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Wylie, Douglas R. W. and Nathan A. Crowder. Spatiotemporal
properties of fast and slow neurons in the pretectal nucleus lentiformis
mesencephali in pigeons.J Neurophysiol84: 2529–2540, 2000. Neu-
rons in the pretectal nucleus lentiformis mesencephali (LM) are in-
volved in the analysis of optic flow that results from self-motion.
Previous studies have shown that LM neurons have large receptive
fields in the contralateral eye, are excited in response to largefield
stimuli moving in a particular (preferred) direction, and are inhibited
in response to motion in the opposite (anti-preferred) direction. We
investigated the responses of LM neurons to sine wave gratings of
varying spatial and temporal frequency drifting in the preferred and
anti-preferred directions. The LM neurons fell into two categories.
“Fast” neurons were maximally excited by gratings of low spatial
[0.03–0.25 cycles/° (cpd)] and mid-high temporal frequencies (0.5–16
Hz). “Slow” neurons were maximally excited by gratings of high
spatial (0.35–2 cpd) and low-mid temporal frequencies (0.125–2 Hz).
Of the slow neurons, all but one preferred forward (temporal to nasal)
motion. The fast group included neurons that preferred forward,
backward, upward, and downward motion. For most cells (81%), the
spatial and temporal frequency that elicited maximal excitation to
motion in the preferred direction did not coincide with the spatial and
temporal frequency that elicited maximal inhibition to gratings mov-
ing in the anti-preferred direction. With respect to motion in the
anti-preferred direction, a substantial proportion of the LM neurons
(32%) showed bi-directional responses. That is, the spatiotemporal
plots contained domains of excitation in addition to the region of
inhibition. Neurons tuned to stimulus velocity across different spatial
frequency were rare (5%), but some neurons (39%) were tuned to
temporal frequency. These results are discussed in relation to previous
studies of the responses of neurons in the accessory optic system and
pretectum to drifting gratings and other largefield stimuli.

I N T R O D U C T I O N

The pretectal nucleus lentiformis mesencephali (LM) is a
retinal-recipient structure that is implicated in the processing of
visual information resulting from self-motion [“optic flow” or
“flowfields” (Gibson 1954)]. The LM and nuclei in the acces-
sory optic system (AOS) are principally involved in the gen-
eration of visual optomotor responses including optokinetic
nystagmus (OKN) and the opto-collic reflex (OCR) to facilitate
retinal image stabilization (birds; Fite et al. 1979; Gioanni et al.
1983a,b; for reviews, see Grasse and Cynader 1990; Simpson
1984; Simpson et al. 1988). The LM is homologous to the
nucleus of the optic tract (NOT) in mammals (Simpson et al.
1988). In numerous species, it has been shown that neurons in

the LM and NOT exhibit direction selectivity in response to
moving largefield stimuli that are rich in visual texture (i.e.,
random dot patterns or checkerboards). Although broadly
tuned, most neurons are maximally excited in response to
motion in the “preferred” direction and strongly inhibited in
response to motion in the (approximately) opposite (“anti-
preferred”) direction (mammals: Collewijn 1975a,b; Hoffmann
and Distler 1989; Hoffman and Schoppmann 1975, 1981;
Hoffmann et al. 1988; Ibbotson et al. 1994; Mustari and Fuchs
1990; Volchan et al. 1989; birds: Fu et al. 1998a,b; Winterson
and Brauth 1985; Wylie and Frost 1996; amphibians: Fan et al.
1995; Fite et al. 1989; Katte and Hoffmann 1980; Li et al.
1996; Manteuffel 1984).

Almost all of the preceding studies noted velocity tuning of
LM and NOT in response to largefield stimuli consisting of
random dot patterns, square-wave gratings, and/or checker-
boards. However, Ibbotson et al. (1994), in a study of the
wallaby NOT, used drifting sine wave gratings of varying
spatial and temporal frequency (SF, TF) and suggested that
cells were tuned to TF rather than velocity. They described two
types of cells. “Slow” cells responded best to low TFs (,1 Hz)
and high SFs [0.5–1 cycles/° (cpd)]. “Fast” cells were most
responsive to high TFs (.10 Hz) and lower SFs (0.1–0.5 cpd)
but had a secondary peak at low TFs and high SFs. In the
present study, we recorded from neurons in the LM of pigeons
in response to drifting sine wave gratings moving in the pre-
ferred and anti-preferred directions. This study permits a com-
parison of the spatiotemporal properties of pretectal neurons in
differing species. Moreover, Wolf-Oberhollenzer and Kirsch-
feld (1994) have recorded the responses of neurons in the
nucleus of the basal optic root (nBOR) of the AOS in pigeons
to drifting sine wave gratings. Thus the present study also
affords a comparison of the spatiotemporal properties of AOS
and pretectal neurons in the same species. We have several
previously unreported features to note.

M E T H O D S

The methods reported herein conformed to the guidelines estab-
lished by the Canadian Council on Animal Care and were approved by
the Biosciences Animal Care and Policy Committee at the University
of Alberta. Silver King and homing pigeons (obtained from a local
supplier) were anesthetized with an intramuscular ketamine (65 mg/
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kg)-xylazine (8 mg/kg) mixture. Depth of anesthesia was monitored
periodically with a toe pinch, and supplemental doses were adminis-
tered as necessary. The animals were placed in a stereotaxic device
with pigeon ear bars and beak adapter so that the orientation of the
skull conformed to the atlas of Karten and Hodos (1967). Based on the
stereotaxic coordinates of Karten and Hodos (1967), sufficient bone
and dura were removed to expose the brain and allow access the LM
with a vertical penetration. Recordings were made with either tung-
sten microelectrodes (Frederick Haer) or glass micropipettes filled
with 2 M NaCl and having tip diameters of 4–5mm. The extracellular
signal was amplified, filtered, displayed on an oscilloscope, and fed to
a window discriminator. The window discriminator produced TTL
pulses, each representing a single spike time, which were fed to a
CED 1401plus (Cambridge Electronic Designs). The stimuli (see
following text) were synchronized with the collection of the TTL
pulses and peristimulus time histograms (PSTHs) were constructed
with Spike2 for Windows software (Cambridge Electronic Designs).

