island age, gives a plot of the corrected
species diversity, $*, as a function of the
time since isolation. This plot is given in
Fig. 1.

This result is equivalent to a plot of
species diversity as a function of time
(or, arelaxation curve) for a hypothetical
island with mean area and latitude. A lin-
ear regression of log transformed values
of both variables produces a fitted curve
described by the exponential function

S* = 1087113

with a correlation coefficient of —.82
(P < .01). Thus S* represents a stan-
dardized level of species diversity to
which each fauna has relaxed up to the
present time. The relaxation process has
both an immigration and extinction com-
ponent. Since immigration is not detect-
able, however, the relaxation curve here
is approximately equivalent to an ex-
tinction curve. These results are consis-
tent with the hypothesis that these are
nonequilibrium supersaturated faunas

which are relaxing to states with fewer -

species.

Recently, Simberloff (3) questioned
the validity of the equilibrium theory of
island biogeography, citing a lack of rig-
orous proof of species turnover, or evi-
dence that a fauna is approximately bal-
anced, within an ecological time scale
(17). The demonstration that nonequi-
librium biotas behave dynamically in
predicted ways is perhaps better evi-
dence for the equilibrium theory than is
the existence of biotas in apparent equi-
librium. Thus, the equilibrium condition
could be considered just one possible
state predicted by the theory.

BRrRUCE A. WiLCOX
Department of Biology, University of
California, San Diego, La Jolla 92093
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Directional Selectivity in Hamster Superior Colliculus
Is Modified by Strobe-Rearing But Not by Dark-Rearing

Abstract. Visual response properties of superior collicular neurons of normal ham-
sters were compared with those of animals reared from birth to adulthood in either
total darkness or with stroboscopic illumination. Directional selectivity was marked-
ly reduced only in the strobe-reared animals, thus demonstrating visual plasticity in a
system that develops apparently normally without visual experience.

Since the early 1960’s many studies
have been concerned with the role of
early experience in the functional organi-
zation of the brain’s visual centers (I, 2).
Two types of manipulations have been
commonly employed: (i) visual depriva-
tion, attained by dark-rearing or eyelid

-suturing; and (i) visual restriction, in

which the animal’s early experience is
limited along one or more stimulus di-
mensions. Most of these studies have
dealt with the visual system of the cat,
and in this species dramatic effects of vi-
sual deprivation, as well as restriction,
have been demonstrated in the cortex
and, more recently, in the superior col-
liculus (3-5). However, there appear to
be important species differences with re-
gard to the degree of plasticity exhibited
by the mammalian visual system. Thus,
in rabbit, visual restriction during devel-
opment failed to modify the functional
organization of single neurons in visual
cortex (6). Furthermore, in comparison
to the cat, visual deprivation in rabbit re-
sults in relatively subtle effects upon the
response characteristics of either corti-
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cal or superior collicular neurons 2, 7).
We now report a demonstration of

plasticity in response to environmental

restriction in a visual system that devel-
ops relatively normally without visual
experience. These results were obtained
in the golden hamster (Mesocricetus au-
ratus), where we have found that dark-
rearing produces only subtle changes in
the receptive-field properties of superior
collicular neurons, whereas rearing in a
stroboscopic environment results in dra-
matic modifications in the functional or-
ganization of this midbrain structure.
The most clear-cut effect of stroboscopic
rearing was on directional selectivity,
and this finding is the main focus of this
report (8).

