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Abstract

Optokinetic responses function to maintain retinal image stabilization by minimizing optic flow that occurs during self-motion.
The hovering ability of hummingbirds is an extreme example of this behavior. Optokinetic responses are mediated by direction-
selective neurons with large receptive fields in the accessory optic system (AOS) and pretectum. Recent studies in hummingbirds
showed that, compared with other bird species, 1) the pretectal nucleus lentiformis mesencephali (LM) is hypertrophied, 2) LM
has a unique distribution of direction preferences, and 3) LM neurons are more tightly tuned to stimulus velocity. In this study,
we sought to determine if there are concomitant changes in the nucleus of the basal optic root (nBOR) of the AOS. We recorded
the visual response properties of nBOR neurons to large-field-drifting random dot patterns and sine-wave gratings in Anna’s
hummingbirds and zebra finches and compared these with archival data from pigeons. We found no differences with respect to
the distribution of direction preferences: Neurons responsive to upward, downward, and nasal-to-temporal motion were equally
represented in all three species, and neurons responsive to temporal-to-nasal motion were rare or absent (<5%). Compared with
zebra finches and pigeons, however, hummingbird nBOR neurons were more tightly tuned to stimulus velocity of random dot
stimuli. Moreover, in response to drifting gratings, hummingbird nBOR neurons are more tightly tuned in the spatiotemporal do-
main. These results, in combination with specialization in LM, support a hypothesis that hummingbirds have evolved to be “optic
flow specialists” to cope with the optomotor demands of sustained hovering flight.

NEW & NOTEWORTHY Hummingbirds have specialized response properties to optic flow in the pretectal nucleus lentiformis
mesencephali (LM). The LM works with the nucleus of the basal optic root (hnBOR) of the accessory optic system (AOS) to pro-
cess global visual motion, but whether the neural response specializations observed in the LM extend to the nBOR is unknown.
Hummingbird nBOR neurons are more tightly tuned to visual stimulus velocity, and in the spatiotemporal domain, compared with
two nonhovering species.

accessory optic system; basal optic root; optic flow; optokinetic; visual motion

INTRODUCTION

In a 1988 issue of the Journal of Neurophysiology, four com-
panion papers from John (Jerry) Simpson and colleagues
detailed how visual information is conveyed to the cerebellar
flocculus. These papers illustrated how 1) visual information
is initially processed by direction-selective neurons in the
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accessory optic system (AOS) (1), 2) how these signals are inte-
grated initially in the ventral tegmental relay zone (2) and 3)
further in the dorsal cap and ventrolateral outgrowth of the
inferior olive (3), such that 4) the visual climbing fibers to the
flocculus evoke complex spike responses that are organized as
a three-axis system matching the orientation of the vestibular
canals (4). The visual signal processed in this pathway is
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“optic flow”; the visual motion across the entire retina due to
self-motion (Fig. 1A) (7). Optic flow drives the optoKinetic
response, which is necessary to maintain retinal image stabili-
zation (8). A stable retinal image allows for optimal visual acu-
ity (9) and velocity discrimination (10).

As outlined in Jerry’s paper in the Annual Review of
Neuroscience in 1984 (11), although the anatomy of the AOS
had been well established by the 1960s, its function was
unknown and was a great source of frustration (12). Jerry’s
research clearly showed that the AOS processes optic flow
signals (13). The demonstration of visual neuron responses
to large moving stimuli (e.g., see Ref. 13) was quite unique at
the time, as neurons in the geniculostriate (e.g., see Ref. 14)
and tectofugal pathways (e.g., see Ref. 15) respond mainly to
small stimuli. Moreover, Jerry’s work firmly identified the
AOS as a pathway for generating the optokinetic response.
Early researchers were vexed that the optokinetic response
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was virtually unaffected by large lesions ablating the much
more extensive geniculostriate and tectofugal visual path-
ways (e.g., see Refs. 16 and 17).

Since Jerry’s original work on the AOS in rabbits, optic
flow processing has been investigated in several vertebrate
species. Although there are at least three nuclei in the
mammalian AOS (11, 18), in other vertebrates, including
birds, there is a single nucleus called the nucleus of the ba-
sal optic root (nBOR; Fig. 1, D-F) (19-21). In addition to the
AOS, optic flow is also processed in a pretectal nucleus, the
nucleus of the optic tract (NOT) in the mammals (22-24).
The homolog in birds and reptiles is the nucleus lentifor-
mis mesencephali (LM; Fig. 1E) (21, 25, 26). Neurons in the
AOS and pretectum have large receptive fields (average
~60°), exhibit direction-selectivity to large moving stimuli
rich in visual texture (e.g., random dot patterns), and are
tuned to stimulus velocity. Collectively, the AOS and

0.8
G o
o)
T os LM S %
E, o O 9 ©
@ 0.0
: ¢ K3
S 0.4 e® 0
s 3
= )
S -0.8-
-
4.2

20 255 30 35 40
Log Brain Volume (mm3)

0.8

0.4 nBOR

0.0

-0.4+

-0.8+

Log nBOR Volume (mm?) I

-1.2 T T T T T
20 2.5 3.0 3.5 4.0

Log Brain Volume (mmd)