Cells in LM are easily identifiable based on their direction-selective
responses to largefield visual stimuli (e.g., Fu et al. 1998a,b; Winter-
son and Brauth 1985; Wylie and Frost 1996). Direction selectivity was
initially assessed by moving a large (;90 3 90°) handheld stimulus
(consisting of black bars, dots, and squiggles on a white background)
in various directions in the contralateral visual field. Once a respon-
sive cell was isolated, a directional tuning curve was obtained using
high contrast sine wave gratings of an effective SF and TF. The
directional tuning curves were done with either 15 or 22.5° incre-
ments. Each sweep consisted of 4 s of motion in one direction, a 3 s
pause, 4 s ofmotion in the opposite direction, followed by a 3 spause.
The directions were presented randomly, and firing rates were aver-
aged over three to five sweeps. Subsequent to establishing the direc-
tion preference, the spatiotemporal properties were determined by
presenting high contrast gratings in the preferred and anti-preferred
directions. For the majority of cells, we presented several different
SFs (in the range of 0.015–2 cpd) at several different TFs (in the range
of 0.15–16 Hz). For most cells, the standard stimulus protocol con-
sisted of six SFs (0.031, 0.063, 0.125, 0.25, 0.5, and 1 cpd) presented
at six TFs (0.031, 0.125, 0.5, 2, 8, and 16 Hz). Each sweep consisted
of 4–5 s motion in the preferred direction, a 3–5 s pause, 4–5 s of
motion in the anti-preferred direction, followed by a 3–5 s pause. The
different stimuli were presented randomly, and firing rates were
averaged from at least three sweeps. Contour plots of the mean firing
rate in the spatiotemporal domain were made using Sigma Plot. The
peak firing rate in the contour plot was used to assign the preferred
SF/TF combination for each neuron. There are limitations to this
procedure for assigning a neuron’s spatiotemporal preference. In
particular, with the lower TFs used (0.031 and 0.125 Hz) much less
than one cycle of motion occurs in the 4–5 s epoch. Because of this,
for some cells we presented the low TF stimuli for longer durations
such that at least two cycles occurred (see following text, Fig. 6).

The drifting gratings were produced using a visual stimulus gener-
ator (VSG Three, Cambridge Research Services) and displayed in one
of two ways. In some cases, the stimuli were displayed on a SONY
multiscan 17se II monitor that was placed 35 cm from the bird. This
stimulus, which was circular, measured;40° in diameter. In other
instances the stimuli were backprojected by an InFocus LP750 data
projector onto a tangent screen placed 50 cm from the bird. The
circular stimulus measured;75° in diameter. The receptive fields of
LM neurons are quite large, often as large as the entire contralateral
hemifield. The borders of a receptive field are rather difficult to define,
but a hot-spot is present near the center (Fu et al. 1998a,b). The
monitor or screen was always centered at the hot spot of the receptive
field. The location of the receptive field was qualitatively noted as
frontal, lateral (i.e., at the inter-aural axis), or midway between these
two positions.

Histology

In some cases, when the tungsten microelectrodes were used,
electrolytic lesions were made with a stimulator (Grass Medical
Instruments S-48) and constant current unit (Grass; 30mA, 10 s,
electrode positive). At the end of the experiment, all animals were
given a lethal dose of pentabarbitol sodium (100 mg/kg ip) and
immediately perfused with saline followed by 4% para-formaldehyde.
The brains were extracted, postfixed for several hours (4% para-
formaldehyde with 20% sucrose) and then left in 30% sucrose for
$24 h. Using a microtome, frozen sections (45mm thick in the
coronal plane) through the pretectum were collected. The sections
were mounted onto gelatin coated slides, dried, counterstained with
neutral red, and coverslipped with Permount. Light microscopy was
used to localize electrode tracts and the lesion sites.

R E S U L T S

Direction selectivity

We examined the responses of 35 pretectal cells to largefield
drifting sine wave gratings of various SFs and TFs. Polar plots
showing direction tuning curves of representative LM neurons
are shown in Fig. 1. Most neurons, although broadly tuned,
were excited in response to motion in a particular direction
(“preferred” direction) and inhibited below the spontaneous
rate in response to motion in the (approximately) opposite
direction (anti-preferred direction). Of the 35 cells, 30 behaved
in this manner (see Fig. 1,A–E). Of the other five cells, three
showed the excitation to motion in the preferred direction but
were either unaffected by stimuli moving in the anti-preferred
direction or showed a small amount of excitation to motion in
the anti-preferred direction (i.e., there was no inhibitory por-
tion of the tuning curve; Figs. 1F and 6). Shown in Fig. 1H, one
neuron showed strong excitation in response to motion in all
directions. Fu et al. (1998a,b) have dubbed these as “omni-
directional” neurons. However, this neuron was not found
among the direction-selective cells (seeDISCUSSION). The other
neuron, shown in Fig. 1G, had a bi-directional tuning curve (Fu
et al. 1998a,b). This neuron was excited by gratings moving in
both the forward (temporal to nasal) and backward directions,
although there was a slight preference for forward motion. Two
tuning curves are shown for this neuron, in response to stimuli
of either high (0.5 cpd) or low (0.0625 cpd) SF drifting at 2 Hz.
For this cell, gratings of higher TF moving in the anti-preferred
direction did result in inhibition of the firing rate below the
spontaneous level (see following text andDISCUSSION).

