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ABSTRACT
The optic tectum of the leopard frog has long been known to process visual information
about prey and looming threats, stimuli characterized by their movement in the visual
field. However, atectal frogs can still respond to the stationary visual environment, which
therefore constitutes a separate visual subsystem in the frog. The present work seeks to
characterize the stationary visual environment module in the leopard frog, beginning with
the hypothesis that this module is located in the anterior thalamus, among two
retinorecipient neuropil regions known as neuropil of Bellonci (NB) and corpus
geniculatum (CG). First, the puzzle of how a stationary frog can see the stationary
environment, in the absence of the eye movements necessary for persistence of vision, is
resolved, as we show that whole-head movements caused by the frog's respiratory cycles
keep the retinal image in motion. Next, the stationary visual environment system is
evaluated along behavioral, anatomic, and physiological lines, and connections to other
brain areas are elucidated. When the anterior thalamic visual center is disconnected, frogs
show behavioral impairments in visually navigating the stationary world. Under
electrophysiological probing, neurons in the NB/CG region show response properties
consistent with their proposed role in processing information about the stationary visual
environment: they respond to light/dark and color information, as well as reverseengineered "stationary" stimuli (reproducing the movement on the retina of the visual
backdrop caused by the frog's breathing movements), and they do not habituate. We show
that there is no visuotopic map in the anterior thalamus but rather a nasal-ward
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constriction in the receptive fields of progressively more caudal cell groups in the NB/CG
region. Furthermore, each side of the anterior thalamic visual region receives information
from only the contralateral half of the visual field, as defined by the visual midline,
resulting from a pattern of partial crossing over of optic nerve fibers that is also seen in
the mammalian thalamic visual system, a commonality with unknown evolutionary
implications. We show that the anterior thalamic visual region shares reciprocal
connections with the same area on the opposite side of the brain, as well as with the
posterior thalamus on both sides; there is also an anterograde ipsilateral projection from
the NB/CG toward the medulla and presumably pre-motor areas.
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CHAPTER 1 — INTRODUCTION

“Detection of motion of the image is so important to adaptive behavior in
animals that only humans and other evolved primates can respond to objects
that do not move. Simple vertebrate animals (such as frogs) cannot even see
objects unless they are moving.”
― Eric Kandel, Ed., Principles of Neural Science, 3rd Edition, 1991, p. 449.

“His wife told us: ‘He generally behaves like a blind man, but when he walks
he sees everything in front of him. He sometimes sees so well that he can even
point to an ant crawling over the table. On the other hand, he fails to see the
objects that are before his very nose when he sits still.’”
― M.I. Botez, “Two visual systems in clinical neurology: Readaptive role of
the primitive system in visual agnosic patients,” 1975, p. 103.

We mostly take our sense of sight for granted. But what is vision? — what are its
components? An occipital lobe stroke can rob you of the sight of what your eyes take in;
hallucinations grant you visions that never passed through any eyes; and blindsight convinces
you that you do not see what you nevertheless respond to the sight of. From one angle, the
visual world is a practical illusion constructed by our nervous system — a navigational
convenience to keep us from bumping into things while we go about our daily business of
survival in an obstacle-populated world. After all, plenty of creatures squirm out their days in
eyeless innocence of the rich spectacle we awake to each morning. As vertebrates, our eyes
and brains have evolutionarily conspired to create the visual world we experience as an
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integrated theater of objects and spaces, movements, colors, and the play of light and shadow.
But the occasional glitch in the system — and the more directed investigations inspired by
such accidents — reveal, contrary to our intuitions, that the unity we perceive is subserved by
myriad independent mechanisms, working together to weave diverse channels of visual
information into a scene whose seams show only when something underneath goes wrong.
Just as a head injury can rob you of sight but leave your hearing intact, so can certain kinds
of brain damage render still objects invisible while moving ones play their normal parts
[Botez, McCloskey, Midorikawa et al.]. Just what is vision made up of? Where exactly are its
seams?

The leopard frog (Rana pipiens) is a versatile model for probing the workings of vertebrate
visual systems: it is an animal which relies mainly on sight to guide its behavior, and whose
relatively small brain receives and processes a massive amount of visual information from its
retina. As an amphibian, the frog is more amenable to anatomical and physiological
investigation than, for example, the human or other mammalian systems whose function we
ultimately wish to shed light on. And with a relatively simple behavioral repertoire, the frog
allows us to bypass the complexities of "higher" vertebrate behavior to focus on responses to
visual stimuli. Questions of “why” the frog does what it does do not have to venture very far
into the tangle of psychology or philosophy.

The leopard frog's world, from our perspective at least, is relatively simple. Much of life is
centered on a few relevant visual stimuli, to which the frog reacts in stereotyped ways.
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Unsurprisingly, much of what the animal does has to do with its place in the food chain. First,
it must eat. Prey for the frog consists generally of small live insects, like flies and crickets,
which it turns toward and targets with its sticky tongue to a striking degree of accuracy.
Second, the frog must avoid being eaten. When a large (relative to its body size) dark object
rushes toward the frog, it jumps away handily, out of the line of approach of the looming
object. Third, the frog — whether in the act of escaping a threat or of attacking a prey item,
or simply when moving around at leisure — must navigate its environment. One aspect of
navigation is that the animal must avoid bumping into obstacles when it moves from one
place to another. And the frog is remarkably good at this task; for example, it can identify and
pass through camouflaged apertures just barely wider than its own body [Saltzman et al.,
2004].

Needless to say, if the frog can jump through a small hole or over a barrier from a stationary
posture, it must certainly be able to see that hole and that barrier. Nonetheless, it has been
claimed (see the opening quotation) that frogs are “blind" to stimuli that are not moving. This
myth arises from the true fact that a frog will not attack a potential prey item unless that
target is moving, even ever so slightly. As Lettvin et al. put it, in their memorable 1959
report, “The frog does not seem to see or, at any rate, is not concerned with the detail of
stationary parts of the world around him. He will starve to death surrounded by food if it is
not moving”. The frog’s reputation has suffered ever since. A frog may starve to death on top
of a pile of dead crickets, it is true, but that just means he doesn't see the dead crickets as
food, not that he doesn't see them at all: that same frog still will fail to bump into the pile of
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crickets, for instance, when escaping a predator. Frogs can clearly see stationary objects, as
well as moving ones. And they do indeed seem “concerned” with the stationary parts of the
world, as evidenced by the sensible consistency of their navigational choices.

Beyond the obvious concern a frog must at some level possess with a small stationary hole in
order to escape through it, other navigational contingencies entail concern with other
"stationary" features of the environment. For instance, a frog in the open will tend to move
toward an area of shadow or into a dark hiding place. He may later decide to move toward
the light to escape from the tight dark spot. Or he may be drawn toward an area that is bluer
than the surroundings — a peculiar preference shown by leopard frogs under certain
conditions. Color, light, and shadow in the visual backdrop are all “stationary parts of the
world around him.” The non-moving aspects of the environment surely figure into the frog's
visually guided behavior.

The leopard frog's visual system has been studied extensively and from many angles, starting
more than a hundred years ago [e.g., Bechterew, 1884; Torelle, 1903], and culminating
perhaps in the 1950s with the aforementioned groundbreaking paper by Lettvin et al. [1959]
on the essential nature of visual stimulus typology “What the frog's eye tells the frog's brain”.
The latter study, building on work by Barlow [1953] on retinal processing, enumerated the
characteristics that a visual stimulus must have in order to excite certain types of neurons in
the frog's retina or in his brain — resulting in designations like "dimming detectors" or
"moving edge detectors" to describe various types of visual information-processing cells. It
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turns out that cells in the retina do some pretty sophisticated "detection" analysis themselves,
before the visual information is even sent on to the brain via the optic nerve. But what
emerged from this and further studies was a pretty robust understanding of the brain center
involved in processing certain types of visual information. It is noteworthy that all of the cell
types described were responsive to critical aspects of movement in the visual field — namely,
the types of movement exhibited by prey and looming stimuli; and all this information was
sent from the frog's retina to the largest target of optic nerve fibers, the midbrain optic
tectum.

Accordingly, when the optic tectum of a leopard frog is surgically removed, that frog is
rendered effectively blind to all the canonical types of moving stimuli 1: it ignores jittering
prey insects, and it allows a looming stimulus to collide with it before it jumps away
[Bechterew, 1884; Ingle, 1973]. Such a frog, however — remarkably — retains its ability to
jump through apertures and to avoid colliding with obstacles in its environment [Ingle, 1973;
Saltzman et al., 2004]. The late David Ingle [1973, 1977], one of the major workers in the
field of amphibian visual systems, confirmed that the prey/threat detection system, mediated
by the optic tectum, was dissociable from the stationary barrier detection system. Frogs
without a tectum ignored the sight of prey and threats, but navigated faultlessly around
barriers. Visual information about obstacles and apertures, the stationary components of the
environment, must therefore be handled somewhere other than the optic tectum. As Ingle
[1973] put it, there are “two visual systems in the frog” – two separable neurological

1

Excluding here the movements associated with optokinetic nystagmus: see below.
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processing modules that comprise the sense of sight: one for moving objects, like prey and
looming threats, and another for the stationary world.

The idea of separate visual systems for moving versus stationary objects is not altogether
surprising, when one considers some extraordinary clinical precedents in humans. It is
unusual, but not unheard of, for a patient with a certain peculiar sort of brain damage to be
able to see moving objects and at the same time be effectively blind to stationary ones
[Botez, 1975; McCloskey, 2004; Midorikawa et al., 2008]. The same object, unidentifiable
when stationary, becomes visible when set in motion. Such dissociations have been attributed
[Botez, 1974, e.g.] to a “primitive”, midbrain or tectal system, which deals with visual
motion, versus a telencephalic, or cortical system, necessary for perceiving the stationary
world. In the amphibian, which has no cortex, the “higher” system would be limited to the
thalamus, which in a human is what relays the visual information to the cortex. Indeed, David
Ingle assumed that it was the frog’s thalamus that processed visual information about the
stationary world; unfortunately, his investigations never went far enough to complete the
story.

So the question is thus left open: if visual information about various types of moving stimuli
is processed in the frog’s optic tectum, where then is information about the stationary world
processed?

Other than the dominant and well-studied retinotectal projection, there are few other

6

pathways from the eye to the brain [Scalia, 1976]. There is the projection from the retina to
the basal optic nucleus, adjacent to the hypothalamus; this is the "accessory optic system"
which mediates optokinetic nystagmus (compensatory orienting movements in response to
whole-field shifts, such as when the frog's whole body is rotated) [Lazar, 1973]. 2 There then
remain just a few retinal targets in the diencephalon — two in the anterior thalamus, known
as the nucleus of Bellonci (NB) and the corpus geniculatum thalamicum (CG), and one in the
caudal part of the thalamus adjacent to the optic tectum, known as the pretectum. In these
areas, a subset of retinal ganglion cells send their axons to mingle with dendrites of cells in
the frog's thalamus, in a tangled-fiber type of tissue known as neuropil. (Hence NB is often
spoken of the “neuropil of Bellonci”.)

David Ingle assumed, for some reason, that the stationary visual system was mediated by the
pretectal region, citing mainly some unpublished observations of his own. He notes,
"However, no data from either recording or lesion studies define the possible role of the
retinal projection to the anterior thalamic neuropil in barrier avoidance" [1973, p,1055]. He
never went on to define that possible role, which we will attempt to do here.

In general, studies of the visual thalamus itself, in contrast to the optic tectum, have
2

This constitutes what might be called a "third visual system" in the frog — the small projection from the
retina to the basal optic nucleus near the frog's hypothalamus (also called the accessory optic system; it may
also include cells in the pretectum), which processes visual information in service of the reflex known as
optokinetic nystagmus [Lazar, 1973; Montgomery et al., 1981, Gruberg and Grasse, 1984], by which the
frog automatically adjusts its orientation in response to whole-scale shifts of its body in order to keep the
visual field stable — when you rotate a platform on which a frog is sitting, e.g., optokinetic nystagmus is the
resulting head rotation in the opposite direction to the platform. The reflex would keep the gaze stable, for
instance, when the frog is sitting on a bobbing lilypad. In humans, it is experienced, e.g., when you watch
the passing scene through the window of a moving train; your eyes automatically follow the scene and
"jump back", follow and jump back... This aspect of frog vision is more or less independent of both the
stationary and moving object systems, and will not be of concern for the present project.
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historically been rather fragmentary, perhaps because the properties – and even the
boundaries – of this brain region are less clear-cut than the anatomically and physiologically
schematized tectum; and also because certain investigators [e.g., Maximov et al., 1985;
Pearse, 1910] were interested more in grand abstractions like “color vision” or “phototaxis”
than in the integrity of vision from a single organism’s perspective. At least one author in the
19th century reported that lesions of the thalamus abolished responses to stationary objects
[Steiner, 1885; Grüsser and Grüsser-Cornehls, 1976], but the details of the story have never
been sorted out.

