistical properties of the process the same at
all times will be used., The aim of the present experiment was to ex-
amine the EOD activity of mormayrid fish for the presence of stationarity
in a more systematic and extensive uniur than.hu been previously done,
Recordings were made throughout the light and dark cycle., This por‘-
mitted furthsr analysis of the prasence of stationarity as a function
of time of day, including a determination of the occurence of station-
arity during the dark phase, The EOD activityof mormyrids shows dif-
ferences betwesn day and might., For G, niger, Moller (1970)found that
during the day the EOD rate had a frequency of 4 to B Hz which increas-
ad at dusk to a rate of 8 to 13 Hz at night. G, petersii increases its
frequency from 8 to 10 Hx during the light to 15 to 20 Hz at night
(Harder, Schief and Uhleman, 1964), Kemmer, Baumann and Altmann (1970)
found that G, petersii have trimodal TI histograms during the day with
modes at 4.4, 6,5, and 40,0 He, At night the shape of the TI histo-
gram changes to a unimodal distribution, skewed toward the lower fre-
quencies, The majority of mormyrid EOD activity is found at frequenc-

tes of 36,5 to 4.4 He with a mean of 11,0 He, Bauer (1974) also re-

ported that most of the fish had trimodal histograss similar to those




found in Xemmer et al. (1970), The question arises as to whether 20
mormyrids that show Tl histograms of other shapes show the same skewed,
unimodal histogram shape in the dark and if there is any relationship

between the degree of statlonarity shown in the light and in the dark,

| The effect of a "typical expsrimental disturbance" of the ﬂlh on
the stationarity of its £0D activity was also examined, Transferring
a fish from one tank to another causes at least temporary dl-tut;bmecs
in the EOD activity, Moller (1970) reported that G, niger when trans-
ferred into a new tank changed its usual discharge pattern into a
*pacul jar" one consisting of groups of double and triple discharges
closely following one another, By transferring fish from a community
tank to individual tanks after recording them in the community tank
and then recording the EOD activity on successive days in isolation
information can be obtained on any changes in the EOD activity dus to
the change from the group situation to isolation, including the effect
of the transfer on the discharge activity and the possible emergence of

EOD activity that shows stationarity.

Method

Subjects, Eight G, pstersii and four Brisnomyrus niger obtalned
from a local supplier were used, Their length was 11 to 13 cm measured

from the mouth to the caudal fin. All fish were sexually immature and
no attempt was made to sex them, Prior to the start of the experiment
the G, petersii were maintained in a 50 gallon community tank containing
ten G, petergii and the B, niger were maintained in a 30 gallon tank
containing eight B, niger. They had been present in the laboratory for

more than one month at the beginning of the experiment.




Apparatus, The experiment was conducted in n‘mll, light proof 21
room 1,5 m by 1.3 m by 2.2 m high. An sdjoining room of the same site
housed the recording equipment, The individual aquaria were three
gallon glass and stainless steel tanks measuring 25 cm by 18 om with a
water depth of 17 cm. The eight tanks were placed on the floor of the
exparimental room, Cardboard placed between the tanks prevented the
fish from having vhuni contact, Water conductivity was adjusted to 430
jmho at the start of the experiment. Ailr conditioning in the labora-
tory maintained the temperature of the tanks within a range of 21 to
23°c, Each tank was provided with an inside filter and an unglazed
ceramic tube, 5 cm diameter and 14 cm long, as a shelter for the fish,
A stainloss steel aquarium hood with a 13 ¥ incandescent bulb on each
tank gave approximately 1400 Lux at the water .surface directly under the
bulb and 700 Lux at the ernd farthest from the bulb, A téwer controlled
the lights with onset at 0900 and offset at 2100 giving a 12/12 hour
1ight/dark cycle. The lights of the community tanks were also on this

cycle,

The EOD was picked up with stainless steel rod electrodes, The two
electrodes were fastensd to a piece of acrylic plastic 35.3 cm apart in
' diagonally opposite corners of the tanks. The electrodes were present
in each tank for the duration of ths experiment. Shielded cables
carried the EOD to the adjoining room where they recorded on two
Tandberg tape recorders, models 64X and 604%X, using the 22 Kohm im-
pedance inputs, For the recording of the B, niger in the community
tank the piok up electrodes consisted of a 15 cm long sesction of ABS
plastic, 1 om byl cm gn,emom'. with a single loop of uninsulated

wire around each end connected to insulated wire leads, The EOD was




proamplified with Grass P-15 battery powered differential preamplifiers
having an input impedance of 200 Mohm, The recording of a single fish
was assurced by monitoring the output of the proamplifier with an

oscllloscope,

Progedure., The G, petersii were transferred from the community
tank to the individual tanks two weeks prior to the start of tha experi-
ment, Two recordings were mada of each flsh at each of the following
times: 0900, 1100, 1400, 1800 and 2030 in the light; 2100, 2300, 0200,
0600, and 0830 in the dark, These times were chosen to sample times
both in the light and the dark and the time period around the change In
illumination, Each recording was 30 min long. The connection of the
tank eleoctrodes to the input of the tape recorder was made a minimum of
six hours prior to recording to minimize any effects on the EOD due to
impadance changes, These 20 raecordings of each fish were distributed
over a two-week period with no more than two recordingas of each fish
made on the same day. A complete schedule of the recording times is

included in Appendix A,

The procedure for the B, niger was different, In the light mor-
myrids remain hidden in shelters in the community tank (Harder, Schief
and Uhlemann, 1967). This allowed 60-min recordings to be made of four
fish in the community tank immediately after lowering the electrodes in-
to the tank near each of the shelters, Two fish were recorded then were
ramoved and transferred to individual tanks in the experimental room.
Each fish was recorded for 60 min after being placed into its individual
tank, Sixty-minute recordings were made at 1200 each day for the next
20 days for each fish, The electrodes of each tank remained connected

to thée inputs of the tape recorders for the three week period,
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Tubifex worms were prohnt in each tank at all tinmes, The filters
were not changed after the fish were introduced into the tanks to mini-
mige disturbances to the fish, Water loss due fc evaporation was made
up with demineralized water added at the end of a day's recording
period if nesded. By the end of th§ experiment conductivity rose in
all tanks to 300 to 330 pmho from the initial value of 430 mho,

Data Analysis. The data analysis problems of the EOD activity of

notiytldu are llnflar to those encountersd in the study of single
neuron activity, In doth cases the time betwessn oﬁnta, EODs or spike
activity is the only variable, Gerstein and Kiang (1960) discussed the
possible types of histogram analysis to be used for data from single
neurons, They suggested tﬁt for data involving the spontaneous firing
of neurons the Tl histogram might be the most useful means of analysis
as it emphasires internal timing relationships in the spike train,

This method of analysis using TI histograms will be used in this ex-
pcﬂunt as the behavior of interest is the spontaneocus or resting EOD
activity of the mormyrids., The degree of comsistency-of the shape of
the TI histograms is a measurs of stationarity., This procedure was
used by Rodieck et al, {(1962) to test the presence of stationarity in

the study of single neuron activity.

To assess the presence of stationarity among the TI histograms,
Kendall's coefficient of Concordance, W, will be used (Siegel, 1956),
This is a rank order statistic which determines the degree of agreement

among several sets of rankings of data, In each of the TI histograms of

a glven fish and condition, the mmber of events in each bin of the

histogram will be replaced by its appropriate rank, the bin with the
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greatest mumber becoming rank 1, ete. The test ylelds a value of W of 24
0O tol with a value of 1,0 representing perfect agreement among the

histograms and a value of 0 total disagresment, In this manner a

measure of the actual degree of similarity among the TI histograms,

and the presence of stationarity, can bs assessed,

The guestion of the appropriate sample size is a difficult one.
If the spike generating process wers truly stationary it would not
matter as the statistical properties of any sample would be the same
as any other. .The EOD aetlvlty of the fish does ln fact show at least
one short term behavior that does not have stationarity, burst activity,
A burst consiats of several short interpulse time (IPT) discharges in
sequence, Bauer (1974) has analyzed the EOD activity of G, petersii
for this type of sequential dependency by means of "histograms of regu-
lation®, In this type of histogram, the total time required for the
ocoumpnce of the mmber of EODs in the sample is plotted against the
difference in the longest and shortest IPTs in the sample. Sequential
dependoencies were found vhen examining EOD discharges in groups of ten,
Thege are due to the burats in the EOD activity, The analysis of
groups of 100 consecutive discharges showed that bursts are composed of
groups of less than 100 discharges, The valus of variation, a measure
of sequential dependencies, also diminishes with groups of 100 dis-
charges and bescomes cvcn'mllu' vhen groups of 200 discharges are ex-
amines. This implies that the long-term effects of any sequential de-
pendencies that may exist are greatly diminished vhen oxuinltig groups
of several hundred discharges. This 1s necessary if stationarity is
to exist in the weak sense used in this experiment., The data that

Rodieck et al. (1962) analyzed for stit:lomrley possess similar short-



term dependencies but thwy argued that there may still be stationarity 23
in the long run if samples are chosen large enough to reduce these short-

term effects. On the other hand if the underlying EOD generating pro-

cess is changing, samples that are too long may average and obacure these
changes in the EOD generating process and lead to a false conclusion of

the existence of stationarity, The size of a sample must then be large
enough to diminish the short term dependencies that exist, large enough

to yleld a true picture of the EOD activity of the fish, and not so

large as to obscure real changes in the EOD behavior,

There is a method which enables distribution-free confidence bands
to be established for cumulative distribution functions, Kolmogorov's
statistic (Birnbaum, 1962). By cumulating the TI histograms this statis-
tic may be applied to them, For a given N of events in the distribu-
tion, a confidence band of !g‘wlth a confidence level 1 -o. may be de~
termined from PFigure 1, For example with an N = 1000, the confidence
band is approximately + 4X, with a confidence level of 95%, or + 5%
| with a confidence level of 99%. In the present expsriment it was de-
clided to try to achieve a confidence band of approximately ¢ 1X with a
confidence lavel of 95X so that ths samples would accurately reflect
the EOD activity of each fish, This requires N, the number of EODs in
the samples, to be approximately 19000, With the average frequency of
a G petersii equal to 10 Hz, 30-min samples should meet this requirement,
As the B, niger has & lover mean frequengy 60-min samples will be re-
corded, Samples of this size should be long enough that the short-term
sequential dependencies will not be a problem, In the case of the
G,_petersij which are to be recorded ten times over the 24 hour light/
dark cycle the 30-min ru;ordlng period 1s short enough that changes oc-

curring as a function of time of day, if any, should not be obscured,



Figure 1, Distribution-free confidence bands for the cummulative dis-
tribution function, For a sample size of N, the graph shows the slze

of the confidence band + ed for confidence levels of 95% and 99%.
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Regults 28
G, petersii, Two of the eight G, petersii died during the re-

cording period and are excluded from the data analysis, Figur@n 2,

3, and 4 present the TI histograms for the six G, petersii for the ten
racordings in the light, In a TI histogram the interpulse times of
the f£ish's EOD are grouped into bins, in this case of 10 llle‘c width,
The height of a bin therefore shows the number of responses that oc-
curred with an IPT of that duration., Each bin will be identified by the
nunber of milliseconds at its midpoint. For axample, if the 95 msec
bin contains 200 responses it means that there wvere 200 IPTs of between
90 and 100 msec duration, Information about the order of the IPTs 1is
loat in the TI histogram, The TI histogram represents a statistical
estimator of the probab!li!:y density function of the underlying EOD
producing process {Sanderson, Kozak, & Calvert, 1973), It is this
property which makes them appropriate for a determination of station-
arity. The Cynax Histogram Computer (Wright Assoclates) used to ana-
lyze the recordings, has provision for accumulating up to 200 bins of
data. ¥ith a bin width of 10 msec this allows the determination of
IPTs from O to 1990 inc with the last bin being all IPTs of greater
duration, The TI histograms show 30 bins representing IPTs of 10 to
310 msec duration. Thia includes greater than 97% of the IPTs in all
cases and for most recordings repressnts greater than 99X, In some
recordings almost 2X of the IPTs fall into the last or overflow bin,
greater than 1990 msec, Because the fish could not be restrained in
this experiment due both to its long term nature and the desire to
interfere with the fish as little as possible, lt' is not possible to
determine if these represent actual IPTs of this duration or fallures

to record the fish bacauss of position changes relative to the electrodes,



Figure 2, TI histograms for GFl and GP2 for the ten 30-min recordings

in the light,
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Figure 3, TI histograms for GP3 and GP4 for the ten 30-min recordings

in the light,
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Figure 4, TI histograms for GP5 and GP7 for the ten 30-min recordings

in the light,
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Moller and Bauer (1973) for G, petersii report that 98X of the IPTs K1}
ranged from 10 to 210 msec and the remaining 2X were from 210 to 310

mgec, This would seem to indicate that the long duration IPTa found in

this experiment resulted from a failure to record the EOD of the fish

due to its position relatlw to the electrodes.

