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Abstract

This thesis examines Displaced Amacrine Cells (DACs) of the ferret retina for
their physiological and morphological diversity. The two main goals were to gather
information and then find correlations between anatomy and physiology as a means of
compiling enough data to identify potential functional groups. Patch-clamp recordings
were made on a total of 185 DACs in whole-mount ferret retina. Included in the
recording pipette were lucifer yellow (for immediate post-recording visualization) and
biocytin for later tissue processing using a DAB reaction, which produces a light-stable
product. Three-dimensional anatomical reconstructions were made for a total of 55
neurons using Neuolucida software. The passive (resting membrane potential, input
resistance, and spontaneous activity) and excitable membrane properties (spiking activity
and whole cell currents) were examined using both current and voltage clamp techniques.
A total of 6 physiological groups were identified and discussed, including: non-spiking
cells, transiently spiking cells, continuously spiking cells, cells that are quiet at rest, cells
that are synaptically active at rest, and cells that are spontaneously oscillatory. When
observed under voltage-clamp conditions, there were two clear patterns for spontaneous
oscillations. Fluctuations in activity observed in “summating” oscillatory cells seemed to
be composed of unitary synaptic events that often summated at peak, while “baseline”
oscillatory cells seemed to experience pericdic fluctuations in baseline current. Both
patterns of oscillatory behavior among DACs represent a previously unidentified and
therefore novel pattern of amacrine cell activity in the adult ferret retina. This activity

was blocked in 10 out of 10 DACs using the potent gap junction blocker, Carbenoxolone.



A model of the circuitry underlying DAC oscillations (included gap junction synapses
between some DACs) was proposed. A total of eight morphological groups of DACs
were also identified and discussed. Six of those groups emerged as a result of rigorous
statistical analysis of data from several functionally relevant anatomical characteristics.
By compiling and comparing the data from dendritic extent size, distribution index,
circularity index, and number of nodes, two morphological groups emerged: the “small-
circular-complex” (30% of population) DACs and the “Large-non-circular-simple”
(30% of population) DACs. The examination of depth of stratification resulted in the
identification of both the “ON”-layer stratifying and “OFF”-layer stratifying DACs. A
combination of degree of symmetry and dendritic distribution index was used to identify
the “radially symmetric” and “non-radially symmetric” DACs. Finally, the
“orientation-biased” DACs and the “Direction or/Approach — Biased” DACs were
identified based on their anatomical resemblance to previously identified physiological
amacrine cell types.

The physiological and morphological cell types described above lay the
foundation for further DAC study. Any or all of the cell types can now become
functionally defined through rigorous examinations. Complete comparisons between the
physiological and anatomical groups will be useful to determine potential roles in retinal
circuitry. Moreover, more detailed investigations of the physiological properties
uncovered in this study will contribute a great deal to our understanding of the DAC
population. The present study represents an important step in the discovery of the
contribution DACs make to retinal circuitry, which may prove to increase our more

general understanding of the role all amacrine cells play in retinal processing.



Chapter 1

Introduction



There are many motivations behind the study of the retina. In addition to
providing insight into the first stages of vision, the retina has served as a manageable
model in which to study information processing by neuronal circuits. Since t_he retina is a
portion of the central nervous system, and therefore has the same basic neuronal
organization, an understanding of retinal processing may shed light on how information
is handled by less approachable parts of the brain. Vision has also been an attractive
system to work in from a sensory perspective due to the ease of stimulation using light
and the particularly accessible and long optic nerve running from the retina to higher
brain centers.

The retina is located in front of the pigment epithelium that lines the back of the
eye. The rest of the eye is designed to focus the visual image on the retina with the least
amount of optical distortion. Light enters the eye, is focused by the cornea and the lens,
and then passes through the vitreous humor until it reaches the retina (Figure 1.1). Light
must travel through the thickness of the transparent retina until it reaches the
photoreceptors that are imbedded in the pigment epithelium layer in the most distal
portion of the eye. The cells of the pigment epithelium are rich in black melanin, which
absorb any light not captured by the retina that would otherwise reflect back and degrade
the visual image. There is an area on the mammalian retina called the fovea, or area
centralis in cat and visual streak in rabbit, where visual acuity is at its highest. During
vision, the position of the eyes is continuously readjusted to reflect the visual object onto
the fovea (32).

