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Abstract: Vision in fish plays an important role in different forms of visually guided behavior. The visual system of fish
is available for research by different methods; it is a convenient experimental model for studying and understanding the
mechanisms of vision in general. Responses of retinal direction-selective (DS) ganglion cells (GCs) are recorded extra-
cellularly from their axon terminals in the superficial layers of the tectum opticum (TO). They can be divided into three
distinct groups according to the preferred directions of stimulus movement: caudorostral, dorsoventral and ventrodorsal.
Each of these groups comprises both ON and OFF units in equal proportions. Relatively small receptive fields (3-8°) and
fine spatial resolution characterize retinal DS units as local motion detectors. Conversely, the responses of direction-selective
tectal neurons (DS TNs) are recorded at two different tectal levels, deeper than the zone of retinal DS afferents. They are
characterized by large receptive fields (up to 60°) and are indifferent to any sign of contrast, i.e., they can be considered
as ON-OFF-type units. Four types of ON-OFF DS TN preferring different directions of motion have been recorded.
The preferred directions of three types of DS TNs match the preferred directions of three types of DS GCs. Matching the
three preferred directions of ON and OFF DS GCs and ON-OFF DS TN has allowed us to hypothesize that the GCs with
caudorostral, ventrodorsal and dorsoventral preferences are input neurons for the corresponding types of DS TNs. On the
other hand, the rostrocaudal preference in the fourth type of DS TNs, recorded exclusively in the deep tectal zone, is an
emergent property of the TO. In this review, our findings are compared with the results of other authors examining direc-
tion selectivity in the fish retinotectal system.
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INTRODUCTION visual centers of the fish brain, mainly the midbrain

formation tectum opticum (TO) [1-4].
Vision in fish plays an important role in different forms

of visually guided behavior, including object detection
and recognition, orientation and navigation, foraging
and avoiding predators, etc. A significant part of visual
processing occurs within the retina of the eye. Ganglion
cells (GCs) are the final output neurons in retinal infor-
mation processing. An entire visual scene is encoded
by many different types of GCs whose receptive fields
(RFs) are distributed over the image plane at the retinal
surface. The information processed by the specialized
GCs (“retinal detectors”) is transmitted to the primary
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The physiological properties of different types of
retinal detectors can be successfully studied by extra-
cellular recording of the single-unit responses of GCs
from their axon terminals at different depths of the
TO. This method was first developed for the study
of frog retinotectal projections, and described in the
classic work “What the frog’s eye tells the frog’s brain?”
[5-6]. Experiments were performed on intact animals.
Single unit responses of the motion detectors were
recorded extracellularly from their axon terminals in
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the superficial layers of the midbrain formation TO
using low impedance (200-500 KQ) microelectrodes
prepared according to the published procedure [7].
The electrodes were made using micropipettes filled
with Wood’s metal and tipped with a platinum cap
2-10 um in diameter. It was shown that the afferents
of different types of local edge detectors (LEDs) ter-
minate at different depths of the frog TO.

The method of Lettvin et al. was later used in vi-
sual information processing research in the retinotec-
tal systems of various fish species [8-15]. These early
electrophysiological studies performed on immobi-
lized intact fish revealed the laminar organization of
retinal afferents in the fish TO. In experiments from
our group, it was shown that axon terminals of dif-
ferent types of retinal GCs are clustered at different
depths of the tectal retinorecipient area [11,15]. In the
superficial sublayers, responses of direction-selective
(DS) units were constantly recorded. Another cluster
of retinal units was recorded in the deeper sub-lamina.
The first type of units in this cluster is not direction
selective and responds to small contrasting spots mov-
ing in various directions. These units resemble LEDs
of the frog retinotectal system [5]. Another two types
that were recorded in the same sublayer are orienta-
tion selective (OS) GCs which are sensitive to either
vertically or horizontally oriented edges. Both types
of OS units are ON-OFF-type cells. Color-opponent
elements were usually detected slightly deeper than
the LEDs and OS GCs. Finally, in the
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would ensure the automatic presentation of stimuli of
different characteristics and provide automatic pro-
cessing of the responses of various tectal units.

A hardware-software setup for
electrophysiological studies of the fish visual
system

To ensure a more accurate evaluation of the properties
of different types of fish retinal detectors, the experi-
mental setup providing online data acquisition and
processing was developed based on the experience
from our laboratory obtained in previous decades [16]
(Fig. 1). Three mutually connected and synchronized
computer modules are used during the experimental
work: (1) is the recording module, connected to the
microelectrode through the A/D and the preamplifier;
it serves for the recording of the neuron responses,
further visualization of the responses on the screen
and, finally, storing of the experimental data; (2) is
the stimulating module that controls the stimulat-
ing CRT monitor on which various visual stimuli are
presented to the fish; (3) is the controlling module,
which provides efficient manipulation of stimulation
and recording parameters during the experiment and
additional online graphic demonstration of the pro-
cessed data (on a separate monitor).

As of 2003, in a series of studies, we systemati-
cally investigated the properties of more than three

deepest sublamina of the retinorecipient
layer, the responses of the sustained units
were recorded. These GCs, referred to as
ON-sustained and OFF-sustained units,
responded by sustained discharges to the
diffuse ON and OFF flashes, respectively.

In the early studies mentioned above
[11,14-15], clusters of DS GCs were not
defined precisely because of technical
constraints. Stimuli were presented man-
ually and no automatic processing of the
recordings from the tectum was made.
Therefore, the authors managed to accu-

rately identify only one type of retinal DS
detector, which preferred a caudorostral
direction of motion. In later studies, there
was a need to create a complex setup that

Fig. 1. Scheme of the experimental setup: 1 — recording module; 2 - stimulating
module; 3 - controlling module; 4 - stimulation area on the monitor screen; 5 -
receptive field of the recorded cell; 6 - AC preamplifier; 7 — loudspeaker; 8 - A/D
converter; 9 — oscilloscope. Redesigned from [16].
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thousand retinal detectors in the TO of different cyp-
rinid fishes, Carassius gibelio (wild form of goldfish),
carp, roach and a barbell fish, Labeobarbus interme-
dius. The experiments were conducted as follows:
an immobilized fish (d-tubocurarine, intramuscular
(i.m.) injection) was placed in its natural position in
a transparent Plexiglas tank where artificial respira-
tion was provided continuously by forcing aerated wa-
ter through the gills. Visual stimuli (contrast edges,
stripes and spots moving at variable speeds in different
directions) were presented to the right eye of the fish
on the CRT monitor screen from a distance of about
30 cm. From this distance, the screen covers 43x32°
of the fish’s visual field. Since preliminary findings
showed that the fish DS GCs are characterized by rela-
tively small receptive fields (RFs) of about 5° [1,16],
stimuli were presented on the screen within a limited
gray square-shaped area of stimulation with angular
dimensions of 11x11°. The stimulation area could be
placed at arbitrary locations on the screen and was
usually placed so that the RF of the recorded unit was
located approximately in its center. We worked mainly
in the lateral visual field of the right eye (the size of
the visual field was 60x40°). The background in the
stimulation area usually had an effective radiance of
14.5 mW m™2 sr’}, while the effective radiances of the
light and dark stimuli were respectively 65 and 0.13
mW m? sr'. Constant brightness was maintained for
the rest of the monitor screen outside of the stimula-
tion area, with the effective radiance usually equal to
7.0 mW m~? sr". The responses of different types of
GCs were recorded extracellularly from their axon
terminals in the retinorecipient layer of the tectum
(depth of recording 50-200 pm). The low impedance
microelectrode [7] was visually guided under a mi-
croscope (SZ51, Olympus, Shinjuku, Tokyo, Japan) to
the TO surface and then perpendicularly advanced
through the superficial tectal layers by a microma-
nipulator (MP-225, Sutter Instrument, Novato, CA,
USA) until a stable single-unit response was recorded,
which could last from a few minutes to an hour or
more. Single-unit responses were gained in an AC
preamplifier (band pass 100 Hz to 3.5 kHz), and lis-
tened to on a loudspeaker, monitored on an oscillo-
scope and digitized by an A/D converter (at 25 kHz
sampling rate). The digitized data were subsequently
subjected to online processing performed on a con-
trolling computer module. The standard experimental
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procedures used for data processing (polar diagrams,
random checkerboard, contrast sensitivity, etc.) are
designed in the form of program tools. Some of them
will be described in the next chapters.