A neuron’s direction preference was assigned by calculating
the maximum of the best cosine fit to the tuning curve. In Fig.
2 the direction preferences of the 33 direction-selective LM
neurons (i.e., excluding the omni-directional and the bi-direc-
tional neurons) are plotted as unit vectors in polar coordinates.
Note that there is an obvious clustering into four groups.
Seventeen (53%), 5 (15%), 5 (15%), and 6 (18%) neurons
preferred forward, backward, downward, and upward motion,
respectively.

Spatiotemporal properties

We obtained contour plots of the spatiotemporal tuning in
response to sine wave gratings moving in both the preferred
and anti-preferred directions. Because, for most neurons, large-
field motion in the preferred direction elicits excitation and
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motion in the anti-preferred direction elicits inhibition, we
refer to these as excitatory response plots (ER plots) and
inhibitory response plots (IR plots), respectively. Thirty-one of
the 35 LM neurons showed both the excitatory and inhibitory
responses (Fig. 1,A–E), whereas 2 showed only the ER (Fig.
1F), and there was no IR for the omni-directional neuron. Thus
we obtained 35 ER plots and 31 IR plots of spatiotemporal
tuning.

Figs. 3 and 4 show ER and IR plots of representative LM
neurons. [Fig. 3 shows neurons that had fast ERs whereas Fig.
4 shows neurons that had slow ERs (see following text).] For
the majority of contour plots, there was a single peak in the

spatiotemporal domain. In some cases the peaks were quite
sharp. For example, the ER plot for the LM cell in Fig. 3B
shows a single peak at low SFs and high TFs. Relatively sharp
singular peaks are also apparent in the ER plots shown in Figs.
4, A andC, and 3A, and the IR plots in Fig. 3,A–C. In other
cases, contour plots exhibited a broad peak, as in the ER plots
in Figs. 3C and 4B and the IR plots in Figs. 3D and 4,A andB.

In some contour plots there were clearly multiple peaks. For
example, the ER plot in Fig. 3D contains two clear peaks. The
primary peak was at 0.062 cpd/16 Hz [45 spikes/s above the
spontaneous rate (SR)], but there was a secondary peak at 0.5
cpd/1 Hz (40 spikes/s above SR). Similarly, the ER plot of the
LM neuron shown in Fig. 4D also contains two peaks (the peak
at 2 cpd/0.5 Hz was the larger). In Fig. 4C, there are two peaks
in the IR, but one was much larger. The primary peak was at
1 cpd/0.5 Hz (25 spikes/s below SR), and the smaller second-
ary peak was at low SFs and high TFs (5 spikes/s below SR).
The neuron in Fig. 4D also showed two peaks in the IR plot. Of
the 35 ER plots, 11 showed multiple (2 or 3) peaks. Of the 31
IR plots, 6 showed multiple peaks.

The ER of the bi-directional neuron shown in Fig. 1G had
two peaks: one at 0.5 cpd/2 Hz, and the other at 0.625 cpd/2
Hz. Although this was not routinely done, directional tuning
curves were assessed with both low SF and high SF gratings.
Note that the directional tuning is similar for both SFs.

Bi-directional IR plots

In some IR plots, it was apparent that there were zones of
inhibition and excitation. An example of this is shown in Fig.
3D. This cell showed a broad inhibitory peak for the lower SFs.
However, gratings of high SFs and mid-high TFs, but still
moving in the anti-preferred direction, caused excitation. This
is particularly salient in the bottom PSTH shown on theright
in Fig. 3D. (The symbols accompanying the PSTHs correspond
to the symbols indicating locations on the contour plot.) In the
top two PSTHs, one can see that the cell was silenced during
the period of time that the grating was drifting in the anti-
preferred direction (backward). However, a grating of 0.5

FIG. 2. Direction preferences of neurons in the nucleus LM. The arrows are
unit vectors representing the preffered direction of LM neurons as calculated
from the best fit cosines to the tuning curves. Note the tight clustering of the
forward (temporal to nasal) selective neurons.

FIG. 1. Directional tuning curves of neurons in the pretectal nucleus lenti-
formis mesencephali (LM). Firing rate (normalized) is plotted as a function of
the direction of grating motion in polar coordinates. Two tuning curves are
shown for different SFs for the neuron inG. The broken circles represent the
spontaneous firing rates. U, D, B, and F represent upward, downward, forward
(temporal to nasal), and backward motion, respectively. See text for details.
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cpd/2 Hz drifting in the anti-preferred direction caused a small
excitatory response. That is, this cell was excited in response to
gratings of high SF and mid-high TF drifting in both the
forward and backward directions. Another example of this
bi-directional response to stimuli moving in the anti-preferred
direction can be seen in Fig. 3C, but in this case, the excitatory
region of in the IR plot was at low SFs (see also Fig. 4B). In
total, the IR plots of 10 LM neurons showed this property. [The
neuron with the bi-directional tuning curve (Fig. 1G) was one
of these 10.] There was a tendency for this excitation peak in
the IR to occur for stimuli of high SFs and low TFs or low SFs
and high TFs. Similarly, two of the ER plots of LM neurons
showed a weak inhibitory zone.