From these histograms it is possible to observe sevaeral features
of the EOD behavior of the fish., These include modal or preferred fre-
quencies of IPTs, a degree of consistency among the different record-
ings and individual differences among fish in their EOD activity. A
peak in the TI histogram was defined as a mode 1if it met one of the two
following criteriat the bin has 23X more responses in it than either
of the adjacent bins; or two or more bins on each sl&a of the bin show
a decreasing number of responses., Fish GP2 shows psaks or modes of
responding at IPTs of approximately 23 msec, 103 msec, and 205rmsec,
with the 'mode at 103 msec more than twice as high as the others. GPl
in contrast shows modes at approximately 30 msec and 63 msec with the
main response peak at the higher frequency, GPl also shows less con-
sistency in its TI histograms recorded at different f':lnu. The record-
ings made in the first week show a single peak at about 30 msec which
decreases over days. A second mode developes at approximately 60 to
70 msec and in the last recordings the peak at the high frequencies
disappears. This would indicats that even after the two week adapta-
tion period to the experimental tank the EOD activity of some fish is
still not consistent. The pattern of GP3 is similar to that of GF1
with modes at 30, 125, and 205 msec, GP3 does not show the one very
large dominant modal response as does GP2, While differences are ap-

parent among the different recordings there are great similarities



among them, The TI histograms of GP4 are more like that of GP2, The
modes are 23, 90, and 225 msec, As was the case with GPl, a significant
change over time occurred, The two recordings made first show the
highest peaks at 25 masec while in the others the highest peak occurs at
approximately 90 msec, Again a high degres of consistency is to be seen
among the histograms with the main change being in the heights of the
modes, GPJ is also trimodal with modes at 33, 135, and 195 msec,

While similar in shape to GP2, GP5 differs in the lower height of the
second moda., Thers is a large degree of consistency among the ten re-
cordings and no consistent changes were noted over days, GP7 is
seemingly the least consistent of the fish with large shifts not only
in the height of the modes but large shifts in their location., The
first peak is at approximately 30 msec and ranges from 15 to 45 msec,
The second mode ranges from 75 to 125 msec. A third mode appears in

some of the recordings at 185 msec.

~ Figures 3, 6, and 7 present the TI histograms for the six
G, petersi}] for the ten recordings made in the dark. In comparison
with the light recordings it is seen that there is a shift in the dis-
tributions toward the shorter IPTs or higher fraquencies, Most distri-
butions are either unimodal orhhave their highest mode at the shorter
IPTa., A greater similarity both within and among fish is also apparent
in the dark EOD activity compared with the EOD activity in the light,
For GPl six of the ten TI histograms are unimodal with the mode at
25 msec, The other four show an additional mode at about 60 msec,
CP2 has a predominance of bimodal histograms with modes at approximately
30 and 80 maeo with the mode at 30 msec being slightly higher. GP3 and

GP4 show similar patterns with the mode being at approximately 40 msec,



Figure 5, TI histograms for GP1 and GP2 for the ten 30-min recordings

in the dark.
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Figure 6, TI histograms for GP3 and GP4 for thue ten 30-min recordings

in the dark,
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Figure 7. TI histograms for GP5 and GP7 for the ten 30-min recordings

in the dark,
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The drop in the number of responses at frequencles lower than the mode 43
is aharper in GP4 than GP3, GP3 shows a second mode at longer IPTs In
five of the ten recordings. GP5 is unimodal but the modal frequency is
lower, approximately 45 msec, and the shape of the distribution is not
as sharply peaked, GP7 is different from the others in that not all of
. the racordings show a peak at the shorter IPTs, In only six of the
recordings is a peak found at 35 msec. The other four have a single
mode at 93 msec and do not show any high frequency or burst activity
mode that is typlical of EOD activity Iin the dark. Some of the hilsto-
grams have a slight increase also at approximately 175 msec, With the
exception of GP7 the recordings in the dark when compared with those
made in the light show a change in the shape of the distribution toward
that of a single main peak located toward the shorter IFTs of the histo-

grams in the light,

Table 1 presents the mean of the medians (5;) and the interquartile
ranges (IGR) of the TI histograms for the light and the dark for each
fish. In each case the 6_2' is lower for the dark reflecting a higher
average frequency of EOD- activity. Notice however that there is an
overlap of '('!-2' values with GP1 having a lower average IPT in the light
than GP2, GP3, GP5, and GP7 do in the dark, GP4 has a lower average IPT
in the light than GP7 in the dark, Therefore, while each individual
fish shows an increase in average frequency in the dark, average fre-
quency by itself is not enough to separate the EOD activity differences
dus to light/dark., With the exception of GP2 the IQR of all fish is
smEallier in the dark as a consequence of the tendency toward more sharply
peaked, unimodal TI histograms of the EOD activity in the dark. This is
not seen in the case of GPi bescause of the very high, stesply sloped

mode shown in the light TI histograms,



TABLE 1

Mean Values of The Medlans and Interquartile

Ranges of The Individual TI Histograms,

Mean Values (msec)

Light Dark
Fish Madian ESE_ Median ESE_
GP1 66,0 56.8 54,5 47.2
GP2 104,6 49,5 69.4 36,2
GP3 105.0 90.6 68.0 60.1
GP4 84,1 47.3 55.6 40,8
GP5 118,0 69.0 7.6 50.5

GP7 104.5 66,1 91.2 39.1



The modes of the TI histograms from Figurcs 2 through 7 are shown 45
in Figure 8, Each square represents the occurrence of a mode in a TI
hiltogrln. In the light, shoun above the horizontal axes, all fish
show a trimodal histogram at least once, GP2 and GP4 had trimodal histo-
grams for all ten recordings, The high frequency mode or burat actlivity
is present in 58 of the 60 histograms vhile the first interburst acti-
vity peak is present in 37 or 60 histograms. In both cases it is fish
GP1 which does not show both types of activity, All other fish show at
least these two peaks on each recording. GPl has a unimodal distribu-
tion five times, While both the burst activity and interburst activity
peaks are equally likely to occur, the interburst activity peak is more
variable in location bSth within and between fish, Only 3 of the 58
burst activity peaks ococur in other than the 23 msec or 33 msec bins
while the interburst activity peak occurs from the 33 to the 133 msec
IPT bins, The second interburst activity peak is the most variable
of the modes ocourring only on 43 of the recotdings and in IPT bins
from 183 to 275 msec, The two fish, GP3 and GP7, that showed the least
consistancy in the TI histograms of light EOD activity also show the
most variability in the locations of their modes, The first interburst
activity peaks of GP7 ranges from 75 to 123 msec and that of GP3 from
115 to 145 maec. The distribution of modes for the TI histograms of
the dark recordings, shown under the horizontal axes in Figure 8, re-
flects the shift toward unimodal distributions in the dark. Forty of
sixty distributions are unimodal, Burat activity is present in 34 of
60 histograms, For five of the fish the modal frequency for the burst
activity is lower in the dark than in the light, The unshaded squares

are the modes from the recordings made around the illumination changes,



Figure 8, The number of modes and their location for each of the ten
histograms in the light and the ten in the dark for eaéh fish, The
modes for light recordings are shown.above the horizontal axes; those
for the dark below, Unshaded squares are the recordings which began

30 min before and immediately after the light/dark change,
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It waa expected that thess might show a systematic shift toward the
pattern of the other light condition, e.g. a trend toward unimodal distri-
butions in the 2030 recordings. No orderly pattern of shifts in locae

tion of these modes is apparent in Figure 8,

The coefficients of con;:ordmcn for each fish for the ten light
and ten dark recordings are in Table 2, All values of W are significant
at ¢ <.01, This does not mean that the recordings for each of the fish
are statistically similar, but rather that the samples used were of ade-
quate size to be certain that the degres of concordance or similarity
found for each lnd!vl&ual fish was relisble, Individual fish have
values of W ranging from ,72 to .84, The values for the individual fish
accord well with the amount of similarity in the TI histograms shown by
inspection of Figures 2 through 7, The concordance for all 60 histo-
grams for the six fish is .54 in the light. While this is less than the
value for any individual fish it still represents a substantial degree
of agreement among the EOD activity of all the G, petersii. This find-
ing 1s not totally surprising however as tha EOD activity of all the
fish have many features in common, The burst actlvlfy present in moat
recordings occurs with a small range of IPTs. The interburst activity,
while more variable, tends to occur within a limited range,. Also
very little EOD activity occurs with IPTs of greater than 250 msec,
These features all contribute to the significant degree of similarity
among the fish, The concordances for the dark recordings support pre-
viously noted features of the EOD behavior in the dark, The W of .84
for all fish reflects the trend toward a unimodal dark TI distribution
shown in most fish, Except for GP4 all indivdual fish allﬁ increased

in similarity of EOD aotivity in the dark. Fish GPl1 reached .99, a
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TABLE 2

Coefficients of Concordance, W,

for the Individual TI Hlstograms,

B
¥

Fish Light Park
6P1 .82 .99
GP2 .86 .86
GP3 .73 .95
GP4 .83 .83
GPS .83 .93
GP7 .72 .88
Comb™ .54 .84

*
All values of W are signi-
ficant, p ¢ .03,

a
The values of concordance

for the 60 recordings of
the six fish,
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close to perfect agt.onenf among the ten dark recordings, These findings
do not support the hypothesis of stationarity in the resting or spon-
taneous EOD activity in these mormyrids as that would require values of
¥ to be close to one in all cases. While a degree of consistency in

the EOD behavior is shown, in some cases a very high one, of the defini-
tion stationarity was used here (Wyman, 1965) requires that the stati-
stical properties of the samples of data must be independent of the
particular choice of sample in time, That 1s clearly not the case for

these fish,

While the modes for the recordings around the {llumination changes
did not show any systematic variation, there do ssem to bea some system-
atic variations in the EOD activity with time otiday. Figure 9 presents
the quartiles of the TI histograms for each fish, They are in order by
time of day of recording, Because the times that the recordings were
made over days was randomirzed, the order on the figure is not the order
of the recording, The recordings for the second set of ten recordings
replicated the order of the first ten recordings. GPS5 and GP7 have
increases in the median IPTs throughout both of the dark periods;
the average frequency of EOD activity is slowing down, Fish GP2 and
GP4 sxhibit this same behavior with one exception early in the dark
time, GPl and GP) also show this frequency decrease over the dark
with the exception that an increase in frequency is showm in one 0830
recording for sach of them, The pattern with some exceptions then
seems to be a gradual increase in average IPT or a decresass in average
frequency of EOD activity during the dark period, The quartiles for the
1ight recordings do not have this degres of consistent trend. GPS5 and