The retina is the first stage of vision and must code all the qualities of light that

higher visual centers will use for visual perception. This remarkable task is accomplished



by a layer of neuronal tissue with a thickness half that of a credit card. In order to
understand how this is done, is it necessary to investigate the cellular structure and
organization of the retina.

Cellular Composition and Organization

The greatest contribution to the study of retinal neurons has been the application
of the Golgi silver-impregnation staining method to the retina, first by Tartuferi in 1887
and extensively later by Santiago Ramon y Cajal in 1892 (Figure 1.2)(32). This method
was capable of staining, although sporadically, entire nerve cells from the finest dendritic
branches to the axonal terminals with remarkable resolution. The majority of what is
known about retinal cell types and their distribution is based on light microscopic
examinations of Golgi stained retina.

The organization of all vertebrate retinas consists of two synaptic layers, the inner
and outer plexiform layers, and three cellular layers: the outer and inner nuclear layer
and the ganglion cell layer (Figure 1.3). This organization is similar to the gray (somal)
and white (axonal) matter in other regions of the CNS. There are six major classes of
retinal neurons (photoreceptors, horizontal cells, bipolar cells, amacrine cells,
interplexiform cells, and ganglion cells) and one type of retinal glial cell (the Miiller glial
cell). The somas of the photoreceptors lie in the Outer Nuclear Layer (ONL), while the
somas of the horizontal, bipolar, interplexiform, and a significant subset of the amacrine

cells lie in the Inner Nuclear Layer (INL).
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Figure 1.1. The Anatomy of the Eye — A schematic drawing of the path
light takes as it enters the eye. Light passes through the Cornea, Lens,
and the Vitreous fluid before it reaches the Retina.

(32)



Figure 1.2. Cajal’s Work in The Retina — Drawings by Ramoén y Cajal (1889) of the retinal

neurons (ox retina) he encountered in his studies using the Golgi-impregnation method.

(61)
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Figure 1.3. Retinal Layers and Celluiar Components - a. A light micrograph of
Mudpuppy retina, M = Muller cell. b. Drawing of golgi stained mudpuppy retina; R
= photoreceptors, H = horizontal cells, B = bipolar cells, A = amacrine cells, [ =

interplexiform layer cells, M = Muller cells. (32)



The somas of the ganglion cells and a second subset of the amacrine cells occupy the
Ganglion Cell Layer (GCL). The Miiller glial cells extend vertically throughout the
retina, from the distal margin of the ONL to the outer border of the GCL. The junctions
of all Miiller cell terminals seam together to form the Inner Limiting Membrane.

Present in the Outer Plexiform Layer (OPL) are synaptic connections between the
photoreceptor terminals, the horizontal cells, and the bipolar dendritic projections.
Conversely, in the Inner Plexiform Layer (IPL) there are synaptic interactions among the
bipolar axon terminals, the dendritic projections of both subsets of amacrine cells and the
dendritic projections of the ganglion cells.

Before a full understanding can be reached regarding the flow of light information
through this organization of neurons, it is important to understand the unique properties
of each cell type.

Photoreceptors

The photoreceptors are the primary light sensors; they convert light that enters the
eye into a neuronal signal via a process termed phototransduction. There are two major
classes of photoreceptors; the rods that are sensitive to very low light intensities and the
cones that respond to higher light intensities and mediate color vision. Each
photoreceptor is composed of an outer segment containing the phototransduction
machinery, an inner segment containing the cell body, and a synaptic terminal that makes
contact with bipolar and horizontal cells. Rods and cones are easily differentiated
anatomically through the shape of their outer segments, logically: one has an oblong rod

shape and the other is more conical (Figure 1.4). Mammals have only one type of rod cell



but three distinct cone cell types based on their visual pigment and its respective optimal
wavelength of light absorption: green, blue, and red (32; 44).

Located along the membrane of the photoreceptor outer segments are sodium
channels gated by the cyclic nucleotide, cGMP. In the absence of light, cGMP levels are
high and the Na+ channels are open. This phenomenon produces what is called the dark
current; the absence of light causes photoreceptors to be depolarized. Light stimulation
causes a decrease in cGMP levels and results in an attenuation of the dark current, a
hyperpolarization (Figure 1.5). Light alters intracellular cGMP levels, and therefore the
number of open sodium channels, by regulating the activating of Phosphodiesterase
(PDE) responsible for the breakdown of cGMP to GMP (44). In darkness, PDE is in its
inactive form, a result of an inhibitory constraint imposed by one of the protein’s own
subunits (69).