Direction-selective ganglion cells in fish: response
pattern and classification of units according to
their preferred directions

The classification of DS GC records by preferred
direction was performed on the basis of their polar
diagrams (PDs). The polar response pattern of the
unit was always measured with contrast “edge” stimuli
consecutively moving in 12 different directions over
the gray background (“edge” stimulus, wide stripe
exceeding stimulation area). The values of the stimu-
lation parameters are specified as follows: the move-
ment speed of the edge, the brightness of the back-
ground and the stimulus, the brightness surrounding
the outside of the stimulation area, the initial direction
of movement, the number of repetitive trials in each
of 12 directions (usually 3). Mean spikes evoked by
leading and trailing edges of stimuli were calculated
over repeated trials for each direction. At the end of
the procedure, a measurement for the first direction
was repeated to verify the unit response level. The
preferred directions of the stimulus movement were
determined according to the phase of the first har-
monic of the Fourier transform of the polar diagram.
The mean number of spikes in the response (N) as a
function of direction (¢) is approximated by a second-
order harmonic function:

N(p) = a,+ al'cos((p-gol) +a,cos (2(;)-2902) (1)

The amplitudes of the zero (a,), first (a,) and sec-
ond (a,) harmonics, and the phases of the first (¢)
and second (¢,) harmonics characterize the polar
response patterns. In several studies, we have clearly
shown that according to their polar plot patterns, GCs
projecting to the tectum constitute three clear clus-
ters: (i) those with small relative amplitudes of both
first and second harmonics — nonselective units (spot
detectors, color-opponent units, sustained units); (ii)
those with pronounced relative amplitude of the first
harmonic - direction-selective units; (iii) those with
a pronounced relative amplitude of the second har-
monic - orientation-selective units [1,16]. The scat-
ter diagram of the amplitude of the second harmonic
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Fig. 2. Examples of three principal types of polar response patterns observed in goldfish retinal motion detectors. A — Polar plot of a
direction selective ganglion cell as compared with polar plots of a spot detector and an orientation selective unit. The stimuli (contrast
edges) moved in 12 or 24 directions at a speed of 11°/s inside the gray stimulation area (a square with a side of approximately 11° on
the monitor screen). Polar plots of responses to the leading (left panel) and trailing (right panel) edges of stimuli are shown. Dots mark
the number of spikes evoked in response to each of three runs for each applied direction; solid curves represent the approximations of
the experimental data by a Fourier series with first two harmonics (function (1)). The numbers on the radial lines represent the order
of movement directions. The plots marked with the label “off” are built for the responses to the movement of dark edges into the recep-
tive field (RF); those marked with label “on” are built for the responses to the movement of light edges. Orientation of the fish relative
to the directions of the stimulus movement is demonstrated. Top panels: black spot detector (OFF-type unit); stimulus — black edge.
Middle panels: orientation selective unit (“detector of horizontal line”; ON-OFF type unit); stimulus - black edge. Bottom panels: ON-
type direction selective unit which prefers the caudorostral motion direction; stimulus — white edge; preferred direction of the stimulus
movement for the unit is shown by the black arrow. “Edge” stimulus - wide stripe exceeding the stimulation area in width. B — Scatter
diagram of the amplitude of the second harmonic (a,) versus the amplitude of the first one (a,) for 522 polar patterns, measured for the
GCs of various types (cluster of DS units is marked). Redesigned from [16].

marked by an arrow. However, the same DS unit did
not respond to the trailing edges of the same stimuli,
regardless of their direction of movement, i.e. it re-
mained silent to the RF darkening. Two other types
of retinal detector PDs projected to the tectum, with
a spot detector and an OS unit given for comparison
in Fig. 2A (top and middle panels, respectively).

(a,) versus the amplitude of the first harmonic (a,)
for 522 polar patterns, measured for GCs of various
types, is presented in Fig. 2B, with the cluster of DS
units marked.

The two PDs shown in Fig. 2A (bottom panels)
represent the responses of a goldfish ON-type DS unit
to the leading and trailing edges of the white stimuli;

this particular GC preferred the caudorostral motion
direction. The leading edges of the stimuli evoked
considerable excitation of the unit when the motion
direction was close to the preferable one. PD is ap-
proximated by function (1); the preferred direction is

The typical response pattern of a roach DS GC
evoked by an “edge” stimulus moving in the preferred
direction is presented in Fig. 3B. This DS GC respond-
ed only to the introduction of the white stimulus into
the RF and can be considered as an ON-type DS unit.
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Fig. 3. The response of a roach ON DS unit of retinal origin with a caudorostral preference. A — PDs of a roach ON DS GC to the leading
and trailing edges of white broad stripes (light “edge” stimuli). All conventions are same as in Fig. 2A. B — Response of the same unit to
the leading and trailing edges of the white stimulus moving in the preferred, caudorostral direction. To select a single unit response, we
used amplitude discrimination (horizontal thin line). Only spikes exceeding the amplitude criterion were used for further analysis (e.g.

for the measurement of PDs). Redesigned from [48].

dorsal

(caudorostral, ventrodorsal and dorso-
ventral), with each group containing DS
GCs of ON and OFF subtypes approxi-
mately in equal quantity [1,16]. It was
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surprising that fish DS GCs projecting
to the TO according to their preferred
directions substantially differed from
mammalian retinal DS units projecting
to the superior colliculus; a variety of rab-
bit and mouse DS GCs was comprised of
four types of ON-OFF cells with the pre-
ferred directions separated by about 90°
[17-21]. This difference between fish and
mammalian DS units will be discussed

Fig. 4. Preferred directions of goldfish DS GCs. A - Clustering of polar response
patterns calculated for 164 goldfish DS GCs (preferred directions calculated for
directional tuning curves are marked by red arrows). B - ON- and OFF-type DS
GCs were presented in practically equal quantities in the tested units. Histograms
of preferred directions for both types of DS units are presented. The orienta-
tion of the fish relative to the directions of stimulus movement is demonstrated.

later. All polar plots measured in goldfish
DS GCs before the year 2005 are shown
in Fig.4A. The preferred directions calcu-
lated by the phase of the first harmonic
of the Fourier transform are marked by

Redesigned from [1].

The short duration of the spike discharge evoked by
the leading edge of the stimulus indicated a relatively
small RE, which is characteristic for DS units of retinal
origin. Note that the PDs measured for the DS GC
of the roach (Fig. 3A) are shaped almost the same as
those shown in Fig. 2A for goldfish DS GC.