GP7 do show a decline in median IPT for the recordings at 2030, just

30



Figure 9, Quartiles of the TI histograms of the 30-min recordings

for the 1light and dark.,
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before the change to dark., Fish GP3 and GP4 in comphruon show a rise 53
in median IPT or decrease in frequency at 2030, The other two fish

show one rise and one drop In average IPT, There do not seem to be any
orderly progressions due to the increased time in isolation shown by

the changes in the quartiles,

B, niger. The effects of change from the community tank to iso-
lation on the EOD activity in B, niger can be seen iIn Figures 10 through
12, The hi-togrnﬁs for the 60 min recordings for each fish are shown
for the community tank, the first hour after the move and on the twentisth
day in the individual tank, Only for fish BN2 is the EOD activity on
day 20 similar to that shown in the community tank, In the other three
fish there is a flattening of the TI distribution and a shift toward
longer IPTs, No peak of burst activity is ssen on day 20, The mode of
the burst activity shown by BN2 has shifted from 15 to 33 msec, a-change
from 66,7 to 28,6 Hr. It would seem possible that the burst activity
serves a soclal function and disinishes or disappears when the fish are
in isolation, In the community tank two of the fish had bimodal distri-
butions of EOD activity, BNt had modes at 25 and 163 msec, with the one
at 165 msec being large and sharply peaked, The distribution for BN2
wvas similar with the modes at 15 and 163 msec, The other two fish had
flatter distributions without the clear pesaks. The modal value was at
225 msec for BN5 and 235 msec for BN6, After 20 days of isolation the
modal values for the three fish with the flat, skeved distributions weret
BN1, 215 msec; BN3, 285 msec; and BNG, 305 msec, For BN2 which still
retained the bimodal distribution the modes were at 33 and 143 mgec. In

general the transfer to isolation resulted in a slowing of EOD activity,

a reduction of burst activity and a reduction of preferred values of IPTs,



Figure 10, TI histograms for BNl for the 60-min recordings in the com~
munity tank, immediately after being moved to isolatlon, and the

twentieth day in 1solation,
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Figure 11, TI histograms for BN2 for the 60-min recordings in the com-
munity tank, immediately after being moved to isolation, and the

twentieth day in isolation,
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Figure 12, TI histograms for BN5 and BN6 for the 60-min recordings in the
community tank, immediately after being moved to isolation, and the

twentieth day in lsolation,
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The recovery trom'the disturbance of being moved and the adaptation
to isolation is shown by the quartiles of the TI histograms for each
fish for the community tank, the first hour of fsolation and the next 20
days is shown in Figures 13 and 14, An increase in the frequency of
EOD activity in the first hour after the move is apparent for the fish
- except for BN1, As was seen in Figure 13, BN! did show.an increase in
burst activity but the large increase in low frequency activity caused
the median IPT to increase, Each fish shows a slowing of EOD activity
on day 1 after 24 hours in isolation, The EOD behavior after this does
not show any consjistent pattern in any of the fish, although there are
trends up or down of four 6r five days duratlion, Ho.systomntlc changes
or stabilizations are apparent wvhich could be clearly identified as a
product of adaptation to the new situation. Concordances wers computed
for each fish for the TI histograms by five-day blocks (Table 3}, In
three of the fish the values of W were quite high for the first five-day
block, indicating a.hlgh degree of atability of the EQCD activity after
this short period of adaptation. BNl is the only fish to show an in-
crease in the values of concordance over the 20-.day period, requiring
15 days to reach the level of stability seen in the other fish in the
first five days, Increased time in isolation did not lead to a malne-
talned level of stabllity in all fish, Fish BNG was less similar in its
EOD activity on the second ten days than the first five. BNJ has a
large decline to a W of ,40 on days 15 to 20, the lowest value obtained
by any fish in this experiment, The quartiles of the TI histograms in
Figure 14 show that the EOD behavior of BN3 was undergoing a large
slowdown over this perliod, The TI histograms for this period fo¥ BNS
are shown in Figure 15, The reduction in burst activity and the shift

of the distribution toward longer IPTs accounts for the low value of
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Figure 13, Quartiles of the TI histograms for BNl and BN6 in the com-
munity tank (C,T.), immediately after being moved to isolation (F.H.),

and the following 20 days in isolation,
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Figura 14, Quartiles of the TI histograms for BN2 and BN53 in the come
munity tank (C,T.), immediately after being moved to isolation (F.H.),

and the following 20 days in isolation,
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TABLE 3

Coefficients of Concordance, W, for the TI histo-

grams of the one-hour récordings for each fish,

*
W (Blocks of 5 days)

Fish 1-5 6-10 1115 16-20
BN1 .68 .73 .90 .93

BN2 .88 .97 .96 .95

BNS .90 .92 .90 .40

BN6 .88 .95 .73 .85

Comb® .71 74 .75 .54

*

All values of W are significant, p £ .03,

a
The values of concordance for the 20 re-
cordings of the four fish,




Figure 15, TI histograms for BN5 for five consacutive days illustrating

a low value of W = .40,
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concordance. As a comparison, the histograms of BN2 for days 6 to 10,
which had a ¥ of .97, are shown in Figure 16. Again, there is a change
over days but It is relatively minor, The distributions retain their bi-
modal shape while the interburst activity mode movea toward uhortnr'IPT-,
from 165 to 135 msec (6,1 He to 7.4 Hr). As with the G, petersii these
values of concordance do not support the hypothesis of statlionarity

but do show a high, but not constant, amount of similarity in the EOD

activity of the fish.

Table 4 gives the medians and interquartile ranges for each fish
for the community tank and the mean of the medians and interquartile
ranges for the naxt 20 days by five-day blocks. For all fish the Q,
and Tﬁi are greater on days 13 to 20 than in the community tank re-
sulting from a slowing dowm in freguency of the EOD and an increased
variability in the TI histograms. Fish BN3 iz the only one to show
an orderly trand over days with both Q; and IR increasing over the

four, fiva-day blocks.

Discussi

The results of this experiment do not support the hypothesis of
stationarity proposed by Bauer (1974), The existance of stationarity
would have required that the TI histograms of a fish be identical in
shape or nearly so for all the samples made under the same conditions
of resting or spontaneous activity. As the Tl histograms represent the
probability density functions of the EOD activity this identical shape
would have meant that the statistical propsrties of sach of the samples
was the same and thersfors the EOD activity haq the property of stationar-

ity. Of the 24 concordances determined in this experiment, only five
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Figure 16, TI histograms for BN2 for five consecutive days illustrating

a high value of ¥ = ,97,
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Mean Values of the Median and Interquartile Ranges of the Individual TI Histograms,

TABLE &

Mean Values (msec)

Blocks of Five Days

Fish Community Tank 1-5
Median IQR Madian IR
BN1 137.6 30.0 192.0 89.4
BN2 150.7 34,1 162.1 52,4
BN5 179.8 117.1 156.6 78.9
BNG 205,6 98,2 199.8 85.7

6-10
Median IQR
177.5 84.6
141.3 38,8
193.4 111.2
177.4 89,6

11-15
Median IR
182.5 86,3
137.8 47.0
195,9 112.3
182.9 99.1

16-20
Median IQR
197.6 93,6
154.8 53,1
224,3 151.1
210,11  112,2

14




are .95 or greater, While true stationarity is not present there is

a similarity, often a very substantial one, among the TI histograms of
individual fish, This leads to the conclusion that the underlying pro-
censs of EOD production remains to some degree constant, For fhc

G, petersii in the light, the values of concordance ranged from .72 to -
.86, As little orderly variation was shown by the EOD activity during
the light for individual fish these values of concordance which combine
all ten recordings for the light probably do not distort the actual de-
gree of similarity in EOD behavior of a fish, The ooncordancci for the
dark were ,83 to .99 lndicatﬁng a groater degres of similarity in EOD
activity in the dark oven though many of the fish did show conalsi;ont:
changes in average frequency over the dark perlod., It is also !ru:ereu_:-
ing that a greater stability in the EOD-producing process was found in
the dark as it is at night that mormyrids are active (Kemmer et al,,
1970; Poll, 1959), In general the changes in EOD activity in the dark
found in this experiment are similar to that reported by Kemmer et al,,
(1970), The shift in EOD activity toward a higher frtquoﬁcy unimodal
distribution vas found in 54 of the 60 recordings. Twenty of the TI
histograms also had a second mode which was, however, of lower amplitude
than the high frequency peak. The TI histograms for the adaptation ex-
periment with the B, niger revealed only one rellable indicator of
disturbance and adaptation, burst activity, All four fish showed an
increase in burst activity in the first hour after being moved and then it
diminished almost to the point of not being obsarved at all in thres of
the fish by day 20, Three of the fish also shouid a flattening ot‘ the
shape of the histograms and a reduction in average frequency over the
course of adaptation, while the fourth fish maintained the same EOD
activity seen in the community tank. The values of concordance lncrcu-‘

ed over tha 20 days for only one fish with the other three showing
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fluctuations in this statistic, The quartiles of the TI histograms
also varied over the 20-day perlod leading to the conclusion that even
when in relatively undisturbed isolation the EOD activity of these fish
does not remain totally constant but changes over time, The cause of
this varlation is not known at present, It is most likely not due to
the rise in conductivity from 450 to approximately 500 amho as DeFazio
(1974) found no systematic effects of aquatic conductivity on the EOD
acttvity over a much greater range of conductivities, As there was no
increase in the values of concordance shown by the four fish over the
20 days of adaptation, this would not serve as a useful measure of
adaptation, It is possible that the adaptation to isolation occurs

in a short time, e.g., 24 hours, and the failure of the measures of
concordance for the 5-day perilods to show an incroase is due to adapta-
tion having besen completed to its maximum extent in a shorter period

of tima,

Two of the G, petersii also showed a rcﬁuction in burst activity
over the course of the experiment even after the l4-day adaptation
period, and this lends support to the use of the amount of burst activi-
ty as an indicator of the degree of adaptation in mormyrid fish, The
reduction, almost to the point of elimination, of burst activity shown
by three of the B, niger after being moved to isolation may be related
to the lack of conspeéific interactions in which high frequency EOD
activity plays an important role (Krammer & Bauer, 1976; Moller &
Bauer, 1973) or to the gensral reduction in stimulation due to the
ssaller and featurelaas aquaria the fishiwere meved:into:in the experi-
ment. While two of the G, petersii showed a reduction in burst activity

during the experiment, a burst activity peak was present in 38 of the 60
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recordings and even those two recordings without a mode at thase fre-
quencies did show a substantial amount of burst activity. It is possi-
ble that this represents a specles difference in their response to iso-

lation,

Both G, petersii and B, niger showed significant values of con-
cordance when the TI histograms were combined over individuals, This
is due to certain features of the EOD actlvity that all fish have in
common as conspecifics and includes a common range of frequencles, the
presence of burst activity and similar modal frequencies for the inter-
burst actlvity peaks, In most cases the individual fish are more cone
sistent than the similarity shown as a group but there is a great vari-
ation in the individual values of concordance and, therefore, the ECD

activity shown.

