time that direct contact with environ-
mental lighting acted to synchronize the
phase of the rhythms. This period of
disorganization might render the already
vulnerable neonate more susceptible to
various insults that could influence sur-
vival.
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Hormonal Control of Sexual Differentiation:

Changes in Electric Organ Discharge Waveform

Abstract. Males and females of some mormyrid electric fishes generate electrical
pulses that differ in waveform and duration. For one such species, testosterone or
dihydrotestosteione induces females and immature males to produce the mature
male electric organ discharge which is two times the duration of the female or
immature discharge. Estradiol has only a weak effect. For a second species where
males and females have similar electric organ discharges, testosterone produces no
effect. The data suggest that androgens affect the electric organ itself.

Androgen- and estrogen-concentrating
cells occur in gonadal tissues and in
skeletal muscle and brain structures im-
plicated in the control of vertebrate sex-
ual behavior (/). Gonadal hormones can
affect a variety of chemical and morpho-
logical processes ranging from acetyl-
cholinesterase activity of nerve and mus-
cle to dendritic growth of central neu-
rons (2). We now propose that steroid
hormones can modulate the develop-
ment of action potentials of some electri-
cally excitable membranes (3, 4).

For some mormyrid electric fishes
from Africa, the electric organ dis-
charges (EOD’s) of males and females

B. brachyistius (biphasic)

LA
EO
1cm

differ in waveform and duration (Fig. 1, d
to f) (5). The electric organ, situated in
the caudal peduncle (see Fig. 1, aand b),
is derived from myomeres and includes
four columns of serially stacked plates or
“‘electrocytes’’ oriented in the trans-
verse plane. For each electrocyte, an
anterior or posterior face has rootlike
exterisions that join into a major stalk
that is innervated by special spinal moto-
neurons, the ‘‘electromotoneurons’” (6,
7). The EOD is elicited by a burst of
three spikes in the electromotoneurons,
which in turn are excited by a descend-
ing medullary volley (7). The membrane
of each face and stalk produces an action

B. brachyistius (long biphasic)

BP/male, female

LBP/female, juvenile
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Fig. 1. (a and b) The two species of electric fish in this study were Brienomyrus brachyistius
(biphasic) (BP) and B. brachyistius (long biphasic) (LBP); the electric organ (EQ) is in the tail. (c
to p) Oscilloscope records of electric organ discharge (EOD) waveforms scaled to the same
peak-to-peak amplitude. (¢) B. brachyistius (BP) males and females have similar EOD’s (three
superimposed individual EOD’s). The EOD of juvenile and female B. brachyistius (LBP) are
similar (d) but differ in form and duration from males (e and f). (g to j) Testosterone (7) added to
the water of a B. brachyistius (LBP) female induces the male EOD for 16 days; the EOD reverts
to a female type (k) after the fish is returned to freshwater for 24 days. (1 to n) A pellet of DHT
implanted in a gonadectomized female also induces a male EOD. (o and p) An estradiol (E)
pellet implanted in an immature male has minimal effects on the EOD.
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potential; their summed activity can pre-
dict the waveform and duration of the
EOD ().

Our report focuses on the mormyrids
of the Ivindo River District of Gabon
(0°30'N; 12°50'E), West Africa, where
there are at least 23 species, most with
distinctive EOD’s (5). We describe the
effects of gonadal steroids on the EOD’s
of two stream species, Brienomyrus
brachyistius (biphasic) (BP) and B.
brachyistius (long biphasic) (LBP).
These species are sympatric and mor-
phologically similar (Fig. 1, a and b),
although they are electrically distinct, as