Detailed analysis of measured PDs on the new
setup revealed six distinct types of DS GCs project-
ing to the fish tectum. According to their preferred
direction, DS GCs comprise three distinct groups

arrows. ON- and OFF-type DS GCs were

presented in equal quantities among the
tested units (Fig. 4B). Units that responded to the
caudorostral direction of stimulus movement were
the most numerous. Based on subjective judgment
(from our experience accumulated during many years
of research on the subject), the caudorostral DS re-
sponses of the retinal origin were recorded in TO
more superficially than the responses of the dorso-
ventral and ventrodorsal DS units. The results of our
recent experiments performed in carp, roach and bar-
bell fish (Labeobarbus intermedius) indicated that the
DS GCs of these fish are equal to the retinal DS units
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Fig. 5. Receptive field mapping of one goldfish OFF DS ganglion cell preferring the caudorostral direction of stimulus movement (random
checkerboard method). A - Left panel: cell responsiveness across the stimulation area, recorded by RF mapping with one flashing black
spot against a light background. Flashing spots were presented six times at each position. The number of spikes was counted after each
turn. Cell responses over the entire stimulation area measured by this method are represented in the form of a topographic map (see the
scale at the bottom of Fig. 5A). The major and minor axes of the RF were evaluated according to the two-dimensional equivalent of the
standard deviation for this data set. The ellipse built based on the evaluated RF axes, presents an estimate of the RF area. Right panel:
lateral interactions in the RF of the same OFF caudorostral DS unit measured by two flashing spots. The influence of the second spot
(located at a different position in the stimulation area) on the response of the central one was determined by the difference between the
mean number of spikes in response to simultaneous stimulation of the two spots and the mean number of spikes in response to the central
stimulus alone. The differences were mapped considering the position of the second spot. B - Distribution of the RF sizes evaluated by

a random checkerboard for 99 DS GCs (mean value 4.3+1.1°). Redesigned from [23].

of C. gibelio [22]. At present, our database contains
1912 PD files for various retinal DS units. This data
does not differ significantly from that presented in
Fig. 4. Our findings have been confirmed in another
study [2]. Visually evoked activity of the retinal GC
axons innervating the tectum of zebrafish larvae was
recorded using calcium imaging techniques. Three
subtypes of retinal DS units projecting to zebrafish
tectum, characterized by preferred directions simi-
lar to those described in C. gibelio, were identified.
The proportion of DS GC subtypes was practically
the same as shown in C. gibelio (units with a pref-
erence for the caudorostral direction were the most
numerous). It was also revealed that the projections of
caudorostral units were located dorsally relative to the
ventrodorsal and dorsoventral ones. The authors have
not been able to classify zebrafish retinal DS units by
their selectivity to ON, OFFE, or ON-OFF because of
the method constraints. However, similar results to
those obtained in our experiments and the study of
Nikolaou et al. [2] indicate that the system of DS GCs
comprising six physiologically distinct subtypes might
be a universal retinal DS circuit in teleost fish.

Mapping of the ganglion cell receptive field by the
random checkerboard method

Receptive field sizes corresponding to six types of
DS GCs were evaluated on the basis of four different
methods developed in the framework of our experi-
mental setup [23]. RFs of Carassius gibelio DS GCs
were mapped using contrast moving stimuli (edges
and spots), and additionally by the random check-
erboard method using a stationary flashing spot as
the stimulus. The result of the random checkerboard
test on one OFF DS unit is shown in Fig. 5A (left
panel). The area of stimulation was divided into 49
small squares (spots) slightly wider than 1° in size.
At the beginning of the procedure, a flashing spot
was presented in the central position. After that, the
spot flashes were presented sequentially in nodes of a
square grid in a quasi-random order. At the end of the
procedure, stimulation was repeated at the central po-
sition to verify the unit response level. Cell responses
to flashing spots over the entire stimulation area that
were measured by this method are represented in the
form of a topographic map (see the scale at the bottom
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Fig. 6. Spatial properties of a goldfish OFF DS GC that prefers the caudorostral
direction of stimulus movement. A schematic view of the experimental paradigm.
Naturalistic images of displays on the right are given to make it possible to com-
pare the RF size of the cell and the grating periods. The stimulation began with
the presentation of the moving “edge”, i.e. a wide stripe exceeding the stimula-
tion area (see the stimulus on the top). Subsequently, square-wave gratings of
various spatial frequencies moving at a certain speed (2.5°/sec) in a preferential
direction (caudorostral in the present case) were presented to fish in the square
stimulation area. The rounded area in the square represents the unit receptive
field. Peristimulus histograms of the recorded responses are presented near the
corresponding stimuli. The first discharge evoked by the leading edge of the grat-
ing was discarded and the remaining response was analyzed (the starting point
for data processing is marked by a vertical dashed line). Note that the shown
DS unit finally ceased to respond to grating of high spatial frequency (1 cycle/
degree), and only a burst to the leading edge of the grating remains. A detailed
explanation is given in the text. Redesigned from [24].

of Fig. 5A). The extension (length and width) and
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RF sizes measured with moving edges
and spots; the mean values of the RF ob-
tained in all applied procedures ranged
between 4° and 4.8° [22]. The consistent
size of the DS GCs’ receptive fields was
evaluated with moving stimuli in our pre-
vious studies [1,11,16]. The right panel
in Fig.5A represents the method with
two simultaneous flashing spots used to
analyze lateral interactions in the RF of
the DS units.

Spatial resolution of direction-
selective ganglion cells

We used a separate experimental proce-
dure to measure the spatial resolution of
DS GCs in goldfish and carp [24]. Spike
activity of DS GCs was recorded in re-
sponse to the movement of square-wave
gratings of various spatial frequencies into
the RF and by flowing them through it
at a certain speed in a preferred direc-
tion. The other stimulation parameters
(the speed of movement, the brightness
of the background and of the grating, as
well as the brightness of the surroundings
outside the stimulation area and the num-
ber of repeated runs of each grating) were
specified in advance. The measurement
began with the presentation of the moving
“edge” stimulus. Then, a series of gratings
of increasing spatial frequency were pre-
sented automatically. The finest grating
used had a frequency of 1.8 cycles per de-

orientation of the RF were evaluated according to the
two-dimensional equivalent of the standard deviation
for this data set. Based on the estimated extension of
the two principal axes of the RF, an ellipse was con-
structed. Such an ellipse was an estimate of the RF
area, its diameter evaluated as a geometric mean of
its length and width. A histogram of RF size distribu-
tion, estimated for 99 DS units and evaluated by this
method, is presented in Fig. 5B. RF sizes, estimated
on the geometric mean of the length of the major and
minor axes of an ellipse, varied from 1.8° to 7°, with
a mean value of 4.3+1.1° (Fig. 5B). RF size of DS GC
estimated by a random checkerboard coincided with

gree. At the end of the procedure, the initial moving
edge stimulus was repeated. As shown in Fig.6, during
data analysis we discarded the initial pulse of the unit
response to the movement of the leading edge of the
grating, and the remaining response was processed.
The minimum resolvable angle for the tested unit was
determined as the period of the first indistinguishable
grating.

A rough estimate based on morphological data
has shown that the fish retinal DS units receive inputs
from more than 200 cones [23,25-26]. If the inputs
from photoreceptors transmitted through bipolar cells
were linearly summed, this would worsen the spatial
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resolution of the DS GCs. However, it was proven
that fish DS GCs are nonlinear integrators [24]. The
results of the experiment on one goldfish DS GC are
demonstrated in Fig.6. Peristimulus histograms of
unit responses to different gratings are shown. The
histogram on the top represents the cell’s response to
the movement of the black “edge” into the RF of the
cell. According to the width of the evoked discharge,
the RF size of the cell was determined at 4.5°. Three
peristimulus time histograms of the responses to the
moving gratings of increasing frequency are shown
below. At first, the cell responds by separate discharges
to each stripe of the drifting grating with a spatial
frequency of 0.4 cycle/deg. Then, after the spatial fre-
quency of the stimulus was increased, the response
discharges merged into a continuous discharge with
a spatial frequency of 0.6 cycle/deg. In other words, at
this spatial frequency, the cell loses its ability to resolve
stripes, but is still capable of detecting the grating.
Finally, at the spatial frequency of 1 cycle/degree, the
DS unit ceased to respond to the stimulus. Obviously,
the minimum resolvable angle measured for the tested
DS GC was considerably lower than that determined
by the size of the unit RE Similar results were obtained
for all 73 DS units tested. If DS GCs were linear inte-
grators, then their spatial resolution would be deter-
mined by the sizes of their receptive fields, which are
about 4.5°. However, their minimum resolvable angle
amounted to only 42', being approximately two-fold
higher than the theoretical limit defined by the cone
density [24]. In other words, it was shown that gold-
fish retinal DS units, like other movement detectors,
are nonlinear integrators, with the visual acuity close
to the limit determined by the density of the cones.