Figure 1. A: representation of the optic flowfield produced during forward flight (5). B: hovering Anna’s hummingbird (Calypte anna) (photo by T. J.
Gehling; licensed under CC BY-NC-ND 2.0). C: a zebra finch (Taeniopygia guttata) (Dennis Jarvis, licensed under CC BY-SA 2.0). D: photomicrograph
showing a Nissl-stained coronal section of hummingbird brain showing the nucleus of the basal optic root (nBOR) at the ventral surface at the level of
key midbrain visual nuclei. E: higher magnification view of D showing the medial and lateral layers of the nucleus lentiformis mesencephali (LM). F: photo-
micrograph showing a Nissl-stained coronal section from the zebra finch at the level of the nBOR. Scatterplot depicting the log-transformed volume of
the LM (G) or nBOR (H) plotted against the log-transformed brain minus LM or nBOR volume for 37 avian species. The hummingbirds are indicated by
magenta circles and other species by white circles. The least-squares linear regression line is indicated for all species, and the dashed lines represent
the 95% confidence interval. The hummingbird LM, but not nBOR, is hypertrophied relative to brain size. Adapted from Ref. 6. In this and subsequent fig-
ures, cartoons indicate from which species the data was obtained. Scale bars: 500 um. Cb, cerebellum; Glv, nucleus geniculatus lateralis, pars ventralis;
LMI, lentiformis mesencephali, pars lateralis; LMm, lentiformis mesencephali, pars medialis; LPC, nucleus laminaris precommisuralis; nRt, nucleus rotun-
dus; OM, occipitomesencephalic tract; SOp, stratum opticum; SP, nucleus subpretectalis; Tel, telencephalon; TeO, optic tectum.
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pretectal nuclei have complimentary roles with respect to
processing of direction of visual motion. In mammals, the
medial and lateral terminal nuclei of the AOS prefer upward
and downward motion, whereas neurons in the dorsal termi-
nal nucleus of the AOS and the NOT prefer forward (i.e.,
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temporal-to-nasal motion). In birds and other nonmamma-
lian vertebrates the situation is similar, with neurons in LM
preferring forward motion, whereas neurons in nBOR prefer
upward, downward, and backward (i.e., nasal-to-temporal)
motion (20, 23, 26-50).
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The similarity of response properties of AOS and LM/NOT
neurons across species from different vertebrate classes
speaks to a highly conserved system. Recent data from hum-
mingbirds, however, suggest that the system can be “special-
ized.” Hummingbirds are unique among birds with their
ability for sustained hovering flight (Fig. 1B). A recent study
showed that the exquisite stabilization during hovering
flight is an optokinetic response, as hummingbirds are sensi-
tive to small perturbations of their visual environment while
hovering and drift in the direction of large-field visual motion
(51). Moreover, two pieces of evidence suggests that LM has
evolved to meet the demands of hovering flight. First,
Iwaniuk and Wylie (6) showed that the LM is massively hyper-
trophied in hummingbirds: when expressed as a percentage
of brain size the LM is several times larger in hummingbirds
compared with other birds (Fig. 1G). Second, Gaede et al. (52)
recorded from LM in hummingbirds and noted that their
responses properties differed from the typical pattern. In all
other previous studies of LM/NOT in tetrapods, there is a
strong population bias with respect to directional tuning such
that most neurons prefer temporal-to-nasal (forward) visual
motion (23, 26, 29, 30, 35, 37-39, 41, 43, 46, 49, 50, 53, 54).
However, hummingbirds display no bias for forward motion
in the LM (52). In addition, hummingbird LM neurons were
tightly tuned to faster stimulus velocities compared with that
observed in zebra finches and other birds (26, 50).

If the hummingbird LM has evolved to meet the demands
of hovering flight, one would also expect concomitant
changes in the nBOR. We reason this because they are both
involved in the analysis of optic flow (55), they both receive
input from specialized retinal ganglion cells (56-58), and
their information is integrated in the inferior olive and vesti-
bulocerebellum (59-62). Although the nBOR is not hypertro-
phied in hummingbirds (Fig. 1H) (6), in this study we sought
to determine if there were similar changes in the response
properties of nBOR neurons in hummingbirds. We recorded
from nBOR in both hummingbirds and zebra finches (Fig. 1,
B and C) to random dot patterns varying in direction and ve-
locity, and drifting sine-wave gratings varying in spatial and
temporal frequency (SF, TF), and compared these data with
archival data from pigeons (63-66). We did not find differen-
ces among the species with respect to the distribution of
directions preferences of nBOR neurons as was observed in
LM (52), but we did find that hummingbird neurons
were more tightly tuned to stimulus velocity and in the

spatiotemporal domain. Collectively, these data suggest that
both the LM and nBOR in hummingbirds are adapted to
meet optokinetic demands associated with hovering flight.

MATERIALS AND METHODS
Animals

Sixteen adult male zebra finches (Taeniopygia guttata)
and twelve adult male Anna’s hummingbirds (Calypte anna)
were used for electrophysiological recording. All procedures
were approved by the University of British Columbia Animal
Care Committee in accordance with the guidelines set by the
Canadian Council on Animal Care.

Surgery and Electrophysiological Recording Procedures

Animals were anesthetized by intramuscular injection in
the pectoralis major with a ketamine/xylazine mixture (65
mg/kg ketamine/8 mg/kg xylazine). Supplemental doses
were administered as necessary. Before the surgery, a subcu-
taneous injection of 0.9% saline was provided for additional
fluids. The nBOR is quite small and resides at the base of
the brain at the mesodiencephalic border (Fig. 1, D-F).
Coordinates to locate the nBOR were calculated using serial
photomicrographs of fixed, Nissl-stained brain sections and
a stereotaxic atlas of the zebra finch brain (Konishi, unpub-
lished observations). Anesthetized birds were positioned in a
custom-built small bird stereotaxic frame (Herb Adams
Engineering, Glendora, CA). For both species, the head was
positioned such that it was pitched downward 45° relative to
the normal position (Fig. 2E). A small craniotomy through
the skull and dura mater overlying the right telencephalon
allowed access to the nBOR with vertical penetrations.

Extracellular recordings were acquired using saline-filled
glass microelectrodes (2 M NaCl, 5-um tip diameter). The sig-
nal was amplified (x10,000 gain; Model 3000, A-M Systems,
Inc., Sequim, WA), bandpass filtered (0.1-3 kKHz), sampled at
50 kHz (micro1401-3, CED; Cambridge, UK), and recorded
using Spike2 for Windows (v. 8, CED; Cambridge, UK). The
visual stimulus code initiated a TTL pulse from the stimulus
computer to the digitizer indicating each stimulus change.
Visually responsive nBOR neurons were identified, and dis-
tinguished from nearby visual nuclei, because they exhibited
nonuniform excitation in response to large-field visual
motion in the “preferred” direction. Typically, this was