indicated by the descriptor “BP”’ or
“LBP” (9). The males and females of B.
brachyistius (BP) had similar discharges
in all of our recordings (mean duration,
0.412 msec, N = 19; mean peak frequen-
cy of the poweér spectrum, as determined
by Fourier analysis, 1848 Hz) (Fig. 1c).
In contrast, the average EOD duration
for mature males of B. brachyistius
(LBP) (Fig. 1, e and f) was 2.25 msec
(N = 6) compared to 0.908 msec for fe-
males and immature specimens (N = 25)
whose EOD waveforms are similar (Fig.
1d). Some males (Fig. le) have EOD
durations intermediate between that of

the fully adult male EOD (Fig. 1f) and
that of the female (Fig. 1d). The differ-
ences in duration are matched by differ-
ences in the average peak power fre-
quency for males [395 Hz (N = 6)] and
females and immature specimens [925
Hz (N = 29)].

Experiments were conducted in Ga-
bon during the October-November 1981
rainy season. Brienomyrus brachyistius
(BP) (53 to 90 mm, total length) and B.
brachyistius (LBP) (65 to 100 mm) were
caught in local streams and maintained
separately in 1.2 liters of aerated stream
water (conductivity, 20 to 60 Kohm-cm;
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Fig. 2. (a to g) Plots of the time course of change in EOD duration during treatment periods. Representative EOD’s are shown. The stippled area
to the left of each plot is the range of EOD duration for immature and female B. brachyistius (LBP) for one standard deviation (0.161 msec) to ei-
ther side of the population mean (0.908 msec, N = 25). Each symbol is for one individual except in (g) where 0’ is for three specimens
maintained in the same water. (c) Recovery of the same specimens illustrated during testosterone treatment in (b). Drawn lines represent a least-
squares fit to the straight line (a, f, and g) or an exponential curve (b to e) (/5). Changes in EOD duration were nonsignificant for the control (CTL)
and estradiol (E)-treated B. brachyistius (LBP) (a and f) and testosterone (T)-treated B. brachyistius (BP) (g); but significant for B. brachyistius
(LBP) during and after testosterone treatment (b and c¢), gonadectomized and treated with testosterone (d), or DHT (e); (h) oscilloscope records
of the command signal of electromotoneurons that excite the electric organ. For a B. brachyistius (BP) male (upper record, ten averaged traces),
B. brachyistius (LBP) normal female (middle record), and testosterone-treated female (lower record), the command has three major spikes; the
temporal pattern is nearly identical in all three specimens. The initial (small arrow) and late (double arrow) negativities are, respectively, the
medullary relay signal and an electrocyte stalk potential (7).
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temperature, 22° to 24°C). Animals were
held captive for at least 2 days before
they were given hormones. At the end of
each experiment the animals were killed
by immersion in MS222, dissected for
gonad examination, and identified as im-
mature unidentified, immature male (IM)
or female (IF), or mature male (M) or
female (F) (10). All EOD’s were record-
ed daily in fresh stream water with differ-
ential Ag-AgCl electrodes aligned paral-
lel to a polyvinyl chloride tube that held
the fish in a preferred orientation (/7).
After amplification, an EOD was hand-
drawn from the oscilloscope, photo-
graphed, or tape-recorded (Nagra IV-
S)). After we returned from Gabon, rep-
resentative EOD waveforms were digi-
tized at a sampling rate of 40 KHz from
the tape recordings and scaled to the
same peak-to-peak amplitude (/2). EOD
duration was measured as the time inter-
val between the first and last points on
the waveform which depart from the
baseline by more than 5 percent of the
peak-to-peak amplitude (points 1 and 6,
respectively, in Fig. 1g). All time mea-
surements were corrected to 22°C by
using a Q-10 factor of 1.75 (I3). All
EOD’s are shown with the head positivi-
ty upward.