Independence of excitation and inhibition

For a given cell, we expected that the ER and IR plots would
be identical. Although this was the case for some cells, this was
not the norm. For example, for the LM neuron shown in Fig.
3B, the peak in the ER plot was at low SFs and high TFs,
whereas the peak in the IR plot was at high SFs and mid-TFs.
Likewise, in Fig. 4,A andB, the cells were maximally excited
by high SF/mid-TF gratings drifting in the preferred direction
but were maximally inhibited by low SF/high TF gratings
drifting in the anti-preferred direction. In fact, for none of the
eight cells shown in Figs. 3 and 4 did the ER plot show a
similar response profile to the IR plot. Of the 31 LM neurons
for which we obtained both ER and IR plots, 25 had markedly
different spatiotemporal response profiles for the ER and IR.

Slow and fast responses

In Fig. 5 the locations of the response maxima are shown for
the ER and IR plots of LM neurons. For those contour plots in
which there were multiple peaks, the location of the primary
peak was plotted. ER and IR plots with multiple maxima of
equal size were excluded from this analysis as was the IR of
one LM neuron that had an extremely broad plateau. In Fig.
5A, the peaks from the ER plots are shown. A cluster analysis
using Ward’s method with squared-Euclidean distance mea-
sures clearly revealed the two clusters shown in Fig. 5A. A
discriminate analysis revealed that the groups were completely
nonoverlapping. The first group (F) preferred low-mid SFs
(0.031–0.25 cpd) and mid-high TFs (0.5–16 Hz). The second
group (E) preferred mid-high SFs (0.3–2 cpd) and low-mid
TFs (0.125–2 Hz). We refer to these groups as fast and slow
neurons, respectively (velocity5 TF/SF). The average SF, TF,
and velocity of the fast neurons were 0.097 cpd, 2.88 Hz, and
29.2°/s, respectively. The average SF, TF, and velocity of the
slow neurons were 0.67 cpd, 0.55 Hz, and 0.82°/s, respectively.
(All values were first transformed to the natural log, the aver-
age was calculated, and then the inverse transformation was
performed.)

Figure 5B show locations of the peaks from the IR plots.
Unlike the ERs, the locations of the peak IRs do not exhibit any
obvious clustering in the spatiotemporal domain. Although
many of the peaks fell in the slow (high SF/low TF) and fast
(low SF/high TF) regions, there were also several peaks in the
high SF/high TF quadrant. (However, note that there is still an
overall negative correlation between SF and TF.)

In Fig. 5, right, the same data are plotted as that on theleft,
but the direction preference is also indicated. There are a
couple things to note. First, with respect to the ER plots, all but
one of the slow cells preferred forward motion. Some cells that
preferred forward motion had fast ERs, as did most of the LM
cells that preferred up, down, and backward motion. Second,
for the IR plots, there was a tendency for those cells with IR
peaks in the lower TF range to prefer forward motion.

Examples of fast and slow LM neurons are shown in Figs. 3
and 4, respectively. We would like to emphasize two things
about this classification. First, the designation of a neuron as
fast or slow refers only to the ER. For example, the ER plot of
LM cell in Fig. 3B had a peak in the fast region, but the peak
for the IR was in the slow region. The peak ER for the cell
shown in Fig. 4A was in the slow region, but the peak IR was
in the fast region. Second, for neurons with multiple peaks in
the ER, the designation of a neuron as fast or slow refers to the
primary peak. The cell shown in Fig. 3D had peak ERs in both
the fast and slow regions, although the former was slightly
larger. Likewise the ER plot of the cell shown in Fig. 4D
showed maxima in both the fast and slow region, although the
peak in the slow region was slightly larger. This was generally
the case for the ER (and IR) plots with multiple peaks: there
were maxima in both the slow and fast regions.

Transients and temporal effects

Figure 6 shows PSTHs of the responses of an LM neuron to
gratings drifting in the preferred (up) and anti-preferred (down)
directions. In Fig. 6A, the responses of the neuron to 36
combinations of SF (abscissa) and TF (ordinate) are shown.
Each PSTH is for a single sweep, where each sweep consisted
of 4 s motion in the preferred direction (upward motion, —),
followed by a 3 s pause, followed by 4 s of motion in the
anti-preferred direction (downward motion, - - -). Note that this
cell showed strong excitation to motion in the preferred direc-
tion and a small amount of excitation to motion in the anti-
preferred direction. In Fig. 6B, PSTHs show the responses for
the same cell to drifting gratings of 0.125 Hz at three different
SFs. Each sweep consisted of 16 s of motion in the preferred,
followed by a 3 spause, followed by 16 s of motion in the
anti-preferred direction. That is, there were two complete cy-
cles of motion. This figure is shown to indicate some of the
limitations with our procedure. More so than any other cell,
this cell showed dramatic transient and temporal effects in the
PSTHs. The response to motion in the preferred direction