As stationarity does not exist for the EOD activity of mormyrids,
this reduces the possibility of the fish having consistent individual
differences as suggested by Moller and Bauer (1973), The fish do show
individual differences, Three of the G tersil, GP2, GP4, and GP5
can be differentiated from each other in 27 of the 30 recordings solely
by location of the first interburst activity peak, The degree of vari-
ability shown by the other three G, petersii does not permit them to be
identified on the basis of any single sample of their EOD activity.
Among the B, niger fish BN2 can easily be identifled from the other
three fish by the gharply peaked shape of its TI histogram., The
changing nature of the EOD activity of these figh seen in the 20 days
of recordings for the B_niger and in several of the G, petersil raises

further difficulties with the possibility of discriminating among them
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over time, Individual differences do exist, but there is a large over-

lap in~the EOD activity and it changes over time making it impossible to

reliably identify sach fish from its £0D activity,
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EXPERIMENT 2

The aim of this experiment was twofold: to further explore the
adaptation effects of mormyrids to new axperimental situations; and to
study the effects of an electrical unconditioned stimulus (US) on the on-
going EOD activity. As contrasted with the long term, undisturbed adapta-
tlon examined in the first experiment, many experiments with mormyrids
involve a situation where the fish are placed into the experimental tank
for each session with varying amounts of adaptation time allowed, For
oxample Bell et al, (1974) placed a G, petersii into the experimental
tank and allowed one hour recovery time from previously given anesthesia,
A second flsh was then introduced into the experimental tank directly
from its home aquarium, After an experimental period of 15 to 45
minutes, the second fish was removed, Additional fish were paired with
the first fish, again being moved directly from their home tanks. It
is possible that any social interactions found in this experiment are
confounded with changes In the EOD activity due only to being moved and
to the increasing adaptation time of tha first fish relative to the
fish with which it was successively paired in the experiment. It would
be desirable to establish a baseline of EOD activity to measure experi-
mental changes against, Experiment 1 found a large increase in high
frequency activity in the first hour in a new tank and also changes in
the EOD activity over days, While the activity never became totally
stable over the time course of the experiment, the fish showing contin-
ual changes over time, a high degree of concordance was shown by most
fish indicating a-hRigh level of stability in their EOD activity over

time, In this experiment the EOD activity will be examined for stahil-

ity in fish which are repcatedly placed into and removed from restraint

in oxperimental tanks.
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Conditioning techniques have proven valuable in the study of ani- 77
mal psychophysics (Stebbins, 1970). Through the use of a conditionad
response, data may often be obtained on sensory aystems for which no
reliable pre-sxisting indicator responses are found in the animals be-
havior. Also in many cases a more precise control over the presentation
and specification of the stimuli is possible, Belbenoit (1970) used
conditioned locomotion in G, petersii to establish the fish's abllity to
discriminate plastic and metal rods. The use of a locomotor response
makes the preciase opoclflcatlon of the stimuli more difficult as the
fish's position is not fixed, Through the use of a conditioned EOD re-
aponse, it would be poasible to present stimull with the fish in a
fixed position relative to the stimuli and obtain a more precise determi-
nation of the psychophysical data, In the present experiment, the ef-
fects of a negative reinforcer, electric shock, on the EOD activity of
mormyr ids will be lyltOnntlﬁally sxplored more fully with the aim of
using shock as the reinforcer in the establishment of discriminated

Pavliovian conditioning of the EOD activity.

Gallon, et al., (1967) explored thae effects of a single, 100 msec,
5 to 6 mA DC pulse on the EOD activity of four G, petersii, With a
water conductivity of approximately 220 ymho and an interslectrode
distaneo of 2 cm this is approximately 11 to 14 V/em, Shocks were de-
livered every five minutes for one hour, followed by one hour without
shock, then another hour of shock delivery on each of two consecutive
days. The mean EOD rate was determined for 2-second periods for a
60-second period beginning eight seconds prior to shock delivery. The
response to shock was an elevation in EOD rate which lasted approximately

10 to 15 seconds before returning to baselins rate, The ratios of



post-shock to baseline mean rates were 2,43, 1,48, 2,62, and 2,10 for
the four fish, While the recording methods did not permit the determi-
nation of the instantaneous changes to shock they report that EOD activi-
ty of over 50 Hz occurs In r-lbonse to the US, Mandriota et al, (1965,
1967), In their conditioning studies, used a 7.5 mA DC pulse of 100 msec
as the US, This corresponds to approximately 20 V/cm., They used a
conditioned f-sponse or avoidance response of a single occurence of an
EOD with a rate of 2,8 times the mean resting rate and report that sach
US ellicited several pulses at a rate greater than this criterion rate,
They also report that US levels smaller than the 7,5 mA were not as ef-
fective in conditioning., Since an important use of conditioning In
mormyrids would be to determine sensory thresholds for the electrosensory
systems, the use of US levels of this high magnitude would probably
interfere with the receptor systems because the blologically interesting
electric signals are of much lower amplitude than this. Moller and
Bauer (1973) measured the voltage of six G, petersii out of water, from
mouth to tail, and found between ,10 to .18 V/cm., Field measurements

in water of approximately 3500 te 1000 amho conductivity revealed a

value of approximately i1mV/em at a distance of 5 cm from the fish,

The value of US used by Mandriota et al, is over 1000 times greatsr than
this and it would clearly be advantageous to be able to condition the
fish with a lower level of US, preferably one that is within the blo-
logically occurring levels of voltage. Stimulation experiments (e.g.,
Moller, 1970) have shown that mormyrids do respond to low level slectric
signals that fall within the naturally occurring range of voltages,
Moller (1973) stimulated Marcusenius sp, with recorded discharge patterns
of other mormyrids at three different amplitude lsvels, In all cases,

the stimulated fish respornded with an increase in EOD activity immediately



after the initiation of stimulation even at levels as low as ,07 mV/cm,

It is possible then that US levels in this biological range of amplitude
could serve as a V'S if this response is maintalned over repeated

presentations,

The second part of this experiment will, therefore, examine a broad
range of US values to determine 1f lower voltages will serve to produce
a reliable response which might then be used in conditioning. US values
of ,0005 V/cem, .05 V/em, 1 V/em, 10 V/cm, and 20 V/em will be used, The
highest of these values is approximately the lavel used by Mandriota
et al, (1965, 1968)., The lowest value is approximately ten times the

threshold value of .04 mV/cm reported by Moller (1970) for B, niger,

Method

Subjects, Nine G, petersii and nine B, niger obtained from a
l1ocal supplier were used, Their length was 9 to 13 cm measured from the
mouth to the caudal fin, All fish were sexually immature and no attempt
was made to sex them, Before being used in the experiment, each
species had been maintained in its own 30 gallon community tank., They
were pressnt in the laboratory for more than one month at the beginning

of the experiment,

Apparatus, During the experiment, the fish were housed in three
gallon aquaria in the laboratory, FEach tank was provided with a filter,
shelter, and light as described in Experiment 1. A timer controlled
the tank lights with onset at 0700 and offset at 1900, Some natural
light also reached the tanks, Tubifex worms were avallable at all

times in these home tanks,
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The two experimental tanks were housed in the room described in 80
Experiment 1, The tanks were made of aorylic plastic and were 38 by
23 by 20 cm with a water depth of 12 em, The conductivity of the ex-
perimental tanks was maintained at 450 umho by adding to or changing
part of the water in the tanks with demineralized water before the
experimental sessions each day. Inside filters were In these tanks ex-
cept during an experimental session when only aeration was provided,
Each tank was placed on foam rubber within a styrofoam box, inside
dimensions 43 by 31 by 31 cm, to visually isolate the fish and to mini-
mize the effects of vibrations. A restraining device similar to that
used by Mandriota et al. (1963) was used in each tank to locate the
fish in a relatively constant position with respect to the stimulating
electrodes, This box-1like device was made of acrylic plastic with in-
side dimentions of 20 cn long, 4 em high, and 2 cm wide, Two movable
verticle partitions enabled the inside length to be adjusted to ac-
commodate fish of different length, Fastened to these end partitions,
at the head and tail of the fish, wvere silver wire electrodes for re-
cording the EOD. The stimulating electrodes were alsc silver wire and
were fastened to the sides of the restraint with a distance of 2 ca
between the electrodes, Holes drilled in the restraints allowed water

circulation,

The EOD was amplified by Grass P-13 amplifiers as used in Experl-
ment 1 and then recorded using a Tandberg 6041X, The EOD was recorded
on the left channel of the tape. Pulses generated by T-ktronlx 160
Series modules were recorded on the right channsl of the tape to mark
the US delivery and the time 30 sec prior to the US for purposes of data

analysis, The US was a 100 msec square pulse timed by Seclentific




Prototype programming modules. For the low levels of US (.0005 V/em, 81
.05 V/em, 1 V/em) the output of a Hewlett-Packard 330D attenuator set
to a minimum of 20 dB attenuation was connected to the stimulating
electrodes of each tank, At a setting of 20 dB or greater the attenua-
tor provides a 600 ohm output impadance, The output of a Southwest
Technical Company variable voltage DC power supply was switched to the
input of the attenuator by a relay to deliver the US. This method pro-
vided a constant 600 ohm impedance at the stimulating electrodes to
prevent a confounding of impedance changes with the voltage change.

For the two high levels of US, 600 ohm resistors were substituted for
the attenuators, An attenuator or resistor was connected to the stimu-
lating electrodes continuously during each experimental session and
adaptation period, The US levels were calibrated before each session
with an oscilloscope by measuring the level of US actually delivered in-

to the tank via the stimulating electrodes,

I1lumination in the experimental cubicle was a Westinghouse 1819
pilot light in series with a 125 ochm raesistor connected to 26 VDC, The
bulb was suspended one meter above and between the tanks and provided
an illuminance of 1.4 lux at the surface of the water, Air conditioning
in the laboratory maintained the temperature in a range of 23 to 25° (o]

in the experimental and home tanks during the experiment,

Procedure, All fish were moved from the community tanks to the
home tanks two weeks prior to the start of the expsriment, Two fish
were used in the experiment each day, The first fish was placed into
the restraint in the experimental tank at 0900, After 130 minutes

adaptation for this fish, the second fish was placed into the other tank




and the session was started for the first fish, The 150 minutes requir-
ed for tho 15 US presentations provided the adaptation period for the
second fish, The session for the second fish then began at 1400. Each

fish was used at the same time of day throughout the experiment,

One level of US was presaented in each session 15 times with an inter-
val of ten minutes between each presentation, Each fish received the
five loevels of US in either an ascending or descending order with a
session every third day. Nine G, petersii and three B, niger received
two replications of the five levels of US, Six B, niger did not have
the US deliversd on the first tipllcatlon. All apparatus wvas set as If
to deliver the appropriate US level except the power supply that provi-
ded tho DC was not turned on, These fish received the US on the second

replication of the five US levels,

Results

Adaptation, The six B, niger that did not receive any US on the
first replication of five sdssion; provide a measure of the effects of
repeated change of tank and restraint on the EOD activity. From each
seasion, a 7.5-minute sample of EOD activity was taken consisting of
th; 30-ascond period prior to the scheduled time of dalivery of each
of the 13 USs, The quartiles of the TI histograms of these samples are
shown in Figure 17. The first five days shown for each fish, therefore,
show the effects on the EQD actlvity of flish which are placed into an
exper imental situation where they'aro restrained, allowed 150 minutes of
adaptation to the situation, but are not otherwise distriburbed during
the period of recording, No systematic trends between subjects are ap-

parent in the quartiles for the first five days. Fish BZl is very stable
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Figure 17, Quartiles of the TI (US - 30) histograms for the six fish
that received one replication of the US levels, Each histogram is based
on a 7,5-min sample of the 30-sec period prior to the scheduled tima

of US delivery, On days 6 to 10 each figh received 15 presentations of

the US levels in ascending or descending order,
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over the five days, while B26, B27, and B28 show a slowing of EOD activi- 83
ty over the period, B23 and B30 have an increase in high frequency

activity as shown by the lower values of Ql over days. They also both

first increased and then decreased in median ECD frequency. The changes,
while showing no consistent patterns among fish, do tend to be gradual

from day to day except In the case of B28 which showed a drastic shdft

in EOD activity on day 3. Even in the case of B28 the other changes are

gradual,

The concordances for the TI histograms (Table 5) reflect the im-
prassions gained from the quartiles, Fish B28 has the loweat value of
W, .40, This raesults from the large shift on day 3. For the other
fish, the values rango from ,78 to ,91 in agreement with the gradual
changes in the shapes of the TI histograms. Shown in Figure 18 are the
five TI histograms for the fish with the highest and lowest values of
W, B27 and B28 respectively, B27 has a high degree of stability over the
five days in its trimodal histograms, B28 in contrast shows the changes
in EOD activity which were seen in the quartiles, The histogram for day
1 was unimodal in distribution with a high peak from 85 to 125 msec, On
day 2 a bimodal histogranm with the first peak in the same location as
day 1 but lower is seen along with a low frequency peak at approximately
245 msee. The three subsequent days have similar histograms with the
main mode at approximately 293 maec arnd a second, lower mode at approxi-

mately 95 msec,

The mean value of W for the six fish is .78 which 1s slightly lower
than, but not significantly different from the mean value of ,84 for

the concordances of the B, niger which remained undisturbed in the same



TABLE 5

Coefficlentas of Concordance, W, for the TI Histograms

of the 7,5 minute Pre-US Samples,

™
¥ for Five Sessions

Fish Without US With US
B21 .88 .87
B23 .89 .60
B26 .82 .80
B27 91 .86
B28 .40 .65
B30 .78 71

*

All values of W are significant,
2 < .05,
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Flgure 18, TI (US«=30) histograms for the replication without the US
delivery for the fish with the highest and lowest valuus of concordance,

For B27, W = ,91; for B28, W=40,
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tank for a 20-day period, t(26) = -.89, p<,05, B, niger in this situa-
tlon of repeated placement into a restrained experimental situation, with
a limited adaptation time of 130 minutes, show a high degree of stability

in their EOD activity.