We used three groups of animals:
group 1 included normal hamsters,
reared on a 12-hour light/dark cycle
(N = 33); group 2 included visually de-
prived animals, raised from birth to
adulthood in total darkness (N = 13);
and group 3 included visually restricted
hamsters that were raised from birth to
adulthood in an environment illuminated
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for 12 hours each day with very brief (4
usec) flashes at the rate of two per sec-
ond (N = 14). The last condition de-
prives animals of experience with mov-
ing stimuli while allowing pattern vision.
The strobe rate we employed modifies
the receptive-field characteristics of cells
in the cat’s superior colliculus (5). It
should be noted that the dark- and
strobe-reared animals were kept in their
respective environments until the day of
recording which occurred when the ani-
mals reached adulthood, at least 5
months of age. Animal maintenance was
carried out in total darkness or with
strobe illumination. Repeated checks
were made to ensure that the appropriate
rearing conditions were maintained.
Extracellular recordings from the su-
perior colliculus of paralyzed, lightly
anesthetized (sodium pentobarbital), and
artificially respirated hamsters were ob-
tained with high-impedance (20 to 30
megohms measured at 1 kHz) tungsten
microelectrodes. Retinoscopy was not
employed in these experiments because
this procedure results in systematic er-
rors of hypermetropia with an eye as
small as that of the hamster (9). Further,
it has been noted by others that such a
small eye should have a very large depth
of focus and this point has been demon-
strated empirically in the hamster (/0).
After isolating the electrical activity of a
single cell we plotted its receptive field
on a tangent screen using light and dark
hand-held stimuli 2.5 log units above to 1
log unit below a 1.4 cd/m? background.
Cells were tested for speed preferences
and directional selectivity, as well as for

Fig. 1. (A) Polar diagram and representative
oscilloscope traces depicting the responses of
a cell that showed no directional selectivity
recorded from the superficial collicular lam-
inae of a strobe-reared hamster. Each point
on the diagram represents the summed re-
sponses obtained in five stimulus presenta-
tions. The stimulus was a 6° light spot swept
across the receptive field at a velocity of 15°
per second. The size of the receptive field was
8° by 11°, and this cell had no spontaneous ac-
tivity. (B) The responses of a cell that exhib-
ited a statistical preference for stimuli moving
in an upward and nasal direction. This cell
was recorded from the superficial collicular
layers of a normally reared hamster. It had no
spontaneous activity and responded reliably
to stimulus movement in each of the direc-
tions tested. The stimulus was a 4° light spot
moving at 10° per second. The receptive field
was 7° by 9.5°. (C) The responses of a cell that
was directionally selective by the “‘null’’ cri-
terion. This cell was recorded from the super-
ficial collicular laminae of a normally reared
hamster. Its receptive field measured 12° by
10.5°, and the cell had no spontaneous activi-
ty. The stimulus was a 2.5° light spot which
was moved across the receptive field at 5° per
second.
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responses to stationary flashed stimuli of
various sizes (11, 12). For testing direc-
tional selectivity a specially constructed
visual stimulator moved spots of light at
specified speeds across the receptive
field in each of four axes: vertical, hori-
zontal, and the two oblique axes bisect-
ing these quadrants. Typically, for a giv-
en cell, only that stimulus speed which
was close to the preferred velocity was
employed. Each of the eight directions of
stimulus movement was tested at least
five times, with an interval between trials
of about 10 seconds.

The number of action potentials (spike
count) evoked by each stimulus presen-
tation was read directly off the face of a
storage oscilloscope, and in some cases
responses were recorded on tape for off-
line analysis. For each cell, directional
selectivity was assessed in two different
ways: statistically and with the ‘“‘null”
criterion. With the statistical criterion, ¢-
tests were computed for responses to op-
posing directions of movement, and any
cell that showed significant (P < .05) re-
sponse asymmetry was considered to be
directionally selective. With the ‘‘null”’

criterion a cell was judged as direction- '

ally selective if it responded to move-
ment in one direction and showed no re-
liable responses or suppression of spon-
taneous activity with movement in the
opposing direction (/3). The loci of rep-
resentative cells were marked by making
electrolytic lesions (35 mA for 2 sec-
onds). Animals were perfused through
the heart with saline followed by buf-
fered formalin, and the brains were re-
moved and cut in paraffin at 10 um for
histological reconstruction of electrode
tracts.