FIG. 3. Spatiotemporal tuning of fast neurons in the pretectal nucleus LM. Contour plots of the responses of 4 LM neurons to
gratings of varying spatial frequency (SF, abscissa) and temporal frequency (TF, ordinate) drifting in the preferred [excitatory
response (ER) plots] and anti-preferred [inhibitory response (IR) plots] directions are shown. The scale on the iso-contour lines
represents the firing rate (spikes/s) above (1) or below (2) the spontaneous rate. To the right of the contour plots, 2 or 3
peristimulus time histograms (PSTHs) show individual sweeps for a particular SF and TF. The particular SF and TF are indicated
by the corresponding symbols (&, @, #) on the PSTH and the contour plot. For each sweep there was 4–5 s of motion in the
preferred direction (indicated by the orientation of the arrow; left5 forward), followed by a 3–5 s pause (i.e., a stationary grating;
- - -), followed by 4–5 s of motion in the anti-preferred direction, followed by a 3–5 s pause.
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FIG. 4. Spatiotemporal tuning of slow neurons in the pretectal nucleus LM. See legend for Fig. 3 for additional details.
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consisted of an onset transient, followed by a steady-state
response. In response to some gratings, there was also an offset
transient (e.g., 0.03 cpd/0.12 Hz), and onset and offset tran-
sients to motion in the anti-preferred direction (e.g., 0.25
cpd/0.12 Hz). The asterisk (*) indicates the peak excitatory
response in the spatiotemporal domain (0.125 cpd/16 Hz)
based on the average firing rate over the 4-s epoch. This
encompasses the steady-state and transient responses. Note
however, that the largest onset transient occurred in response to
0.25 cpd/2 Hz. The data in Fig. 6B indicate another possible
shortcoming of our standard protocol. For the two lowest TFs
used, less than one cycle of motion occurred during the 4-s
epoch. When a 16-s epoch was used for stimuli drifting at
0.125 Hz (i.e., 2 complete cycles), other temporal effects were
observed at some SFs. The PSTH in response to the lowest SF
grating (0.03 cpd) clearly shows that the response to motion in
both the preferred and anti-preferred directions was modulated
at the TF of the stimulus. This TF modulation was not apparent
in the response to the 0.125-cpd grating, which had a higher
average firing rate. The response to the 0.5-cpd grating was
modulated in the range of 0.5–0.6 Hz. Thus the standard
protocol that we used, which limited the motion to 4- or 5-s
epochs, would not necessarily capture all the temporal effects
and might misrepresent the firing rate. For this neuron, the
average firing rate to a 0.03 cpd/0.12 Hz grating was 8.35
spikes/s over the 4-s epoch, but 14.96 spikes/s over the 16-s
epoch. This translates to an 80% increase but only a 6%
increase relative to the maximal firing rate to the preferred
SF/TF combination (0.125 cpd/16 Hz; 115 spikes/s). The dif-
ference was not as marked for the other two stimulus condi-
tions shown in Fig. 6B. In response to a 0.125-cpd/0.12 Hz
grating, the average firing rate was 55 spikes/s over the 4-s
epoch and 45 spikes/s over the 16-s epoch. In response to a
0.5-cpd/0.12 Hz grating, the average firing rate was 21.35

spikes/s over the 4-s epoch and 19.86 spikes/s over the 16-s
epoch. For five neurons (2 fast and 3 slow neurons), we tested
the responses to the lower TF (0.12 and 0.03 Hz) gratings using
the standard protocol and longer epochs that allowed two
complete cycles of motion in each direction. Although the
average firing rates over the two conditions were sometimes
different, there were no changes with respect to the shapes of
the contour plots or the location of the peaks in the contour
plots.

Tuning for temporal frequency or velocity?

From the contour plots, it is easy to see if a cell is tuned
to TF or velocity. Cells tuned to velocity have elliptical
peaks and iso-contour lines that are oriented diagonally with
a slope of 1. Cells tuned to TF have contour plots that are
symmetrical about a horizontal line through the peak. For
example, the ER plot of the LM cell in Fig. 3A showed
velocity tuning. The elliptical peak and iso-contour lines are
oriented diagonally with a slope of;1. In Fig. 7A, the
responses of this cell are shown as a function of velocity
(left) and TF (right) for each SF tested. Responses to stimuli
drifting in the preferred and anti-preferred directions are
represented byF, �, n, l, Œ, ° and E, ƒ, ▫, L, ‚, %,
respectively. To stimuli moving in the preferred direction, a
peak response occurred at;10°/s for most SFs tested. In
Fig. 7A, right, where the response is plotted as a function of
TF, there is not a common peak for all the SFs tested.
However, responses tuned to velocity were uncommon (2
ER plots, 1 IR plots). More cells seemed to be tuned to a
particular TF. For example, the ER of the LM cell in Fig. 7B
showed a peak at 0.5–2 Hz for each SF tested. Similarly, the
IR of the cell shown in Fig. 7A was tuned to higher TFs and

FIG. 5. Locations of the peak excitatory and inhibitory
responses in the spatiotemporal domain for neurons in LM.A
andB: the locations of the peaks are shown for the ER plots
and the IR plots. Included in this analysis are ER and IR plots
that showed single peaks as well as those that showed mul-
tiple peaks where there was a clear primary peak. (The
locations of the primary peaks, but not the secondary peaks,
are plotted.)A: F, the group of fast ERs;E, the group of slow
ERs.Right: the same data are plotted, but the locations are
indicated with a letter corresponding to the preferred direction
of the cell. 3, the omni-directional cell (Fig. 1H); F*, the
bi-directional cell (Fig. 1G). Note that for the IR plots (re-
sponses to motion in the anti-preferred direction), thepre-
ferred direction of the cell is indicated.
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the IR for the cell in Fig. 7C was tuned to 0.5–2 Hz. (The IR
plot for this cell is shown in Fig. 4D.) The ERs of 14 LM
neurons were reasonably well tuned to TF as were the IRs of
12 cells.

Many responses, including most of those that showed mul-
tiple peaks in the contour plots, could not be described as tuned

to either a particular velocity or TF. For example, the ER for
the cell shown in Fig. 7C was tuned to mid-TFs for stimuli of
high and low SF, and low TFs for stimuli of mid-SFs. Likewise
the IR in Fig. 7B was tuned to neither TF nor velocity (see also
the ER plots in Figs. 3D and 4C and the IR plots in Figs. 3B
and 4,A andC).