Light causes a photoisomerization of the chromophore, rhodopsin. Activated
rhodopsin then interacts with the G protein, transducin, catalyzing the release of bound
GDP and the binding of GTP. Transducin, in its GTP-bound form, is then capable of
binding to and activating PDE. Active PDE then breakdowns cGMP, causing a decrease
in the concentration of intracellular cGMP and the closing of cyclic nucleotide gated Na+
channels (Figure 1.6). As a result, light, in an intensity-dependent manner, causes the
attenuation of the dark current and a hyperpolarization of the photoreceptor (44; 69).

Photoreceptors are not capable of generating action potentials. These cells

respond to light in a graded fashion that is dependent upon the stimulus intensity.
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Figure 1.4. Rod and Cone Photoreceptor Anatomy — Structural diagram of
vertebrate rods and cones. A - rods on the left and cones on the right. B - Outer
segments of both rod and cone photoreceptors. Visible are the membranous disks
that house the phototransduction machinery.
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Figure 1.5. Photoreceptor Light Responses - Light responses of red rod outer
segments. Light flashes were of increasing intensity, approximately double.
Outer segment current was recorded using a suction electrode and membrane
potential was recorded with a microelectrode inserted into the inner segment.
A. membrane current, B. internal potential

Each trace represents a different light intensity.

(44)
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Figure 1.6. Phototransduction Cascade — Diagram of the Phototransduction Cascade that
occurs at the membranous disks. 1 — The Chromophore, Rhodopsin (Rh), undergoes a
photoisomerization in response to light. 2 — Active Rhodopsin (Rh*) binds to the G-
protein, Transducin (G), which in turn catalyzes the binding of GTP and the release of
GDP. 3- Transducin, in its GTP-bound form, can activate Phosphodiesterase (PDE).
Active PDE then catalyzes the breakdown of cGMP to GMP. The intracellular
concentrations of cGMP then decrease, which cause the closing of cyclic nucleotide gated
sodium channels and an attenuation of the dark current

(44)
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This property is essential to code for the dynamic changes in light levels presented to our
visual system by our environments. The all or nothing response property associated with
action potentials is inappropriate for converting the spectrum of light levels that lie
between full brightness and total darkness into a neuronal signal.
Horizontal Cells

There are two basic types of horizontal cells, one without an axon and one with a
short axon (~400um) (Figure 1.7). Horizontal cells have somas that reside in the outer
margin of the INL and make synaptic connections with predominately photoreceptors.
These cells receive synaptic input from a “primary” light sensor and send projections to
neighboring photoreceptors. In the cat retina, there is a clear synaptic segregation
between the two types of horizontal cells. The axon-less horizontal cells receive inputs
and send projections to cone terminals. While the short-axon horizontal cells also receive
input from cones, these cells only send projections to rod terminals. This clear
segregation is not the case in other mammalian and non-mammalian retinas.

Illumination of the retina cause horizontal cells to respond with a graded
depolarization; no action potential generating horizontal cells have been observed.
Horizontal cells are GABAergic neurons and, when stimulated via photoreceptor input,
have an inhibitory effect on the surrounding photoreceptors to which they project. This
horizontal cell function is the basis for the receptive field surround response observed in
ganglion cells that will be discussed later.
Bipolar Cells

There are three predominant classes of bipolar cells that have been identified in

the mammalian retina. One type connects exclusively to rod photoreceptors, the rod

14



bipolar cell (Figure 1.8). The other two types connect to cone photoreceptors but differ in
their responses to light stimulation. The ON cone bipolar cell depolarizes in response to
light, while the OFF cone bipolar cell hyperpolarizes in response to light. The rod bipolar
cell also depolarizes in response to light and has a distinct morphology characterized by a
thick dendritic tuft that invaginates the rod terminal and a long axon that terminates deep
in the IPL. The OFF cone bipolar cell is also termed the flat bipolar cell due to the flat
contact its dendrites make onto the base of the cone terminal. The ON cone bipolar cell is
referred to as the invaginating bipolar cell because of the invaginating contact its
dendrites make into the cone terminal (see types of retinal synapses). The somas of all
the bipolar cells are located in the approximate center of the INL and make synaptic
contact with amacrine cells and ganglion cells in designated regions of the IPL.