Contrast sensitivity of direction-selective
ganglion cells

Besides the extremely high spatial resolution, goldfish
DS GCs are characterized by remarkable contrast sen-
sitivity. For systematic, precise measurements of DS
GC contrast sensitivity, we developed a specific exper-
imental procedure [16]. Wide contrast stripes of dif-
ferent brightness exceeding the receptive field of the
studied DS unit were moved in a preferred direction
across a neutral gray background, and the number of
spikes evoked by the leading and trailing edges of the
stimuli was counted. Based on the recorded responses
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Fig. 7. Contrast sensitivity of goldfish DS GCs. Intensity-response
profiles showing the responses of one goldfish ON-type DS GC as
a function of the light intensity (“stimulus radiance”). The ordinate
indicates the number of spikes (mean of three runs) in the cell
discharge in response to the movement of achromatic wide stripes
of various brightness over a fixed gray background through the
receptive field in a preferential direction. Two branches of the
curve correspond to responses to the leading (in) and trailing
(out) edges of the stimulus. The presented DS GC was selective
to caudorostral movement, stimulated by vertical edges moving
in the caudorostral direction. The background radiance was equal
to 14.5 mWsr' m? (marked with a dashed line), and the speed of
the stimuli was 11°/s. Redesigned from [16].

the graphs were constructed, representing the depen-
dence of the mean number of spikes on the brightness
of stimuli (Fig. 7; note the data for an ON DS unit).
On the graphs, amplitudes of responses evoked by the
leading (“IN”) and trailing edges (“OUT”) of the ap-
plied stimuli are presented separately. The “IN” and
“OUT” intensity-response profiles were separately ap-
proximated by the two-parameter hyperboles (steep
profiles in Fig. 7). The crossing points of the hyperbo-
les with the abscissa define the increment and decre-
ment threshold values. More than 100 DS units were
studied. Recorded threshold contrasts for all data
varied between 1.1% and 6.4%, with a mean value of
about 3% of background brightness [16]. The satura-
tion of profiles at low contrast stimuli indicated that
the responses of the retinal DS units were practically
independent of the stimulus intensity in all the DS
GCs studied.

The properties of fish retinal DS GCs projecting
to the tectum and the relatively small RF sizes were
characterized by a fine spatial resolution as local mo-
tion detectors. This assumption is supported by the
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fact that the fish DS units respond to a broad range
of velocities of moving stimuli (from 2-30°/sec) [16].
Since DS GCs are characterized by remarkable contrast
sensitivity, they are most likely involved in the detec-
tion and tracking of small contrasting objects moving
in the surrounding environment. According to their
physiological properties, fish DS GCs resemble the fast
DS GCs of the mammalian retina projecting to the
superior colliculus [17-19]. These DS units, specified
as local motion detectors, are also characterized by
fine spatial resolution and are independent of veloc-
ity [27-29]. However, it is important to note that our
experiments revealed some essential differences be-
tween fish and mammalian fast DS GCs. According to
their preferred directions, fish DS GCs were assumed
to be comprised of three distinct groups, each of them
containing units of ON and OFF subtypes in approxi-
mately equal ratios, while the mammalian DS GCs are
represented by four types of ON-OFF cells with the
preferred directions separated by about 90° [20-21].

The fine structure of the fish direction-selective
ganglion cells’ receptive field

The basic requirement for direction selectivity is an
asymmetric nonlinear interaction between spatially
separate inputs [17]. In theory built for rabbit DS GCs,
this asymmetry could arise from increased inhibition
during null direction motion or from increased ex-
citation when the stimulus moves in the preferred
direction. Thus, in a simplified excitatory model, the
input at each position is facilitated by the prior in-
puts coming from the preferred side of the cell RE
In a simplified inhibitory model, the excitatory input
at each position is blocked by prior inputs coming
from the null side. The main data on the mechanism
of direction selectivity were obtained in mammals
(mainly rabbit and mouse retinas). The crucial role of
the null-side inhibition in the generation of direction
selectivity in the retina was proved for mammalian DS
GCs. It was demonstrated that asymmetric null-side
inhibition is largely mediated by direction-selective
dendrites of starburst amacrine cells (SACs) [21,30].
The underlying mechanism of direction selectivity
in fish retina was investigated less thoroughly. Since
starburst-like amacrine cells were described in mor-
phological studies on shark [31] and zebrafish [32-33],
it can be assumed that inhibition from the null side of
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the DS GC receptive field induces direction selectiv-
ity in the fish retina similar to mammalian DS GCs.

We used two different procedures to analyze the
lateral interactions in the RF of the fish retinal DS units.
In the first one, the stimulation area was divided into
small squares in the same way as in the random check-
erboard method. At the beginning of the procedure, the
central flashing spot was presented as a reference stimu-
lus. After that, two spots flashed simultaneously, one of
them always in the center and the second in different
positions of the stimulation area in a quasi-random or-
der. Both spots flashed simultaneously in each position,
and the number of evoked spikes was counted. At the
end of the procedure, stimulation was repeated at the
central position to verify the unit response level. The
influence of the second spot on the response to the
central one was determined by the difference between
the number of spikes in response to the stimulation of
the two spots and the number of spikes in response to
the reference stimulus alone. When this value was nega-
tive, one could say that there was an inhibitory influ-
ence of the second spot. These differences were mapped
considering the position of the second flickering spot.
Fig. 5A (right panel) illustrates the results obtained for
an OFF caudorostral unit (its RF is mapped on the left
panel of Fig. 5A). An inhibitory (blue) area is adjacent
to the side of the RF pointing in the null direction (RF
null side). Similar results were obtained for the other 15
DS units [23]. Accordingly, this confirms that the null-
side inhibition underlies the mechanism of direction
selectivity in the fish retina.

Hence, the method with two-spot stimulation
proved to be relevant for the analysis of lateral inter-
actions between the peripheral inhibitory zone and
the RF center. However, the spread of null-side inhibi-
tory influences across the RF could not be adequately
studied by this method. To more accurately estimate
the spatial properties of null-side inhibition in the RF
of fish retinal DS units, another experimental proce-
dure was developed [22]. DS GCs were stimulated by
pairs of narrow stripes moving in opposing directions
towards each other in the RE One stripe entered the
RF from the preferred side, and the other one from
the null side (Fig. 8A). The method with paired mov-
ing stripes can be used for reliable estimation of the
distance between approaching stimuli at which the
inhibitory signal sent from the RF null side starts to
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Fig. 8. Stimulation procedure with paired stripes moving in opposing directions. A — A schematic presentation of the experimental para-
digm. 1 - stimulating monitor; 2 — monitor screen; 3 - gray stimulation area (angular dimensions of 11 X 11°); RF - rough estimation of
the receptive field of the recorded unit with regard to the stimulation area; PS - preferred-side stripe; NS - null-side stripe. Paired stripes
(PS and NS) move simultaneously in opposing directions — one stripe enters the cell RF from the preferred direction and the other one
from the null direction (marked by a white and black arrow, respectively). B - An example of the experimental procedure performed on
a goldfish ON-type caudorostral DS GC. The unit was stimulated by white stripes, moving in either preferred or null directions across
the gray stimulation area. Stimulation areas are schematically presented by gray square-shaped regions. Modes of stimulation: top panel
- single stripe moving in the preferred direction; middle panel - single stripe moving in the null direction; bottom panel - paired stripes
moving simultaneously in opposing directions (paired stimuli cross in the middle of the stimulation area and afterwards move away from
each other). The width of stimuli was 30'; the velocity of stimulus movements was 5.5°/s. The rounded area in the square represents the
approximation of the unit RE. C - Eighteen consecutive presentations of stimuli were performed at each step of stimulation. Averaged
peristimulus histograms of unit-evoked responses, calculated for all 3 modes of stimulation are presented in the same order as in B. Spatial
coordinates of the stimulation area are presented at the bottom of the diagram in the coordinates of visual space (degrees; 0° marks the
center of the stimulation area). The rounded area represents a rough estimation of the unit RE. The inhibitory effect mediated from the
null direction lasted during the approach of stimuli - the response evoked by the preferred-side stripe was completely suppressed. After
the stripes crossed each other in the center of the stimulation area the response of the unit regenerated. Dashed vertical line marks the
position of the preferred stripe (PS) when the unit response to paired stimuli started to recover. Redesigned from [22].