Figure 2. A: representative raw recording trace showing nucleus of the basal optic root (nBOR) activity in hummingbird. Two different nBOR neurons
denoted by red and blue arrows could be distinguished using the spike sorting algorithm in Spike2. B: an overlay of 20 spikes for each of the two spikes.
C: an overlay of the average waveforms of both nBOR neurons (from all spikes in the entire recording). D: principal component analysis (PCA) from
Spike2, illustrating that clusters from the two nBOR neuron waveforms have minimal overlap. E: to determine a cell’s preferred direction, a screen (84°
horizontal x 53° vertical) was placed tangent to the retina and displayed a moving dot-field with randomly positioned black dots (2.1° diameter) on a
white background, covering the entire screen. The dot-field drifted at 12.6°/s in eight directions, 45° apart. N-T, nasal-to-temporal or backward (b)
motion; T-N, temporal-to-nasal or forward (f) motion. For both species, the head was pitched downward by 45°. F: a representative direction tuning curve
for a hummingbird nBOR neuron. Average firing rate is plotted as a function of direction in polar coordinates. Gray dots represent the average firing in
individual sweeps and the magenta dot is the mean firing rate across all sweeps in that direction. The thick magenta line is the natural cubic spline fit to
the data and the shading represents the means + SE. The dark gray line is the preferred direction (i.e., direction of the mean vector), and the black circle
represents the spontaneous rate. G: a representative recording from a zebra finch nBOR neuron in response to different directions of visual motion
(arrows) interlaced with periods of no motion (dashed lines). Polar histograms show the distribution of direction preferences for all nBOR neurons
recorded in hummingbirds (H), zebra finches (/), and pigeons (J). The bins are at 15° intervals. In this and subsequent figures, the data are color-coded
such that magenta, orange, and blue represent hummingbirds, zebra finches, and pigeons, respectively. K: normalized (min-to-max; O—1) tuning curves
for all neurons are plotted in polar coordinates. L: normalized tuning curves aligned at the peaks. The thick lines represent the median values for
the three species. M: quartile boxplots display the sensitivity index of nBOR neurons for all three species. Scale bars: A =50 puV, 20 ms; Band C =
50 uV, 5 ms.
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accompanied by suppression in the opposite (i.e., 180° from
preferred direction), or “anti-preferred” direction.

Offline Signal Analysis

Digitized neuronal activity was analyzed offline using
Spike2 for Windows (Cambridge Electronic Design; Cambridge,
UK) and MATLAB (R2017a; MathWorks; Natick, MA). Single
units were classified using the spike sorting algorithm in
Spike2. Spikes (wavemarks) were extracted from the raw trace
using full-wave templates created using appropriate trigger
thresholds to exclude noise and capture spikes. The template
window was set at a width to encompass the full spike. As
shown in Fig. 2, A-D, in some cases we were able to isolate two
spikes at the same location. Twenty spikes overlayed from both
templates identified in the signal (Fig. 2A) are shown (Fig. 2B)
as well as the averages for both spike templates (Fig. 2C). These
two spikes were separable with a cluster analysis of a principal
component analysis (Fig. 2D).

Visual Stimuli

After isolating a neuron, direction selectivity was initially
evaluated by moving a handheld stimulus (black markings on
white board) in different directions, at a range of speeds, in the
contralateral visual field. Subsequently, we positioned a com-
puter monitor (144 Hz, 1,920 x 1,080 pixels, ASUS VG248QE)
within the cell’s receptive field, 30 cm away and tangent to the
contralateral eye for stimulus presentation. The monitor occu-
pied an ~84° x 53° (width x height) area of the bird’s visual
field.

To test the response properties of nBOR cells, we created
three visual stimulus programs using Psychophysics Toolbox-
3 in MATLAB. The programs tested responses to direction, ve-
locity, and spatiotemporal properties of visual motion. The
first program was used to identify the direction preference of
each cell. This was achieved by generating a plane of 250 ran-
domly positioned black dots (2.1° diameter) on a white back-
ground, covering the entire screen. The dot field drifted at
12.6°/s in eight directions, 45° apart (Fig. 2E). Each sweep con-
sisted of 5 s of motion, followed by a 5 s pause, in each of the
eight directions (Fig. 2G), and at least four repetitions of each
direction were recorded for every cell. Cumulative peristimu-
lus time histograms (PSTHs; 20 bins) were generated for each
direction of motion. A direction tuning curve was produced by
plotting the mean firing rate as a function of direction in polar
coordinates and fitting a natural cubic spline function to these
points (Fig. 2F). We also determined the spontaneous firing
rate based on the mean response during stationary visual stim-
ulus. The mean spontaneous rate was always subtracted from
the firing rate in response to a visual stimulus. To determine
whether a cell was direction-sensitive, we first used Rayleigh’s
test for uniformity. If a cell’s responses were nonuniform (P <
0.05), we next calculated the preferred direction for that cell
by finding the mean vector using the following equation:

> (FR, x siné,)

Preferred direction = tan ! | Ik |, (1)

> (FR, x cosf,)

n

where FR = firing rate and n = the eight directions of motion
in radians.

To analyze the breadth of direction tuning, we fit a cubic
smoothing spline to three replicates of the complete direc-
tion tuning data set for each cell. We set the degrees of free-
dom for the function to all integers from 5 to 20 and
compared second-order Akaike information criteria to iden-
tify the best fit for each cell. We then used the best-fit param-
eters to generate curves for each cell, allowing us to compare
distribution of preferred directions (in polar coordinates;
Fig. 2K) or to examine the sensitivity, or narrowness of the
curve, for all cells (with preferred directions aligned; Fig. 2L).

A sensitivity index (SI) was also calculated for each cell as
follows:

\/(Z FR, x sind,)* + (Z FR, x cos,)?
> FR, ’

where FR,, is the average firing rate in response to direction
n for all eight directions of motion presented (in radians).
This effectively calculates the normalized length of the
mean vector. The SI ranges from O to 1, with a higher SI indi-
cating narrower directional tuning. An SI of 1 means that a
neuron responded to a single direction of motion.

After presenting the stimuli to determine directional tun-
ing, we presented visual stimuli using one or both of the
remaining two programs (velocity and spatiotemporal tun-
ing). To test velocity tuning, the same random dot pattern
used for direction tuning was moved in the preferred direc-
tion at 12 different speeds (0.2°/s, 0.4°/s, 0.8°/s, 1.6°/s, 3.3°/s,
6.6°/s, 13.4°/s, 20.2°/s, 27.2°/s, 42.2°/s, 59.3°/s, and 79.4°/s).
Each presentation of motion lasted 4 s and was followed by
4 s of a stationary random dot field. The stimuli were ran-
domly presented without replacement (12 speeds x 2 direc-
tions x 5 repeats). All dots were moved coherently at a
constant velocity.