The initial experiments were done
with B. brachyistius (LBP). For six spec-
imens (two IF, three F, and one IM), 2.0
to 4.0 mg of 17a-methyltestosterone was
dissolved in the 1.2 liters of stream water
periodically at 24- to 48-hour intervals.
Four specimens (two unidentified and
two F) were maintained in stream water
for similar time periods to control for the
effects of captivity. The control group
showed no significant change in EOD
duration (slope of straight line fit in Fig.
2a is 0.002 msec/day, t-test of signifi-
cance of regression coefficient, ¢t = .35;
P > .6, d.f. = 19) (/4). In contrast, the
testosterone-treated group showed a
twofold increase in EOD duration (Fig.
2b shows best exponential curve fit in-
stead of straight line for which the slope
was 0.03 msec/day, t = 5.46, P < .001,
d.f. = 77) (15).

The EOD waveform of B. brachyistius
(LBP), as shown in Fig. lg, is biphasic
with an inflection point (point 2) on the
rising positive phase (points 1 to 3), and a
single smooth peak (point 5) on the nega-
tive phase (points 4 to 6). Testosterone
appears to induce a shift in the amplitude
of the waveform at the inflection point

relative to that of the following positive

peak: point 2 increases until it is equal in
amplitude to point 3 (Fig. 1, h and i) and
the EOD resembles that of a “‘transition-
al’’ male (Fig. le). After a few more days

27 MAY 1983

of testosterone, point 2 is very large and
point 3 all but disappears (Fig. 1j) as the
entire EOD slows to the longer, male
EOD (Fig. 1f). When testosterone was
removed by returning the fish to fresh
water, the EOD reverted to the female-
type waveform during 24 additional days
(Figs. 1k and 2c¢) [see (14, 15) for results
of statistics].

To show that the induced hormone
changes were not dependent on intact
gonads, we gonadectomized three fish
(one IF, one F, and one IM) and treated
them with testosterone in the same way.
The effects on the EOD waveform were
similar (Fig. 2d) (14, 15).

Since some vertebrates can convert
testosterone to 17B-estradiol or anoth-
er androgen, Sa-dihydrotestosterone
(DHT) (1), it is possible that some of the
testosterone effects were due to estrogen
and were not androgen-specific. To ex-
amine this possibility, we treated ani-
mals as follows: three fish received a 2.0-
to 3.0-mg pellet of DHT implanted within
the ventrolateral body cavity (two IM
and one F); one was gonadectomized
and received a DHT implant (one IF,
symbol 1, Fig. 2e); and four received a
2.0- to 3.0-mg estradiol pellet (three IM
and one IF) (/6). Only the fish that
received DHT showed the marked
change in EOD duration and waveform
(Fig. 1, 1 to n, and Fig. 2e) (14, 15). The
effects of estradiol were minimal (Fig. 1,
o and p, and Fig. 2f). In our estradiol
experiments, the initial EOD durations
were already at the high end of the
population range. The estradiol seemed
to induce a slight increase in duration,
but the effect was statistically nonsignifi-
cant for the entire treatment period (lin-
ear slope = .01 msec/day, ¢ = 1.26,
P > 2, d.f. = 12). Estradiol may there-
fore mimic some of testosterone’s ef-
fects, as in mammalian sexual behavior
(17), but this requires further study (I8).

Thus, the observed changes in EOD
waveforms and durations were (i) depen-
dent on the addition of exogenous hor-
mone and (ii) reversible (4). Also, the
effect appeared to be specific to mormy-
rids with sex differences in their wave-
forms. Testosterone added to the water
of B. brachyistius (BP) (three F and three
IM) had no significant effect on the EOD
(Fig. 2g, linear slope = .003 msec/day,
t=145.1<P< .2 df = 40).