influence the response elicited by the movement of
the stimulus in the preferred direction. The experi-

stripe coming from the preferred side of the RF was
inhibited by the stimulus coming from the opposite

mental procedure is as follows: in the first two steps
of stimulation, the single stripe moves in the preferred
and null directions (top and middle panel of Fig. 8B);
in the third step of the procedure, the DS units are
stimulated by paired stripes that move simultaneously
in opposing directions, one of them moving across the
stimulation area in the preferred, and the other one
in the null direction (bottom panel of Fig. 8B). The
stimuli merge at the center of the stimulation area and
subsequently move away from each other. In different
experiments, stimulation was repeated either 9 or 18
times for each kind of stimulus. Averaged peristimulus
time histograms of the responses of one ON DS unit
of C. gibelio calculated for three modes of stimulation
are shown in Fig. 8C. The cell response, evoked by the

direction. The inhibitory effect mediated from the
null direction was recorded while the stimuli were
approaching, and it ceased after the stripes crossed
each other in the center of the stimulation area.

The processed data were subjected to further sta-
tistical analysis to precisely establish the beginning
of inhibition. The peristimulus time histograms cal-
culated for paired stripes were compared with those
calculated for stimulation with the preferred stimulus
alone. The aim of the procedure was to estimate the
position of the preferred stimulus in the RF at which
the inhibitory signal was initiated. For this purpose,
the numbers of spikes elicited by the single preferred
stripe and paired opposing stimuli were compared
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Fig. 9. Statistical analysis (Mann-Whitney test) of null-side inhibitory influences in three DS GCs of Carassius gibelio selective to different
directions of stimulus movements. RFs of all DS units were located approximately in the center of the stimulation area. Mann-Whitney
U-values presented on bottom panels were calculated at different positions of the preferred-side stripe in the stimulation area for two samples
of data (single stripe moving in the preferred direction and paired stimuli moving in opposing directions). U-values were calculated over
narrow intervals occupying 20" of the fish visual field. When the U-values fell below the critical level it was considered that the inhibitory
effect from the null side was initiated at that point (position of the preferred side stripe at that moment is marked by the solid vertical line
signed as “start of inhibition”; criterion U-value was fixed at a= 0.05). A - ON-type DS GC selective to caudorostral movement. The unit was
stimulated by 30" wide white stripes, that moved with a velocity of 5.5°/s along the horizontal axis of the fish visual field. Eighteen consecutive
presentations of stimuli were performed at each step of stimulation. B - ON-type DS GC selective to ventrodorsal movement. The unit was
stimulated by 30’ wide white stripes that moved with a velocity of 5.5°/s along the vertical axis of the fish visual field. Eighteen consecutive
presentations of stimuli were performed at each step of the stimulation. C - ON-type DS GC selective to dorsoventral movement. The unit
was stimulated by 10" wide white stripes that moved with a velocity of 2.75°/s along the vertical axis of the fish visual field. Nine consecutive

presentations of stimuli were performed at each step of the stimulation. Other conventions are same as in Fig. 8. Redesigned from [22].

over sufficiently small space intervals distributed
along the motion trajectory of the preferred-side
stimulus. If the responses to the two different stimuli
matched, it was assumed that there was no inhibitory
influence from the null side. But when the response
to the paired stripes apparently decreased and the
difference between the responses to the two types of
stimuli (single and paired stripes) became statistically
significant, it was assumed that the null-side inhibi-
tory effect was initiated at that point. For the relevant
statistical analysis, the nonparametric Mann-Whitney
U-test was used. As mentioned above, in different ex-
periments the stimulation was repeated either 9 or
18 times for each type of stimulus. Hence, we had to
compare two equal samples with 9 or 18 sets of data
over each small space interval. The length of this space
interval was 20’ of the visual field. The data obtained
for such a small interval along the motion trajectory of
the preferred-side stripe allowed us to determine the
dependence of the Mann-Whitney U-values on the
position of the preferred stimulus in the unit RE. The
point at which the U-value fell below the critical level
was considered as the beginning of inhibition. The

results of statistical analysis processed for three ON
DS GCs of Carassius gibelio preferring caudorostral,
ventrodorsal and dorsoventral directions of stimu-
lus movement are presented in Fig. 9. In all demon-
strated units, the influences of inhibitory signals were
spread across the entire RE. Experiments with paired
stripes were performed in three fish species, goldfish,
carp and barbel. A total number of 52 DS GCs were
subjected to this experimental procedure and in all a
null-side inhibitory effect was observed. Inhibitory
effects were spread across the entire RF in 62% of all
DS GCs. In the remaining 38% units, inhibition was
initiated inside the RF at different distances between
the opposing stimuli. There are several notable spatial
characteristics of the null-side inhibitory influences
that were observed in the majority of the recorded DS
GCs. In general, inhibitory signals induced at large
distances between stimuli (early phase of inhibition)
influenced the preferred-side response but did not oc-
clude the response completely. In the late phase of in-
hibition when the stimuli moved closer to each other,
the influence of the null-side stimulus significantly
increased, and the response of the cell was completely
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occluded. The onset of the late phase of inhibition
was usually associated with the moment when the re-
sponse to paired stimuli started to decline abruptly.
After the stripes crossed each other in the center of the
stimulation area, the response of the unit recovered.

Before discussing the results of our study [22], we
would like to focus on one very important property of
the DS circuitry described in the mammalian retina.
Dendritic SACs innervating DS GCs were shown to
overlap [34]. In their early work, Masland et al. [35]
postulated that their excessive coverage was needed
to create local subunits of the DS GC. Later it was
suggested that the individual sectors of the starburst
dendritic arbor act as independent local units and that
these sectors are individually direction selective, creat-
ing a directional input to the DS GC [36]. The sectors
are smaller than the dendritic field of targeted DS GC,
thus accounting for the GC’s ability to discriminate
between subtle movements within the field. Such orga-
nization of DS circuitry provides DS GCs with a recep-
tive field 500 um in diameter to discriminate 40 um
movements anywhere within its receptive field [37].
As mentioned in the previous chapter, fish DS GCs
that were studied in our experiments are character-
ized by similar properties [24]. The minimum resolv-
able angle for all tested DS GCs was close to the limit
determined by the density of cones. To achieve such
a high spatial resolution, it is necessary to compose
the RF of many subunits with significantly smaller
zones of signal summation. Recently, detailed statisti-
cal analyses of SAC-DS GC connectivity in the mouse
retina using new electron microscopy techniques were
performed [21]. They showed that the vast majority of
SAC synapses are located at the GC’s null side. It was
also demonstrated that the SACs’” dendritic arbors are
composed of four independent (isolated) sectors. Each
of them provides input to distinct DS GCs that prefer
different directions of stimulus movement. Inputs to
DS GCs are provided via dendrites aimed at the null
direction of the corresponding DS unit. Hence, the
results of the study argue that the null-side inhibitory
mechanism of underlying direction selectivity is based
on postsynaptic processing, i.e., on postsynaptic inhibi-
tion from SACs within a local dendritic region of DS
GC. However, in a newer study [38], it was shown that
mouse ON-OFF DS GCs receive both postsynaptic
null-side inhibitory inputs from SACs and direction-
tuned inputs from distinct types of bipolar cells. In
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other words, besides the postsynaptic mechanism, evi-
dence of an additional presynaptic inhibitory mecha-
nism set up at bipolar cell terminals was provided for
mammalian ON-OFF DS units.