To analyze velocity tuning, firing rates in response to
motion in the preferred direction were plotted against log
(velocity), and 3", 4™, 5. and 6™-order polynomials were
fit to the data. We visually inspected each fit to determine
the fit that best described the peak of the velocity tuning
curve and compared models via second-order Akaike in-
formation criterion. The peak of the curve was taken as the
preferred velocity for the cell. To analyze the breadth of
the velocity tuning, the width of the velocity tuning curve
was determined. The width was defined as the distance
between the location where the rising phase crossed 50%
on a min-max normalized curve and the peak value (Fig. 4,
B-E). Only the rising phase was used to calculate tuning
width, because in several cells, at high velocities, the ve-
locity tuning curve plateaued or failed to return to the 50%
threshold.

To test the spatiotemporal response properties of neurons,
we used a visual stimulus program that generated a series of
sinusoidal gratings drifting in the preferred direction with a
range of spatial frequencies [SFs; 0.0155-1.0 cycles/° (cpd)]
and temporal frequencies (TFs; 0.031-16 cycles/s (Hz)]. This
produced 42 unique sine-wave grating patterns, which were
presented in random order. Each sweep consisted of 2 s of
motion followed by a 2 s pause for each pattern, and four
sweeps were recorded for each SF/TF combination. Spike
rates across the four sweeps were averaged for each grating

SI =

(2)
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pattern and used to generate spatiotemporal contour plots
(see Fig. 5).

For each cell, a variant of a two-dimensional (2-D) best-fit
Gaussian function was fit to the contour plot (logarithmic
scale). Spatiotemporal tuning was described by the peak and
volume of this surface. The Gaussian function was defined
as follows (67):

G(sf,tf) = A x e —(log, (sf) — log, (sfo))?

osf?
% *(logz (tf) — log, (tfp(Sf)))z (3)
¢ otf? 7
where:
tf, (sf) = 2(Q 1 (logs (8F)—loga (5f0)) +logy tfo)” (4)

where A is the amplitude of the Gaussian function in the z-
axis, and sfy and tfy are the peak values of the Gaussian func-
tion. The function also requires the spatial (sf) and temporal
(tf) frequency of a specific grating pattern stimulus, the
spread of the Gaussian function in the spatial (o) and tem-
poral (o) frequency domains, and a value for Q, the slope of
the relationship between a cell’s preferred velocity and spa-
tial frequency.

Gaussian functions were fit using the solver function in
Microsoft Excel and the R package gaussplotR (68). The
values of sfy, tfy, osr, o, and Q were optimized to maxi-
mize the R? value between the Gaussian model fit and the
raw data, which correspond to each of the sine-wave gra-
tings tested. The optimized parameters oy, o, and Q were
free to take on any value but sfy and tf, were constrained
to the tested region (i.e., 0.0155-1 cpd and 0.31-16 Hz). The
optimized values for sfy and tf, defined the peak of the
contour plot, thus the preferred SF/TF combination for
the cell.

To measure the breadth of tuning in the spatiotemporal
domain, we calculated the volume under the normalized
Gaussian surface as

2 x IT x \/|ogt| X \/|Ote]- (5)

Archival Data from Pigeons

The responses of pigeon nBOR neurons were available
for direction tuning in response to drifting gratings, and
spatiotemporal tuning, but not velocity tuning to random
dot patterns (63-66).

Hypothesis Testing

All statistical analyses were performed using R (v4.0.2).
We used Bayesian generalized linear mixed models (69)
to determine the extent to which fixed effect (species)
explained variance across separate analyses of: sensitivity
index, location of the velocity tuning curve peak, width of
the rising interval (at 50% peak), volume under the Gaussian
fit, and location of spatiotemporal peaks (on plots of tempo-
ral frequency vs. spatial frequency). For all models, the
default (uninformative) prior was used. Statistical signifi-
cance for a group difference was determined by assessing
whether the 5%-95% credible intervals (CIs) of fixed effects
overlapped.

Histology

At the end of each experiment, we made a small dextran
injection to confirm recording sites (Dextran Texas Red 3000
MW, or Dextran micro-Emerald 3000 MW, Thermo Fisher
Scientific). Animals were given a lethal dose of ketamine/
xylazine mixture (intramuscularly), and immediately
transcardially perfused with 0.9% saline followed by 4%
paraformaldehyde.

RESULTS
Directional Tuning

We obtained directional tuning curves from 54 humming-
bird and 172 zebra finch nBOR neurons and compared these
with 39 neurons from pigeon nBOR (archival data). The raw
extracellular recording of a zebra finch nBOR unit in
response to the eight directions of motion is shown in Fig.
2G. As is typical for optic flow sensitive neurons, the spiking
rate increased to motion in some directions, and was inhib-
ited by motion in other directions. Clearly, this unit pre-
ferred downward motion and was inhibited by upward
motion. The directional tuning curve for a hummingbird
nBOR neuron that preferred downward motion is shown in
Fig. 2F, where average firing rate (magenta dots) is plotted as
a function of direction in polar coordinates. A natural cubic
spline was fit to these data (magenta line), and a preferred
direction was assigned based on the direction of the mean
vector (solid gray line; see MATERIALS AND METHODS).

The distribution of the preferred directions of nBOR neu-
rons is plotted as polar histograms for hummingbirds, zebra
finches, and pigeons in Fig. 2, H-J, respectively. Wylie and
Frost (48) and Gioanni et al. (31) reported that nBOR neurons
prefer either, upward, downward, or backward (i.e., nasal-to-
temporal), whereas neurons preferring forward motion (i.e.,
temporal-to-nasal) were rare. The distributions from all three
species indicate that they are highly similar in this regard. In
all three species, the distributions of direction preferences
were similar, clustering into the three groups: upward
(37.0%, 44.8%, and 46.2% of nBOR neurons in humming-
birds, zebra finches, and pigeons, respectively), downward
(46.3%, 41.3%, and 30.8%) and backward motion (16.7%,
9.3%, and 17.9%). Few neurons preferred forward (temporal-
to-nasal) motion (0%, 4.7%, and 5.1%).