Us Effects. The effects of the introduction of the US on days 6 to
10 on the resting EOD are also shown In the quartiles of Figure 17 and
in the values of W in Table 3. Five of the fish show a decline in the
degroe of stability in EOD activity after the introduction of the US.
The reduction is not large except for B23 where it changes from .89 to
«60, Fish B28 which had the least amount of stability in EOD activity
wi thout the US present shows a substantial increase in stability in the
five days with US, Shock doas not, therefore, always cause an increased
variabiliey in EOD activity of the fish. The quartiles of the TI hiasto-
grams for days 6 to 10 in Figure 17 do not show any consistent changes
among fish after the introduction of US. B23 and B26 show a decline in
median frequency of responding., Fish B21l, B27, and B28 remained relative-
1y stable over the five days of US, The order of presentation of tﬁe us

levels did not produce consistent changes among the fish;

In the phase of the experiment where the fish received two replica-
tions of the US without the preliminary five days of no US, the shock had
a much greater effect on the fish and their EOD activity, Of the nine
G, petersii and three B, niger which started this experiment only five
G, petersii and one B, niger survived for the ten US sessions, The
other fish died before receiving one complete replication of the five US
levels, G12 and G13 died within three days of the completion of the

second replication, While it is not possible to determine for certain
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the cause of this high mortality rate compared with no deaths in the
group that received one replication of US, it seems possible that the
five days of restraint without the US helps to prepare the fish for the
additional astress of the US, Figure 19 presents the quartiles for the
TI histograms for tho same 7.5 min period as in Figure 17, The
quartiles were not computed when the mean frequency fell below 1 Hr as
the sample becomes too small for the reliable computation of the quar-
tiles, Only G10 and. B03 show a high degree of stability over days.

The EOD activity of G20 shows a large, but orderly, increase in the
frequency over days with the exception of a dramatic slow down on day 7.
For G12 the last three sessions and for G13 day 5 and the last four
sessions had an EOD frequency of less than 1 Hz, G12 declined to .1 He
on day 10. G13 had a frequency of .2 Hz on day 3 and 0O, on days 9 and
10 in this pre-US period, The order of presentation of the US levels
may be partly responsible for the sffects on the pre-US EOD activity of
the fish, The two fish that showed the most stability both recelived the
US levels in an ascending order although G12 which also received an
ascending order showed substantial deleterious effacts of the US having
a mean frequency of ,3 Hz for the last three sussions, No effects due
to ardof of US prasentation yere apparant in the six fish that received

only one replication of the US,

In Figures 20 and 21 are poststimulus time (PST) histograms of the
responses of Individual fish to the five US levelsa, In a PST histogram
the responses are counted in each consecutive time interval from a

.apecific starting point, These PST histograms show consecutive 1l-second

periods beginning with the point 20 seconds before the US delivery and

continuing for 20 seconds post-US, For each fish the response to the
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Figure 19, Quartiles of tha TI (US - 30) histograms for the six fish
that received two replications of the US levels. Each histogram 1is
baged on a 7,.5-min sample of the 30-sec period prior to the US delivery.
The order of the delivery of the US levels is shown for each fish, No

quartiles are shown when the mean EOD frequency was below 1 Hz,
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Figure 20, PST histograms for the 20 sec before and after US presentation
for fish G12, B28, and B30, For each fish five individual trials and the
mean values for the first five, last five, and all 15 tralls are

presented,
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Figure 21. PST histograms for tho 20 sec before and after US presentation
for fish B23 and G10, For each fish five individual trials and the mean

values for the first five, last five, and all 15 trials arae presonted,
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reasponse to the first, fourth, tenth, and thirteenth individual USs are 95
prasented as well as the mean values for the first five, last five, and
all 15 US presentations. Two features of the EOD activity are apparent
from the histograms; the highly variable nature of the EOD, and the
changing nature of the response to the US over presentations, B23

shows pre-US burst actlvity of higher frequency than the response to

the US on both the fourth and seventh trials, This also occurs on the
first, fourth, and seventh trials for fish B30, B30 also clearly
demonstrated the changing nature of the responso to the US, On the first
pregentation a pause in EOD activity of 6 seconds occurs 1 second after
the US, The response becomes more variable over the next several trials
and includes a l-gsecond pause on the fourth and tenth trials. By the
thirteenth trial the response becomes the more typlcal one of a burst whioch
declines to a pre-US lavel after several seconds, The pause is the domi-
nant feature of the behavior on the first flive trials, On the last five
trials an increase is seen In the first second after the US, with the
maximum frequency reached in the next second, When all fifteen trials

are averaged, the response¢ to the US is seen only as a slight decrease in
frequency followed by a slight increase for approximately 6 seconds, In
contrast, Gl0 shows an increase in frequency to the US from the first
trial but the shape and location of the highest frequency changes, The
avtraging of the 15 trials smooths out the higher frequency bursts which
occur and shows just the response to the US, a sharp rise in frequency
wvhich declines to resting or pre-US frequency after approximately 6
seconds., Similar features and changes in the responae over trials may

be seen in the histograms for the other fish, By considering the mean

of the EOD activity over several trials of US presentation the variabdility
in pre- and post-US activity is smoothed out and a clearer picture of the

response to the US emsrges.



Figures 22 and 23 present the TI histograms for two fish for the
15 30-second perlods prior to the USs, TI (US - 30), and the 15 30-
sacond periods beginning at each US, TI (US + 30), for each of the five
US levela, For fish B27, shown in Figure 22, the left hand column of
histograms is the resting or pre«US activity. Each of the histograms
in the right hand column shows the changes in this ongoing EOD activity
cauged by the US, At ,0005 V/cm not much change in the shape of the
histogram is apparent, An increase in the high frequency activity was
produced by the ,05 V/em US. No increase in burst activity is seen but
the overall frequency has increasecd as the main peak is higher and there
is a more rapid decline in the lower frequency responses., At 10 V/em
the ghape of the histogram changed greatly for the first time, It
became unimodal, with the peak at a higher frequency than the other
histograms. Interestingly, there is much less high frequency EOD than
in the TI (US + 30) histogram for .05 V/em, The response to 20 V/cm
is similar to that shown to 10 V/cm in showing a shift toward a higher
frequency unimodal distribution except that the peak is lower and a
trace of the third or low frequency mode is still visible, Figure 23
shows the same histograms for fish G10. Gl0 received two replications
of the US levels and the TI (US - 30) and TI (US + 30) histograms are
shown for both replications. More variability is shown in the ten
Tl (US = 30) histograms than in those of B27., In general the response
to the US is similar, A burst of high frequency activity was produced
by .05 V/em in both fish, but not .0005 V/em or 1 V/em, The response to
10 and 20 V/em in G10 1is a large increase in high frequency EOD activity
with the histograms retaining approximately the same shape as contrasted
to the tendency in B27 toward a unimodal shape, There are differences
between the first and second replication responses shown at some of the

US levels but no consistent changes across levels,
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Figure 22, TI histograms for (US - 30) and (US + 30) for B27 for each

gasaion of 15 trials for each of tha five US levels,
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Figure 23, TI histograms for (US - 30) and (US 4 30) for G110 for each

session of 15 trlals for each of the five US levels,
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The variability in the pre-US EOD activity and the response to the
US seen in Figures 20 through 23 require some form of averaging of the
EOD activity over trials to produce an orderly measure of the US effect,
Table 6 presents four different measures of US raiponso for the fish
that received one replication of the US, Each of the measures is based
on the mean of the EOD activity for the 15 presentations of each US level
in a session. The samples are symetrical time periods before and after
the US pressntation., For example, the ratio of medians is based on the
TI histograms for the 30 seconds praeceeding the US, TI (US - 30) and the
30-second period beginning with the US, TI (US + 30), With the medians
the smallest effect occurred with the ,0005 V/om US, a ratio of 1,00 or
no effect for the mean of six tish, These measures differ because the
shape of the response over time is different for the different US levels,
In general the four types of response measure show a similar function of
US level, Because of large individual differences in the response, only
at the two highest levels of US are the measuras significantly different
from 1,00, A value of 1,00 is expected for any of the measures if no
US or other stimulus had occurred. A response measure that is to be
used in a conditioning experiment for example must be able to reliably
discriminate the response to the US, and CS {f any, from the ongoing
EOD activity. For this reason the means of the 5~ and l.second samples
have an adQIntag- in also being significant at the 1 V/om level indi-
cating a greater sensitivity to changes in the EOD. Table 7 presents
the individual ratios for the six fish based on the l-second samples,
With the exception of BI0 the fish show accelerations to all the US
levnlu; B30 slowed its EOD rate to the three lovest levels of US. Even
without B30, the data for the two lowest levels would not have been sig-

nificantly different from 1,00, Five of the fish show a greater value
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TABLE 6

Mean Values and Standard Deviations of the Response to the US Levels of the Fish

that Received One Replication of the US.

Measm:ea US Level (V/em)

.0005 .05 1 10 20
b . N

Median (US + 30) / Median (US - 30) 1,00 .99 1,12 1.39 1,68
S.D. .14 .05 .15 L34 .50
* *

Maan (US + 30) / Mean (US - 30)C .97 .93 1.04 1.32 1.61
s.D. .12 .10 .06 .20 .26
* *

Mean (US 4 5) / Mean (US - 5)° 1.27 1.21 1.54" 2.13 2.60
s.D. .40 .62 .31 .65 .80
Mean (US + 1) / Mean (US - 1) 1.82 1.42 2.26 3,38 1,93
S.D. .95 1.04 1.00 1.41 1.62

*

Significantly different from 1,00, ¢ (6), p £ .05,

a
All measures are ratios of response measures taken for equal periods pre- and

post-USs,

b The medians are from the TI histograms,

¢ Mean frequencias for the specified time periods,
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TABLE 7

a
Measure of the Respongse to the US for the Fish

that Received One Replication of the US Levels,

Flah

A——

B21
B23
B26
B27
B28

B30

US Leval (V/cm)

.0005

1.5
3.6
1.7
1.5

1.9

.05 1
1.4 2.1
1.2 2,7
3.4 3.4
1.2 2.1
1.0 2,6

.3 .7

10 20
2,3 2,2
3,1 6.5
4,2 5.2
3.4 2,9
4.0 3.7
1.1 3.0

Each measure 1s the ratio of the mean frequencles

for the pericds one second pre- and post-US,
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to .0005 V/cm than to ,05 V/em. Three of the fish also respond with a
smaller increase in EOD activity to the 20 V/em than to the 10 V/em US.
The valuas for the fish that recelved the two replications of US are in
Table 8, For thae first replication of the five US levels, all of the
fish except Gl2 show a monotonically increasing function of frequency to
the increasing US levels, For the four highest levels of US, the mean
values of response for all six fish is significantly different from
1,00, £(6), p<.03. A value of 1,00 for this ratio measure would indi-
cate no response to the U3, The data for the second replication of the
US levels was less orderly. Two of the fish, G12 and G13, had no EOD
activity on one session each, and seven sessions vhere the EOD activity
fell below 1 Hz making the computation of the response measure invaldd,
This lack of normal EOD activity in two fish and the legs orderly nature
of the responding by the other fish may be due to the deliterious nature

of the high levels of US on the fish,

A different method of defining a response to a US was used by
Mandriota et al. (1965). The mean frequency of a sample of resting EOD
activity was determined and a oriterion response of a frequency 2,8 times
this mean resting frequency was established for each fish, To assess
classical conditioning on a trial, a response vas considered to have
occurred if a criterion rosponse occurred during the CS and no criterion
response occurred during an equal time period in the intertrial interval,
Table 9 tabulates the number of these oriterion responses to the US for
each of the fish that received one replication of the US, The criterion
frequency was sat at 2.8 times the mean for the 13 30.gec periods pre-
ceading the US for each fish, The number of times this frequency was ex-

ceeded In both the 30-sec prior- and post-US perlod was determinad for - .
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TABLE 8