FIG. 6. Responses of a neuron in LM to drifting gratings of varying SF and TF.A: PSTHs show the responses of the neurons
to 36 combinations of SF (abscissa) and TF (ordinate). Single sweeps are shown, where each sweep consisted of 4 s motion in the
preferred direction (upward motion, —), followed by a 3-s pause, followed by 4 s of motion in the anti-preferred direction
(downward motion, - - -). Note that the grid is not scaled. *, the peak excitatory response in the spatiotemporal domain based on
the average firing rate over the 4-s epoch.B: PSTHs show the responses (for the same cell) to drifting gratings of 0.125 Hz at 3
different SFs. Each sweep consisted of 16 s of motion in the preferred direction (i.e., 2 complete cycles), followed by a 3-s pause,
followed by 16 s of motion in the anti-preferred direction. See text for details.
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Histological results

For eight neurons the recording sites were localized with
electrolytic lesions. In Fig. 8 the lesion sites are collapsed onto
two coronal sections through the pretectum. We have used the
nomenclature for the pigeon pretectum as established by Gam-
lin and Cohen (1988). All eight lesions were found in the LM,
either in the medial or lateral subnuclei (LMm, LMl; 4 lesions

each). There was no obvious anatomical separation of cells
with respect to either direction preference or spatiotemporal
properties (fast/slow), although the size of our sample is insuf-
ficient in this regard.

D I S C U S S I O N

In the present study, we examined the responses of neurons
in pigeon pretectum to largefield drifting sine wave gratings
varying in spatial and temporal frequency. Although we did not
leave marking lesions at all of the recording sites, all of the
lesions were located in LM (see Fig. 8). However, this does not
preclude the possibility that some of the other visually respon-
sive units were located in other areas of the pretectum (Winter-
son and Brauth 1985).

As previously reported in numerous other studies in several
species, pretectal neurons exhibit directional selectivity in re-
sponse to such largefield stimuli (mammals: Collewijn
1975a,b; Hoffmann and Distler 1989; Hoffman and Schopp-
mann 1975, 1981; Hoffmann et al. 1988; Ibbotson et al. 1994;
Mustari and Fuchs 1990; Volchan et al. 1989; birds: Fu et al.
1998a,b; Winterson and Brauth 1985; Wylie and Frost 1996;
amphibians: Fite et al. 1989; Katte and Hoffmann 1980; Li et
al. 1996; Manteuffel 1984). Unlike previous studies, we used
drifting sine wave gratings as stimuli. We are aware of only
two previous studies that used such stimuli: Wolf-Oberhollen-
zer and Kirschfeld (1994) in a study of neurons in pigeon
nBOR, and Ibbotson et al. (1994) in a study of neurons in the
wallaby NOT, the mammalian homologue of the LM. The bulk
of the discussion will focus on comparing the results of the
present study with those previous studies.

Independence of excitation and inhibition

One of the surprising findings of the present study was that
spatiotemporal properties of the inhibitory and excitatory re-

FIG. 7. Velocity and temporal frequency tuning of
neurons in the pretectal nucleus LM.Left: average
firing rate [spikes/s above (1) or below (2) the spon-
taneous rate (SR)] is plotted as a function of velocity
(°/s) for each SF used.Right: the same data are plotted,
but as a function of TF (Hz).F, �, n, Œ, l, ° andE, ƒ,
▫, ‚, L, %, the responses to gratings moving in the
preferred and anti-preferred directions, respectively.
The neurons inA andC correspond to those in Figs. 3A
and 4D, respectively. See text for details.

FIG. 8. Location of directionally selective units in the pretectum. Two
coronal sections through the pretectum are shown (top5 caudal) indicating the
locations (F) of 8 recording sites marked by electrolytic lesions. The nomen-
clature of Gamlin and Cohen (1988) is used. The LM consists of medial and
lateral subnuclei (LMm, LMl). LMm is bordered medially by the nucleus
laminaris precommisuralis (LPC). The nucleus principalis precommisuralis
(PPC) resides between the LPC and the nucleus rotundus (Rt). Note that all the
marking lesions were located in the LM. GLv, nucleus geniculatus lateralis,
pars ventralis; TeO, optic tectum; TrO, tractus opticus.
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sponses for a given cell were often quite different. This was
that case for 25/31 LM neurons. This was not noted in the
study of the NOT by Ibbotson et al. (1994), but they only
showed contour plots for stimuli moving in the preferred
direction. However, one figure (Fig. 7, p. 2933) clearly shows
a NOT cell for which there was a difference in the preferred TF
to stimuli drifting in the preferred versus anti-preferred direc-
tions. The independence of excitatory and inhibitory responses
of AOS and pretectal neurons has been noted with respect to
other properties. First, with respect to direction tuning, the
preferred and anti-preferred directions of AOS neurons are
often not 180° apart (e.g., Burns and Wallman 1981; Rosen-
berg and Ariel 1998; Soodak and Simpson 1988; Wylie and
Frost 1990). Second, it has been noted that the excitatory and
inhibitory receptive fields of an individual LM or nBOR neu-
ron may differ with respect to their size and position (Fu et al.
1998a; Wylie and Frost 1990; Zhang et al. 1999). Together
these findings suggest that the inhibitory and excitatory inputs
to direction-selective LM neurons arise from different inputs.
Perhaps the excitatory input is of retinal origin (Kogo et al.
1998), whereas the inhibitory inputs are extra-retinal (Brecha
et al. 1980; Miceli et al. 1979).