Bipolar cells are relay neurons that convey the light signal received from the
photoreceptors vertically onto the next cell in the retinal circuit. As will be discussed
later, the bipolar cell is an important initial participant in the processing of the light
signal; it is where the ON and OFF segregation of light stimulus originates.

Amacrine cells

Amacrine cells are an extremely diverse group of interneurons in the retina. These
cells engage in a multitude of synaptic arrangements and contain a wide variety of
neuropeptides. Because the research presented here is focused on amacrine cells, I will
delay a lengthy discussion of them so the topic can be presented later in a more complete

manner.

15



a  cell perikaryon

100 pm

axon terminals

Figure 1.7. Horizontal Cell Anatomy - Light micrograph of golgi stained horizontal
cells. a. short axon horizontal cell. b. axon-less horizontal cell.

(32)
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Figure 1.8. Retinal Bipolar Cells — Cone and Rod Bipolar Cells.

A - Bipolar cells from Rhesus Monkey stained using Golgi method.

a. Invaginating cone bipolar cell. b. and ¢. Cone related flat bipolar cell. d. rod
related bipolar cell. (32)

B - Cameral Lucida drawing (x1900) of a Rod bipolar cell in the periphery of the
rabbit retina, impregnated with the Golgi method. The dendrites give rise to a
multitude of terminal branchlets (arrowheads), which end with a tiny swelling at
the level of the rod spherules in the OPL. The axon is characterized by a small
number of large, irregular terminals (asterisks), which are situated at the vitreal

boundary of the IPL.. (11)
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Ganglion cells

Ganglion cells were first characterized physiologically by Hamille in 1938, when
he described them as having an ON or an OFF response to light stimulation based on his
recordings of individual optic nerve fibers. Characteristically, ON cells were found to be
relatively quiet in darkness and respond to light with spiking activity, while OFF cells
fire spikes continuously in darkness and respond to light with quiescence. He also found
that each ganglion cell only responded when light was shown onto an isolated region of
retina, which he described as the cell’s “receptive field”. Later, in 1953, Kufler
discovered that the receptive fields of ganglion cells were organized into an antagonistic-
concentric-center-surround arrangement; the light-evoked response of the center of the
receptive field is opposite to that of the surround.

In 1966 Enroth-Cugell and Robson classified two categories of ganglion cells, X
and Y (recorded intracellularly), based on the physiological characteristics of their light
responses (16; 86). While both X and Y cells contained an ON and OFF subpopulation,
the X cells had a sustained response to the entire duration of the light stimulus, while the
Y cells responded transiently to the onset of light. The X cells had smaller average
receptive fields that were thought to “summate linearly”. This was based on the
observation that if sinusoidal gratings of light were positioned on the cell’s receptive field
such that the amount of darkness and light at any given point was equal, the cell would
have a “null” or no response. The Y cells had larger average receptive fields that were
thought to summate “non-linearly” based on the absence of a “null” response to any

position of the same sinusoidal light grating.
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An anatomical study done by Boycott and Wassle in 1974 classified ganglion
cells based on somal and dendritic morphologies over many degrees of retinal
eccentricities (distance from the fovea or area centralis). This study described three
morphological classes of ganglion cells; the “Alpha (a) cell”, “Beta (B) cell”, and
“Gamma (y) cell” (Figure 1.9) (7). The a-cell was characterized by having a large soma
and a dendritic field diameter of about 180-1000um, while the p-cell had a medium sized
soma and a dendritic field diameter of 25-300 um, and finally, the y-cell had a smaller
soma and a dendritic diameter of about 180-800 um. The a-cells and B-cells were found
to have dendritic diameters that increased with eccentricity (distance from the area
centralis), while the dendritic diameters of y-cells varied within its range at any point in
the retina. Based solely on comparisons between previous reports and their own
anatomical observations, these authors suggested that morphologically classified
alpha/beta/gamma cell types correspond to the physiological Y/X/W cell types
respectively. Fukuda et al in 1984 confirmed through both physiological measurements
and anatomical techniques that indeed the above mentioned morphological cell types
correlate to the previously identified physiological cell types (22; 23). These three
ganglion cell types account for nearly 99% of the ganglion cells in the retina. In the cat
retina, the X and W cells are far more numerous than the Y cells. With respect to the total
number of ganglion cells present in the GCL of the cat retina, W cells make up 40%, X
cells make up 50-60%, and Y cells make up 1-2% near the area centralis and nearly 10%
in the periphery (22; 23).