Measure of the Responsaa to the US for the Fish

that Received Two Replications of the US Levels,

Us Level (V/em)

Fish . 0005 .05 1 10 20
Gl0 1.0 2.1 2,7 2,9 3.6
1.6 4,7 3.0 4.4 5.2
Gl2 .9 3,8 2.5 7.6 13.3
1.1 7.2 b b b
G13 b 2.6 3.7 7.1 7.8
b b b 20.4
Gl4 1.3 1.8 2,1 2.3 5.9
1.1 4,0 2,5 4,2 4,7
G20 .8 2,0 2,5 4,0 7.2
1.2 1.4 | ) 2,2 3.4
B03 2.0 2.1 2.2 2.6 303
1,3 1,2 4.9 3.6 3.1

8 fach measure 1s the ratio of the mean frequencies
for the pariods one second pre- and post-US,

The EOD frequency for the perlod prior to the US
was legs than 1 Hz for these sessions, For G12,
20 V/cem; and G13, .05 V/em no EOD activity occurred,




TABLE 9
a
Number Criterion Responses in the TI Histograms of the 30-gsecond Periods Pre- and Post-US,

US Level (V/cm)

-« 0005 .05 1 10 20

Fish Pre-US Post-US Pre-S Post-US Pre-UsS Post-US Pre-US Post-US Pre-US Post-US

B21 59 55 279 155 116 44 36 108 80 203
B23 717 1073 677 506 908 861 347 701 322 1452
B26 114 210 281 368 85 2N 144 413 137 621
B27 38 23 22 137 109 116 266 523 82 413
B28 324 K)a| 266 92 298 225 246 723 126 472
B30 674 419 896 617 857 911 989 872 499 462

a
A criterion response is defined as at least one occurrence of an EOD frequency 2.8
times that of the baseline frequency.

Vo
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aach US level, While the criterion response is determined in the same
way for each fish, there are large differences in the number of responses
among £ish, For example at 20 V/cm, B2l has 203 while B23 has 14532
criterion responses, This is reflected in the different shapes of the

TI histograms shown by the fish not only in their resting patterns but
also in their rosponse to the various US levels, Cnly on the two highest
levels of US do a majority of the fish show more criterion responses

post-US than pre-UsS,

Discussion

The results of the first part of this experiment show that a high
degrea of stability can exist in the EOD activity of mormyrids in situa-
tions other than undisturbed isolation, Over five days of being moved
from their home tank to the experimental tank wvhere they were placed in
restraint, the B, aiger had concordances only slightly lower than was
seen In the group with 20 days of undisturbed isolation, This finding
is important for the conduct of certain types of experiments with mor-
myrids in which it is necessary to move fish into an experimental tank
shortly prior to the experiment. Under these conditions with short
adaptation times, one can expect a relatively stable baseline of EOD
behavior, For the B, niger the introduction of the US, including very
high levels of shock, did not result in large reductions in this
stability of EOD activity over days, For the group of fish that recelv-
ed two replications of US, inatead of five days of restraint without
shock, only two of the six fish showed stability in their EOD activity
over the ten sessions, One of the two wvas a B, niger, The other four
G, petersii showed large daily variations in pre-US EOD activity ap-

parently due to the deleterious effects of the US presentations., Four
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of the nine G, petersil and two of the three B, higer that began this 108
part of the experiment did not survive one complete replication of the

five US levela, Two of the G, petersil that survived all ten sessions

ceased or slowed greatly in thelr BOD activity. While the reasons for the

more severe effocts in the two replication phases are not proven it

would seem that the five sessions without the US, but with restraint,

provided an additional adaptation to the oxperimental situation that

saerved to reduce the stress of the total experimental situation suf-

ficiently to both reduce mortality and help maintain normal EOD activity,

All of tho US levels were effective in modifying the ongoing EOD
activity of the fish, For the lower levels of US the effaect is small
and variable and can be seen primarily in changes in the shapes of the
TI histograms. As the lower levels are in the range of naturally oc-
curring electric events for the fish, this variabllity might relatae to
pre-gxisting responses in Individual fish, As an aim of this experi-
ment was to develop an adequate US for conditioning, a more casily de-
tectad and quantified measure than the TI histogram is needed, The res-
ponse measuraes of the ratios of mean ECD activity for equal 1- or 5-
saecond periods around the US would seem to best serve this purpose, For
the B, niger this measure allows the detection of the response to the US
levels of 1, 10, and 20 V/em to be made, For the G, petersii the .05
V/em US also produced changes in the EOD that are reliably detected,

As each of these levels of US produces a response that is reliable and

easily measurable, they may serve gg USs for conditioning.

The 10 V/cm lavel in the prosent experiment was most similar to
that used in Gallon et al., (1967), It produced a current of approximately

4.5 mA as compared to 3 to 6 mA, With G, petersil they found ratios of



1.48 to 2,62 for tho period including 2 seconds after the US, The
present experiment found ratios of 2,5 to 5.1 for M, specias and 2,3 to
7.6 for G, petersii, It is expected that these would be higher as

they are based on a l-second period around the US as compared to the 2-
sec periods used by Gallon at al, Using the criterion response method
of Mandriota et al, (1965) a large variation was found in the occurrence
of responses to the US levels among fish, Only at 10 and 20 V/em did

a majority of the fish show an increase in the number of criterion res-
ponses to the US, The reported lack of success In conditioning with

US levels of less than 7.5 ma may be due to an insensitivity of this
measure to the changes in the EOD activity produced by lower levels of

Us.
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EXPERIMENT 3 110

The purpose of this experiment was to extend the findings of Mandriota
et al. (1965) of the classical conditioning of the EOD activity in mor-
myrids to discriminated classical conditioning and to determine if con-

ditloning could be obtained with a lower value of US by the use of a

different response measuré, Mandriota et al, successfully established
classical conditioning in saveral specles of mormyrids using an increase
in illumination as the CS and an electric shock as the US, The duration
of the CS was 3.1 sec and a 7.5 mA DC shock was delivered during the
final .1 sec of the CS, A CR was the occurrence of an EOD with an
instantaneous rate at least 2.8 times the mean resting rate at the be-
ginning of the experiment, Because the fish will sometimes show rate
increases greater than this criterion value spontaneously, the data

ware examined in blocks of 20 trials and the number of criterion responses
that occurred In these conditioning trials was reduced by the number of
criterion responses that occurred in 20 blank trials of aqual duration
spaced throughout the 20 conditioning trials. Control groups were also
used, Within 100 conditioning trials the level of adjusted criterion
respongses rose from 20X to over 60% and reached a maximum of 70% in the
next block of trilals, demonstrating classical conditioning of the EOD,
It was also raported that conditioning was not as effective with shock
levels lower than 7.5 mA, a level high enough to cause a visible jerk

in the fish,

A procedure to establish discriminated classical conditioning in
mormyrids using the EOD activity as the response would be a useful tech-
nique for sensory and psychophysical studles, Most studies on electro-

location ability in electric fish have been concerned with the conducti-



vity of objects and little 1s known about the ability of the fish to
detect differences in size, shape, separation, or distance (Scheich

and Bullock, 1974), By using a discriminated classical conditioning
procedure, it would be possible, for example, to study the effect of
distance on the fish's elactrolocating abllity by using identical ob-
jects placed at different distances as the CS + and CS -, Similarly
objacts differing only in shape could be used as the CSs, The estab-
lishment of discriminated responses to the two stimull would then be
evidence for the fish's ability to discriminate the objects. Using

a discriminated classical conditioning procedure, Woodard and
Bitterman (1971) established significant differential responding to red
and green stimuli with goldfish, The response in this experiment was
shuttling, a component of the general increase in activity induced in
goldfish by shock presentation, The use of some aspect of EOD activi-
ty as the response measure would allow a more constant positioning of
the fish with respect to the stimuli than a motor response does, The
continuous nature of the EOD activity in mormyrids poses similar pro-
blems in the definition of the conditioned response to those encounter-
ed in cardiac conditioning where the response muat alsc be measured

against a baseline frequency (Hall, 1976),

Because of possible damaging effects of the shock US on the electro-
sengory system of mormyrids, it would be desirable to obtain condition-
ing with the lowest values of shock possible, The results of Experi-
ment 2 found that the criterion response used by Mandriota et al, (1965)
is not as sensitive to effects of lover values of US, A response mea-
sure based on total number of EODs for an squal period pre and post US

showed rellable responding to US levels as low as .05 V/em in

G, petersil.
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In-this. experiment, the four levels of shock that produced re- 112
liable responses in Experiment 2 will be used as the US in a discri-
minated classical conditioning procedure, The EOD activity will be |
racorded permitting analysis in several different ways, including the
criterion response of Mandriota et al, (1965), The recordings will
also enable an examination of the time course of the conditioned res-
ponse, when conditioning occurs, and a comparison of the response to

the CS + and the C5 -,

Method

Subjects, Eight G, petersii obtained from a local supplier were
used, Thelr length was 9 to 12 c¢m measured from the mouth to the
caudal fin, All figh were sexually immature and no attempt was made to
sex them, Before baing used in the experiment, they were maintained in
a 50 gallon community tank. They were present in the laboratory for

more than one month at the beginning of the experiment,

Apparatus, During the experiment the fish were individually housed
a8 in Experiment 2, The experimental tanks, fish restraints, and appara-
tus were the samoe as in Experiment 2 with the addition of the lights
used to provide the CS 4+ and CS -~ and the additicnal programming equip-
ment necessary to control the discriminated Paviovian conditioning, 1In
addition to the pllot light as described in Experiment 2, three incan-
descent light bulbs, two 13 W and one 7,5 W, were used to provide the
increase (+ A light) and decrease (= A light) in illumination that served
as the stimuli, The intertrial illumination was provided by the pllot
light and the 7.5 W bulb giving 16 1x. For the ¢+ light the two 13 W
bulbs were turned on for a total illumination of 32 1x, For the

= A light the 7,5 W bulb was turned off, leaving only the pllot light



for an fllumination of .7 1x., A Gerbrands tape programmer timed the
intertrial intervals. The EOD was amplified and recorded as in the

previous experiment excoept that the CS + trials wﬁro racorded on the
left channel and the CS « trials on the right channel to factlate

data analysis, Pulses generated by Tektronix 160 sories modules were
recorded on the other channel to indicate 5-se¢ pre-CS, the CS, and

the US delivery,

Procadure, All fish were moved from the community tank to the
home tanks two weeks prior to the start of the experiment, One fish
was used in the experiment each day. A session bagan at 0830 with one
hour of adaptation. The experimental session began with 40 trilals of
CS only presentation, 20 each of CS 4 and CS -, without US presentation,
fhlc was followed by 200 discriminated conditioning trials with the US
being one of the four voltage levels of Experiment 2; .05 V/em, 1 V/cm,
10V/ecm, 20 V/em. This is followaed by 200 trials with reversal of the
CS + and CS - with the same US level, Next, the fish received 100 trials
with the stimuli again reversed and with a US level of 20 V/em for all
fish, The CS duration was 5,1 sec with the US delivery during the last
.1 sec, The intertrial interval was varlable, with a mean of 1 min,

CS 4+ and CS - trilals and the CS only trials were presented in a pseudo-
random order with at most two trials of one type in a row, The trial
order and the components of the variable intertrial interval are pre-
sented in Appendix B, Table 10 gives the US level and initial CS + for

each of the eight fish.