Comparison with previous studies of the pigeon LM

Previous studies have examined the responses of pigeon LM
neurons to largefield stimuli that contain multiple SF compo-
nents [random dot patterns, checkerboards and/or square wave
gratings (Fu et al. 1998a,b; Winterson and Brauth 1985; Wylie
and Frost 1996)]. As with these previous studies, we found that
most LM neurons prefer largefield stimuli moving forward in
the contralateral visual field, whereas fewer prefer upward,
downward, or backward motion (Fu et al. 1998a,b; Winterson
and Brauth 1985; Wylie and Frost 1996). With respect to fast
and slow neurons, our findings are in strong agreement with
Winterson and Brauth (1985). They described slow neurons
that preferred stimuli moving at,1.0°/s and fast neurons that
preferred velocities in the range of 3.3–80°/s. These data are
confirmed by the present study: with respect to the ER plots,
we describe slow neurons (0.25–2°/s) and fast neurons (4–
256°/s). Further, we show that velocity is not the correct
referent for the vast majority of cells: slow neurons preferred
high SF/low TF gratings and fast neurons preferred low SF/
high TF gratings. In their sample, Winterson and Brauth (1985)
noted that most (8/9) of the slow neurons preferred forward
motion, whereas the fast neurons preferred either forward,
backward, upward, or downward motion. This is essentially
identical to what we found: 11/12 slow neurons were forward
cells, whereas the fast cells included forward, backward, down-
ward and upward cells. Stated another way, there were fast and
slow forward cells in LM, in addition to fast cells that preferred
upward, downward, and backward motion.

The results of the present study are, for the most part, in
agreement with the findings of Fu et al. (1998b). Using square
wave gratings and other largefield moving stimuli, they de-
scribed three types of neurons: uni-directional cells (74%)
responded to motion in a particular direction, were inhibited by
motion in the opposite direction, and preferred slow velocities
(0.1–11°/s); omni-directional neurons (9%) responded equally
well to motion in all directional and preferred fast velocities
(34–67 deg/s); and bi-directional neurons (17%) had bi-lobed

tuning and were excited by motion in two, approximately
opposite, directions. The results of the present study are dif-
ferent from these of Fu et al. (1998b) on several accounts. First,
most (33/35) of the LM cells we recorded from would be
classified as uni-directional, but these included fast and slow
neurons. Fu et al. (1998b) did note within this group of unidi-
rectional cells, the average preferred velocity of the forward
cells was slower than that of the backward cells. Second, we
did record from one omni-directional neuron that preferred low
SFs and high TFs, but it was not found among the unidirec-
tional cells. In subsequent experiments, when we encountered
omni-directional neurons, we moved caudally to find the di-
rection-selective cells. Although we have no supportive histol-
ogy, we believe that the omni-directional cells may not reside
in the LM but are located elsewhere in the pretectum [perhaps
the nucleus laminaris precommissuralis (LPC), the nucleus
principalis precommissuralis (PPC) or the tectal gray; Fig. 8;
see Gamlin and Cohen 1988]. In their study of the LM,
Winterson and Brauth (1985) did not report these omni-direc-
tional cells. Third, we also only encountered one of the bi-
directional cells described by Fu et al. (1998b). However, we
must emphasize that the cell showed either excitation or inhi-
bition to gratings moving in the anti-preferred direction, de-
pendent on the SF and TF. The directional tuning curve shown
in Fig. 1G was not done with the appropriate SF and TF to
elicit inhibition to stimuli moving in the anti-preferred direc-
tion. Thus it is possible that the bi-directional cells found by Fu
et al. (1998b) were actually unidirectional cells, but the stimuli
used did not contain the appropriate SF/TF combination in the
range of the inhibitory peak. Recall that, in the present study,
the IR plots of 32% of the LM neurons had zones of excitation
and inhibition in response to stimuli moving in the anti-pre-
ferred direction. This is clearly illustrated by the cell in Fig.
3D: gratings of high SF/mid-TF moving in the anti-preferred
direction excite the cell, whereas gratings of low SF/high TF
inhibit the cell. For this cell, if directional tuning was estab-
lished with stimuli containing low SFs, this cell would be
classified as unidirectional, but if tested with high SFs the cell
could be classified as bi-directional.

Finally, Fu et al. (1998b) concluded that LM neurons are
essentially “edge detectors” (see also Zhang et al. 1999). That
is, LM neurons require a sharp edge to elicit a maximal
response. We find this hard to reconcile given that we recorded
from many neurons that showed maximal responses to low SF
sine wave gratings that are essentially bars with blurry edges.
Moreover, in the initial open-loop stages of OKN and until the
steady-state OKN is achieved (i.e., when the OKN gain is very
low), any edges will be blurred (Ibbotson et al. 1994). We have
closely examined the methods Fu et al. (1998b) used to reach
this conclusion and offer an alternative explanation. They had
an edge drift across a screen that subtended;140°. Leading
the edge, the stimulus was completely white, and trailing the
edge the stimulus was completely black. They found that the
neurons responded vigorously to a sharp edge, but the response
was progressively reduced as the edge was progressively
blurred by altering the spatial rate of luminance change at the
border. However, note that such a stimulus is effectively an
extremely low SF grating (;0.004 cpd) with progressively
more power at higher SFs as the edge becomes progressively
sharper. As we interpret their results, the progressively sharper
edges simply had progressively more power at higher SFs.
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That is, it is possible that the sharp edges had sufficient power
in the range of SFs that the cell preferred, whereas the blurred
edges did not.