Figure 1 shows the responses of three
cells. In Fig. 1A the cell responded to
movement in all directions with an ap-
proximately equal number of discharges.
In contrast, B and C of Fig. 1 illustrate
the responses of cells that were direc-
tionally selective with the statistical (Fig.
1B) and the ‘“‘null”’ (Fig. 1C) criteria. In
normal hamsters, 173 cells were tested
for directional selectivity and of these,

99 (57.2 percent) were found to be direc-

tionally selective according to the statis-
tical criterion, whereas 46 cells (26.6 per-
cent) exhibited selectivity as defined by
the “‘null’’ criterion (14, 15). Of the 93
cells tested in dark-reared animals, 51
(54.8 percent) were judged as selective
statistically, while 26 (27.9 percent) had
a preferred and null direction. In strobe-
reared animals 110 neurons were tested
and 26 (23.6 percent) showed significant
response asymmetry to opposing direc-
tions of movement, whereas only seven
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Fig. 2. The percentage of directionally selec-
tive cells as judged by the statistical and
“null’” criteria for the three groups of ham-
sters used in this study. The bar graph in-
dicates a clear decrease in the percentage of
directionally selective cells as judged by ei-
ther criterion for the strobe-reared hamsters.

cells (6.4 percent) were directional with
the “‘null”’ criterion (/4). These findings
are summarized in Fig. 2.

Dark-reared hamsters also could not
be differentiated from normal animals on
the basis of the distribution of the pre-
ferred directions of the directionally se-
lective cells. Furthermore, speed prefer-
ences, receptive-field size, and organiza-
tion were the same in both groups. There
were however, differences in the onset
latencies of neurons which responded to
flashed stimuli in that these were longer
in the visually deprived animals. In addi-
tion, a few cells in the dark-reared ham-
sters responded in a sustained fashion to
flashed spots of light, whereas in normal
animals all cells responded only phasi-
cally to light onset or offset, or both.

While the decrease in the incidence of
directionally selective cells was the most
dramatic effect of strobe-rearing, other
differences were also observed. One of
these was a reduction in the number
of cells showing response suppression
when stimuli larger than the activating
region. of the receptive field were em-
ployed. Further, cells in the superficial
layers of the colliculus (those dorsal to
the stratum griseum intermediale) often
exhibited considerable response variabil-
ity, an observation common for cells in
the deeper layers of normal and dark-
reared animals but rare for cells of the
superficial layers.

These findings indicate that in the
golden hamster visual experience plays
a minimal role in the maintenance or in-
duction of the functional organization of
the superior colliculus but that an aber-
rant visual input during development, in
this case strobe illumination, can induce
major changes in this system.

The only other species in which the
functional organization of the superior
colliculus has been examined after bin-
ocular deprivation (lid-suturing) and
strobe-rearing is the cat. Here, both ma-

nipulations have been reported to result
in a considerable decrease in the inci-
dence of directionally selective neurons,
as well as in modifications of other re-
ceptive-field characteristics ¢, 5). The
present findings, when compared to those
in the cat, further underscore the impor-
tance of species differences with regard
to visual system plasticity. Further de-
lineation of the factors involved in visual
system plasticity could be facilitated by
the examination of this problem in other
mammals, as well as nonmammalian spe-
cies (16).
Leo M. CHALUPA
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Phase Sensitivity in Electroreception

Abstract. The gymnotoid electric fish Hypopomus artedi discriminates between
electric stimulus pulses with identical spectral amplitudes but different spectral
phase functions. Behavioral results can be explained on the assumption that elec-
troreception is based on a linear filter, approximately matched to the species’ elec-
tric organ discharge. The impulse response of the appropriate matched filter, in fact,
resembles the known impulse response of the electroreceptors involved.

Electric organ discharges (EOD’s) in
gymnotoid electric fish show high inter-
specific but negligible intraspecific varia-
tion. They are reliable cues for species
identification (I -3). Electroreceptors are
most sensitive to stimuli with peak pow-
er frequencies near that of the particular
species’ EOD (2, 4, 5) and very similar
“‘tuning’’ curves have been obtained in
behavioral experiments (6). Electric fish
are thus most sensitive to EOD’s of their
own species and the variability of EOD’s
across sympatric species should there-
fore enhance reproductive isolation (7).

In previous behavioral and elec-
trophysiological experiments thresholds
and intensities of responses were mea-
sured as functions of the peak power fre-
quency of the stimulus applied. Discrimi-
nation of spectral phase functions alone
was not tested, except in studies which
demonstrated that receptors responded
differently to positive and negative
square pulses (8), two stimuli with identi-
cal amplitude spectra (Fourier transform
magnitudes) but spectral phase functions
which differ by 180°. The behavioral
studies of the gymnotoid Hypopomus ar-
tedi reported here show that this species
can discriminate EOD-like stimulus
pulses of identical amplitude spectra but
‘with spectral phase functions which dif-
fer by a frequency-independent shift of
as little as 45°. Such pulses are in-
distinguishable in the realm of human
hearing.