The ultimate goal of a retinal circuit is to form the properties of a ganglion cell’s

receptive field. There are several different receptive field properties that incorporate
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dynamic response properties to many spatial and/or temporal characteristics of light
stimulus. The Y (o-cells) and the X (B-cells) both have receptive fields that conform to
the antagonistic concentric center-surround organization first described by Kufler. The Y
(a-cells) respond very rapidly to light stimulation in a transient (or phasic) manner, while
the X (B-cells) respond more slowly but in a sustained (or tonic) manner. The W (y-cells)
have receptive fields that are non-concentric and contain subpopulations with a variety of
response properties. Among the W ganglion cell group, there are members with the
following light response properties: ON-tonic, OFF-tonic, ON-phasic, OFF-phasic, and
ON-OFF-phasic (Figure 1.10) (22).

There have also been ganglion cell types identified based solely on their response
properties to light. Some ganglion cells are sensitive to motion and some only spike when
light moves across their receptive fields in a particular direction; “direction selective”
ganglion cells (82). There are also ganglion cells that only respond to light presented in a
select spatial orientation (2). The receptive fields of these cells are still usually arranged
in an antagonistic center-surround manner. It has been the ongoing goal of much of
retinal research to understand how the same classes of retinal neurons described above
organize into the many circuits that underlie the multitude of ganglion cell receptive
fields (Figure 1.11).

Retinal Synapses

The synaptic connections of the OPL and IPL between retinal neurons have been

investigated using several anatomical techniques. Light microscopic examinations of

retinas stained with the Golgi method and other methods such as horseradish peroxidase
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Figure 1.9. Three Major Classes of Ganglion Cells—
Drawings from Golgi-stained whole-mount cat retina.
a. an Alpha (o)-ganglion cell. b. a Beta (B)-ganglion
cell. c. a Gamma (y)-ganglion cell. All three cells
originated from near the area centralis.

(7)
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Figure 1.10. Basic Receptive field Responses and Organization — Idealized responses
and receptive field maps for ON and OFF center contrast-sensitive ganglion cells.

On the left are example intracellular responses on ON-Center (top) and OFF-Center
(bottom) ganglion cells. Vertical line represents an action potential. Diagrams on the
right represent the antagonistic center-surround arrangement of the ganglion cells’
receptive field. The (+) signs are regions of excitatory responses, while the (-) signs

are regions of inhibitory responses to light stimulation. (32)
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Figure 1.11. Receptive Field of The Direction-Selective Ganglion Cell -
Idealized responses and receptive field maps for direction-selectivity.

The (&) signs represent the fact that these cells respond to both the onset
and offset of a spot of light. Open circle = movement in preferred direction

Open square = movement in the null direction

(32)
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(HRP) have been very useful in establishing possible synaptic connections between cells.
These techniques however are limited to revealing cells that have closely apposing
processes. In order to firmly establish, however, the presence of a synaptic connection
between any given points of contact the resolution available via electron microscopy
must be employed.

Based on light microscopic analysis of Golgi stained or HRP stained retina,
interactions between several cell types have been reported in the OPL and the IPL (33;
34). The processes of photoreceptor terminals, horizontal cell dendrites and terminals,
and bipolar cell dendrites have been found to come in close contact in the OPL. On the
other hand, the processes of amacrine cell dendrites, bipolar cell terminals, and ganglion
cell dendrites have been observed closely opposing one another in the IPL. The presence
of actual synaptic interactions was later established using electron microscopy
techniques.

The careful examination of electron micrographs discovered the presence of
several types of synapses in the mammalian retina. Chemical synapses similar to those
observed elsewhere in the brain, termed conventional synapses, are widely present in the
IPL. An assemblage of synaptic vesicles near the presynaptic membrane characterizes
these conventional synapses, as well as some electron dense material on both the pre and
postsynaptic membrane and some filamentous material in the synaptic cleft
(Figure 1.12A) (32).