To test for species differences in the breadth of directional
tuning, the directional tuning curve for each nBOR neuron
was normalized to the maximum firing rate, and all were
plotted in polar coordinates, color-coded by species in Fig.
2K. The three populations of neurons preferring upward,
downward, and backward motion are apparent for all three
species. The peaks of the normalized nBOR tuning curves
were aligned in Fig. 2L. The median values for each species
are shown with thick lines. Although the hummingbirds
appear more tightly tuned to direction, this was not signifi-
cant. In Fig. 2M, we show the sensitivity index for all neurons
(see Eq. 2). Overall, direction tuning was somewhat broad,
with the SI for most neurons in the range of 0.5-0.75.
Although the mean SI was lowest for pigeons (~0.53), the
distributions were not significant among the species.

Wylie and Frost (48) found a topographic organization in
the nBOR with respect to direction preference. Neurons
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preferring upward, downward, and backward motion were
localized to dorsal, central, and ventrolateral regions, respec-
tively (Fig. 3A). A similar organization with respect to
upward and downward directions has been shown in chick-
ens (27). From the present study, we have data indicating
that this pattern is also apparent in hummingbirds and zebra
finches. Figure 3, B-D shows the reconstruction of a single-
recording track from the hummingbird nBOR where two
neurons were recorded. Note that the neuron preferring
upward motion was dorsal to the one preferring downward
motion. In Fig. 3, E-J, tuning curves from five neurons on
two adjacent recording tracks in the same coronal plane are
shown. On the more medial track, No. 1, a cell preferring
upward motion was dorsal to a cell preferring downward
motion. On the more lateral track, No. 2, from dorsal to ven-
tral, upward, downward, and backward cells were found in
that order. In total (hummingbirds plus zebra finches), we
had 20 electrode tracks where we recorded neurons with dif-
ferent directions (up, down, and back). In all cases, the order
was one of the following: up-down (11 tracks), up-back (4
tracks), up-down-back (3 tracks), or down-back (2 tracks).
Thus, we conclude that the topographic organization of
nBOR is similar in the three species.

In summary, the directional tuning in the nBOR of hum-
mingbirds is not appreciably different from pigeons or zebra

&

Figure 3. A: topography of the pigeon nu-
cleus of the basal optic root (nBOR)
(Adapted from Ref. 48). B-D: a single re-
cording track in the hummingbird nBOR
illustrating the topography of direction
preferences. Direction tuning curves for
two units in this track preferring upward
(C) and downward (D) visual motion. E—J:
tuning curves from five zebra finch nBOR
units on two adjacent recording tracks in
the coronal plane are shown. Direction
preferences indicated in E. All tuning
curves are normalized to the maximum
mean firing rate for the individual cell.
Nasal-to-temporal: upward (U,u), down-
ward (D,d), and backward (B,b); temporal-
to-nasal: forward (f).

g

medial «———— lateral

finches. This is unlike what was observed in LM, where the
distribution of direction preferences was different in hum-
mingbirds (52).

Velocity Tuning

In response to random dot patterns drifting at twelve
velocities (0.2-79.4°/s) in the preferred direction, we
obtained velocity tuning from 24 and 101 nBOR neurons in
hummingbirds and zebra finches, respectively. There is no
comparable archival data for pigeons. Figure 4A shows a rep-
resentative raw trace from a zebra finch nBOR neuron
responding to random dots moving in the preferred direc-
tion at four of the velocities tested. In Fig. 4, B-E, firing rate
is plotted as function of velocity and a best-fit polynomial
was applied to depict the tuning curves. Two representative
nBOR neurons from both hummingbirds (Fig. 4, B and C)
and zebra finches (Fig. 4, D and E) are shown. The peak of
the polynomial was designated as the preferred velocity and
is indicated by the vertical dashed line. The preferred veloc-
ities are shown for all nBOR neurons in Fig. 4F. The distribu-
tion of velocity preferences of nBOR neurons did not differ
between hummingbirds (5%-95% CI = 7.99°/s-16.70°/s) and
zebra finches (8.74°/s-12.72°/s). Note that for six of the zebra
finch neurons, the firing rate was maximal to the highest ve-
locity presented (80°/s). These six neurons were assigned a
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Figure 4. A: a representative raw trace depicting a zebra finch nucleus of the basal optic root (nBOR) neuron responding to a dot-field moving in the pre-
ferred direction at four different velocities. Each period of motion was separated by stationary periods (dashed lines) of the same duration (4 s). Velocity
tuning curves of two hummingbird (B and C) and two zebra finch nBOR neurons (D and E); firing rate is plotted as a function of stimulus velocity and a
polynomial was fit to the curve (see MATERIALS AND METHODS). The vertical and horizontal dotted lines respectively indicate peak response and 50%
response level of the best-fit polynomial. F: the distributions of velocity preferences are similar for hummingbird and zebra finch nBOR neurons. The
black circles represent the peaks from the tuning curves depicted in each of B—E. G—/: an analysis of velocity tuning curves indicates that nBOR neurons
are more narrowly tuned to velocity in hummingbirds than in zebra finches. Normalized tuning curves for all neurons are plotted as a function of stimulus
velocity (G). These tuning curves were aligned at the peaks (H). A quartile boxplot (/) displays the width in °/s of the 50%—100% rising interval of the veloc-
ity tuning curves (i.e., dotted horizontal lines in B—E). There were six zebra finch neurons in which the firing rate was highest to the maximum stimulus ve-
locity used. The peak velocity was designated as 80°/s in F, but these cells were not included in the analysis of tuning width in G—/.

preferred velocity of 80°/s, but note that these values may be
underestimates.