Spectral phase sensitivity indicates
that the specific shape of a temporal
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EOD wave form is important to the ani-
mal. An unbounded number of different
wave forms have the same spectral am-
plitude, but the specification of both am-
plitude and phase in the frequency do-
main results in a uniquely defined time
signal. Phase sensitivity should be of
particular significance for discrimination
between ohmic and capacitive features
in the electric environment of the animal
).

Hypopomus artedi fires its electric or-
gan to produce diphasic pulses approxi-
mately 2 msec in duration [Fig. 2a, upper
left; see also (9)], as measured by two
electrodes with the positive electrode
near its head and the negative electrode
near the tip of its tail. Maximal spectral
power of a single EOD is found near 550
Hz. The EOD’s occur at a regular repeti-
tion rate near 10 Hz when the animal is
resting. Novel stimuli cause sudden ac-
celerations in the EOD rate, which may
rise as high as 50 Hz. This novelty re-
sponse was exploited to measure detec-
tion thresholds for various EOD-like
stimulus pulses.

Single specimens, ranging in length
from 15 to 22 cm, were placed in longitu-
dinal cages 25 cm long, 3 cm wide, and
10 cm deep built out of plastic window
screen. The cages were provided with
loose peat moss strands for the animals
to hide in. Each cage was placed in the
center of an aquarium 60 cm long, 52 cm
wide, and 18 cm deep, with the bottom of
the cage approximately at middle water
level. Water resistivity was 10 kilohm-
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cm and temperature was maintained be-
tween 24° and 27°C. Electric stimuli were
provided through a pair of carbon rods,
mounted at either end of the aquarium,
which provided a near-homogeneous
electric field in the area of the animal’s
cage. The intensity of stimulus pulses
was measured in millivolts per centime-
ter, peak to peak, along the maximal
field gradient in the center of the aquar-
ium, in the absence of animal and cage.
Stimulus pulses were generated by a
PDP 11/40 computer, with a digital-to-
analog converter operating at a sampling
rate of 50 kHz. To obtain stimuli of suf-
ficient power the output of this converter
was passed through a Grass P15 pre-
amplifier operating at X 10 amplification
and at its widest frequency band, 0.1 Hz
to 50 kHz. The output of this amplifier
was connected to the stimulus elec-
trodes; its d-c deviation from zero was
maintained within 1.5 percent of the
peak-to-peak stimulus amplitude.

The animal’s EOD’s were recorded by
a pair of differential electrodes near its
tail region. These electrodes were placed
on an isopotential of the stimulus field to
exclusively record the animal’s EOD’s.
The instantaneous EOD rate was mea-
sured as the inverse of the intervals be-
tween EOD’s by on-line computation.
After 60 EOD’s, each of the subsequent
40 EOD’s was echoed, at a delay of 30
msec, by a stimulus pulse. An additional
60 poststimulatory EOD’s were recorded
thereafter. The 30-msec delay ensured
that EOD’s and stimuli would never
overlap in time. The time course of in-
stantaneous EOD rate recorded during
this experiment was displayed by the
computer for visual inspection. In an un-
disturbed and quietly resting animal the
prestimulatory EOD rate showed a coef-
ficient of variation of less than 1 percent.
In response to suprathreshold stimula-
tion a slight rise and increased variability
in EOD rate was observed. This re-
sponse started after the first three or four
EOD’s had been echoed. Its strength
was measured by the root-mean-square
(rms) value of the difference between the
EOD rate during stimulation and its
mean prestimulatory level.

Experiments were performed at inter-
vals of at least 1 minute to minimize ha-
bituation to the stimulus. Records with
large irregularities in EOD rate, which
were commonly caused by sudden dis-
turbances but also appeared to occur
spontaneously, were discarded. The rms
values of at least ten successive experi-
ments were averaged for a particular
type of stimulus pulse to yield a mean
rms value, S, and different types of stim-
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