Another type of chemical synapse called the Ribbon Synapse is found at multiple

synaptic sites in the retina, especially in the OPL. The Ribbon Synapse typically contains
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Figure 1.12. Conventional and Ribbon Synapses — A. Drawing (left) and electron
micrograph (right) of a conventional synapse observed in the frog retina. B. Drawing
and electron micrograph of a ribbon synapse. The micrograph on the far right is the
larger ribbon synapses common in the outer retina, as opposed to the smaller ribbons

(left side of panel B) commonly observed in the inner retina.

(32)
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an electron-dense “ribbon” that sits above the invaginating ridge of the presynaptic
terminal (Figure 1.12B) (32). Below the ribbon is a dense band called the acriform
density that is thought to anchor the ribbon to the terminal membrane. Several synaptic
vesicles that are attached via thin filaments surround the ribbon. The axon terminals of
the photoreceptors are characterized in part by the presence of this type of chemical
synapse. The cone axon terminal, also referred to as the cone pedicule, is arranged in
what is called a synaptic triad (Figure 1.13). Centered around a single large presynaptic
ribbon, the processes of three different cells make invaginating postsynaptic contacts; one
bipolar and two horizontal cell processes. Four other bipolar processes have been found
to make flat conventional synapses onto the cone pedicule surrounding the triad. The rod
axon terminal, also referred to as the rod spherule, has a synaptic organization that is
similar to that of the cone pedicule. The processes of two horizontal cells and two bipolar
cells invaginates the rod spherule and lie postsynaptically to a large presynaptic ribbon.
Ribbon synapses, when observed in the IPL, are smaller in size to those observed in the
OPL (32).

Gap junctions have also been found between retinal neurons. The membranes of
two gap-junctioned neurons come into close contact (~2-4nm) and a fluffy electron-dense
material bridges the junction (Figure 1.14). The contacting cells are thought to form
connecting channels that allow the passage of ions and small molecules up to ~1000
Daltons in weight (32). There are large gap junctions between adjacent horizontal cells
and very small gap junctions between adjacent photoreceptors (14; 89). There have also

been reports of gap junctions among select types of amacrine cells (49; 66; 68).
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Figure 1.13. Rod and Cone Axon Terminal Organization - Schematic drawings
showing the arrangement of synaptic junctions made by bipolar and horizontal cells
onto cone (left) and rod (right) axon terminals in the primate retina. H - horizontal cell
dendrite. FB - flat bipolar cell dendrite. FMB - flat midget bipolar cell dendrite (not
termed midget in non primate retina). IMB - invaginating midget bipolar cell (not
termed midget in non primate retina).

(32)
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Figure 1.14. Gap Junctions in the Retina — Drawing (left) and electron micrograph (right)
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of a typical large and small gap junction. ¢ and d - show the particles that bridge the gap

junction membranes, these particles are shown only in profile in a and b.

(32)
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All of these electrical junctions observed among retinal neurons are thought to be
modulated by light levels via the release of dopamine (4; 26). In dim light conditions the
gap junctions are near fully open, but during bright light condition the gap junctions are
less conductive.
Retinal Circuitry and Processing

The mammalian retina is thought to have a basic circuitry and format for light
processing that is somewhat conserved among species (Figure 1.15). This framework is
based on anatomical evidence, physiological investigations and theoretical postulation.

Physiological studies of ganglion cells first revealed the most basic receptive field
organization, the ON response and OFF response to light with an antagonistic center-
surround arrangement. The circuitry behind the formation of these response properties all
begins with the photoreceptors. In darkness, the photoreceptors are depolarized and the
presynaptic ribbons at the photoreceptor terminals continuously release glutamate. In
response to light stimulation, the photoreceptors hyperpolarize and glutamate release is
attenuated (see Figure 1.15). Postsynaptic to the photoreceptors are the bipolar cells that
respond to light (and the subsequent absence of glutamate) in one of two ways: by
depolarizing or hyperpolarizing (Figure 1.16) (101). The type of glutamate receptor
present on the bipolar cell dendrites determines how a cell responds. Bipolar cells that
have ionotropic glutamate receptors on their dendritic processes respond to light (a
decrease in photoreceptor driven glutamate release) by hyperpolarizing, which translates
to an OFF response (32; 89).