Results

The analysis of the results of the conditioning procedures using

the criterion response of Mandriota et al, (1965) is presented in
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US Level and Initlal CS + for Each of the Fish,

US_Level (V/em)

20
10
1

Table 10

Initial CS ¢+

¥ & Light

G34
G62
G61

G38

=4 Light

G60
G35
G59

G537
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Figure 24, In the CS only phase, the - A light elicited a greater 115
mean number of responses than the increase in light for all fish,

8.25 vs, 6,62, On the second block of 20 trials the response to both

stimul}] decreased producing a mean of 3,75 to the light decrease and

5.25 to the light increase,

Taking as a criterion for discriminated responding a greater
number of responses to the CS 4 than to the CS - on the last three
blocks of 20 trials, none of the eight fish shows conditioning in both
the conditioning and reversal phases, Flve of the eight fish show
discriminated responding once, in either the conditioning or reversal
phase, In every case this was when the decrease in light served as the
€S +. When the stimull were again reversed and the US was 20 V/cm
for all fish, four instances of discriminated responding occurred,
Three of these were with the light decrease as CS +, and one (G62) with
the increase in light as the CS 4, With the exception of fish G61
there is an increase in the number of criterion responses shown to the
stimull vhen the responges to the positive and negative atimull are
combined for the conditioning and reversal phases., Fish G61 produced
less than half as many responses as any other fish and loss than one
third as many criterion responses as the other fish receiving a US of

1 v/em,

Figures 25 and 26 present the results for the individual fish with
the EOD activity analyzed differently. The mean frequency of the EOD
for each of the blocks of 20 trials is shown for the 5-sec pre-CS and
during the S5-sec CS. As with the analysis by criterion response, the

= A light stimulus produced a greater change in EOD activity than did
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Flgure 24, Number of criterion responses for each individual fish for

the conditioning oxperiment shown by blocks of 20 trials,
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Figure 25, Mean EOD frequency for blocks of 20 trials during the con-

ditioning experiment for G54, G60, G62, and G353,
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Figure 26, Msan EOD frequency for blocks of 20 trials during the condi-

tioning experiment for G61, G59, G58, and G71,
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the + A light, The mean frequency for the eight fish was 7.05 and

6,60 Hz for the first and second blocks of 20 trials for the light de=-
crease and 6,44 and 5,60 for the light increase, With the excaption of
G71, all fish showed an Increase In EOD activity to both CS stimuli,
Elght of the sixteen conditioning and reversal phasas show a diffarence
in the expected direction on the last three blocks of trials, five for
the - A light CS 4 and three when the + A light was the CS +. This
response measure would seem to be more sensitive than the criterion
raesponse measure as more instances of discriminated behavior were found
and that three of these, as compared with zero using the criterion
response, occurred to the light increase as the CS +, Two fish, G34
and G539, show a discriminated response in both the conditioning and
reversal phases with US levels of 20V/em and 1 V/cm respectively.

With the reversal with the US of 20 V/em only three of the fish showed
differential behavior to the two stimull, and these two fish had pre-
viously shown the same discrimination., Because of the possibllity of
changes in the EOD activity over the 5-sec CS perlod, an analysis was
made of mean EOD frequency for the first and second halves of the CS
poriods, The second half mean frequencies showed discriminated be-
havior for six of the conditioning and reversal phases, not detecting
the differences in the reversal phases for G38 and G39 that the analy-
sis of the whole 5-sec period had, The results for the 20 V/em reversal
phase were the same, The analysis of the first half of the CS showed
that tittle of the discriminated responding to the CS 4+ and CS - oce
curred at the beginning of the CS perliods. A difference In responding
using this measure was found on only two of the conditioning and two of
the 20 V/cm reversal phases and all of these were also found by the

other measures,
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Figures 27 to 34 are PST histograms for each individual fish for 123
the last block of 20 trials in each phase of the experiment, The mean
frequency for consecutive ,5-sec intervals is shown for the 5-sec
pre«CS, the CS, and the 5 sec after the termination of the CS. For all
US levels except .05 V/cm an unconditioned response 1s seen to the US
which occurred on CS 4 trials. This indicates that the three highest
lavels of US were still effective even after 200 presentations, a much
greater number of US presentations than was used in Experiment 2, The
fallure to obtain conditioning then is not due to a diminuition of the
effectiveness of the US, at least for the three higher levels of US,

The individual fish had a large variation both in the magnitude and
nature of the response to the stimuli used as the CS 4 and CS - in the
CS only phase, Filsh G60 showed a very extreme response to the - A light
reaching a frequency of almost 16 Hz approximately halfway through the
5-sec CS perlod, G62 and G58 showed wvery little response to the stimulus
change in either amplitude or in the degree of variability, with the re-
maining fish showing an increase in frequency of EOD activity and an In-
creased varlability to the stimull, The phases marked with an asterik
are the last blocks of 20 trlals from phases that showed conditioning.
There does not seem to be any consistency in the nature of the responses
to.the CS + or CS - stimuli among the individual fish

that showed a differentiated response, There was a consistency

within the responding to the different phases of fish that did show
conditioning, For example, G534 responded with an initial increase,

a drop in frequency, and then an incrense to a higher level, On the
reversal with 20 V/em, the response is similar in nature but does not

show the recovery to the higher level and as a result did not have a

higher mean frequency of EOD to the CS 4 than to the CS - and did not
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Figure 27, Post stimulus time histograms for G34 for the Last block of
20 trials in each phase of the experiment. An asterisk marks those

phases where discriminated conditioning cccurred,
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Figure 2. Post stimulus time histograms for G60 for the last block of
20 trials in each phase of the experiment. An asterisk marks those phases

where dlscriminated conditioning occurred,
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Figure 29, Post stimulus time histograms for G62 for the last block of

20 trials in each phase of the experiment,
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Figure 30, Post stimulus time histograms for G55 for the last block of
20 trlals in each phase of the experiment, An asterisk marks those

phases vhere discriminated conditioning occurred,
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Figure 31, Post stimulus time histograms for G61 for the last block of

20 trials in each phase of the experiment,
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Figure 32, Post stimulus time histograms for G359 for the last block of
20 trials in each phase of the experiment, An asterisk marks those

phases where discriminated conditioning occurred,
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Figure 33, Post stimulus time histograms for G358 for the last block of
20 trials in each phase of the experiment, An asterisk marks those

phases where discriminated conditioning occurred,
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Figure 34, Post stimulus time histograms for G71 for the last block of
20 trials in each phase of the experiment., An asterisk marks those

phases vhere discriminated conditioning occurred,
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show conditioning. This drop and then rise In frequency is also shown
by G55 to the - A light on the initial conditioning phase but not on

the reversal with the 20 V/em US where conditioning also occurred,

G60 showed a fairly steady increase over the 5-gsec CS period, The re-
maining cases where conditioning occurred (indicated by the asterisk)
did not show any consisteht pattern. In the cases where conditioning
did not occur the response was similar to both stimuli and in most casges
did not differ much from the ongoing EOD activity shown prior to the CS
onget, In a few cases, CS onset caused a very brief increase in EOD

activity to both the CS + and CS5 -,

Discussion

This sttempt to extend the classical conditioning techniques of
Mandriota et al. (1965) to discriminated conditioning was not suffici-
ently successful to establish a procedure for the determination of
sengory throsholds. While diseriminated conditioning was established
in some cases, only In two of the fish, G54 and G39,were conditioning
and reversal both successful, indicating that the obtained results
woere not just related to the increased EOD activity seen to the de-
crease in illumination, Of these twe fish, G54 received a US of
20 V/cm and G59 a US of 1 V/cm. This result with G59 indicates that
with some fish it may be posasible to establish discriminated condition-
ing with lower levels of US as desired, Using the criterion response
measure all of the instances of discriminated behavior occurred when
a decrease in illumination was the CS ¢+, When the mean frequency was
considered as the response, more instances of discriminated behavior
occurred but eight of eleven were again to the decrease in light as CS +,

In view of the finding that with both of these response measures,
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greater EOD activity occurred to the light decrease in the CS only 141
phase, an interaction would appear to:have occurred between the light
decrease as CS and the US, It was this type of interaction that this
procedure was intended to overcome, but did not., This may relate to
the concept of preparedness (Seligman, 1970) which states that all
stimulil are not neutral and not equally able to be conditioned, Welker
and Wheatly (1977) found a similar result in experiments on conditlioned
suppression with rats, When the C5 + was an increment in luminance
level and the CS - a decrease in luminance level discriminated be-
havior was quickly established with a high suppression level to the

CS + and little change in bahavior to the CS -, The reverse conditions
falled to produce differentiated suppression behavior, They attri-
bute these findings to the assocliation of bright situatiomns with danger
in the rat and relate this to Seligman's preparedness concept, It is
possible that the resuits found in this experiment are also related to
this concept. In mormyrids both general activity and the EOD activity
increase in the dark and it is to the light decrease stimulus that most

of the conditioning occurred,

The parameters used in this experiment were those successfully
used for classical conditioning by Mandriota et al. (1963)., As many of
the parameters of the conditioning situation such as intertrial inter-
val, CS duration, and so forth have major effects on the conditioning
process (cf, Kimble, 1961) it is possible that a change in one or more
of these parameters may lead to successful discriminated conditioning in

mormyr ids,



GENERAL DISCUSSION

Stability and Individual Resting Patterns
While the finding of stationarity was not supported, a high degree

of stability in the distribution of inter-pulse times (IPTa) of electric
organ discharge (EOD) activity was found both within and between fish,
The most stable featurs was the burst activity peak which showed a simi-
lar and quite stable location in all of the fish, with the exception of
the later recordings of three of the B, niger in isolation, All of the
B, niger also showed an increase in burst activity lmmediately upon
transfer to isolation which declined in the fish as the time in isola-
tion increased, These findings along with previous results on the in-
crease in burst activity induced by stimuli of almost any modality
(Scheich & Bulloeck, 1974) and the arousal hypothesis of Dewsbury (1966)
would support an interpretation that the increase in activity is related
both to arousal, and to an increased information flow (Hagiwara &
Morita, (1963). There was a decrease shown by three of the B, niger
over days in burst activity to the point vhere the TI histograms no
longer had a mode in the frequency range for burst activity, This may
have occurred due to the almost stable and unchanging conditions in
isolation, aﬁd may represent a species difference as it did not occour in
any of the G, petersii, The similarity in frequency of burst activity
shown by all of the fish may indicate an optimal rate of discharge
activity for information processing by the slectrosensory system, a
question that would be best answered by an electrophysiological study

of the system of the electroreceptors and areas of the brain of the fish
involved in electroreception, It is evident from agonistic studies
(e.g. Bell et al., 1974; Krammer & Bauver, 1976) that the fish are

capable of sustained periods of higher frequency discharge activity in
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social situations where these higher frequencles may be serving a 143

signaling function rather than a sensory function of increased infor-

mation flow.