The present work seeks to address the missing bits of that story, starting with the hypothesis,
along with David Ingle, that the most likely candidate for the stationary object processing
center is the frog’s diencephalon, or thalamus. We diverge from Ingle in locating the seat of
stationary visual field processing in the anterior, rather than the posterior thalamus (though
the posterior thalamus, or pretectum, will be seen to play a role).

Thus, the brain area considered here as primary candidate for processing of visual
information about non-appetizing, non-threatening stimuli consists of those two nuclei and
associated neuropil regions in the frog’s anterior thalamus, traditionally called (not entirely
consistently) the Nucleus of Bellonci (NB) and the Corpus Geniculatum Thalamicum(CG)
[e.g., Scalia, 1976]. These regions receive direct projections from retinal ganglion cells, and
have since at least the 1960s received attention for their role in processing certain aspects of
the visual world — it is intriguing that they have most commonly been mentioned in studies
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attempting to locate processing centers for color vision and “phototaxis”, the frog's presumed
attraction to light (see Chapter 3 for more on the phototaxis "paradox") [e.g., Muntz, 1962a,
1962b; Fite et al., 1977].

Probably the main investigator along these lines was W.R.A. Muntz, who carried out a series
of studies beginning in the 1960s attempting to characterize the frog's behavioral and
neurophysiological responses to light and color. The main findings of his studies were a
strong response of cells in the NB/CG region to the ON of ambient light, as well as a strong
response bias for light that appeared blue, a physiological finding that was paralleled by what
seemed to be a behavioral preference in freely moving frogs for bluer areas of the
environment [Muntz, 1962a, 1962b, 1966, Boycott et al., 1964]. 3 Other investigators [e.g.,
Kicliter, 1973; Fite et al., 1977, 1978] reported similar findings; moreover, Kicliter [1973]
suggested that large lesions of the thalamus abolished the blue behavioral preference.

All these results are consistent with the proposal that the anterior thalamic visual regions are
processing centers for information about the stationary world — discernment of colors and
light and dark is essential for detecting object boundaries as well as regions of light or
shadow for navigation purposes. Here, we will evaluate the anterior thalamus as a processing
center for stationary objects. We will approach the problem from several angles,
encompassing behavior, physiology, and anatomy.

3

Unfortunately, though Muntz and collaborators carried out extensive electrophysiological experiments, in
which they recorded from the frog’s diencephalon while presenting visual stimuli, he never determined the
exact site of his recording electrodes, leaving open the question of where exactly in the brain he was
recording from.
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First, the behavioral angle. What is the normal range of behavior for leopard frogs, with
respect to the stationary environment? We want to ask how that behavior changes when the
anterior thalamus is disconnected. In order to do that, we need to know something about the
anatomy of the area: what are the boundaries of the visual zones of the anterior thalamus, and
how much of that area is it necessary or sufficient to ablate in order to produce a deficiency
in perceiving the stationary environment?

Second, the physiological angle. Under electrophysiological probing, do the neurons in the
anterior thalamus show properties consistent with responses to stationary stimuli? Are they
particularly sensitive to light/dark or color stimulus features, those elements that comprise
the stationary visual environment? Along the way, we will have to consider the question of
what exactly constitutes "stationary" stimuli during a recording session.

And third, how is the anterior thalamus organized, within the brain and with respect to the
visual environment? Is there a visuotopic map among the retinorecipient areas? How is the
visual field represented in the anterior thalamus? What connections are there to, from, and
within this brain area, and how do their ranges line up with our behavioral experiments, when
certain areas are disconnected? Furthermore, what is the nature of the retinal projection to the
anterior thalamus? Is there a distinct subset or subtype of retinal cells that send information
to the area?

We will arrive at least at partial answers to all these questions. Before we can turn to the
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anterior thalamus, however, we must first address the question of how frogs are able to see
the stationary world at all.

11

CHAPTER 2 — KEEPING THE RETINAL IMAGE IN
MOTION

Introduction
In the 1960s, in Russia, Alfred Yarbus performed some extraordinary experiments on himself
(Yarbus, 1967). He was interested in eye movements – mainly, in how people explore a
visual scene through small, quick shifts of the center of gaze known as saccades. The eyes of
humans and other mammals are constantly in motion, even when they are staring at a point –
involuntary jitters of the eye known as microsaccades ensure that the eye is never fixed
relative to a scene. Yarbus also wondered what would happen in the absence of this constant
eye motion, so he invented a device that could fix the eye in place. Heroic experiments with
his “suction cup” showed that when the retina was stabilized with respect to a visual scene,
the entire visual scene disappeared within a few seconds. Saccades and microsaccades, it
turned out, were in fact essential in order to see the fixed world at all.

It is now generally agreed that some kind of relatively continuous movement of an image on
the retina is required for vision [Land, 1999]. Therefore, in order to see the stationary
environment when one is oneself stationary, there must be movement of the retina itself
relative to the world. But frogs' eyes did not appear to move in their sockets, as the eyes of
other animals do. The Dutch biologist Schipperheyn [1963, 1965], studying unrestrained
European common frogs (Rana temporaria), noted that the eye moves upward relative to the
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head during the periodic breathing movements associated with the buccal cavity beneath the
frog’s mouth. He suggested that the increase in pressure when this capillary-rich space fills
with air "briefly protrudes the eye and causes the optical axis to deviate upwards".
Unfortunately, he failed to specify both his method of observation and the amplitude of the
movements he observed. In any case, Schipperheyn assumed that perception of stationary
objects was mediated in frogs by the optic tectum, the midbrain structure responsible for
visual processing of moving objects such as prey and looming threats. We know now that is
not the case [e.g., Ingle, 1973].

Back in Russia, Pigarev et al. [1971], studying Rana temporaria, noted explicitly that "the
frog's eye unlike man’s has no intrinsic movements which could ensure continuous vision of
stationary objects" — that is, frogs have no microsaccades. A stationary frog among
stationary objects, therefore, must make some other kind of movement in order to see his
surroundings. But when electrophysiological recordings from the optic tectum of freemoving animals showed that no tectal units were excited in quiescent frogs, Pigarev’s group
curiously concluded that the quiescent frog is “thus ‘blind’ with respect to stationary
objects”. They argued, contra Schipperheyn’s hypothesis, that "respiratory movements of the
eyes are in fact insufficient to displace the image to such an extent that excitation of any type
of detector can take place." Again, the assumption was that stationary object vision depends
on the optic tectum. They failed to consider the possibility that other visual brain areas might
have been excited. They also did not know what has since been shown, that frogs can
navigate the stationary world even after complete removal of the optic tectum [Ingle, 1977;
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Saltzman et al., 2004].

Grüsser and Grüsser-Cornehls [1976], in Germany, studied eye movement in the European
edible frog (Rana esculenta) and the Cuban tree frog (Hyla septentrionalis). They noted that
the eyes of these frogs did indeed move as Schipperheyn observed, with an amplitude of 2535 arc-min, and that the movement was “caused, at least in part, by rhythmic contractions of
the m. levator bulbi,” the muscle that elevates the eye. They also observed short saccades in
the horizontal direction at intervals of 0.5 to 2 minutes.

In light of our laboratory's earlier work on frogs' ability to respond to stationary stimuli
(including jumping through holes in plexiglass covers) [Saltzman et al., 2004], we decided to
investigate how frogs are able to see stationary objects. Here we revisit the unsettled issue of
eye movements in anurans by studying unrestrained leopard frogs. We ask whether their eyes
move in one or more dimensions and whether they move independently of the head. Our
approach has been to record and analyze eye and head movements using a digital video
camera linked to a dissecting microscope. We will show that the frog eye does not make
significant movements relative to the head, but rather that the head itself moves periodically
in step with the breathing cycle. We propose that such respiratory-linked whole-head
movements mediate stationary object detection in ranid frogs.

Materials and Methods
Analysis of head movements — 24 unrestrained awake leopard frogs, approximately 5-7 cm
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snout to vent, with masses ranging from 24 to 41 grams, were placed in a small transparent
enclosure (20cm x 17.5cm x 16.25cm) at 22-25oC. While quiescent, they were recorded with
a Sony DCR-TRV260 NTSC digital video camera through a wide-field eyepiece of a
horizontally oriented dissecting microscope of variable magnification. Depending on the
magnification chosen (up to 40X in these experiments), it was possible to view the frog’s
whole head or an enlarged sector of its eye, including the ventral discontinuity of the iris
(“iris fissure”) and the adjacent skin of the head (Fig. 1). Side views of each frog were
captured at 30 frames per second. The minimum length of the videos was about 8 seconds
and a minimum number of 5 video clips were analyzed for each frog. The videos were
sampled frame-by-frame using EOF Productions’ SnatchIt software, and imported into NIH
ImageJ. The frames were analyzed using the Spottracker plug-in for ImageJ. Designated
points on the skin and the edge of the iris fissure were tracked frame-by-frame to monitor
their horizontal and vertical positions. To verify the accuracy of the program, we also tracked
these positions manually. Coordinates were obtained in pixel values, calibrated to a scale
filmed before each session. Trajectory analyses and Fourier transforms were performed in
MS Excel. All experiments were carried out with the approval of the Institutional Animal
Care and Use Committee of Temple University.
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Figure 1 — Photograph of frog eye, showing pupil, iris fissure and some skin on the head.
Scale bar 1 mm.

Results
Iris movements
We made video recordings through a dissecting microscope of the magnified eye of a
quiescent frog (Figure 1). In each video, as the frog sat still, we tracked the vertical and
horizontal displacement of points adjacent to the iris fissure. Vertical movements ranged from
10–100 µm while horizontal displacements generally ranged from 10–50 µm. The average
amplitude of movement seems to be at least partly a function of the posture of the frog.
Plotted separately against time, the horizontal and vertical displacements for a representative
video result in the rhythmic pattern of movements shown in Figure 2A. Movement cycles
occur approximately twice each second, with the cycles alternating between larger and
smaller displacements. The two-dimensional trajectories of a typical large cycle followed by
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a small cycle are traced in Figure 2B.

Figure 2A — Vertical (top trace) and horizontal (bottom trace) head displacements over a
ten second period, tracked at the iris fissure. Note periodicity and relative sizes of
movements.
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Figure 2B — Two-dimensional trajectory of iris fissure in the interval between 2 and 3
seconds in Figure 2A. Two cycles are shown: as discussed in the text, these represent a larger
lung breath (thin line) and the following smaller-amplitude buccal breath (thick line).

Movements linked to breathing
Carl Gans’ [1969] work on bullfrog respiration distinguished between two types of
respiratory cycles: buccal breathing and lung breathing. With the glottis closed, the frog’s
buccal pouch regularly expands and contracts as air is exchanged with the outside via the
nares. Less frequently, after a buccal “inhalation” the frog will take a lung breath, by closing
the external nares, opening the glottis, and forcing air from the buccal cavity into the lungs.
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The nares then reopen and air is expelled from the lungs. In Rana pipiens, nares closures
(i.e., lung breaths) and buccal movements are both visible macroscopically. To establish
whether iris movements are linked to these breathing movements, we made two additional
sets of videos under lower magnification. The first set of clips captured both the frog’s nares
and buccal pouch within the video frame; the second set of clips showed the nares and eyes
together. From the first set of videos, nares closure and buccal activity were tracked with
time (Figure 3A). Buccal breathing occurred at about twice the rate of nares closure. In the
second set of videos, vertical iris movements (the most readily observed at this scale), were
compared to nares closures (Figure 3B). Larger iris displacements and nares closures occur in
step at regular intervals of approximately 1 second. Furthermore, nares closure occurs within
one frame (1/30 sec) of the largest vertical iris fissure displacement. It thus appears that the
buccal movement cycle is linked to the periodic iris displacements.

Figure 3A — Relationship between onset of buccal movements (open circles) and nares
closures (filled circles). Nearly every second buccal movement is a lung breath.
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Figure 3B — Relationship between onset of nares closures (filled circles), which are linked
to lung breaths, and 1-Hz larger vertical movements of iris fissure (open squares).

Periodicity of movements
Fast Fourier Transform (FFT) further established the periodicity of the iris movements. FFT
of the vertical components of tracked points, such as shown in the top trace of Figure 2A,
results in distinct peaks at approximately 1, 2, 3, and 4 Hz, with the largest peak at
approximately 2 Hz (Figure 4). As discussed above, the 1Hz peak represents the largeramplitude lung breaths (approx. one every two buccal movements), while the 2Hz peak
reflects a combination of both the smaller buccal movements and the lung breaths. (Peaks at
3 and 4 Hz are harmonics of the fundamental lung and buccal frequencies.)
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Figure 4 — Fast Fourier transform of vertical head movements, showing a major peak at 2
Hz, with secondary peaks at 1, 3 and 4 Hz.