Similar physiological properties in mammalian
and fish DS GCs projecting to the tectum suggest that
the direction selectivity in both types of units is most
likely organized identically. Thus, the dynamics of null-
side inhibitory influences during the opposing motion
in fish DS GCs [22] may be discussed based on DS
circuitry comprising both presynaptic and postsyn-
aptic DS mechanisms [38]. We can offer the following
hypothesis. During the early phase, counter-motion
stimuli on the opposite sides of the DS GC receptive
field act independently. While the preferred side of the
DS GC dendritic tree is depolarized by the preferred-
side stimulus, the opposite side of the RF is hyperpo-
larized due to postsynaptic inhibitory influences on the
null side of the unit RE Consequently, the response of
GCs elicited by the preferred stripe was decreased but
not occluded completely. At the late phase of inhibition
when stripes move closer to each other, both stimuli
act in almost the same region of the RE In this case,
abrupt decay and complete loss of the unit response
may occur due to the influence of both presynaptic
and postsynaptic inhibitory mechanisms activated by
the null-side stripe. In other words, we cannot exclude
the possible involvement of a presynaptic inhibitory
mechanism in the late phase of opposing motion.

Segregation of retinal projections in the fish tectal
retinorecipient layer

With the new setup, we managed to accurately de-
termine the depth at which we could record different
retinal GC projections in the tectal retinorecipient
layer. Thirteen types of GCs projecting to the fish
TO were described [1,16,23,39-42] (Fig. 10B). Their
axon terminals are distributed in the following way:
the responses of six types of DS GCs, which have been
thoroughly described above, are regularly recorded
in the superficial sublaminae at a depth of around 50
um. The responses of several different types of units
are regularly recorded in the second thick sublami-
nae approximately 50 pm deeper. Among them, the
most numerous are responses of orientation-selective
(OS) GCs. There are two types of OS units sensitive
to either vertically or horizontally oriented edges or



Arch Biol Sci. 2023;75(1):27-45

so-|”
SFGS

SGC
SAC

SPV

Fig. 10. Segregation of different types of retinal projections in the fish tectal reti-
norecipient layer (thickness of the retinorecipient layer is 200 um). A - Schematic
presentation of layers in the fish tectum opticum. SO - stratum opticum; SFGS
— stratum fibrosum et griseum superficiale (retinorecipient layer); SGC - stratum
griseum centrale; SAC - stratum album centrale; SPV - stratum periventriculare.
B - Laminar organization of retinal projections in the tectal retinorecipient layer
(SEGS). Superficial sublayer (at a depth of about 50 um): 1 - ON DS caudorostral
unit, responding when a dark edge moves out of its RF (circle area of 4-5°) in the
caudorostral direction (indicated by an arrow); 2 — OFF caudorostral DS unit
responding when a dark edge moves into the RF; in the bottom right corner of the
frame is a polar diagram for the caudorostral units. In two other frames, the ON
and OFF units of the ventrodorsal (3 and 4) and dorsoventral (5 and 6) preferred
directions are presented. Other conventions are the same as in 1 and 2. Medial
sublayer (at a depth of about 100 um): detectors of black and white spots (7, 8),
rarely recorded color-coding GCs (9), detectors of horizontal (11) and vertical
(10) lines are shown. Adequate stimuli - vertical (10) and horizontal (11) stripes
are presented near the corresponding eight-shape plots. The deepest sublayer
(at a depth of about 200 um): Two types of sustained units are shown - those
activated by the darkening (12) and others activated by lightening (13) of their
RFs. Redesigned from [42].

stripes (both are ON-OFF-type cells). The responses
of other GCs, designated as spot detectors, are re-
corded at approximately the same depth in the TO.
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There are three methods that are
currently used in studies of the fish
retinotectal system. The first is classical
microelectrode recording of the single
responses from the GC terminals in the
TO of an adult living specimen (used in
our studies). Also, relatively new methods
have been developed, such as Ca** imag-
ing as well as genetic markers of certain
neurons in transparent Danio larvae (in
particular Brainbow genetic labeling).
Each of these three methods has certain
constraints and advantages, and when
combined, they can provide a sufficiently
meaningful representation of the orga-
nization of the retinotectal system. Fine
lamination of GC axon terminals similar
to that described in our studies has been
demonstrated in the TO of zebrafish lar-
vae by the Brainbow genetic technique
[4,43-45]. These studies have revealed
that the retinotectal projections of larval
zebrafish are anatomically and function-
ally divided into fine sublaminae. It was
demonstrated that lamination serves to
spatially segregate inputs from retinal GC
projections based on the type of infor-
mation they transmit. The fact that this
type of organization of the retinotectal
projections appears as early as the larval
developmental stage has also been shown
by Ca’* imaging [2,46].

Direction-selective neurons of the fish tectum:
response pattern and classification

These units are divided into two subtypes of cells sen-
sitive to small moving and stationary contrast spots
that are brighter or darker than the background (ON
and OFF units, respectively). In the same sublamina
and a little deeper, the responses of another cell type
are rarely encountered (color-opposing GCs of R/G
type). Finally, the two types of sustained units that
provide responses that increase to either darkening or
lightening of their RFs are constantly recorded in the
deepest sublaminae of the tectal retinorecipient layer
(OFF- and ON-sustained units; depth of recording
around 200 pm).

Besides the retinal DS GCs described above, other
types of DS units presumably of tectal origin were re-
corded in the fish tectum. In an early study performed
on different marine fishes [11], DS units were record-
ed beneath the sublaminae where the sustained units
are located, i.e. beneath the retinorecipient layer. The
amplitudes of spikes in the discharges of these units
were much higher than those of the retinal elements
(around 300 uV) and sometimes exceeded 1 mV. These
putative tectal DS neurons were characterized by very
large receptive fields (up to 60°), unlike the 4-5° of the
units of retinal origin. Fig. 11A demonstrates a tectal
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Fig. 11. Response pattern of direction selective neurons of the fish tectum. A -
Responses of a tectal DS neuron of a mullet to stimuli moving in different direc-
tions. Stimuli (dark spots) moved in the caudorostral and opposite, rostrocaudal
directions (arrows indicate the directions of the stimulus movement relative to
fish orientation). One can see that the movement of spots in the caudorostral
direction always evokes prominent spike discharge of the DS neuron, whereas
the stimulus motion in the opposite direction does not induce a response of the
unit. B - Responses of two goldfish DS units of different origin. Left panels: fir-
ing patterns of two DS units in response to the movement of leading and trailing
edges of the broad stripe (“edge stimulus”). The first unit (upper trace) is a retinal
OFF-type DS GC stimulated by the caudorostral movement of a broad black stripe
on a neutral gray background with a speed of 11°/s; the second (lower trace) is a
tectal DS neuron stimulated by downward movement of a broad white stripe on
a black background with the same speed. Middle panels: averaged spike forms
for retinal DS GC (upper trace; N=42), and tectal DS neuron (lower trace; N=61)
shown in an expanded time scale. Right panel: power spectra for spikes of DS
GC (1) and tectal DS neuron (2). Redesigned from [11,16].