To examine the breadth of velocity tuning, we first
plotted normalized velocity response curves for all nBOR
neurons (Fig. 4G) and aligned the peaks of the best-fit pol-
ynomials (Fig. 4H). The six zebra finch neurons that
showed maximal firing to 80°/s were not included in this
analysis. In Fig. 4H, the peaks of the polynomials were
aligned, and the hummingbird neurons appeared to be
more tightly tuned. This was quantified using the width

J Neurophysiol « doi:10.1152/jn.00437.2021 - www.jn.org

of the 50%-100% rising interval of the velocity tuning
curve, which is indicated by the dotted horizontal lines in
the representative tuning curves (Fig. 4, B-E). Shown
with quartile box plots in Fig. 41, the width of the rising
interval was lower for nBOR neurons of hummingbirds
(5%-95% CI: 0.50 log°/s-0.64 log°/s) compared with that
of zebra finches (5%-95% CI: 0.82 log°/s-0.88 log°/s).
These nonoverlapping CIs indicated a statistically signifi-
cant group difference between species. Six cells, indi-
cated by the open circles, were statistical outliers and
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therefore not included in the credible intervals. These unlike what was previously found in the LM: in hummingbirds,
few neurons were very broadly tuned, and some had mul- LM neurons preferred faster velocities compared with zebra
tiple peaks in the 50%-100% rising interval. finches (52). We did find that hummingbird nBOR neurons were

In summary, the velocity preferences of hummingbird nBOR more tightly tuned to velocity compared with zebra finches,
neurons were not different from that of zebra finches. This is  consistent with what was previously found for LM (52).
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Responses to Drifting Sine-Wave Gratings

We measured the responses of 16 and 36 nBOR neurons in
hummingbirds and zebra finches, respectively, to sine-wave
gratings drifting in the preferred direction. These data were
compared with 33 nBOR neurons from archival pigeon data
(50, 63-65). We used temporal frequencies (TFs) in the range
of 0.031-16 Hz. This was the range used for the majority of
neurons in the pigeon studies, but some neurons were
exposed to stimuli at 24 Hz (see Fig. 5, O and P). The range of
spatial frequencies (SFs) used in the pigeon studies was
0.031-2 cpd. In our initial recordings from the hummingbird
nBOR, we noted that some cells responded vigorously to the
lowest spatial frequency used, so we shifted the SF range by
one log unit (0.0155-1 cpd). The range of velocity of the stim-
uli was 0.031°/s-1032°/s (velocity = TF/SF). Representative
responses to sine-wave gratings moving in the preferred
direction are shown for individual hummingbird and zebra
finch neurons in Fig. 5, A-C and Fig. 5, G-I, respectively. In
Fig. 5, A and G, peristimulus time histograms (PSTHSs) for
each combination of SF and TF are presented. Each PSTH is
averaged over four sweeps and only the 2-s epoch where the
moving stimulus was presented is shown. A contour plot of
these data for each species is shown in Fig. 5, B and H, and
the best-fit Gaussian is depicted in Fig. 5, C and I. The
best-fit Gaussians for three other nBOR cells from hum-
mingbirds (Fig. 5, D-F), and zebra finches (Fig. 5, J-L) are
also shown, along with four such plots from the pigeon
data (Fig. 5, M—P). Note that in all species, some neurons
had two peak response regions in the spatiotemporal do-
main, although of different magnitudes (Fig. 5, F, L, O, and
P). This has also been observed for some optic flow neu-
rons in the wallaby (37).

In the contour plots in Fig. 5, the hummingbird nBOR neu-
rons appear more tightly tuned in the spatiotemporal do-
main. We quantified tuning specificity for the best-fit
Gaussians for all nBOR neurons by calculating the volume
under the Gaussian fit (see Eq. 5, MATERIALS AND METHODS;
units = log Hz x log cpd). For the neurons that had two
peaks, only the volume of the peak with the higher mag-
nitude was measured (mean values for Gaussian volumes
were similar after removing cells with two peaks; all cells:
hummingbird = 11.66, zebra finch = 16.12, pigeon = 20.50;
cells with one peak only: hummingbird = 11.61, zebra
finch = 16.10, pigeon = 20.60). Figure 5Q shows a quartile
boxplot of these data. The hummingbird nBOR neurons
(5%-95% CI = 8.97-13.37) are more tightly tuned in the
spatiotemporal domain compared with zebra finch neu-
rons (5%-95% CI = 13.62-16.78), which are more tightly
tuned than pigeon neurons (5-95% = 17.74-20.93). These
nonoverlapping CIs indicated statistically significant dif-
ferences between species.

The peak of the best-fit Gaussian was designated as the
preferred SF/TF combination for each cell, and these are
plotted in Fig. 6A. In cases where the peak SF or TF had to be
constrained to the range of SFs and TFs that we used, an
open circle is plotted. It is possible that the actual peak
response lies beyond the range we tested. The kernel density
estimates for the SF, TF, and velocity (i.e., TF/SF) are plotted
above, to the right, and in the upper right, respectively.
Previous reports found that NOT neurons in wallabies (37),
LM neurons in pigeons (50), and nBOR neurons in pigeons
(66) are divided into two groups: those that preferred low SFs
and high TFs and those that preferred high SFs and low TFs.
As velocity is equal to TF/SF, these groups were referred to
as “fast” and “slow” cells. A cluster analysis supported the
distinction of fast and slow groups in the present study. The
boundary between the groups is at 8°/s (solid line in Fig. 6A).

The credible intervals for effect sizes of velocity, SF, and
TF for nBOR neurons are shown in Fig. 6, B-D for the fast
cells and in Fig. 6, E-G for the slow cells. In the humming-
bird nBOR, the slow cells preferred faster velocities com-
pared with zebra finches and pigeons (Fig. 6E). This result
was due to a preference for markedly lower SFs (Fig. 6F).
There were no differences in the velocity preferences of the
fast cells, although hummingbird nBOR neurons preferred
lower SFs (Fig. 6C). There were some modest differences in
TF, with the slow nBOR cells of pigeons preferring lower
TFs than hummingbirds (Fig. 6G), and the fast nBOR cells
of zebra finches preferring higher TFs than hummingbirds
(Fig. 6D).

DISCUSSION

This study was motivated by a previous study examining
the responses of LM neurons in hummingbirds to large-field
motion (52). Compared with zebra finches and pigeons, LM
neurons of hummingbirds differed in several respects and it
was postulated that these changes represented adaptations
to meet the demands of hovering flight in hummingbirds (6,
51, 70). We reasoned that if the LM has adapted to meet the
demands of hovering flight, concomitant changes might also
be seen in the hummingbird nBOR. As outlined below, we
show that neurons in the hummingbird nBOR differ from
other birds in only a few aspects.