Is the eye or the whole head moving?
The horizontal and vertical movements illustrated in Figure 2 could reflect (1) independent
movements of the eye within an immobile head, (2) movements of the whole head with the
eye fixed, or (3) intermediate movements of both eye and head. To distinguish between these
possibilities, two independent reference points on each video frame were tracked: one
adjacent to the iris fissure (i.e., on the eye; “eye”, top trace in Figure 5), and a second nearby
on the skin of the head (“skin”, middle trace in Figure 5). As illustrated in Figure 5, the two
reference points track synchronously, as seen by the absence of any periodicity in the curve
obtained by subtracting the skin coordinate from the eye coordinate (bottom trace in Figure
5). Moreover, the measured distance between the points remained relatively constant.
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Figure 5 — Simultaneous tracking of eye and head movements. Top – Vertical movements of
a point on the eye. Middle – vertical movements of a point on the skin of the head. Bottom –
subtraction of top from middle trace. Note lack of significant relative movement.

Discussion
From a distance, the eyes of a frog at rest appear quite stationary. The only obvious
movements are the rhythmic expansions and contractions of the buccal pouch beneath the
frog’s mouth. But a closer view reveals subtler head movements. As shown in Figure 2, when
points on the eye were tracked through a microscope, a regular pattern emerged of alternating
larger and smaller movements occurring approximately every half-second. These movements
could be eye movements, head movements, or a combination of both. If movements are
exclusively eye movements, the distance between a point on the skin and a point on the eye
should vary with time. If, on the other hand, the eye does not move relative to the head, the
distance between points on the skin and eye should remain constant. As shown in Figures 2
and 3, this distance does remain constant – suggesting that leopard frogs move their heads
rather than their eyes. An FFT analysis of displacements of the iris fissure (Figure 3) featured
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distinct peaks at 1, 2, 3, and 4 Hz. A similar analysis (not shown) of the distance between
points on skin and eye showed no detectable periodicity, confirming that there is no
movement of the eye relative to the head above the level of noise. These results strongly
indicate that the frog’s head is moving in the absence of any independent eye movements.

As discussed, it is generally agreed that perception of stationary objects in animals requires
movement of the images of these objects relative to the retina. In humans, Ditchburn and
Ginsborg [1952] and Riggs et al. [1953] first reported fading of images stabilized with
respect to the retina. Yarbus [1967] showed that such images disappear in one to three
seconds. Coppola and Purves [1996] showed that the shadows of retinal capillaries projected
onto the retinal photoreceptors fade in less than 100 ms when the shadows cease to move
relative to the retina. Humans are able to see images of stationary objects around them
because microsaccades of the eye ensure that the retinal projections of these images are
constantly moving [Martinez-Conde et al., 2004, 2006].

Studies with other animals have suggested a variety of mechanisms for how such movement
is achieved. Although eye movements (saccades and microsaccades) appear to be the
predominant mechanism for producing retinal image shifts in vertebrates, animals have also
been observed to use head movements, a combination of eye and head movements, or even
larger bodily movements [Land, 1999] to keep images in motion against the retina. Our
finding that leopard frogs move their heads and not their eyes in order to see stationary
objects is not unique among vertebrates. Barn owls (Tyto alba) have “nearly immobile” eyes,
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but small rotations of their necks produce shifts of images of stationary objects on their
retinas [Steinbach and Money, 1973; Land, 1999; Schwab, 2003]. In humans, the
extraordinary case of AI, a patient with extraocular muscular fibrosis, shows that the key to
vision is not necessarily eye movement, but retinal image motion: despite complete loss of
independent eye movements, AI’s exaggerated saccadic head movements allowed her to read
and enjoy relatively normal visual function [Land et al., 2002].

As noted, previous work on respiratory movements in bullfrogs demonstrated that there are
two types of breathing movements: buccal and lung. Expansion and contraction of the buccal
pouch is clearly visible; lung breaths are indicated by nares closure [Gans, 1969]. We
confirm such movements in leopard frogs, with nares closure usually occurring every second
buccal movement (Figure 5a; cf. Figures 2a and 2b). There is striking similarity between our
data and Gans’ plots of frog breathing cycles. Similar to Gans’ findings, our records of head
movements (Figures 2 and 4) feature large peaks alternating with more variable smaller
peaks. In addition, our frame-by-frame analysis of head movements versus nares closure
indicates that nares closure always closely precedes or coincides with the onset of head
movement (Figure 5). The strong peaks at 1 and 2 Hz obtained from FFT analysis of head
movements (Figure 3) therefore reflect nares and buccal breathing respectively. These results
indicate that frog head movements are linked to frog breathing.

How do the observed head movements translate into movement on the retina? We have
shown that the head movements range up to 100 µm vertically. The distance from the center
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of the frog lens to the outer retina is approximately 4 mm. Frogs can jump through small
apertures 6 cm away [Saltzman, 2004]. As illustrated in Figure 6, when the frog shifts its
head by 100 µm, the image of a point 6 cm away – say, on the boundary of such an aperture –
is displaced on the retina by about 7 µm. Electron micrographs of Rana pipiens
photoreceptors established rod diameter at 6 µm and cone diameter at 3µm [Nilsson, 1965].
For a 100 µm head displacement, then, the image of a stationary point 6 cm away shifts by an
average of about 1.5 photoreceptor widths on the frog retina. Because the boundaries of
objects in the world subtend appreciable angles on the retina, any such image shift affects the
receptive fields of many photoreceptors simultaneously, integration over which is sufficient
to register the presence of a stationary object.

Figure 6 — Schematic diagram of frog eye depicting how head movements are translated
onto the retina.
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According to Roth et al. [1992], evolutionary success in amphibians was accompanied by
secondary simplification and increased efficiency of sensory systems. It has been shown, for
instance, that ranid frogs can detect movements one tenth the apparent movement of the
moon across the sky [Dieringer and Daunicht, 1986]. And as pointed out by Lettvin et al.
[1959], an object must move, however minutely, if the frog is to recognize it as prey. For this
highly motion-sensitive predator, the linking of two vital functions – vision and respiration –
would be an efficient way to ensure continuous retinal image shifts and therefore stationary
object detection.

In conclusion, our results indicate that there are no significant independent eye movements
relative to the leopard frog’s head. There are, however, respiratory-linked whole-head
movements that are an ongoing feature of the frog’s quiescent state. The estimated
displacement of stationary object images on the retina during these head movements is one or
two photoreceptor widths. We propose that retinal image shifts, which are known to be
fundamental to stationary object vision in animals, are a result of these head movements in
the frog. Now that we know the nature of frog head movements, it is possible to reverse
engineer visual stimuli that move equivalently on the retina of an immobilized frog, in order
to investigate the brain regions involved.

The nature of "stationary stimuli"
In other words, when a frog is anesthetized or rendered immobile in order to record its brain
activity, its head becomes completely still and the visual world becomes fixed relative to the
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retina. In principle, leaving out incidental micro-jitters of the table or the floor, the subject's
stationary environment should fade away. Furthermore, since stationary object perception is
the very thing we want to test, we would like to control the "stationary" visual stimuli
ourselves. As demonstrated above, the stationary environment is not actually stationary at all
with respect to the retina, but rather oscillates in a small ellipse at about 2 Hz.

In order to test whether cells at a particular recording location are sensitive to stationary
stimuli, therefore, we should ask whether they respond to small visual angle, regular
oscillations of a large textured area, such as a paper printed with a pattern, representing the
fixed background visual environment as it bounces in step with each breath. In the
physiology experiments which follow, in which we return to the main thread of this project,
evaluating the anterior thalamus as a candidate processing center for the stationary world,
these will be among the probe stimuli we investigate.
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CHAPTER 3 — BEHAVIORAL RESPONSES TO THE
STATIONARY ENVIRONMENT AND THE ROLE
OF THE ANTERIOR THALAMUS
Introduction: Behavior with respect to the stationary environment
Leopard frogs have a mostly fixed repertoire of stereotyped behaviors. A frog will
consistently turn toward and attack any object which fits the criteria for its preferred prey –
namely, a small dark object that is moving around. A frog will reliably jump away from
objects which appear to be threats – that is, large dark objects rapidly increasing in visual
span (i.e., “looming” at the frog). These behaviors which demand immediate reaction (strike
or flee; "fight or flight") are mediated by the optic tectum. A frog which has had its optic
tectum surgically removed will not respond to the sight of either prey or looming threats.

We are interested here in behaviors which relate to the stationary environment. A frog
without a tectum will still jump around around obstacles and through holes not much bigger
than its own body [Ingle, 1973, 1977; Saltzman et al., 2004]. 4 We are here working under the
hypothesis that these behaviors are mediated by the anterior thalamus. Other behaviors which
relate to navigation among the unmoving parts of the environment have been formally
characterized by ongoing work in our lab [Recktenwald et al., in prep.]. We have found, for
instance, that while a frog will usually jump around wooden blocks placed in its
environment, it will consistently jump toward – and even collide with – a block painted matte
4

It does not seem to have been reported whether tectum-less frogs respond to light and dark as normal; the
working hypothesis here is that these behaviors are mediated by the thalamus. We hope to confirm this
experimentally.
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black5. The obvious interpretation is that the frog perceives such an object not as an obstacle
but, by a kind of optical illusion, rather as a dark hole, a hiding place by which to escape
potentially dangerous exposure in the open. In fact, frogs which escape their laboratory
housing almost always jump immediately toward the darkest place available (under the
refrigerator, e.g., or the overhang of the cabinets). This attraction of frogs to dark areas or
objects has been mentioned anecdotally in the literature [Torelle, 1903; Ingle, 1976], but
never before been systematically investigated.

Another behavior related to stationary features of the environment that our lab has
characterized deals with a frog’s response to being placed in a confined space. Despite their
initial attraction to small dark spaces, leopard frogs in general do not remain long in a
situation of confinement, where they are surrounded by walls or encircling objects. A frog
placed in such a situation will soon seek to escape the oppressive spot, normally by jumping
past the obstacles or around the walls, if possible. A more extreme version of this situation
places the frog in a small dark box with an opening to the brighter external environment –
such a frog will be attracted to the bright opening and will leave the box. This situation can
be abstracted to a case in which a frog is placed in a darkened arena with a light bulb at
ground level – the frog will generally be attracted to the light bulb. Of course, a frog is not
likely to encounter bright sources of light at ground level in its natural environment, except
perhaps when it is in a dark refuge with an opening to sunlight; the most plausible
interpretation is that the frog’s visual system interprets the light source as an “escape” route,

5

We have informally designated this phenomenon “blaxis”, to contrast with positive and negative
“phototaxis”; since it really is an attraction to black (or very dark) objects, rather than an aversion to light.
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just as it interprets the equally environmentally unnatural black-painted block as an escape
into darkness. In the one case it appears that the frog is drawn to a bright area, where before
it was drawn to a darker one. Put in context, though, there is no contradiction. The frog is
responding to contingencies of its present situation.

The foregoing description of a leopard frog’s responses to different situations of dark and
light resolves somewhat of a conundrum in the literature regarding frogs and “phototaxis”.
Certain investigators have claimed (often with great authority) that leopard frogs are
“positively phototactic” – i.e., drawn to the light [e.g., Parker, 1903; Torelle, 1903; Pearse,
1910; Muntz, 1962; Fite et al., 1978; Kicliter and Goytia, 1995] – while others, equally
convinced, have called them “negatively phototactic” – drawn to darkness [e.g., Graber,
1884; Boycott et al., 1964; Spigel, 1965]. In some cases the same authors came to
(apparently) contradictory conclusions, depending on the particular setup of their (generally
environmentally absurd) laboratory behavioral tests. Obviously, such a simple
characterization as universally "light-seeking" or "dark-seeking" cannot capture the full
context-dependent nature of a frog’s responses to light and dark — responses which are in
fact quite straightforward and sensible, when allowed to encompass their environmental
significance.

Another relevant behavior that has previously been noted is the leopard frog’s “preference”
for the color blue, relative to other colors. This has been discussed most prominently by
Muntz [1962a, 1962b], who performed behavioral experiments showing that frogs tended to
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choose blue areas over any other color in a forced choice situation. Work in our lab has
confirmed Muntz’s observations: when given a choice between a blue-lit area and any other
color, frogs overwhelmingly go toward blue [Recktenwald et al., in prep.]. The
environmental significance of this behavior remains speculative, but it could reasonably have
to do with the contextual utility for the frog of jumping into the water – the pond or lake they
generally keep nearby – which would often reflect the blue of the sky. (This "escape to
water" interpretation was also arrived at by Muntz [1962b].) We will revisit this behavior
when we look at the stimulus “preferences” of neurons in the anterior thalamus, where this
blue-seeking behavioral tendency is reflected physiologically.