DS neuron recorded in mullet, which preferred the
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their retinal origin. However, a large RF,
the pronounced spontaneous activity of
a unit and the plasticity of its responses
suggest its tectal origin [50]. The main
differences in the responses of putative
tectal and retinal DS units are illustrated
in Fig. 11B. Two presented units were
simultaneously recorded from the reti-
norecipient layer in the TO of a goldfish.
The OFF-DS GC of presumably retinal
origin preferred the caudorostral direc-
tion of the moving stimuli (Fig. 11B, left
panel). It responded prominently to the
leading edge of a black broad stripe mov-
ing across the neutral gray background
within the RF and did not respond to
the trailing edge of the stimulus. On the
other hand, the putative tectal DS unit,
which preferred the dorsoventral direc-
tion, responded to the moving edges of
any sign of contrast (ON-OFF type of
unit). This unit had a large RF based on
the duration of the spike train. As for the
features of spike trains recorded in the
retinal and tectal DS units, the arriving
spikes of DS GCs usually had approxi-
mately equal amplitude, whereas the am-
plitude of the spikes generated by the DS
neurons decreased substantially as the
spike rate increased (compare spike dis-
charges of two units shown in Fig. 11B,
left panel). The forms of the spikes in the

caudorostral direction of movement.

These tectal DS units are characterized by fine
spatial resolution and extremely high contrast sensi-
tivity, similar to retinal DS GCs [47]. In more recent
studies [16,48-49] it was shown that the responses of
tectal neurons (TNs) with direction-selective proper-
ties can be recorded not only in deep tectal zones but
also in the tectal retinorecipient layer, mainly in the
sublaminae located underneath the zone of DS GC
projections.

Several studies proposed the physiological criteria
to classify units either as retinal or tectal [13,16,49-
50]. The fact that DS units with the same properties
as those described in the tectum have been recorded
in fish retina [51-53] and the optic chiasma [8] favors

discharge also serve as discriminating criteria. Thus,
in extracellular recordings, spikes arriving from the
retina usually have a triphasic waveform with a nega-
tive deflection before the main positive wave, whereas
spikes that are recorded in the vicinity of the cell body
of tectal neurons are biphasic and lack such a deflec-
tion [13,16]. The difference in spike forms between
two units is presented in the middle panel of Fig. 11B.
We have also analyzed the power spectra of typical GC
spikes and observed a drop in the spectrum of retinal
DS units at a frequency close to 30 Hz. In this respect,
they significantly differ from the power spectra of DS
TNs (Fig. 11B, right panel). The validity of the above-
mentioned criteria was proven experimentally [49]. In
this study, we used cobalt, a universal blocker of syn-
aptic transmission, as a crucial criterion to identify the



Arch Biol Sci. 2023;75(1):27-45

A B
all % °
50 = ~( [
0~ - ~ 100 o I‘l’ R Ilno]reyclplenl
5 150 . [
et £
.y -2
/ N <§’<< K \ 250
ranu wiE? 1 [ Lo
& & - i
11/ ;‘f/// 350 v
2 B R-DSU T1-DSU T2-DSU
depth ~100um depth ~300um Direction selective units

Fig. 12. Polar histograms of preferred directions for tectal DS neurons in fish.
A - Histogram on the top (“all”): the distribution of preferred directions calcu-
lated in 117 tectal DS units (98 goldfish and 19 carp units). Lower histograms:
the distribution of preferred directions for two groups of fish tectal DS units
recorded at different tectal levels: at the tectal depth of about 100 um (left histo-
gram; 39 units) and at the tectal depth of about 300 um (right panel; 78 units).
B - Relative depth distribution of DS units in the fish tectum based on accurate
measurements of tectal DS responses. Averaged depths in “um” for all recorded
units are shown. Open circle - retinal DS GC projections to the TO (R-DSU).
Closed circles - tectal DS units: those recorded in the retinorecipient layer (T1-
DSU) and others recorded in deep tectal zones (T2-DSU). Vertical bars denote
0.95 confidence intervals. Direction preferences of retinal and tectal DS units
are given near the corresponding plotted data (the number of analyzed units is
demonstrated). Retinal DS GCs proved to comprise three distinct types which
prefer caudorostral, dorsoventral and ventrodorsal directions of stimulus move-
ment. The fourth rostrocaudal preference emerges in a deep group of tectal DS
units exclusively. Clear segregation of two groups of tectal DS units (T1-DSU and
T2-DSU) was statistically proven (one-way ANOVA). The data were collected
from 38 experiments conducted on 32 goldfish and 6 carps. Abscissa - various
groups of DS units; ordinate - recording depths in “um”. Redesigned from [48].

source of different responses recorded in the tectum.
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DS TNs’ responses are regularly record-
ed in deep TO layers. In addition to the
three types of DS TNs with preferred di-
rections as those recorded for retinal DS
GCs, a fourth type that preferred the ros-
trocaudal direction of movement (lack-
ing in the retina) was regularly recorded
[48,54]. The responses of the second clus-
ter of tectal DS units are recorded more
superficially in the retinorecipient layer,
about 50 um deeper than the sublayer of
retinal DS GCs’ projections. Three types
of DS TNs’ responses were recorded at
this sublamina. Their preferred directions
of motion are almost the same as those
already identified for the units at the reti-
nal level - caudorostral, ventrodorsal and
dorsoventral. Thanks to modern equip-
ment (e.g. the micromanipulator MP-225,
Sutter Instrument), in the last few years
we were able to perform more accurate
measurements of the depth positions for
various units recorded in the fish tectum.
The data of these measurements collected
in goldfish and carp from 38 experiments
confirmed clear stratification of the two
groups of tectal DS units (Fig.12B).

Direction-selective neurons of tectal origin were

To block synaptic transmission, 50-100 uL of 100 mM
CoCl, in Ringer’s solution was applied to the tectal
surface and allowed to diffuse to the site of the record-
ing. Responses of DS GCs and other retinal units (OS
GCs, spot detectors, sustained units) were not affected
by the application of cobalt. In contrast, units defined
as DS TN ceased firing, which indicated their tectal
origin. After the cobalt solution was washed out with
pure Ringer’s solution, the responses of the tectal DS
units recovered.

A thorough classification of the tectal DS neu-
rons according to their preferred direction was imple-
mented recently. Recent data obtained in goldfish and
carp unequivocally demonstrated that the responses
of ON-OFF type tectal DS neurons can be recorded in
TO at two different levels (Fig. 12A) [48-49]. The first
cluster of tectal DS units was recorded much deeper in
the TO, at a depth of about 300 pm, i.e. 100 pm deeper
than the retinorecipient layer [41,48,54]. Four types of