We considered two sites of action
where gonadal hormones or their metab-
olites might induce EOD transforma-
tions: the peripheral electrocytes them-
selves or the central motor pathway con-
trolling electric organ excitation. The
former seemed more likely since the

current generated by a single artificially
stimulated electrocyte resembles that of
the entire EOD waveform (8). Centrally
mediated events control the synchrony
and rate of electrocyte discharges (7).
We recorded the command signal, aris-
ing from the spinal electromotoneurons
that excite the electric organ, by insert-
ing two 00-insect pins subdermally at
either end of the organ in specimens
whose EOD was blocked with intraperi-
toneal injections of Alloferin (0.1 ng), a
curare-like drug. For B. brachyistius
(BP) and for normal and testosterone-
treated females of B. brachyistius (LBP),
the command signal had three major
spikes (large arrows, Fig. 2h) separated
by about 1 msec. Thus, the central com-
mand is nearly identical for specimens
with EOD’s of differing form and dura-
tion. As in all other known mormyrids
(7), the three spikes represent the syn-
chronous firing of the electromotoneu-
rons. The time interval between the
spikes appears the same for all speci-
mens, although the waveform varies
with electrode placement. The general
properties of the spinal command signal
were unchanged in testosterone-treated
females, as shown in Fig. 2h. The hor-
mone effects thus appear to be distal to
the command signal generator, at the
level of the electric organ.

Gonadal hormones are known to affect
the spontaneous activity and refractory
period of central neurons (/9). However,
the effect here is on the waveform and
duration of the electrocyte’s discharge
which depends on the functional proper-
ties of its component action potentials.
There are different ways in which testos-
terone might exert this effect: (i) it may
alter the physiology of the synapse be-
tween the electromotoneurons and the
electrocyte’s stalk, (ii) it may change the
cable properties of the electrocyte, and
(iii) it may change the distribution or
magnitude of different ion channels in
the electrocyte’s excitable membranes
(20). The last possibility is most intrigu-
ing, as it has already been shown for
some amphibians and mammals that de-
velopmental changes in the waveform
and duration of action potentials of mo-
tor or sensory neurons arise because of
changes in specific ionic conductances
Q@n.
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Dopamine-3-Hydroxylase Activity and Homovanillic Acid in
Spinal Fluid of Schizophrenics with Brain Atrophy

Abstract. Schizophrenic patients with high ventricle brain ratios and cortical brain
atrophy, as shown by computerized tomography, had decreased spinal fluid concen-
trations of homovanillic acid and dopamine-B-hydroxylase activity. These decreased
cerebral spinal fluid concentrations in patients with brain atrophy support the
proposal of disturbed noradrenaline and dopamine neurotransmission in a subgroup
of schizophrenic patients.

chotic symptoms (9). Biochemical ab-
normalities in schizophrenics with brain
atrophy have rarely been reported (/0).
Despite evidence of a dopamine disorder
in schizophrenia (/1), spinal fluid con-
centrations of the dopamine metabolite

Brain atrophy has been detected in
some schizophrenic patients by comput-
erized tomography (CT) (/I-9). Abnor-
malities in scans in schizophrenia have
been associated with neuropsychological
impairment (2, 4-6) and other nonpsy-

300
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Table 1. Relation of normal and abnormal CT scans and VBR and the presence or absence of
cortical atrophy to three variables in the spinal fluid of drug-free schizophrenic patients. The
DBH activity and HVA concentrations were significantly lower in patients with brain atrophy.
Values are mean + S.E.M. The probabilities are those associated with the 7 statistic for the
difference between normal and abnormal. N.S., not significant.

DBH HVA
Spgc{ﬁc Activity
Status Pa- activity Pa-
tients tients mole/ml P
nmole/ml- p
( hour per P nmole/ P )
. ml-hour
mg protein
CT scans
Normal 16 0.027 = .0020 1.05 = .170 12 214 = 13.5
Abnormal 9 0018 = 0023 7 os8=.006 97 6 138238 008
VBR
Normal 20 0.026 = .0017 005 0.98 + .139 0056 16 191 = 15.0
Abnormal 5 0.014 = .0021 0.49 = .075 2 167 = 67.2
Cortical atrophy
Absent 17 0.025 = .0022 N.S 0.99 = .171 029 17 203 + 14.5 09
Present 7 0.019 + .0024 Ut 0.60 = .05 7 145 = 233 °
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