We are here working under the hypothesis that the frog’s ability to jump around obstacles and
through holes, as well as its capacity to identify darker and lighter areas of its environment,
are mediated by the retinorecipient zones of the anterior thalamus – possibly in conjunction
with areas of the pretectum, or posterior thalamus (parts of which are also retinorecipient). It
is known that frogs without an optic tectum can navigate their environment – we ask the
complementary question, whether frogs whose anterior thalamus has been disconnected are
impaired in their ability to respond to the stationary world. Such frogs should in principle
retain their ability to respond to the sight of prey and looming threats, since their tectum
remains.

In order to ask what happens when we disconnect the visual areas of the anterior thalamus,
we first need to know something about the anatomy of the region we are working with.
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Authors such as Scalia [1976] and Montgomery and Fite [1989] have characterized the
retinorecipient zones of the anterior thalamus, mostly by applying anterograde tracers to the
retina and locating the thalamic projection targets of retinal ganglion cells. Indeed, we have
adopted Scalia’s terminology in calling the two resulting stained neuropil zones the Nucleus
Bellonci (NB) and the Corpus Geniculatum (CG). However, we wanted to perform our own
labeling of these areas in order to have an anatomical reference that reflected our particular
methods of histological processing, so that we could directly compare our thalamic sections
showing locations of both behavioral lesions and lesions marking electrophysiological
recording sites (see Chapter 4; e.g., Fig. 12) to a reference “map” of the retinorecipient zones
of the thalamus. This (Figure 7) will serve as our baseline for all further anatomical
judgments.

Materials and methods
Subjects – Wild-caught adult leopard frogs (Rana pipiens) were obtained from Hazen
(Alburg, VT), ranging approximately 5-7 cm in length, and 20-40 g in weight. Frogs were
housed in a 10-gallon fish tank elevated at one end to allow water to pool at the other, with a
constant trickle of water flowing through, in a natural light cycle (room open to windows).
Individual frogs were sometimes housed in clear plexiglass boxes with water at one end.
Frogs were fed live crickets approximately three times per week.

Anterograde labeling of thalamus – An opening was cut in the roof of the mouth, exposing
the optic nerve near the chiasm. The nerve sheath was slit longitudinally (and in some cases
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the nerve was also severed) and small pieces of Gelfoam (Upjohn) infused with BiocytinHCl were applied to the nerve; the tissue opening was sewn shut. After 3 days survival time,
the animal was perfused through the conus arteriosus with saline followed by a 4%
glutaraldehyde buffered solution. The brain was removed and stored in sucrose overnight,
then frozen and sectioned at 35-40 microns. Sections were incubated overnight in a buffered
solution of extra-Avidin (1:2000), with 0.1% triton and 0.5% bovine serum albumen.
Sections were washed, incubated in a buffered solution of DAB with added heavy metals,
and peroxide was added to precipitate stain. Sections were lightly counterstained with neutral
red.

Disconnection of anterior thalamus – Prior to surgery, amimals were anesthetized in
tricaine methanesolufonate (Finquel, Sigma: MS-222), and a flap of skin was cut away above
the skull. With a fine grinding wheel, a window was cut in the skull above the thalamus,
being extremely careful not to disrupt the blood-filled sinus that passes over this region of the
brain; this sinus must be carefully disconnected from the overlying skull to avoid tearing it.
The animal was stabilized under a micromanipulator and a glass-insulated tungsten electrode
was inserted into the anterior thalamus approximately at the caudal pole of the telencephalon.
Activity in response to blue or ambient light could be recorded through this electrode in order
to localize the region of interest. At the region of maximum relevant visual activity, one or
more electrolytic lesions were made by passing current through the electrode at
approximately 36 µamp for 1-2 minutes. The skull fragment was replaced, the skin sewn
shut, and the frog allowed to recover overnight. Behavioral testing was performed beginning
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the following day.

Histology to locate sites of behavioral lesions – After 7-10 days of behavioral testing
following a behavioral lesion, frogs were anesthetized and perfused through the conus
arteriousus with saline shortly followed by a buffered solution of 4% paraformaldehyde. The
brain was removed and dehydrated overnight, then embedded in paraffin and sectioned at 15
microns. Sections were stained with cresyl violet and examined to determine the location of
the electrolytic lesions.

Tungsten electrodes — A length of 0.25 mm diameter tungsten wire long enough for an
electrode was sharpened by holding one end in a Bunsen burner flame until it vaporized to a
fine point. The wire was inserted into an electrode-length piece of glass microtubing and the
glass tube with the wire inside was placed in a pipette puller such that the tip of the wire
inside the tube was just inside the heating element of the pipette puller. The pipette puller was
activated and the resulting micropipette had the tungsten wire point at the narrow end of the
pipette. Often this did not work perfectly, so the pipette tip was held within the heating
element of the pipette puller to soften the glass, and the wire nudged forward from the back
end of the pipette where it protrudes. The end result was a glass-insulated tungsten electrode;
insulation and electrical continuity were tested in saline.

Behavioral tests — Frogs were tested in a white arena in which were placed blocks of
various colors, shapes, and sizes. Obstacle avoidance was tested by surrounding the frog with
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a circle of more or less widely spaced blocks. Attraction to black objects was tested with one
or more blocks painted matte black, placed at various angles around the frog. Blue preference
was tested by placing the frog in a dark cardboard box with two vellum-covered "windows"
behind one of which was set a blue light bulb, with various other colors of light (or no light)
behind the other. In some circumstances frogs were allowed to respond spontaneously to the
stimuli; in cases of recalcitrance at times a looming stimulus was used as a prod to action.

Results
Anatomy of NB/CG area
We applied the anterograde tracer biocytin-HCl to a severed optic nerve, resulting in staining
of two adjacent but discrete areas in the contralateral anterior thalamus. 6 One is near the
lateral surface of the thalamus at about the level of the sulcus limitans (see Fig. 7); the other
is dorsal of the sulcus and extends ventromedially for about 300 µm from its anterior pole at
the dorsolateral surface of the thalamus. These neuropil areas which receive direct retinal
input correspond to Scalia’s Nucleus Bellonci and Corpus Geniculatum, respectively. (Fig. 7,
red).

Labeling the optic nerve also results in some weaker staining of the ipsilateral anterior
thalamus, most notably as a cloud of very thin, diffuse fibers in the NB area. This labeling is
strikingly similar to that which results when HRP is applied to the contralateral NB/CG
6

The retinal projection is mostly crossed, from right eye to left brain and vice versa, as are most of the
projections from the periphery toward the central nervous system; but see below for some exceptions in the
retinothalamic system.
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region itself; no cells in this peculiar zone are backfilled, yet a ghostly cloud of fine fibers
fills the contralateral NB locus. It would thus appear that some optic nerve axons bifurcate on
their way to the thalamus, reaching both ipsi- and contralateral NB neuropil. Stirling and
Merrill [1987] report a subset of RGC axons sending terminal branches to the pretectum as
they continue on to terminate also in the tectum; it would appear that other RGCs send
branches to both sides of the anterior thalamus. Indeed, HRP staining of the NB/CG reveals
fibers running from the application site ventrally to the optic chiasm, across the chiasm and
up the other side toward the contralateral NB. Presumably these are two branches of a single
optic nerve axon which projects bilaterally to the anterior thalamus.

In addition, we have noticed, in certain paraffin-embedded, cresyl-stained thalamic sections,
a distinct anatomical structure that appears to follow the contour of the NB, from
anterolateral at the level of the caudal pole of the telencephalon, trending medial and ventral
for about 300µm until it disappears. This structure, which we informally refer to as “MD”, is
visible in transverse sections of the anterior thalamus, where it sometimes separates slightly
from the surrounding tissue, and it is often brought out by strong nissl staining (Fig. 7,
purple; see also Figure 17B). The diffuse fiber cloud stained by tracer application to the
ipsilateral optic nerve often fills the contour of this structure.

Figure 7 shows the anatomy of the region in photomicrographs. (Compare to Figure 12 in
Chapter 4.)
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Figure 7 — A, Series of 40µ transverse sections through the
NB/CG region at the levels shown on the dorsal bran surface at
right (only right half of brain sections shown; medial is to the
left). The anterograde tracer biocytin-HCl has been applied to
the left optic nerve, resulting in the darkly stained areas in the
sections. The fibrous tissue at the bottom and lateral edge of sections 2-5 represents the main
optic tract; the oval area at upper right of each section represents the retinal input to NB —
the NB can be seen trending ventromedially with more caudal sections. The dark area just
below right of NB is the CG. B, Representative 15µ transverse half-sections showing the
structure known as MD, at about the level of the sections below. MD (arrows) is visible as a
light-colored circular outline corresponding to the location of NB in the sections in A.

In what follows, we may diverge somewhat from previous definitions of "Nucleus Bellonci"
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(NB) and "Corpus Geniculatum" (CG), using those labels perhaps more loosely to designate
two projection zones, as delineated in Figure 7, where axons originating in the retina
terminate among dendrites (and perhaps axons) of anterior thalamic cells, whose cell bodies
lie generally medial to (deeper than) the more superficial neuropil zones. Our "NB" and
"CG" might be thought of as a "rostro-dorsal retinal projection zone" or "Bellonci projection
zone", and an anatomically (if not physiologically; see below) distinct "caudo-ventral retinal
projection zone" or "geniculatum projection zone", both in the anterior thalamus, with
"dorsal" and "ventral" in this case delimited by the sulcus limitans, a developmental
landmark dividing the thalamic ventricle into upper and lower regions (see Figure 7).

Disconnecting the visual anterior thalamus
Armed with the preceding picture of the anatomy of the region, we made bilateral lesions in
the anterior thalamus of frogs that previously had responded normally to stationary objects.
The visual thalamus, in contrast to the large, prominent, and well-defined optic tectum, has
no clear anatomical boundaries or reliable guideposts to direct the placement of the electrode.
The only landmarks are the pole of the telencephalon, the thalamic midline, and the lateral
boundary of the thalamus, all of which can vary slightly in relative size and position,
depending on the idiosyncrasies of the preparation and the animal itself. Attempts to ablate
the NB/CG region are therefore made somewhat in the dark, and the exact location and
extent of the lesions aren't known until after the post-lesion behavioral fact, when the brain
has undergone final histological processing. Complete, targeted, clean ablation of NB/CG is
not feasible. Instead, behavioral results of lesions have to be somewhat pieced together from
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the overlap and/or disjunction of several partial or incomplete lesions of the visual anterior
thalamus. (See Figure 8A.)

Despite this difficulty, we found that lesions of the NB/CG region of the anterior thalamus do
affect a frog’s ability to visually navigate its environment. We ablated more or less extensive
regions of the anterior thalamus encompassing the NB and CG neuropil. When the lesions
knocked out sufficient extent of the NB/CG zone (Figure 8A), frogs which before the surgery
had responded normally to barriers (jumping around or over them) emerged post lesion to
exhibit difficulty navigating the stationary environment. They still responded to prey and
looming stimuli, but tended to bump into obstacles when placed among them in an arena
(Figure 8B). Some of these frogs also exhibited an attenuation or abolishment of the
attraction to dark black blocks shown by normal frogs. Studies in our lab are ongoing in this
area, attempting to pinpoint the critical brain region mediating stationary object detection, as
well as perhaps to distinguish the contribution of different subregions to different aspects of
navigation – attraction to black versus barrier avoidance, for instance.
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A

Figure 8A – Left, transverse section (after Neary
and Northcutt, 1983) through the anterior thalamus
of a leopard frog showing major cell groups in the
right half of the brain (“B” and “NB” on the
diagram represent our NB, and “Cp” is our CG)
B

and a photomicrograph of cell groups on the left
half of the brain. Superimposed on this canonical
anterior thalamic section are the locations of
representative bilateral ablations of the NB/CG
area in three different frogs. Yellow striped zones
represent lesioned tissue as revealed by histological
processing. Above, photomicrograph of transverse

C

section through the anterior thalamus showing the
actual lesions (arrows) represented in A.

Frog A showed selective impairments in responding to stationary objects: it bumped into
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barriers, though responses to prey and looming stimuli were normal.
Frog B also showed selective deficits in navigating the stationary environment.
Frog C on the other hand was normal; this lesion presumably did not include enough of the
NB/CG region to affect behavior.

Figure 8B – Frog A above, with lesion of the
anterior thalamus, shown in the act of “feeling” its
way around a block it had just jumped forward and
collided with.