The interburst activity peaks or peaks of lower EOD frequency seen
in the fish are very labile in comparison to the burst activity peak.
They show differences in number, location, and sharpness of the mode
between and within fish, Fish had varying degrees of satability in the
locations of these peaks, The fish that changed the most in shape of
their distributions of IPTs were the three B, niger which also showed
the greatest reduction in burst activity, In the other fish the degree
of stability, especially in the location of the burst activity and
main mode was quite large. The third, or loweat frequency mode was the
most variable, both in location and its presence or absence, One possi-
ble hypothesis that would account for these findings ia that thess modes,
other than the burst activity one, serve a social function of individual
recognition, While the existence of dominance hierarchies has not been
shown, dominance relatlionships can exist among palrs of fish (e.g.
Krammer, 1974, 1976), Those modal or preferred frequencies could serve
to identify individual fish, or at least a dominant fish, and thereby
provide the individual recognition necessary for the establishment of a
doninance order, The stability found in the TI histograms in these
experiments would be a necessary feature of the use of specific frequenc-
ies for individual recognition. It is not proposed that mormyrids can
process all the Information that exists in a TI histogram of the EOD
activity, Several of the fish showed distributions that contained very
high, narrow peaks, A distribution of IPTs of this nature could possi-
bly be relatively easy for another fish to identify and could, there-

fore serve as an individual recognition signal. The single B, niger



that maintained the same distributional shape after moving to isolation
had such a sharply peaked distribution, The loss of modal fraquencles
and the flattening of the distributions of the other three B, niger
supports an individual recognition role for these modesa; in isolation
there is no longer any need to maintain specific distributions., It
should be remembered that even at these lower frequencles of EOD activi-
ty the electroreceptive function is still active, even If at a reduced
level, Further research will be necessary to determine the role of
praferred fraquencies in the life cycle of the fish. An important
starting point would be to establish a dominance situation in a com-
munity tank, beginning with a single pair of fish, and making recordings
similar to those done in Experiment 2 of this study. The shape of the
TI histograms could then be examined in relationship to the dominance
poaltion of the fish, If the hypothesls of sharply defined modes serving
an identification function is correct, it would be expected that the
dominant fish should have such TI histograms, The distributions would
also be expected to be very stable over days, Subordinate fish might

be expected to show less sharply peaked, leas stable histograms. By
adding and removing fish, and by placing fish for which the dominance
position and histogram shape is known into isoclatlion,: further tests of
these hypotheses could be made ;nd they would provide further insight
into the nature and significance of the variability, or lack of it, in

the EOD activity of mormyrids,

Adaptation
The examination of the adaptation of individual mormyrids to a

new situation was examined in Experiments 1 and 2 with the aim of pro-
widing a way of establishing when a fish had adapted to the new aquar-

fum through an examination of its EOD activity., One important
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finding was that both the G, petersii and B, niger show changes in the 145
EOD activity over days even in undisturbed isolation. The B, ﬁiggr had
a high degree of stabllity in the TI histograms for the first five days
of isolation after being moved from the community tank and the degree

of stablility did not increase for the group with each successive five
days of adaptation showing increases and decreases for individual fish,
For some of the fish, the shape of the TI histogram continuwed to slowly
change over days, but in most cases they still retained a high degree

of stability for the four five-day blocks. The amount of burst activity
was the only feature of EOD activity that did show a large change with
the move and subsequent 1solation, There was a large increase in this
high frequency activity within the first hour after being moved and a
large drop in the next 24 hours. Three of the four B, niger showed a
further drop in burst activity over the 20 days of the experiment to h
levww]l Wwelow that seen in the community tank, The fish In Experiment 2
which received a 2.5 hour adaptation period also had a high degree of
stability for the samples of EOD activity over the five days without

the US presentations, This would indicate that a stable baseline of

EOD activity against which experimental manipulations could be measured
can be obtained even when the fish does not remaln in the same tank

for long poeriods of time. Adaptation to a noew situation does occur In
these fish as evidenced by the reduction in burst activity and the high
dagrea of stabllity shown ovaer days but the fish never show a total
stability. There are changes occurring in the distribution of EOD activi-
ty even in an isclated, undisturbed fish. A procedure that would be
useful in many experimental situations would be to place the fish into

the experimental situation and record samples over several days to ob-

tain samples of the EOD activity. With these samples, the degree of

stability of the fish's EOD could be evaluated and a better estimate of



the range and trend of EOD activity could be made to provide a baseline 146
sample against which the effects of the experimental manipulation could

be evaluated, As with other features of the EOD activity of mormyrids

examined in this series of experiments, large individual differences in

the EOD were observed in the degree of stability in 1solation and in the

amount of change in the TI histograms both from those recorded in the

community tank and over the time in isolation,

US Effects

The response of the fish to the electric shock US levels depended
both on the measure used and the individual figh, In examining the
mean values of four different raesponse measures (Table 6), the most
senaitive meoasure appeared to ba one based on the mean froquencies for
one-sacond periods pre- and post-US. For the mean values of the re-
sponses for B, niger this measure produced the largest values for all
five US levels, For thls reason and because of the ease in measuring
it, this was the response measure chosen for the conditioning in Ex-
periment 3, Using this measure, a response occurred to the three high-

est levels for the B, niger and four highest for the G, petersili.

The differences in the responses of individual fish to the US
levels wera shown in Tables 7 and 8.- B, niger B30 responded with an
initlal slowing of EOD frequency to the three lowest levels of US,
while the other five fish showed an increase or no response to these
US levels, Two of the G, petersii, G12 and G20, responded with a slow-
ing of EOD activity to the lowest level, ,0005 V/ecm, With the highest
levels of the US all fish responded with an increase in EOD frequency,
the increase varying among fish, The lower levels of US are in the

range of biologically occurring electrical events., It 1s possible that




figh that slowed their EOD activity were responding to these pulses as 147
{f they represented the EOD activity of other fish, In agonistic
interactions a slowing of the EOD activity has been found to represent
a submissive response (Krammer, 1976), B, niger B23 responded to the
,0005 .v/em US with an average frequency increase of 3,6 times, This was
a greater increase than to the other levels except the 10 and 20 V/em
ones. It is posrible that this fish was a dominant one and was res-
ponding with a threat to this US as if it were another fish, Given the
differences in EOD activity shown it would seem that the reaponses to
the more "natural" US lovels are possibly determined by the prior his-

- tory and dominance status of the fish. This could also be further ex-
plored by aétabllshlng dominance relationships among the fish prior to

| the experiment with the various US levels,

Conditioning

The attempted extension of the conditlioning obtained by Mandriota
et al, (1965) to discriminated Paviovian conditioning was not totally
successful, The conditioned discrimination obtained under some condi-
tions indicates that discriminated procedures might be successful if

some parameters were changed., In particular the successful condition-
ing of G59 with a US of 1 V/em indicates that the procedure will work

with at least some individual fish, The question remains as to whether
a change of parameters would lead to success with more of the fish, or

vhether the fish are showing individual differences in their conditioning
behavior similar to the individual differences they displayed in

Experiments 1 and 2,

One factor contributing to these individual differences may be
that the US potency for these fish may not vary unidimsionally, This

was seen in Experiment 2 wvhere the response to the US levels differed



in direction as well as magnitude among the fish., Fish B30, for example,
responded to the three lower levels of US by slowing its EOD rate, These
are the levels of US most similar to the blologically occurring levels,

such as EOD activity of conspecifics, This suggests the possible use of
a combination of temporal patterning and signal strength to establish
USs that may be most salient to the receiving fish, One possibility

would be the use of agonistic patterns of artificial fish EOD activity

as a US, The individual nature of the responses to this type of pattern
would howevaer necessitate the use of individually determined conditioned
responses for each of the fish. The type of response elicited by the US

would be determined by the history of the fish,

In many respects the problems involved in conditioning £0D activity
are similar to those reported in cardiac conditioning. Hall (1976) dis-
cusses the results of many of these experiments and concludes that
several aspects of the cardiac response system cause difficulties in
obtaining a classically conditioned response, Several of the difficulties
Hall describes are methodological ones, First is the problem of defining
the response, since the heart is continuously active and the response
must be described as a change of rate. Secondly, the intertrial period
.must be long enough for the heart to return to a baseline rate of
responss, Thirdly, the orlenting response, the original responss to the
CS, may include changes in the organism's heart rate, Another factor
that may influence conditioning is the fact that a variety of events in-
cluding some that are under voluntary control of the subject hava an
influence on heart rate. In cardiac conditioning there is aome contro-

versy over whether the conditioned response is one of acceleration or

deceleration. All of these factors that produce difficulties in cardlac

conditioning would seem to have direct parallels in attempts to condition
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the EOD activity of mormyrids, The EOD is typically continuous and 149
more variable iIn frequency than heart rate, The changes produced by
the stimull last for several seconds and it 1s necessary to allow the

rate to return to a baseline level between trials. It is certainly
true that a variety of factors can influenca the EOD activity of
mormyr ids, Thege Include the introduction of almost any stimulus

change, the EOD activity of a conspecific, locomotion, and the "spon-
taneous" variation seen in the resting, undisturbed fish even when in

isolation.as seen Iin the data from cixperiments 1 and 2,

In Experiment 3, the orienting response is seen in the change in
frequency shown by the fish to both stimull in the CS only phase of the
experiment (Figures 27-34), As Hall argues the response seen in condi-
~tioning to the CS-US compound 1s produced by an interaction of the res-
ponses to these two stimuli, Some part of the individual differences
seen !nltha results of the conditioning may be due to the differences in
the orienting response and also the different responses shown to the US
levels, especially the lower ones by the individual fish, A further
compl icating factor in this experiment arises due to the fact that the
trials wore started independently of the flsh's EO0D activity, As this
EOD activity is continucusly changing and reflecting some measure of the
state of the tish, the stimull were being imposed on & variable baseline
of responding and perhaps different internal states of tho fish, One
additional feature which probably contributed to the failure to obtain
discriminated conditioning was the differential EOD responses cbtalned
to the two stimuli used as CS 4+ and CS =, Generally the decrease in

light gave rise to a large increase in EOD activity in the fish, Most

of the successful conditioning phases in Experiment 3 occurred when the

light decrease was the CS +,



There are several possible changes in procedure that might lead to
successful discriminated Pavlovian conditioning. One possibility would
be to change the length of the CS. The nature of the response in
several of the fish that conditioned showed an initial increase followed
by a decrease and then a gradual increase in EOD frequency, It is possi-
ble that a longer CS duration would permit the full development of the
conditioned regponsa, The spacing of trials is another varlable that
should be examined., While the variable intertrial interval with a mean
of one minute uged in this experiment allowed a return of EOD actlivity to
baseline frequency, the possibility exists that a longer Interval would -
be more effective, CS stimuli that caused a smaller response or no res-
ponse in the fish might allow discriminated conditioning to be obtained
baecause of laess interference from the CS stimuli themselves, While this
would be useful for a study of conditioning in this unusual response .
system, it would not be useful in psychophysical studies of mormyrids as
many of the stimull of interest, e.g., frequency difference thresholds,
do produce responses in the fish prior to conditioning. One possibility
would be to attempt the use of EOD threat or agonistic patterns as the
US. This would have the advantage of being a US of a much lower ampli-
tude than the US caused by Mandritoa et al, (1965) and would not cause
interference or damage to the electrosensory system, Using these
patterns as a US may make it necessary to use different conditioned res-
ponses for individual fish as the response to agonistic EOD patterns may

by different depending on the prior history of each fish,

There are few data in the conditioning literature on individual
differences in conditioning; most experiments typically report only group

data with no mention of the variability within the groups., In a review
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of cardlac conditioning McCanne and Sandman (1976) suggest that more 151
attention should be pald to individual differences in cardiac conditioning
because of the large individual dlffﬁrcnces shown by the cardlac res-

ponse in situations other than conditioning, This suggeation would seem

to apply equally well to attempts to condition the EOD activity of

mormyrids,

Since EOD activity in mormyrids presumably serves both senaory and
communicative roles the analysis of either function is made more diffi-
cult, If the ideas presented in this discussion are supported by
further research it will help clarify some of the individual differences
shown in every aspect of the EOD activity examined in the present series
of experiments, It will be necessary in future research to take the
individual fish's history into acoount as it appears to be influentlal
even in unexpected stiuations such as the response of a fish to
electric shock., The recommendation of McCabhe and Sandman (1976) that
more lmportance be placed on responsa differences among individuals

would seem to be well taken in the study of the EOD activity of mormyrids,
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Schedule of the Recordings of Experiment 1 for Each Group .

TABLE A

Firat Sequence

133

Date
6/28 6/29 6/30 mn 1/2 1/3 1/4 7/5
1 1
1 2
1 2
1 2
1 2
1 2
1 2
2 1
2 1
1 2
Second Sequence
Date
1/7 7/8 7/10 7/11 7/12 7/13 714 7/15
1 2
1 2
1 2
1 2
2 1
2 1
1 2
1 2
1 2
1 2

% Group 1--fish GP1, GP3, GP7
Group 2--fish GP2, GP4, GPS
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TABLE B 155

Sequence of CS + and CS - Trials for The Paviovian Conditioning

Trial No, cs
 } +
2 -
3 +
4 -
5 +
6 +
7 -
8 -
92 +*

10 +
11 -
12 -
13 +
14 .
15 -
16 *
17 -
18 -
19 +

20 -
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TABLE C

Components of the One-Second Variable Interval
(all times in Seconds)
40
80
80
40
60
60
40
40
60
80
60
80
40
80
40
60

80
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