Direction Tuning

Gaede et al. (52) found that the direction preferences of
hummingbird LM neurons differed from that of other birds,
indeed all other tetrapods studied. Whereas there was a
strong directional bias toward forward (i.e., temporal-to-
nasal) motion in the LM of zebra finches and pigeons (26, 49,
50), no such bias was observed in the distribution of direc-
tion preferences in the hummingbird LM. This was quite

Figure 5. Reponses of nucleus of the basal optic root (nBOR) neurons to drifting sine-wave gratings. A: peristimulus time histograms showing responses
of a representative hummingbird nBOR neuron to drifting sine-wave gratings of varying temporal and spatial frequency. Each histogram shows the aver-
age spike rate for four repetitions of the same stimulus divided into 100 ms time-bins over 2 s of stimulus motion. B: the same data from A are repre-
sented by a contour plot with firing rate indicated by color. The data are normalized and white indicates peak firing (100%), with progressively darker
colors indicating less firing in equal increments (black = 0%). C: the contour plot from B is fit with a two-dimensional Gaussian. D—F: best-fit Gaussians for
the firing profiles of three other hummingbird nBOR neurons. G: peristimulus time histograms showing spatiotemporal responses of a representative ze-
bra finch nBOR neuron to drifting sine-wave gratings (as described for A). H: the same data in G are represented by a contour plot with firing rate indi-
cated by color. I: the contour plot from H is fit with a two-dimensional Gaussian. J—L: best-fit Gaussians for the firing profiles of three other zebra finch
nBOR neurons. M—P: best-fit Gaussians for the firing profiles of four pigeon nBOR neurons. Q: boxplots of the volume under the Gaussian fits (see Eq. 5
in MATERIALS AND METHODS) indicate that hummingbird nBOR neurons are more tightly tuned in the spatiotemporal domain. See text for additional details.
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Figure 6. A: the locations of the peaks of the unconstrained best-fit
Gaussians to all nucleus of the basal optic root (hnBOR) neurons are plotted
for hummingbirds (magenta), zebra finches (orange), and pigeons (light
blue). For neurons with two peaks, only the location of the larger peak is
depicted. Open circles indicate that the fitted Gaussians were found to
peaks at or beyond the edge of the ranges of spatial frequencies (SFs)
and temporal frequencies (TFs) used. (i.e., the Gaussian was contrained to
the tested region). A cluster analysis separated the nBOR neurons into
“fast” (>8°/s) and “slow” groups, as indicated by the solid black line.
Kernel density estimates for the SF, TF, and velocity are plotted top, to the
right, and in the top right, respectively. B-D: distributions of species’
effects in models of velocity, SF, and TF for “fast” nBOR neurons. In each
panel, the species’ mean effect is indicated by the black dot, whereas the
5%—-95% credible interval (Cl) is shown using a black bar. E-G: distribu-
tions of species’ effects (with mean and 5%—95% CI) for “slow” nBOR
cells.

surprising given that the bias toward forward motion is
apparent in the LM/NOT of all tetrapods (23, 29, 30, 35, 37—
39, 41, 43, 46, 53, 54). This lack of a bias in hummingbirds
was thought to reflect the fact that hovering humming-
birds show optokinetic drift to stimuli moving in all direc-
tions (51), whereas in most animals the optokinetic
response is stronger to temporal-to-nasal motion (e.g., see
Refs. 71 and 72).

Unlike that observed in the LM, the direction tuning in
the hummingbird nBOR does not appear to be different from
other birds. At the population level, direction preferences in
the pigeon nBOR are complimentary to those observed in
LM, as nBOR neurons prefer upward, downward, and back-
ward motion, and neurons preferring forward motion are
rare (31, 48). In both hummingbirds and zebra finches, the
distribution of direction preferences matched what had been
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observed in pigeons (Fig. 2, H-J). The species also did not
differ with respect to the breadth of tuning (Fig. 2, K and L),
although LM neurons did not show differences in this regard
(52, 70). Finally, the topography of the nucleus with respect
to direction is strikingly similar in all three species (Fig. 3).

Velocity Tuning

Upon observing that the LM was hypertrophied in hum-
mingbirds, Iwaniuk and Wylie (6) suggested that this was
due to enhance the optokinetic response to support the ex-
quisite head stabilization observed during hovering flight.
Specifically, they suggested that most cells would be tuned
to slow velocities, thus minimizing the slightest retinal slip.
Iwaniuk and Wylie (6) could not have been more wrong, as
Gaede et al. (52) found that the distribution of velocity pref-
erences was skewed to very high velocities. This suggests
that hypertrophy of LM is to increase the performance of the
optokinetic response at the onset to stimulus motion, when
retinal slip velocities are very high (37).

In the present study, we did not find any species differen-
ces in the distribution of velocity preferences of nBOR neu-
rons in response to random dot stimuli drifting in the
preferred direction up to 80°/s. Gaede et al. (52) also found
that LM neurons were more tightly tuned in hummingbird
neurons compared with zebra finches. We found that this is
also the case for nBOR neurons in hummingbirds (Fig. 4, H
and I). Thus, although the nBOR did not show difference in
the preferred speed for visual motion as was observed in LM,
optic flow neurons in both nuclei are relatively tightly tuned
to stimulus velocity.

Spatiotemporal Tuning

In the present study, we also examined the responses of
hummingbird and zebra finch LM neurons to sine-wave
gratings of varying SF and TF drifting in the preferred
direction. The use of these stimuli allowed us to extend the
upper end of the velocity range with the use of low SFs
drifting at high TFs. Ibbotson et al. (37) found that the neu-
rons in the NOT of wallabies were separated into “slow” ver-
sus “fast” groups based on their preference for high SFs and
low TFs versus low SFs and high TFs. Wylie and Crowder
(50) found the same groupings in pigeons, first for LM neu-
rons (73) and subsequently for nBOR (64, 66). In the present
study, we confirmed the distinction between “fast” and
“slow” groups for nBOR neurons in both hummingbirds
and zebra finches (Fig. 6). Although the proportion of fast
cells was rather low for the pigeon sample (Fig. 6A), in pre-
vious studies this has been higher (50, 64). We did observe
some species differences but of rather modest magnitude:
the hummingbird nBOR slow and fast neurons preferred
slightly lower SFs, and the slow cells preferred slightly
faster velocities compared with zebra finches and pigeons
(Fig. 6, C, E, and F).