Discussion
Though several researchers have implicated the visual thalamus in processing information
about the stationary environment [e.g., Ingle, 1973; Muntz, 1962a; Kicliter, 1973], there are
almost no reports of the effects of disconnection of the visual thalamus. Kicliter [1973]
reported that large lesions of the thalamus abolished the blue behavioral preference. And one
report (in German) from the 19th Century [Steiner, 1885] claimed that lesions of the
thalamus (not specified where in the thalamus) abolished visual responses to stationary
41

objects. The thalamus is a difficult area to work with — sunken between the salient and
accessible tectum on one side and telencephalon on the other, it is difficult to approach and
even more difficult to orient oneself within. The thalamus in general has few landmarks to
facilitate targeted ablations. This may be one reason so few researchers have attempted it.

The behavioral lesions described here serve mainly as a proof of concept for the hypothesis
that the anterior thalamus is the seat of processing information about the stationary visual
world. As illustrated by Figure 8A, complete ablations of the NB/CG are difficult to achieve;
yet a number of partial cases result in just the kind of deficits one would expect if the
hypothesis were correct. Work in the lab is ongoing on this front, and in fact has taken a
different direction in light of new information about the representation of the visual field in
the anterior thalamus.

As will be seen in Chapter 5, we have discovered that each half of the thalamus receives
information from just one half of the visual field (rather than, say, the entire monocular field
of a single eye). Because of this organization, it should be possible by ablating the NB/CG on
only one side to selectively abolish visual responses to stationary objects in just one half of
the visual field, while responses within the other, intact half-field serve as a control for the
experiment, bypassing the difficulties associated with (attempted) symmetrical bilateral
ablations. More recent work in the lab [Recktenwald et al., in prep.] concentrates on the
effects of unilateral ablations of the NB/CG on behaviors such as barrier avoidance,
attraction to dark objects, and preference for blue — exclusively in the visual hemifield
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contralateral to the lesion.

In any case, what has been shown is that disconnection — even partial — of the visual areas
of the anterior thalamus, as identified by anterograde staining from the optic nerve, does
impair leopard frog behaviors that relate to the stationary visual environment. Next we will
examine the physiological properties of the cells in the anterior thalamus whose ablation
brings about these deficits.
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CHAPTER 4 — PHYSIOLOGY OF THE ANTERIOR
THALAMUS IN RESPONSE TO ELEMENTS OF
THE STATIONARY VISUAL ENVIRONMENT

Introduction
Electrophysiological recordings from the frog diencephalon have mainly been done in the
service of questions about color vision and phototaxis [e.g., Muntz, 1962a; Kicliter et al.,
1981]. W.R.A. Muntz, probably the main contributor to this issue, reported that cells in the
visual anterior thalamus were characterized by a significant response to the onset (ON) of
ambient light, and they responded more strongly to blue light than to any other color. These
results were confirmed by others (e.g., Kicliter, 1973; Fite et al., 1977, 1978), again in
connection with flux and wavelength discrimination.

Color and intensity information are of course crucial elements of the stationary visual
backdrop, but we wish here to evaluate the physiological properties of anterior thalamic
visual neurons in terms of their holistic role in processing the stationary background. Our
results will confirm and build on many of the old observations (including those of Muntz) but
here we bring both old and new results into an expanded framework from which we can ask
new questions about the "second" visual system in the frog, the stationary environment visual
module.

We begin of course with the hypothesis that it is indeed the retinothalamic projections that
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allow a frog to see stationary objects, and we focus on the projection to the anterior thalamus,
to the NB/CG region. We then can interpret our own observations along with the previously
described response properties of anterior thalamic visual cells in light of their presumed role
in processing information about the stationary world in general, not simply as servants of
color vision and (positive or negative) "phototaxis". We allow the possibility that the anterior
thalamus might even handle certain types of movement not associated with prey and
predators (leaving aside optokinetic nystagmus). We already know there is at least one type
of movement which cells in the “stationary object processing” system must respond to: the
periodic bobbing of the visual field due to head movements associated with the frog’s buccal
breathing, which are responsible for keeping the image of the stationary world in motion on
the retina, as is necessary for persistence of vision [Skorina et al., 2011]. We can investigate
how anterior thalamic neurons respond to the reverse-engineered simulated "stationary"
stimuli discussed earlier.

We ask, what are the physiological correlates of the NB/CG area, the characteristic properties
of the visual neurons there, as revealed by electrophysiological recording in visually
perceiving frogs? Do those properties line up with expected responses to "stationary"
stimuli? Through physiological probing, we can also ask just how distinct physiologically are
the two anatomic subregions, NB and CG?
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Materials and methods
Electrophysiology – The day prior to a recording session, a window was cut in the skull
above the thalamus of an anesthetized frog. The skull fragment was replaced and the frog
was allowed to recover overnight. Prior to recording, the frog was injected with 0.04-0.05 ml
of 0.3% curare and the skull fragment was removed, exposing the thalamus. Extracellular
single unit recordings were carried out using platinum tipped microelectrodes [Dowben and
Rose, 1953] connected to an AC differential preamplifier and visualized in parallel on an
oscilloscope and on a virtual oscilloscope implemented by an ADInstruments PowerLab 4/35
digital A-D converter on a PC using ADInstruments LabChart 5 software program. Visual
stimuli included a variety of sizes of black and white moving patterns, as well as laser
pointers in green (532 nm wavelength), blue (405 nm), and red (650 nm). Dot and pattern
stimuli were moved inside a translucent hemispherical dome with the frog’s eye at the center.
Lasers were equipped with a diffuser to eliminate reflection, and switched on and off at
different points in the animal's field of view. Ambient illumination was also switched on and
off, and slowly raised or lowered with a dimmer switch. At the end of each electrode
penetration during which significant activity was recorded, a small electrolytic lesion was
made (by passing current through the recording electrode: 3.5 µA for 10 sec, electrode
negative) to enable determination of the exact recording location by subsequent histological
processing.

“Slider” apparatus – We constructed a device by which a cardboard card with a pattern
printed on it could be placed in a wooden holder and slid back and forth in a wooden track
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that the holder inserted into. At the base of the fixed part of the apparatus was attached an
LED that faced a transparency attached to the sliding part. On the transparency was printed a
gradient from black to clear, parallel to the direction of sliding. Behind the transparency, a
solar cell was attached to the fixed base of the apparatus, such that sliding the top part with
the card would continuously change the amount of light reaching the solar cell (light from the
LED blocked or allowed to pass by the gradient on the transparency). The solar cell was
attached to one channel of the PowerLab, so that back and forth movements of the card were
registered as changes in the signal of the solar cell. By this method the movements of the
large pattern on the card (simulating the movements of the visual backdrop on the retina
brought about by the frog's respiratory head movements) were recorded simultaneously with
activity in the brain.

Histology to locate recording sites – Immediately following a recording session, frogs were
anesthetized and perfused through the conus arteriousus with saline shortly followed by a
buffered solution of 4% paraformaldehyde. The brain was removed and dehydrated
overnight, then embedded in paraffin and sectioned at 15 microns. Sections were stained with
cresyl violet and examined to determine the location of the electrolytic lesions.

Results
We recorded extracellularly from the anterior dorsal thalamus of awake frogs while
presenting them with various visual stimuli. Our recording setup is such that the frog is
paralyzed (with curare) and fixed in place; electrodes attached to a micromanipulator can
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penetrate the surface of the exposed thalamus at any point and slowly descend through the
brain. Neural activity is viewed on an oscilloscope attached to a speaker, such that electrical
activity above the threshold for a “spike” is also heard as sound. Because the electrode tip
remains extracellular, it can pick up the simultaneous activity of multiple cells (dendrites or
axons that make up the neuropil) in the vicinity. The recorded activity is therefore somewhat
of a composite that depends on the particular configuration of nearby cells. Though
individual units (spikes of a single neuron) can sometimes be distinguished, the response is
best conceived as an average of the activity at that point. We believe that most of the activity
we record is due to electrical activity in the dendrites of anterior thalamic cells, and so
represents the post-synaptic responses of brain cells to input from the retina [Grant and
Lettvin, 1991].

At the end of most recording sessions where relevant activity was observed, a small
electrolytic lesion was made to mark the spot we had been recording from; following
histological processing, lesions are located in transverse sections of the brain. Representative
recording sites where neurons exhibited the characteristic properties discussed below are
shown in Figure 12 (blue dots in figure).

(I) ON and OFF of light
Neurons in the NB/CG region turn out to exhibit a quite distinct response pattern that is
sharply confined to this area. Perhaps the most basic stimulus to which these cells respond in
a characteristic way — a property which has been repeatedly noted in the literature [e.g.,
48

Muntz, 1962a; Kicliter et al., 1981] — is the onset (ON) of ambient light. Cells in the
vicinity of the recording electrode respond with a stereotyped phasic burst of activity when
the light goes on, and a lesser burst, often delayed, when the light goes off. (Figure 9) The
shape of the ON burst in particular is unmistakable. Inasmuch as individual units (or
compound “units”, unique summations of multiple cells firing near each other, or single cells
with multiple active dendrites) can be distinguished, it appears that a different subset of cells
responds to ON than responds to OFF (though certain units may be common to both).
Critically for a perceptual capacity that is not transitory — like an abiding view of the
stationary environment — the response is non-habituating: the bursting activity does not
diminish over repeated togglings of the light switch. The ON and OFF response extends to
brightening and dimming, respectively, of the ambient light as well, though the burst in
response to incremental change in illumination is of correspondingly lower amplitude.
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ON
OFF

Figure 9 — Above, Response of
NB/CG cells to ON and OFF of
light. In the bottom trace, up is ON
and down is OFF. Left, A single
burst in response to ON of ambient
incandescent light, with boxed
sections magnified to the point
where individual units (or
composite units) are visible. Top
trace at upper left represents onset
of illumination.
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(II) "A blue-sensitive system" (Muntz, 1962a)
The several researchers who have in the past focused on the anterior thalamus of the leopard
frog as a potential center of color vision or phototaxis all point to one stand-out property of
the neurons in the area: their striking response to blue light in their receptive fields. This
quite distinctive characteristic has been noted repeatedly in the literature, especially
inasmuch as it reflects a behavioral preference: both frogs and their anterior thalamic neurons
"prefer" the color blue [Liberman, 1957; Muntz, 1962a; Kicliter et al., 1981]. 7 In response to
the onset of a blue laser (405 nm), cells in the vicinity of the electrode tip exhibit a sustained
rhythmic bursting at about 3 Hz, which slowly diminishes in overall amplitude over several
seconds (as the laser remains lit), but does not stop until the laser is turned off (Figure 10).
This pattern is not seen in response to a green (532 nm) or to a red (650 nm) laser, nor to
white or ambient light, nor to any moving pattern. Although the cells do respond to these
other stimuli with a phasic burst (akin to the ON response described above), the rhythmic
firing is quite unique to blue light. As with the ON/OFF response, individual “units” can be
identified in the pulsing train of activity following the onset of the stimulus – here, different
subsets of cells respond to different locations in the visual field where the blue laser is
located. As the laser source is held fixed, some initially firing units can be seen to drop out of
the prolonged rhythmic response, while others continue firing undiminished. Thus, as with
the ON/OFF of ambient light, many of the cells do not habituate to the stimulus — a stimulus
which in this case is an unchanging feature of the environment: areas colored blue — a
fundamental component perhaps of any stationary visual field in the frog’s habitat.
7

Muntz [1962b] pointed out that it was truly a preference for the color blue, as opposed to, say, short
wavelengths of light. When blue light was mixed with other wavelengths of light such that the light no
longer appeared blue, the preference disappeared.
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Figure 10 — Above, Rhythmic
responses of NB/CG cells to sustained
blue laser light in the receptive field.
Left, Sustained bursting in response to
blue laser light, with boxed sections
magnified to the point where individual
units (or composite units) are visible.
Top trace at upper left represents onset
of illumination.
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(III) Response to "stationary" stimuli
As discussed above, stationary visual stimuli for a stationary frog in the wild — are in fact
not stationary at all, with respect to the retina. The image of the stationary world rather bobs
up and down, or oscillates in a small ellipse, in sync with the frog's buccal and lung breathing
cycles [Skorina et al., 2011]. Curarized frogs do not breathe (diffusion across their skin keeps
them alive for the duration of the recording session), so for the immobilized animal in the
recording apparatus there is no movement of the head and no movement of the stationary
backdrop. To test visual responses to stationary objects, therefore, we designed a "stationary"
stimulus: a large pattern moving back and forth (or up and down) with small amplitude
steadily at about 3 Hz, in simulation of the movement of the visual background during
normal breathing movements. We created an apparatus to register the back-and-forth
movements of the stimulus simultaneously with the recorded electrical activity (bottom trace
in Figure 11). Neurons in the NB/CG region do in fact respond with small bursts to each back
or forth movement of the stimulus (Figure 15) — and crucially, they do not habituate to
continuing oscillations, a property that would be expected of neurons ensuring continuous
perception of the stationary world.
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Figure 11 — Responses of NB/CG neurons to rhythmic, small-amplitude back-and-forth
movements of a large pattern in the visual field (a large stripe). Top trace is neural activity;
bottom trace represents the oscillating movements of the stimulus, approximately 1 cm in
amplitude at a distance of approximately 30 cm from the frog’s eye, or about 2.3° visual
angle; horizontal scale in seconds. The cells did not habituate to the repetitive stimulus, even
after many seconds.
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Discussion: NB and CG — One or two structures?