Comparison with previous studies of nBOR

Like the LM, the nBOR is also involved in the analysis of
optic flow and the generation of compensatory head and eye
movements (Fite et al. 1979; Gioanni et al. 1983a). The major
difference between the LM and nBOR is that most nBOR
neurons prefer largefield stimuli moving upward, downward,
or backward in the contralateral visual field, whereas few
prefer forward motion (Burns and Wallman 1981; Gioanni et
al. 1984; Wylie and Frost 1990; Zhang et al. 1999). Wolf-
Oberhollenzer and Kirschfeld (1994) examined the responses
of neurons in nBOR to drifting sine wave gratings, but they did
not use as extensive a battery of stimuli as we used in the
present study. They used TFs in the range of 0.1–10 Hz, but
only four levels of SF in the range of 0.024–0.185 cpd. This is
the lower half of the SF range we used. They noted that most
nBOR neurons could not be described as velocity detectors. In
fact only 1 of 15 (7%) neurons tested responded to stimulus
velocity, whereas 7 (47%) were described as selective for a
given TF at all SFs tested. This is strikingly similar to what we
found for LM neurons. Collapsing across the ERs and IRs, 5%
showed velocity selectivity, whereas;40% showed similar TF
response profiles for all SFs tested.

Because Wolf-Oberhollenzer and Kirschfeld (1994) did not
use a more broad range of SFs, it is difficult to compare our
results directly. Nonetheless they described two groups of
nBOR neurons. The first group showed a single peak TF at
;0.2 Hz, although it is not stated if these neurons responded
better to the higher SF used. In the present study, on average,
the slow ERs of LM neurons preferred a TF of;0.5 Hz.
Wolf-Oberhollenzer and Kirschfeld (1994) did not report any
neurons that had a single peak in the high TF region. The
second group they described showed two peaks in the TF
domain: one at 0.2 Hz and the other in the range of 1–7 Hz.
Similarly, we described neurons with multiple peaks, most
with one each in the low SF/high TF region and the high
SF/low TF region. Although, Wolf-Oberhollenzer and Kirsch-
feld (1994) assumed that these neurons receive inputs from two
types of motion detectors that have low-pass filters with dif-
fering time constants, we would add that the two types of
detectors might also have different SF preferences.

Comparison with the spatiotemporal preferences of NOT
neurons

Ibbotson et al. (1994) examined the spatiotemporal proper-
ties of neurons in the NOT of the wallaby using a broad range
of SFs (0.063–2 cpd) and TFs (0.38–24.3 Hz). They found two
groups of cells. Slow cells preferred high SFs (0.5–1.0 cpd)
and low TFs (,1 Hz), whereas fast neurons preferred low SFs
(0.1–0.5 cpd) and high TFs (.10 Hz). These findings are
similar to the findings of the present study, but there were some
differences. First, the slow NOT neurons were inhibited by low
SF/high TF gratings moving in the preferred direction. We saw
such bi-directional responses but in response to gratings mov-
ing in the anti-preferred direction. Second, all of the fast NOT
neurons showed a secondary peak in the slow region. We did

find neurons with peaks in both the fast and slow regions, but
others with a single peak in the fast region. Third, the range of
preferred SFs for the fast NOT neurons is higher than that of
the fast ERs of LM neurons. Finally both the slow and fast
NOT neurons in the wallaby are faster than their counterparts
in the pigeon LM. This difference might be related to the
differences that are seen in the properties of the OKN (see
following text).

Function of fast and slow neurons

Ibbotson et al. (1994) provide an excellent discussion of the
potential role of the slow and fast NOT neurons in the gener-
ation and maintenance of OKN. Immediately after the onset of
an optokinetic stimulus, there is a 50- to 100-ms latent period
before ocular following begins (e.g., Collewijn 1972). During
this period, the retinal slip velocity (RSV) is high, and Ibbotson
et al. (1994) suggest that the fast NOT neurons are responsible
for initiating ocular following (the “direct” phase of OKN)
(Cohen et al. 1977). Moreover, they suggest that the fast
neurons are involved in the charging of the velocity storage
mechanism (“indirect” phase of OKN) when stimulus speeds
are high. Ibbotson et al. (1994) note that rapidly moving visual
images become blurred, which is consistent with the fact that
the fast NOT neurons respond best to low SFs. The slow NOT
neurons do not become active until the RSV is low, and they
continue to charge the velocity storage mechanism at these
slow velocities. Finally, Ibbotson et al. (1994) suggested that
omni-directional neurons in NOT inhibit direction-selective
neurons in the early stages of saccades.

Gioanni and colleagues (Gioanni 1988; Gioanni et al.
1981) have provided a comprehensive description of the
OKN and head-free OCR in pigeons. OKN in pigeons is
different from that of frontal-eyed mammals in (at least) two
respects. First, pigeons lack the direct phase of OKN, but
they do possess a velocity storage mechanism (Gioanni
1988). This precludes the fast LM ERs in pigeon from a role
in the direct component of OKN, as proposed for the fast
NOT neurons. However, it is reasonable to imagine that the
fast and slow LM neurons are involved in charging the
velocity storage mechanism as proposed for the fast and
slow NOT neurons. The second difference between the
dynamics of the OKN in pigeons and frontal-eyed mammals
is that, in pigeons, the gain of the OKN falls markedly as
stimulus velocity increases beyond 20°/s (although the OCR
gain remains high at 40°/s) (Gioanni 1988). In frontal-eyed
mammals the gain of the OKN remains high beyond 60°/s
(e.g., Lisberger et al. 1981). In the present study, the aver-
age preferred velocity of the fast LM neurons was;20°/s:
the point at which the OKN gain begins to decline in
pigeons. The fast NOT neurons in the wallaby preferred
higher TFs than the fast LM ERs, which is correlated with
a higher OKN gain at faster velocities in frontal-eyed mam-
mals.
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