Bipolar cells with metabotropic glutamate receptors respond to light by

depolarizing, which translates to an ON response. These cells possess sodium channels
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Figure 1.15. Basic Retinal Circuit — A schematic drawing of a basic retinal circuit,
highlighting the sign-conserving and the sign-inversing synapse. The triangles represent
photoreceptors that hyperpolarize in response to light (dlownward deflection). Glutamate
(black-filled circles) is continuously released in darkness and attenuated in light.
Postsynaptically are the bipolar cells (gray ovals). bFF-Bipolar cells that with ionotropic
glutamate receptors (yellow star) hyperpolarize (downward deflection) in the absence of
glutamate, the sign-conserving synapse. ON-Bipolar cells that possess metabotropic
glutamate receptors (green half-circle) depolarize (upward deflection) in the absence of
glutamate, the sign-conserving synapse. OFF-Bipolar cells project to sublamina a of the IPL
terminating onto OFF ganglion cells, while ON-bipolar cells project to sublamina b of the

IPL terminating onto ON-Ganglion cells.
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Figure 1.16. Bipolar Cells responses to Glutamate - Two types of Glu-induced membrane
currents in bipolar cells from the cat retina. Responses were obtained via a 2 sec pressure
application of 100 UM Glu. Left, the raw current traces of glutamate responses at different
holding potentials. Right, the graphed I-V relationship of glutamate-induced current. A. One
type on bipolar cell responds to Glu with a slow outward current at —40 mV (left); this current

reverses near 0 mV (right). B. Another type of bipolar cell responds to Glu with a more rapid

inward current at -40 mV this current also reverses near 0 mV (right). (13)
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that are gated by cGMP (similar to those on the photoreceptor outer segment) and
regulated by the metabotropic glutamate receptor (Figure 1.17). In darkness glutamate is
bound to its receptor, which initiates a G-protein cascade involving G, keeping the
sodium channels closed (17; 51; 73; 84). The details of this signaling cascade have yet to
be fully elucidated. In the presence of light, glutamate is no longer bound to its receptor
and the channel is free to be opened by cGMP, which in turn causes a depolarizing
response.

The hyberpolarizing (OFF) bipolar cell response to light is called the sign-
conserving response while the bipolar cell depolarization (ON) is referred to as sign
inverting. This terminology is in reference to the photoreceptor hyperpolarizing response
to light (32). Through this synaptic mechanism, the bipolar cells create the first
segregation of the ON and OFF responses that are observable at the level of the ganglion
cells (see Figure 1.15). These functionally divergent bipolar cells send axonal projections
to separate regions of the IPL. The ON bipolar cells terminate deep within the IPL in
what is called sublamina b, closest to the ganglion cell layer. The OFF bipolar cells
terminate in sublamina a of the IPL, nearest to the ONL (62).

Studies that paired physiological recordings and anatomical analysis found that all
cells stratifying in sublamina a of the IPL either attenuated spiking or hyperpolarized in
response to light stimulation, while the cells that stratified in sublamina b responded to
light by initiating spiking or depolarizing (3; 5; 40; 62). These data clearly demonstrate a
functional stratification pattern present in the IPL of the mammalian retina. Sublamina a

of the IPL is referred to as the OFF layer and sublamina b the ON layer.
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With some exception, the ON and OFF bipolar terminals make synaptic contact
with the dendritic projections of ON and OFF ganglion cells in their respective IPL
sublamina (see Figure 1.15). The many retinal circuits, composed of photoreceptors
terminating onto bipolar cells then synapsing onto ganglion cells, are thought of as
parallel vertical channels (Figure 1.18). A lateral pathway is also thought to exist
involving horizontal cells and amacrine cells. Horizontal cells are thought to provide
lateral inhibition in the OPL, while amacrine cells provide lateral modulation in the IPL
(6; 35; 42; 55; 63).

Horizontal dendritic processes make synaptic contact with photoreceptor
terminals and send GABAergic projections to neighboring photoreceptors. Horizontal
cells are also extensively gap junctioned to one another, so an inhibitory signal can be
spread over many neighboring photoreceptors. This unique connectivity has been
demonstrated to underlie the antagonistic center-surround receptive field property
observed in many ganglion cells (32; 89).