Over many recording sessions during which we probed throughout the anterior thalamus, a
sense emerged of the nature and extent of the visual regions of the area. Using the
physiological properties described above as a diagnostic, we “mapped out” the NB/CG
regions with a recording electrode. Whenever a penetrating electrode encountered the
characteristic ON and/or blue response, we made a small lesion at the depth of peak
response. Compiling these lesions onto a schematic series of transverse sections through the
anterior thalamus results in the composite illustration shown in Figure 12. Blue dots in the
figure mark the locations of recording sites where the diagnostic response properties were
observed. NB and CG are also shown in the figure (purple and pink regions, respectively), as
is MD (red outline) (cf. Figure 7). Many of the recording sites lie outside the direct
retinorecipient areas; presumably the thalamic cells which send their dendrites to the
retinorecipient neuropil lie outside the neuropil itself.
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Figure 12 — Schematic series of transverse half-sections through the anterior thalamus
(medial is to the left; dorsal is up) at the levels shown in the dorsal surface diagram at right,
showing locations of recording sites (blue dots) where the characteristic properties of
NB/CG neurons were observed. Purple and pink regions represent NB and CG, respectively,
as determined by anterograde staining from the optic nerve (cf. Figure 7, A). Red outline is
the anatomical structure known as MD (cf. Figure 7, B).

Although the NB and CG are distinct anatomically, in that there is a physical separation
between two regions of retinorecipient neuropil, we do not find any physiological distinction
between the two. As a recording electrode penetrates down through first NB and then into
CG, the response properties of neurons remain the same, until the electrode passes out of the
56

whole region. It seems instead that the NB and CG are best conceived abstractly as two
"layers" of a single structure. If they are indeed distinct submodules, each concerned with a
different aspect of the stationary visual world, we have not yet been able to tease apart the
separate contributions of each layer to behavior; work on this front is ongoing in our lab, and
hopefully will eventually resolve this question [Recktenwald et al., in prep.].

The anatomy and physiology of the region (Figures 7 and 12) are well correlated. Neurons in
the area are selectively responsive to the elements that compose the stationary visual
environment such as light and dark, and color. They are also responsive to “stationary
stimuli” as defined in Chapter 2: small oscillations of large-scale patterns simulating the
movement of the whole visual field as the frog’s head moves elliptically with its breathing
movements. Crucially, the neurons – or at least a subset of them – do not habituate to any of
these stimuli, as would be consistent with their role in ensuring persistence of vision of the
visual backdrop.

Among the visual stimuli we used to evaluate anterior thalamic neurons during a recording
session, certain stimuli, such as the ON and OFF of ambient light, had no particular location
in the visual field. Others, such as the blue laser, had a definite, well circumscribed location
in the animal’s field of view. We noticed that at certain recording locations, cells would
respond more or less depending on the location of the blue laser in the visual field – that is,
these cells had receptive fields, areas of peak response in visual space. This led us to the
question of how these receptive fields were organized in the anterior thalamus. Was there, as
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there is in the optic tectum, a map of visual space among the anterior thalamic visual
regions?
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CHAPTER 5 — ORGANIZATION OF THE VISUAL
ANTERIOR THALAMUS: REPRESENTATION OF
THE VISUAL FIELD AND CONNECTIONS TO
OTHER BRAIN AREAS
Introduction
Having characterized the anatomy of the anterior thalamic visual regions, and the diagnostic
physiological properties of neurons in the area — all of which we presume to constitute a
stationary object processing module in the frog brain — we now turn to the question of how
the stationary visual field is represented in this area of the brain.

In the optic tectum, the best-studied visual processing center of the frog's brain, there has
been shown to be a clear relation between a moving object's position in the visual field, and
the location of neurons in the tectum that fire in response to it [Gaze, 1958]. Adjacent
positions in space are always represented by adjacent cell groups in the tectum. As mentioned
above, this sort of organization is known as a visuotopic map (or retinotopic map, since the
retina is itself a map of visual space). It is analogous to the somatosensory maps found in
mammalian sensorimotor cortex, often depicted as a “homunculus” in cartoons of the brain,
and represents a recurrent principle of nervous system organization. Could there be a similar
pattern in the frog's visual anterior thalamus? A few authors, including Muntz [1962a] and
Montgomery and Fite [1989], have made claims for at least some retinotopic organization in
the thalamus, but the question has never been settled. Indeed, Dicke and Roth [2009] report
that in amphibians in general, visuotopic organization in the thalamus has never been
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observed. We began by asking whether there is a visuotopic map in the anterior thalamus of
leopard frogs.

We then step back and ask about the position of the anterior thalamic "stationary object
processing module" in the larger organization of the frog brain. Other than the retina, what
areas send input to the NB/CG region; and where in turn does the NB/CG send the
information it processes?

Materials and methods
Retrograde labeling of retina and other connections to and from anterior thalamus –
With a fine grinding wheel, a window was cut in the skull above the thalamus of an
anesthetized frog. Horseradish peroxidase was applied to the anterior thalamus by insertion
of sealed glass micropipettes whose tips were coated with an evaporated solution of HRP.
After 6-10 days survival time, animals were anesthetized, and perfused through the conus
arteriosus first briefly with a saline solution and then with a 4% glutaraldehyde buffered
solution. The brain and eyes were removed. The anterior part of each eye was cut away with
a double-edged razor blade leaving the retina in a hemispherical eyecup, which was postfixed for another 5 minutes in 4% glutaraldehyde, then incubated overnight in a 30% sucrose
solution also containing 0.3% triton-X detergent. Brain and eyecups were frozen and
sectioned at 35-40 microns, and processed for HRP labeling using Adams' method [Adams,
1977]: sections are incubated in DAB with added heavy metals and imidizole, then peroxide
is added to precipitate the stain. Brain sections were lightly counterstained with either neutral
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red or cresyl violet.

Position of optic disk – As seen by backlighting through the intact, alive frog and viewing
through the pupil, the optic disk is located at a horizontal eccentricity of 50º from the frontal
midline. It is at an elevation of approximately 26º relative to a horizontal plane that passes
through the eyes.

Results
Is there a map?
The small visual angle subtended by the blue laser source described in Chapter 4, and the
differential responses of NB/CG cells to different locations in the visual field, made it
possible to use the laser to investigate the receptive fields of visual cells in the anterior
thalamus, and to ask whether there is a tectal-like visuotopic map in the thalamus. We
electrophysiologically probed the NB and CG regions while presenting stimuli at different
places in the frog's visual field, noting which cells were responsive to which region of space
(the “receptive field” of the cells). By recording from many different points in the anterior
thalamus and assigning each point a region of the visual field (and therefore an area of the
retina), we could “map out” how the visual world is represented in the anterior thalamus.

We systematically probed a large number of sites in the zone of characteristic NB/CG
physiological response properties, and found that unlike the optic tectum, the anterior
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thalamus is not organized into a clear visuotopic map. Groups of adjacent cells respond to
relatively large and not-well-circumscribed areas of visual space. Because our extracellular
electrode collects responses from multiple cells in the vicinity, whose individual receptive
fields do not necessarily coincide or overlap; the measured receptive field is therefore the
sum of several units – it is a multi-unit receptive field, or MURF [Grant and Lettvin, 1991].
The MURFs in the region do seem to show some diffuse “map-like trends”, in that at least
locally, general regions of the NB/CG correspond somewhat systematically to general
regions of space; and there seem to be no “jumps” in the scheme – i.e., moving the electrode
a small distance in the brain does not ever require “skipping over” to a non-continuous or
faraway region of the visual field to elicit responses there.

The best way to describe the organizational scheme we found in the anterior thalamus is in
terms of a “nested” topography: in successively more caudal penetrations of the recording
electrode, there was evidence of an infero-nasal constriction of the MURFs. Thus cells in
more rostral (anterior) areas have the largest receptive fields, such that they respond in almost
the entire contralateral visual hemifield, whereas more caudal (posterior) cells have receptive
fields that are more restricted to the nasal (front) part of the contralateral field (Figure 13).
MURFs that include more temporal regions of the visual field always include the nasal
regions; there seem to be no exclusively temporal receptive fields (as there are in the tectum,
e.g.). So, although there is no tectum-like visuotopic map in the anterior thalamus, there does
appear to be a sort of “topographic nesting” scheme, encompassing a few systematic trends
in receptive field shift along the rostro-caudal and dorso-ventral axes.
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Figure 13 — Representation of the visual field in anterior thalamus, showing “nesting” of
receptive fields along the rostro-caudal axis of the NB/CG region. Cells located more
rostrally in the NB/CG region have receptive fields that cover the entire contralateral visual
hemifield. As you move caudally, the cells' receptive fields constrict nasally, such that cells in
the most caudal part of the visual anterior thalamus respond exclusively to stimuli in the
nasal-most part of the contralateral visual hemifield. Note that no receptive fields ever cross
the midline to include any part of the ipsilateral field.

Along the way, we confirmed that the boundaries of the NB/CG region as determined by
systematic physiological probing do correspond at least qualitatively to the anatomical data
(cf. Chapter 4). The area of characteristic physiological response – from the dorsolateral
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surface of the thalamus anteriorly at the level of the telencephalic pole, trending medially and
ventrally going dorsally, until the structure pinches out about 300 µm back from the anterior
end – matches the anatomically measured extent (see Figure 7).

Partitioning of the visual field in the anterior thalamus
Though we could find no visuotopic map in the anterior thalamus, one striking pattern did
emerge from our probing of thalamic visual cells: no receptive field ever crossed the visual
midline to encompass some part of the ipsilateral side of the field. All receptive fields of
thalamic visual neurons were confined to the contralateral visual hemifield (see Figure 16).
We found no exceptions to this phenomenon.

Division of the visual field at the midline with respect to receptive fields of cells in right vs.
left thalamus implies that each side of the thalamus receives information from both the left
and right eyes – namely, from the nasal part of the contralateral retina and the temporal part
of the ipsilateral retina, exclusively (those areas of each retina which “look” at the
contralateral half of the visual field; see Figure 11). This is in sharp contrast to the tectal
pathway (which might be called the default scheme), where each eye projects wholesale to
only one (the opposite) side of the tectum. There is no a priori reason to expect such a
partitioning of the retino-thalamic pathway. We therefore sought to confirm our physiological
observations anatomically. We injected the retrograde tracer HRP unilaterally into the
NB/CG region and examined backfilled cells in the ganglion cell layer of both retinas.
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According to our physiological data, we should find HRP stained cells confined to the nasal
side of the contralateral retina — the part that "looks" at the contralateral half of the visual
field — and in the ipsilateral retina, confined to the temporal part, which also "looks" at the
contralateral half of the world. In order to confirm this pattern on the retina, we had to
determine exactly where the visual midline falls on the retina, with respect to the anatomical
— and our histological — landmark, the optic disk, the point where optic nerve fibers exit
the retina. The visual midline turns out to lie about 52° temporal to the optic disk (Figure
14). Consistent with the physiological pattern, HRP stained cells were confined to the nasal
side of the contralateral retina, extending from the retinal margin through the location on the
retina of the visual midline — and to the temporal part of the ipsilateral retina, beginning at
the projected visual midline (Figure 15; see also Figure 18, orange and purple lines) 8. As will
be seen, this is a somewhat surprising result.

8

Considering that at least some retinal ganglion cells bifurcate and send axons to both sides of the anterior
thalamus, as described above, it could be that those cells in the retina whose receptive fields do cross the
visual midline, nonetheless somehow divide up that information so that each half of the thalamus gets just
the contralateral part.
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Figure 14 — Schematic of frog's head showing position of the visual midline with respect to
the optic disk and the division of crossed vs. uncrossed fibers from each eye on the way to the
anterior thalamus. The midline falls about 52º temporal to the optic disk, our histological
landmark. RGCs in the nasal part of the retina (orange) send axons to the contralateral
thalamus; cells in the temporal part of the retina (purple) project to the ipsilateral thalamus.
(Only the thalamic projection is indicated in the figure; projection to tectum not shown. See
also Figure 18.)
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Figure 15 — Retina showing partitioning of cells retrogradely labeled from NB/CG: left of
picture shows optic nerve (lower left) entering the eye at the optic disk. Boxes A and B (e.g.,
arrows) show labeled retinal ganglion cells. On the 'A' side the staining extends to about 52
degrees past the disk, where the visual midline falls (top edge of figure). On the 'B' side
(ipsilateral to application site, facing the contralateral visual field) stained cells occur out to
the boundary of the retina. Top right shows the HRP application site in transverse section of
the anterior thalamus.