also identified in zebrafish larvae in several electro-
physiological studies [55-57]. In a complex electro-
physiological and morphological study [56], the struc-
ture and function of single DS TNs were compared by
Ca’" imaging and multiphoton-targeted patch-clamp
recordings. The authors managed to identify two types
of tectal DS neurons, preferring caudorostral and ros-
trocaudal directions. Both labeled types of neurons
had their cell bodies in the deep periventricular layer,
while their long afferents projected dorsally to the reti-
norecipient layer. In more detailed calcium imaging
studies, two populations of tectal DS units in zebrafish
larvae were identified [46,58]. Cell bodies of the major
part of the recorded cells were in the deep, periven-
tricular zone of the TO, while other DS units were
identified in the tectal superficial layers located above
the zone of DS GC projections in the stratum opti-
cum. As in goldfish, zebrafish DS neurons have four
preferred directions, three of them compatible with
those already described for the retinal DS GCs. Like
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Fig. 13. Null-side inhibition in goldfish direction selective tectal neurons. A -
Averaged peristimulus histograms calculated for all three modes of stimulation
for 2 DS TNs, preferring caudorostral (left) and rostrocaudal (right) directions of
stimulus movement, respectively. Nine consecutive presentations of stimuli were
performed at each step of stimulation. The caudorostral unit was stimulated by
10" wide white stripes, rostrocaudal with 30" wide white stripes. Stimuli moved
with a velocity of 2.75°/s along the horizontal axis of the fish visual field. Other
conventions are same as in Fig. 8. B — Statistical analysis (Mann-Whitney test)
of null-side inhibitory influences in another DS TN of Carassius gibelio selec-
tive to the rostrocaudal direction of motion. Left panel: spike discharges of the
rostrocaudal DS TN evoked at three modes of stimulation. Vertical dashed line
marks the moment at which counter stripes crossed each other in the center of
the stimulation area. Right panel: Mann-Whitney U-values presented on lower
panels were calculated at different positions of the preferred-side stripe in the
stimulation area for two samples of data (single stripe moving in the preferred
direction and paired stimuli moving in opposing directions). U-values were cal-
culated over narrow intervals occupying 40' of the fish visual field. When the
U-values fell below the critical level it was considered that the inhibitory effect
from the null side was initiated at that point (position of the preferred side stripe
at that moment is marked by the solid vertical line signed as “start of inhibition”;
criterion U-value was fixed at the a=0.05). The unit was stimulated by 30" wide
white stripes that moved with the velocity of 2.75°/s along the horizontal axis of
the fish visual field. Nine consecutive presentations of stimuli were performed at
each step of the stimulation. Other conventions are same as in Fig. 8.
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zone and in the retinorecipient layer by
three subtypes of DS TN responses tuned
to the same directions of movement al-
ready identified at the retinal level [48].
Matching of three preferred directions of
ON and OFF DS GCs and ON-OFF DS
TNs allowed us to assume that the GCs
with caudorostral, ventrodorsal and dor-
soventral preferences are input neurons
for the corresponding types of DS TNs.
Based on morphological data on tectal
DS neurons [56], we hypothesize that
three types of DS responses in the deep
TO zone can be recorded from the cell
bodies of corresponding types of tectal
DS neurons, while the more superficial
DS responses, recorded in the retinore-
cipient layer, originate from the afferents
of the same three types of DS TNs. On
the other hand, the rostrocaudal prefer-
ence in the fourth type of DS TNs record-
ed exclusively in the deep tectal zone is
an emergent property of the TO. In our
most recent experiments, we proved that
direction selectivity in the “rostrocaudal”
neurons is mediated by null-side inhibi-
tion. The experimental method described
above was applied to DS TNs, with pairs
of narrow stripes moving in opposing di-
rections. In three types of DS TNs, which
prefer the same directions as DS GCs, the
inhibition mediated from the null side of
the RF arose during the approach of stim-
uli and it ceased after the stripes crossed
into the center of the stimulation area,
similar to what was shown for retinal DS
units (Fig. 13A, left panel). A significant-

our findings, the authors identified the fourth popula-
tion of DS tectal cells with the emergent rostrocaudal
preference that was not present in any of the DS GC
inputs. The fourth type of DS neurons was recorded
only in the deep tectal layers, as in the case of goldfish.

In our studies, the DS responses of neuronal
origin were recorded not only in the periventricu-
lar area but also in the retinorecipient layer in the
zone slightly deeper than the DS retinal afferents.
The direction of movement in the tectum of goldfish
and carp is encoded both in the deep periventricular

ly different effect of null-side inhibition was observed
in DS neurons of the fourth type, which prefer ros-
trocaudal movement. A pronounced inhibitory effect
often manifested by the complete elimination of the
response during opposing motion was recorded (Fig.
13B). The mechanism of null-side inhibition recorded
in the RF of rostrocaudal TNs remains to be clarified.

The stratum opticum, the superficial layer of the
TO, is composed of a population of GABAergic neu-
rons, superficial inhibitory neurons (SINs) [59]. In
studies conducted on zebrafish larvae [46,58] it was
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demonstrated that at least part of the population of
SINs is direction selective. Unlike periventricular DS
TN, the direction of motion in the superficial stratum
opticum was encoded by three direction-selective sub-
types of SINs tuned to upward, downward and caudal-
to-rostral motion. We have also recorded from super-
ficial neurons (presumably SINs) above the zone of the
retinal DS projections [54]. However, these neurons
did not express selectivity to the direction of motion.

CONCLUSIONS

Using microelectrode recordings from the fish tectum
opticum, we accurately described the laminar orga-
nization of retinal GCs projections in the tectal reti-
norecipient layer. Thirteen types of GCs projecting to
the fish TO and distributed in three sublaminae were
described. In the superficial sublamina, at the depth of
around 50 pm, the responses from DS GC projections
are regularly recorded. Six distinct types of retinal DS
units were determined. They can be divided into three
distinct groups according to their preferred directions
of stimulus movement: caudorostral, dorsoventral and
ventrodorsal. Each of these groups is comprised of
both ON and OFF units in equal proportions. The re-
sults of our experiments performed on several marine
and cyprinid fish species indicated that the properties
of their DS GCs were identical to the properties of
retinal DS units of goldfish and carp. Our findings
were additionally confirmed in a calcium imaging
study of the retinal DS GCs innervating the tectum of
zebrafish larvae [2]. Three subtypes of retinal DS units
projecting to the zebrafish tectum characterized by a
preference for directions similar to those described
in our experiments were identified. Consequently, we
hypothesize that the system of DS GCs comprising six
physiologically distinct subtypes might be a universal
retinal DS circuitry in teleost fish.

The properties of fish retinal DS GCs projecting
to the tectum discussed in this review, namely the
relatively small RF sizes and finest spatial resolution,
characterize these units as local motion detectors
similar to the fast DS GCs of the mammalian retina
projecting to the superior colliculus. Direction selec-
tivity in the fish DS GCs is mediated by asymmetric
null-side inhibition, and in this respect these units
also resemble the fast DS GCs of mammals. However,
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it is important to note that our experiments revealed
some essential differences between fish and mamma-
lian fast DS GCs. Fish DS units are characterized by
three preferred directions and use separate ON and
OFF channels, while the mammalian DS GCs are rep-
resented by four types of ON-OFF cells with the pre-
ferred directions separated by about 90°. Nevertheless,
the fourth rostrocaudal preferred direction is present
in the fish visual system, though not at the level of
the retinal DS cells but among the DS neurons of the
fish tectum. Four types of ON-OFF DS neurons pre-
ferring different directions of motion were recorded.
Their cell bodies are most likely located in the deep
periventricular layer of the TO. The preferred direc-
tions of three types of DS TNs match the preferred
directions of the three types of DS GCs. Matching of
three preferred directions of ON and OFF DS GCs
and ON-OFF DS TNs has allowed us to hypothesize
that the GCs with caudorostral, ventrodorsal and
dorsoventral preferences are input neurons for cor-
responding types of DS TNs. On the other hand, the
rostrocaudal preference in the fourth type of DS TNs
recorded exclusively in the deep tectal zone, is an
emergent property of the TO. It was proven that the
direction selectivity in these DS neurons is mediated
by null-side inhibition generated at the tectal level.
The underlying mechanism of the tectal asymmetric
null-side inhibition remains to be clarified.

All the abovementioned facts emphasize the com-
patibility of the two DS mechanisms that exist in the
retinotectal system of fish and in the retinocollicular
system of mammals. It seems that in fish, as in other
vertebrates, the retinotectal DS system is involved in
detecting and tracking small objects moving in the
surrounding environment.
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