A more dramatic species difference was seen with respect
to the breadth of tuning in the spatiotemporal domain.
nBOR neurons in hummingbirds were much more tightly
tuned compared with zebra finches and hummingbirds (Fig.
5Q). Most of the hummingbird neurons were responding to
only a few of the 42 stimuli presents (Fig. 5, D-F). These data
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mirror the tight velocity tuning of hummingbird LM (52) and
nBOR neurons (Fig. 4) to random dot patterns.

Adaptive Specialization of the Highly Conserved
Brainstem Optic Flow Pathways

Among Jerry Simpson’s most notable contributions was
the demonstration that the optic flow and vestibular systems
share a common three-axis reference frame. In the inferior
olive, and reflected in the complex spike activity of floccular
Purkinje cells, visually responsive neurons respond best to
rotational optic flow about either the vertical axis, or one of
two horizontal axes that are oriented 45° to the midline (3,
4). These are the same three axes that result in maximal
stimulation of the vestibular canals (13). This is also the ref-
erence frame of the extraocular muscles: i.e., pairs of extra-
ocular muscles rotate the eye about the vertical axis, or one
of two horizontal axes oriented 45° to the midline, despite
different placements of the eye within the orbit across mam-
malian species (74-76). Furthermore, Jerry recognized that a
bias toward this reference frame is present in the direction
preferences of the ON-type ganglion cells in the retina
described by Oyster (77) and the retinal recipient nuclei of
the AOS (1).

Wylie and Frost (49, 78-80) showed that that the visual
signals to the pigeon flocculus also encode the visual conse-
quences of self-rotation with the same spatial reference
frame as that of the semicircular canals and eye muscles,
emphasizing that this relationship is highly conserved in the
AOS/pretectal-olivo-vestibulocerebellar pathways in verte-
brates. These pathways exhibit conservation of several other
key properties (18, 21, 24, 25, 81, 82). For example, Ibbotson
and Price (73) noted that the NOT in wallabies and the LM in
pigeons both contain “fast” cells that prefer low SFs drifting
at high TFs and “slow” cells that prefer high SFs drifting at
low TFs (37, 50). Such fast and slow cells are also seen in the
nBOR of pigeons (66), and the present study shows that this
is the case for the nBOR in hummingbirds and zebra finches.

Given that a wealth of data speaks to conservation within
the brainstem optic flow pathways across vertebrates, it is
somewhat surprising that we observe differences between
species of birds and specialization within hummingbirds.
We contend that these systems have undergone numerous
adaptive changes to support the optokinetic demands of
hovering flight (70). The ability to precisely encode the speed
and direction of optic flow is a key feature that allows these
small birds to hover, maneuver, and feed on the wing in
dense foliage. It appears that more changes have occurred in
the pretectum as opposed to the AOS, consistent with the
fact that the LM is hypertrophied in hummingbirds, but
the nBOR is not (6) (Fig. 1, G and H). The LM has undergone
changes with respect to direction tuning and a preference
for faster velocities (52). Neurons in both the LM and nBOR
of hummingbirds show tighter tuning to stimulus velocity
measured with both random dot patterns and gratings vary-
ing in SF and TF (Figs. 4 and 5). We have argued elsewhere
(5, 83) that the hummingbird could be regarded as a visual
“velocity specialist” forgoing a coarse or population code
common in perceptual systems (84) for a “specificity” or
“sparse” code (85) seen in other sensory specialists. For
example, owls are auditory specialists with a hypertrophied

inferior colliculus containing neurons tightly tuned for audi-
tory space (86-89). With a sparse code, as the neurons are
more tightly tuned to a particular stimulus dimension, rela-
tively few neurons are activated in response to a stimulus
(90). The cost is that more neurons are required to cover
range of that stimulus dimension, which carries a high
energy demand (91).

But how has the circuitry changed in hummingbirds to
account for the adaptive responses to optic flow? It is possi-
ble that the retinal inputs themselves have changed, but
these appear highly similar in pigeons, hummingbirds, and
zebra finches (56, 58). More likely, the velocity and direc-
tional tuning may be altered by inputs from the visual
“Wulst,” a telencephalic structure homologous to striate cor-
tex (92). The Wulst projects to both the nBOR and LM in
pigeons (93-96) but this projection has not been studied in
hummingbirds. A telencephalic projection from visual corti-
cal areas to the NOT and AOS has been shown in several
mammalian species [e.g., cats and monkeys (97-103), rats
(104), guinea pigs (105), and rabbits (106)]. Grasse and
Cynader (98) have outlined how the AOS has been adaptively
modified in frontally eyed mammals to meet the demands
associated with binocular vision. Modifications include bin-
ocular as opposed to monocular-contralateral receptive
fields, responsiveness to faster velocities, and some changes
in the distribution of direction preferences. These adaptive
modifications are clearly due to cortical afferents, as after
lesions to visual cortical areas, the receptive fields of neurons
in the LM and AOS are monocular, do not respond to faster
velocities, and show a distribution of direction preferences
like that observed in lateral-eyed mammals (107, 108); see also
Refs. 99 and 109. Given these data, we speculate that, in hum-
mingbirds, the tighter tuning to stimulus velocity in nBOR
and LM, the shift toward a preference to faster velocities in
LM, and the changes in the distribution of direction preferen-
ces in LM may be due to afferents from the visual Wulst.

Conclusions

The AOS and pretectal pathways responsible for the analy-
sis of optic flow and the generation of the optokinetic
response are regarded as highly conserved across tetrapod
vertebrates (11, 18, 21, 24, 25, 82). Data from hummingbirds,
however, suggest that these systems have undergone numer-
ous adaptive changes to support the optokinetic demands of
hovering flight. The ability to precisely encode the speed
and direction of optic flow is a key feature that allows these
small birds to hover, maneuver, and feed on the wing in
dense foliage. It appears that more changes have occurred in
the pretectum as opposed to the AOS, consistent with the
fact that LM is hypertrophied in hummingbirds, but the
nBOR is not (6) (Fig. 1, G and H). The LM has undergone
changes with respect direction tuning and a preference for
faster velocities (52). Neurons in both the LM and nBOR
show tighter tuning to stimulus velocity. These data suggest
a potentially rich, untapped data set of species-specific spe-
cializations in optic flow analysis related to environment.
Further study examining species living in distinct habitats or
with specialized modes of locomotion may elucidate neural
processing algorithms that support maneuverability or navi-
gation through complex environments.
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