67

A distinct morphological subtype of retinal ganglion cells
While we were examining the distribution of HRP-backfilled retinal cells, we noticed that the
cells which project to the NB/CG region appear to constitute a distinct morphological
subtype of retinal ganglion cells. They appear flattened: they are larger and more elongate
than the majority of ganglion cells, such as those backfilled from the tectum (Figure 16). In
the various descriptions of frog retinal ganglion cell morphology [e.g., Grüsser and GrüsserCornehls, 1976; Ramon y Cajal, 1972], there is no indication of cells with this peculiar
shape. The physiological significance remains unknown, but it is notable that these cells,
which, we presume, serve a distinct purpose – collecting information about the stationary
world – should also differ in their morphology from those cells more interested in the moving
aspects of the environment.
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A

B

Figure 16 — A, HRP application site in the anterior thalamus; the darkened area at right is
where the axon terminals of retinal ganglion cells took up the stain (compare to Figure 7). B,
left, segment of retina (retinal surface faces right) showing the peculiar flattened cells (e.g.,
arrows) backfilled from the anterior thalamus. Right, the more common type of RGCs (e.g.,
arrows) typical of those that project to the tectum; these were backfilled by HRP application
to the optic nerve, and presumably represent a cross section of cells; if there are any stained
thalamic-projecting cells present, they will be sparse.
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Other connections to and from the anterior thalamus

Applying HRP to the anterior thalamus not only labels the origin of the retinal projection to
the area, but also labels the source of all other projections to the area from within the brain;
and because HRP is a bidirectional tracer, projections originating in the NB/CG will be
traceable as labeled fibers. These experiments thus reveal the range of connections to and
from the NB and CG.

Besides the projection from the retina (by which each eye reaches both sides of the anterior
thalamus), backfilled cell bodies indicate that cells in both the contralateral NB/CG and in
both sides of the pretectum (or posterior thalamus) send axons to the area. These connections
are reciprocal. Cells in the contralateral NB/CG occur throughout the zone symmetrical to the
application site (Figure 17A), as do anterogradely stained fibers. There is also a region of fine
stained fibers filling the structure known as MD, discussed in Chapter 3, which marks the NB
— these fibers are presumably terminals of bifurcating axons of retinal ganglion cells, since
they appear also in anterograde tracings from the optic nerve. (Also, no cell bodies appear in
this region, as they would if there were a reciprocal connection between MD/NB on both
sides.) That is, the stain is taken up by axon terminals in the NB/CG of one side of the brain,
and transported back toward the retina and then forward again up the alternate branch. Figure
17B illustrates this phenomenon, at about the same level as section 3 or 4 in Figure 7
(Chapter 3).
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Figure 17A — Stained cells in the contralateral NB/CG. Left, transverse section through
anterior thalamus showing a bit of the application site at far right (dark region) and the
location of stained cells in the NB/CG area on the other side of the brain (blue box). Right,
two levels of magnification of the area in the blue box at left. Arrows in the green box
indicate labeled cells.
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Figure 17B — Arrow indicates the structure known as
MD (cf. Figure 7, Chapter 3), which appears darker than
its surroundings because it is filled with very fine fibers
that have been stained by an application of HRP to the
NB/CG region on the other side of the thalamus. This
region presumably represents terminals of bifurcating
axons from the ipsilateral retina.

Pretectal cells occur in two possibly distinct cell groups: one near the dorsal surface, and
another more ventral, close to the ventricle (Figure 17C, blue arrows). Stained fibers are
visible in the posterior commissure, originating from cells in the pretectal nuclei, crossing
over and projecting forward to the contralateral NB/CG area. Notably, the connection to the
pretectum is strongly reciprocal: anterogradely stained fine fibers occur throughout the
pretectal regions where stained cell bodies occur, with a salient fiber bundle very medial near
the dorsal surface of the pretectum (Figure 17C, green arrows). This reciprocal connection
between the anterior and posterior thalamus is likely involved in the processing of the
stationary visual world; it is possible that the pretectal cell groups are a kind of satellite of the
NB/CG, and perform some operation on the received visual information (perhaps in
conjunction with the pretectum’s own input from the retina) before feeding it back to the
anterior thalamus, from which the information feeds forward down toward motor systems.
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Figure 17C — Stained cells and fibers in transverse section through the posterior thalamus
(pretectum) ipsilateral to application of HRP in the NB/CG region. Tectal lobe is visible at
far left. Blue arrows indicate two locations of backfilled cell bodies; green arrows point to
labeled fibers, including the dark anterograde projection near the dorsal surface.

The anterograde projection that seems to connect to pre-motor systems can consistently be
traced caudal-ward from the anterior thalamus, consisting of fine stained fibers near the
ventrolateral surface of the brain on the same side as the application site (Figure 17D, arrow).
These fibers can be traced back as far as the medulla, where they presumably interface with
the pre-motor and motor systems that ultimately mediate the frog's behavioral reactions to the
stationary world.
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Figure 17D — Transverse section through the rostral tectum showing the location of labeled
fibers that can be traced from the HRP application site in the ipsilateral NB/CG region as
far back as the brainstem. Presumably this anterograde projection sends information from
the anterior thalamus toward pre-motor areas.

Connections between the anterior thalamus and the tectum have been reported in the
literature [e.g., Bruce, 2009], but we do not reliably find backfilled cells anywhere in the
tectum. We do find a rearward projection to the pretectum along the dorsolateral surface of
the thalamus just beneath the edge of the tectal lobe; occasionally some of these fibers do
appear to enter the tectum, but these results are inconsistent and in any case insignificant in
comparison with the other connections. Connections between the anterior thalamus and
telencephalon have also been reported [e.g., Neary and Northcutt, 1983], and while certain of
our HRP experiments do reveal a few very fine fibers projecting forward, these cases have
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generally been ones in which the HRP application site extends well beyond the NB/CG
region; experiments with better circumscribed application sites do not result in staining in the
telencephalon.

Discussion
The anterior thalamus receives a projection from the retina (described in Chapter 3) that
defines two visual neuropil regions, NB and CG, which appear in many respects to act as a
single structure. Within the brain, the NB/CG area is reciprocally connected to the NB/CG on
the opposite side of the brain, and to the posterior thalamus (pretectum) on the ipsi- and
contralateral sides. There is also a projection from NB/CG toward the medulla, where
information about the stationary environment presumably is sent to pre-motor systems to be
converted to a response. Connections have been reported in the literature between the visual
anterior thalamus and both the tectum and the telencephalon, but we do not reliably
encounter such projections. Figure 18 shows a schematic drawing representing the
connections we have found to and from the anterior thalamus.
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Figure 18 — Schematic showing connections to and from the anterior thalamic visual
regions (NB/CG). Orange and purple are the retinal projection (see Figure 14 for more on
the crossed vs. uncrossed fibers). Yellow is the reciprocal connection to the contralateral
NB/CG. Green and blue are the reciprocal connections between the ipsi- and contralateral
pretectal visual regions. Magenta represents the ventro-caudal projections to the medulla
and pre-motor systems.
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The pretectum also processes visual information, and has been implicated in perception of
elements of the stationary environment, such as color and depth [e.g., Ingle, 1976]. The
strong reciprocal connections between this posterior thalamic region and the anterior
thalamic visual regions suggest that the two areas work in conjunction to process information
about the stationary visual environment and design responses to it. Further work in our lab
[Recketnwald et al., in prep.] suggests that the particular pretectal regions that connect to
NB/CG do not project elsewhere, making this zone of the posterior thalamus appear a kind of
satellite of the NB/CG. Further work will elucidate the various contributions of the different
parts of the circuit.

The optic tectum exhibits a well defined visuotopic organization, where adjacent points in
visual space map to adjacent points in visual brain areas; reports of such visuotopic maps in
the thalamus have been sketchy and unconvincing [e.g., Muntz, 1962a; Scalia and Fite, 1974;
Montgomery and Fite, 1989]. We wanted to resolve this question of how the visual field is
represented in the visual areas of the frog’s anterior thalamus.

We find that instead of a visuotopic map in the anterior thalamus, there is rather a trend such
that the nasal part of the visual field is represented almost everywhere in the NB/CG region,
while more temporal parts of the field are represented only in the more rostral part of the
NB/CG. This could reflect the animal's "attentional" preference for what is going on in front
of it, as exhibited in other behaviors such as selection among multiple prey items (the frog
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chooses the most nasal) [Stull and Gruberg, 1998].

Perhaps the most striking result of our investigation into the representation of the visual field
in the anterior thalamus is that the receptive fields of NB/CG neurons are confined to the
contralateral half of the visual field, as defined by the visual midline, rather than ranging
throughout the field of view of the contralateral eye. This pattern implies that the
information from each retina is split up on the way to the anterior thalamus; some crosses to
the contralateral NB/CG while some remains ipsilateral. This peculiar organization is also
seen in the mammalian visual system, where each lateral geniculate nucleus (the mammalian
visual thalamus) receives information from the contralateral visual hemifield. The larger
implications of this congruence will be discussed in the following chapter.
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CHAPTER 6 — GENERAL DISCUSSION:
TWO VISUAL SYSTEMS
As discussed, the leopard frog relies mainly on sight to interact with its environment –
navigating landscape obstacles, pursuing prey, evading predators, locating places to hide and
escape routes from confinement. And much work has been done on the frog’s visual system –
the famous neural projection from the frog’s retina to the midbrain optic tectum was shown
to transmit highly processed visual information about prey and predators from the eye to the
brain. Such stimuli – bite-sized and creeping or large and looming – are recognized by the
nervous system through critical aspects of the way they move [Lettvin et al., 1959; King et
al.; Kintzell, 1993], and they evoke responses along a pathway leading from discrete cell
types in the retina to a precise visuotopic map among the tectal layers [Gaze, 1958; Lettvin et
al., 1959]. Removal of the optic tectum renders a frog unresponsive to the sight of both
predators and prey9. Such a frog, however, still manages to avoid obstacles and jump cleanly
through holes: it would appear that the representation of other visual aspects of the frog’s
environment does not depend on the tectum [Ingle, 1973, 1977; Saltzman et al., 2004].
Where then is this information processed?

The proposal here is that visual information about, for instance, the entire stationary world,
takes a pathway less traveled, and less understood, than the canonical retinotectal projection:
namely, the neural projections from the retina to the frog’s diencephalon, where several
9

King et al. [1999] showed that prey and looming stimuli themselves were further dissociable within the
motion-sensitive system; selectively blocking the myelinated optic nerve fibers projecting to the tectum
abolished responses to looming stimuli while leaving the prey response intact. Organizing information
among relatively independent processing modules and sub-modules is a recurring theme throughout the
nervous system.
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thalamic nuclei have been identified as responsive to visual stimuli [e.g., Muntz, 1962a;
Ingle, 1973]. What has so far been discovered about this brain area is consistent with the
hypothesis that it is here that the stationary visual environment is represented, at least in part.

David Ingle, demonstrating his discovery of "two visual systems in the frog" [1973],
performed an experiment in which he surgically removed either a frog's right or left tectal
lobe (the midbrain, like most major components of vertebrate nervous systems, consists of
two symmetrical halves); the severed optic nerve fibers, all coming from the contralateral
eye, which had normally projected to that side of the tectum, regrew to connect to the
ipsilateral tectum, preserving their organization but mirror-reversed. As a result, when for
instance the right tectal lobe was removed, information from the left eye was sent instead to
the left half of the tectum, which normally receives information only from the right eye. The
right eye of the frog was sewn shut. When such a frog was shown a prey stimulus on its left
side, it snapped at the corresponding location on its right side. Looming stimuli too, were
responded to in mirror-image fashion. A threat approaching from the left would result in an
escape attempt to the left instead of right. The entire tectal visual system was reversed. This
frog, nonetheless, when tested among stationary barriers, correctly oriented and jumped
through openings and around edges. Prey and threats were localized mirror-image to where
they were, but the stationary world remained unreversed. Clearly the two systems were
independent.
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Two visual systems
What has been described in Chapter 5 — a style of partitioning the visual field strictly down
the midline between the right and left halves of the thalamus — is striking because it is an
unexpected organizational scheme that is also found in the mammalian visual system. In
mammals, the part of the thalamus to which the retina projects is called the lateral geniculate
nucleus (LGN)10. Each LGN receives information from both eyes, exclusively about the
contralateral half of the visual field, just up to the visual midline, exactly as we find in the
leopard frog. From the LGN, in mammals, the visual information is sent on to the visual
cortex, in the occiptal lobe of the cerebrum. Frogs do not have a cortex, and though
projections from thalamus to telencephalon (the brain lobe that developed into cortex in
mammals) have been reported [e.g., Neary and Northcutt, 1983; Dicke and Roth, 2009], we
do not find a significant connection, and in any case the telencephalon of leopard frogs does
not appear to contribute significantly to visually guided behaviors [Patton and Grobstein,
1998a,b]. It is therefore presumably the thalamus itself where the visual "buck" stops in this
particular pathway (perhaps incorporating feedback from its satellite in the posterior
thalamus), and from there the information passes on (as we observed) to pre-motor and
finally motor systems whose role it is to enact a response. The LGN in mammals is a layered
structure; in frogs it consists of the two anatomically separate but quite adjacent neuropils
NB and CG, which may represent a primitive form of “layering” – in this sense the NB and
CG can be thought of as two “layers” of a single structure, consistent with their physiological
10

Our "CG", or corpus geniculatum, has sometimes been equated in the literature with the lateral geniculate of
mammals [cf., e.g., Neary and Northcutt, 1983], while other authors [e.g., Lazar, 1996] consider the NB and
CG neuropils together a “lateral geniculate complex”. We consider the NB/CG as a single system (with
perhaps separate subfunctions yet to be elucidated) for processing stationary visual information.
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continuity.

Like frogs, mammals also have a visual projection to the midbrain — what would be the
optic tectum in mammals is called the superior colliculus. The tectal/collicular system in
humans, which also ultimately sends information to the visual cortex, has been conceived as
a more "primitive" visual subsystem — concerned, not surprisingly, with processing
movement in the visual field; it is "primitive" in the sense that reflex responses to movement
are presumed to be most basic to survival, whether for catching food or for escaping the
predators faced by our evolutionary ancestors.

In this sense, the thalamo-cortical visual system, which allows for such skills as pattern
recognition [Schneider, 1969], is more "sophisticated". It determines "what" things are, rather
than focusing simply on "where" they are. While frogs may not be able to recognize patterns
in the sense that we conceive of that ability (as for instance when we recognize letters of the
alphabet)11, nonetheless they do recognize behaviorally significant features of the pattern that
constitutes the stationary visual backdrop — holes to jump through, dark places to hide,
obstacles to avoid, etc. This is in contrast to prey and looming stimuli, effectively hardwired
as to "what" they are [Lettvin et al., 1959], so that the relevant information to be interpreted
is where they are at that critical moment. 12
11

12

And though adult frogs do not seem capable of learning to respond to particular stimuli [Russek, 1969],
they still recognize and respond (in perhaps a hardwired way) to certain stereotyped stationary visual
features (and combinations of features) of their natural environment. It is a primitive form of “pattern
recognition”.
Maximov et al. [1985] point out that the threat detection system in frogs (mediated by the tectum) is only
concerned with large fast dimming, and does not receive color information from the retina; escape
mechanisms are “color-blind”. It makes sense that color discrimination (e.g. the blue preference), important
for discerning stationary patterns, would be part of the thalamic, stationary object system.
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David Ingle (following Schneider [1969]) has spoken of these "two visual systems" in terms
of "locating" vs. "identifying" modes of visual processing [Ingle et al., 1967]. This
dissociation is also expressed in terms of the "where" vs. "what" pathways of Goodale and
Milner [1992]. In the latter formulation, which deals with a "dorsal" and "ventral" cortical
information stream in mammals, it is the ventral or "what" pathway that receives most of its
input from the LGN, the visual thalamus. It would seem that a visual information sorting
scheme present already in amphibians was elaborated through cortical evolution into the
more sophisticated but similarly put-together visual system of mammals.

There are more than a handful of cases in the clinical literature that reveal this dissociation
between the moving and the stationary world. Botez [1975] described a stroke patient
(mentioned in the opening quotations) who behaved in all respects like a blind man — as
long as he was sitting still. When he was moving around, or when objects themselves were
moving (like "an ant crawling over the table"), he could locate and identify objects as normal.
Another patient, who had undergone surgical removal of one entire occipital lobe (the seat of
visual cortex), “was not able to recognize a single letter of the alphabet by static examination,
whereas by dynamic examination she was able to recognize 23 letters out of 24” [Botez,
1975, p.104]. She was effectively blind to the stationary pattern, but when it was traced out
for her by an examiner, she could identify the letter. Another case involved a man who had
suffered brain damage from carbon monoxide poisoning. He could not identify objects upon
static examination, but “was aware about all obstacles on his way.” Asked if he could
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recognize animals, the patient reported, “Only if it is moving I become aware that there is an
animal with hair or with a long tail” [p.109]. Midorikawa et al. [2008] described a patient
with posterior cortical atrophy who “could not find a static object even when it was in front
of him, but he could see and catch a tossed ball very well”. McCloskey [2004] worked
closely with a young woman with a developmental deficit who made systematic errors in
location and orientation of static objects, but who performed drastically better with objects
that were moving. In all these cases, various types of disruptions to brain tissue seem to have
exposed the underlying fault lines between physiological processing modules.

What does it mean that amphibians and mammals should have this peculiar organization in
common, whereas in birds, reptiles, and fishes the retinothalamic pathway seems to be
organized like the retinotectal pathway, where each half of the thalamus receives information
from the whole of a single (contralateral) retina? An interesting question to pursue is, which
is the primitive system? Did reptiles and birds diverge from the primitive state? – or have
frogs and mammals followed a convergent evolutionary pathway?

It is perhaps noteworthy that amphibians and mammals (and not birds or fishes) share
another peculiar organizational scheme: that of the isthmotectal (amphibian) or
parabigeminal-collicular (mammalian) attentional system [Gruberg et al., 2006]. In
amphibians, the optic tectum projects on the ipsilateral side to a relatively isolated small cell
group at the back of the midbrain known as nucleus isthmi, which in turn projects
reciprocally back to the ipsilateral optic tectum and also to the tectum on the contralateral
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side. Input from nucleus isthmi modulates primary retinal input to the tectum in order to
focus attention on a single prey stimulus, facilitating selection of a target when there multiple
prey items. (Removal of the nucleus isthmi causes frogs to neglect prey stimuli altogether in
the contralateral visual field.) In mammals, the nucleus isthmi is called the parabigeminal
nucleus, which is reciprocally connected to the ipsilateral superior colliculus (the mammalian
version of the optic tectum), and also sends a projection to the controlateral colliculus, just as
in amphibians. In mammals, the system appears to facilitate tracking of a single moving
object against a backdrop – also an attention-focusing mechanism. What is striking is that
this peculilar pattern of reciprocal and crossed connections is seen only in amphibians and
mammals; in fish and birds, there are one or more reciprocal connections between the two
midbrain regions, but no projection crossing back to the contralateral tectum.

The fact that also in the thalamus there is a peculiar pattern of crossed and uncrossed fibers
(in this case between retina and brain) uniquely shared by amphibians and mammals
strengthens the case for some kind of evolutionary connection that merits further
interpretation. It is possible that the right bioinformatics questions could shed some light on
the issue.

Furthermore, since the ipsilateral retinal fibers seem confined to the structure known as MD,
and since stained fibers (and not cells) also appear in that area when HRP is applied to the
contralateral NB/CG (Figure 17B), suggesting that these fibers are branches of retinal
ganglion cell axons which also project to the contralateral NB/CG (the bifurcating axons), it
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would appear that the MD represents the projection from those cells in the retina whose
receptive fields encompass areas either exclusively on the temporal side of the ipsilateral eye
(which looks at the contralateral hemifield) or which extend to both sides of the visual
midline – i.e., the MD is the site which receives the uncrossed fibers or branches of fibers. If
the ancestral condition was that each eye sent all its axons to the contralateral thalamus, the
odd, anatomically distinct MD structure may reflect the evolutionary process of dividing up
the fibers from each eye, determining which should cross and which should not. Those fibers
which became ipsilateral (those fibers which “uncrossed”) found themselves gathered in this
one anatomical region. Inasmuch as developmental events often track evolutionary changes,
it is suggestive and fitting that (at least in Xenopus) it is indeed the ipsilaterally projecting
fibers that are produced latest in the development of the retinothalamic projection [Hoskins
and Grobstein, 1985a, 1985b].

The fact that there is no clear-cut visuotopic map in the anterior thalamus could reflect the
fact that the retinal axon terminals are significantly dispersed as they enter the thalamus. It is
possible that the retinal ganglion cells that serve the stationary object system also collect
information from a wider area of the retina than those which project to the tectum —
especially possible since the thalamic-projecting cells are morphologically distinct from the
majority of RGCs. The nature of the retinal projections to the brain was discussed by Stirling
and Merrill [1989], who found that the axons entering the pretectum (posterior thalamus)
were highly arborized; such morphology could preclude any fine-scale retinotopic mapping.
It may be that the reciprocal connection between the NB/CG and the posterior thalamus
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entails a higher resolution visuotopic mapping that could mediate the fine-scale spatial
localization of stationary objects (like holes) that the frog is clearly capable of. In any case,
certain behaviors, such as "go to where it is darkest", in principle do not depend on a highresolution picture of the world; it is likely that the stationary object module can itself be
broken down into submodules. Hopefully, continuing work in our lab will answer the
remaining questions.

The connections to and from the anterior thalamus (Figure 11) suggest that it works in
conjunction with pretectal visual areas to process information about the stationary world
before sending instructions to pre-motor and motor systems. The pretectum, with its
reciprocal connections to both sides of the anterior thalamus, may be a sort of satellite of the
NB/CG areas, in a scheme somewhat analogous to the isthmotectal system, perhaps between
them implementing more of a visuotopic map than that found in the NB/CG region itself. In
any case, these two areas together seem "concerned" with all the elements that make up the
stationary visual environment — color, light and dark, small-amplitude oscillations of the
whole visual field, etc. What has been learned so far is consistent with the premise that the
anterior thalamus is the seat of a neurological module for processing information about the
stationary environment. This thalamic system for stationary, identifying, “what”-style
information, and the tectal system for moving, locational, “where”-style information,
constitute the leopard frog’s “two visual systems” – an organizational principle preserved
even in us, the highly visual descendents of amphibians.
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Conclusions
The frog's visual subsystem for interpreting the steadier aspects of its environment is a
longstanding puzzle. Information about color, light and dark, object boundaries, and other
persistent aspects of the world appears to be processed in the diencephalon – in contrast to
acutely moving prey and threat stimuli, which are handled by the midbrain optic tectum
which receives by far the bulk of the retina's output. While food and predators may well be
the visual stimuli most directly essential to the animal's survival, the visual environment
beyond eating and being eaten presents a range of challenges and opportunities. Leopard
frogs have to navigate a world of stones, branches and logs, water, mud, leaf litter, and a
range of grasses, shrubs, and other plants both above and below water. And they are excellent
navigators — they can leap through apertures just barely wide enough to accommodate their
bodies.

We find that the anterior thalamic visual regions exhibit properties consistent with their role
as a processing center for the stationary environment. Bilateral lesions of the anterior
thalamus disrupt a frog's ability to navigate among stationary objects. The visual neurons in
the region respond to stimuli that make up the features of the stationary world, such as color
and light and dark. Furthermore, these cells are responsive to the kind of movement that
stationary objects would produce on the frog’s retina — the oscillating whole-visual-field
movements that underlie persistence of vision — and, consistent with their role in a
stationary-object-detecting system, the cells do not habituate, either to these whole-field
oscillations or to repeated presentations of light and color. The neurophysiological
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observations line up neatly with the behavioral responses seen in free-moving animals, such
as the preference for blue.

We find that while there may be no tectum-like visuotopic maps in the thalamus, there is
nonetheless a discernible ("nested") pattern to the visual field’s representation in the NB/CG
region. Moreover, the receptive fields of cells in the NB/CG region of one side of the
thalamus are confined exclusively to the contralateral visual hemifield, defined by the visual
midline. That is, just as in the mammalian LGN, the visual field in the frog’s thalamus is not
divided according to the field of view of each eye (with an area of overlap in the binocular
realm), but rather is partitioned at the visual midline, with the left visual hemifield
(contribution from both eyes) projecting only to the right thalamic hemisphere and vice versa
– entailing a distinct pattern of crossed and uncrossed optic nerve fibers. The evolutionary
significance of this commonality is unknown.
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