Amacrine cells have been found to shape several spatial and temporal
characteristics of receptive fields observed at the ganglion cell level. Amacrine cells
engage in a myriad of synapses within the IPL, including connections with bipolar cells,
other amacrine cells, and ganglion cells. Amacrine cells not only provide lateral
modulation onto parallel retinal circuits, but in some cases have also been observed
participating in vertical information flow through the retina. I will discuss this in greater

detail in the amacrine cell section.
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Figure 1.17. Mechanism Behind the Sign-Inverting Synapse — A schematic drawing of
the mechanism of action for the metabotropic glutamate receptor (nGLUR), which are
located on the ON-bipolar cells. In darkness, (left) glutamate is continuously released
from the photoreceptor and bound to its postsynaptic receptor. The G-protein receptor, in
its bound form, activates a signaling cascade that is initiated by Go and causes the closing
of cyclic nucleotide gated sodium channels at the membrane. Upon light stimulation,
glutamate is no longer available and the receptor, in-turn, sits in its inactive form. The
sodium channels at the membrane are now free to be opened by intracellular cGMP. The

cells then depolarize.
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Figure 1.18. Information Flow Through the Retina — A schematic drawing of the major
channels on information flow through the mammalian retina. The vertical channels
include photoreceptors onto bipolar cells and finally onto ganglion cells. The lateral flow
of information come from the horizontal cells in the Outer retina and the Amacrine cells in
the Inner retina.
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The Rod Pathway as a Model Retinal Circuit

The rod circuits leading to the ON and the OFF ganglion cell responses in the
mammalian retina is a great model to observe the mechanisms by which a ganglion cell
receptive field is formed (Figure 1.19). Over the past several years, the cellular
components, their physiological properties, and the synaptic interactions of the
mammalian rod pathway have been well established.

Compared to the cone circuitry, the circuit connecting rod photoreceptors to
ganglion cells is relatively indirect. The rod pathway leading to an OFF ganglion cell
fesponse involves the use of the cone circuitry via an amacrine cell (AIl). In dim light
conditions, the rod photoreceptors hyperpolarize and the continuous release of glutamate
at the axon terminal is attenuated (see Figure 1.15). The rod photoreceptor terminates
onto the ON-rod bipolar cell in a sign-inverting synapse. The dendritic processes of the
ON-rod bipolar cell possess the metabotropic glutamate receptor, which causes the
opening of sodium channels and depolarization in the absence of glutamate
(see Figure 1.15). The ON-rod bipolar cell makes two terminating synapses located in
sublamina b of the IPL. One reciprocal synapse is made onto an indoleamine-
accumulating-wide-field amacrine cell called the A17 cell. A second synaptic contact is
made with the narrow-field-bistratified AIIl amacrine cell, also called the rod amacrine
cell (see Figure 1.19) (9; 11; 12; 14; 36; 50; 64; 67; 79; 80; 83; 93; 102). The reciprocal
connection with the A17 cell is thought to be excitatory and responsible for quickening
the time course of the rod bipolar cell response. This claim is supported by the fact that
recordings in the AIl amacrine cell have demonstrated that it responds to light more

rapidly than does the upstream rod bipolar cell (52-54).
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The AII amacrine cell makes two terminating contacts. Tracer studies found that
the AIT amacrine cell is gap junctioned to the dendritic processes of the cone-ON-bipolar
cell in the rabbit retina and to the ON ganglion cell in the cat retina. In all mammalian
retinas, the AIl amacrine cell makes a second synaptic contact with the OFF cone bipolar
cell located in sublamina a of the IPL. This synapse was found to be inhibitory and
mediated by glycine (68). The OFF cone bipolar cell hyperpolarizes in response to light
and conveys that signal to the OFF ganglion cell (see Figure 1.15). The AIl amacrine cell
was the first amacrine cell found to engage in the vertical circuitry from photoreceptors to
ganglion cells.

Amacrine Cells

Miiller in 1851 first observed that the cell bodies lying at the vitreal border of the
INL formed a distinct sublayer; these cells were termed spongioblasts by Tartuferi in
1887. Further examinations of Golgi stained retina by Dogiel in 1891 and Cajal in 1893
discovered that spongioblasts did not give rise to axons. This led Cajal to name these
cells “amacrine cells” based on a Greek term (a-makrés-inos) meaning “without long
fibers” (32). He was also the first to attempt to anatomically characterize amacrine cells.
Cajal used vertical serial sections and divided cells into three general groups based on
pattern of dendritic stratification (Figure 1.20). The first group was the diffusely
stratifying cells, which he further divided into small and large cell types. The second
group Cajal described was the “stratified” amacrine cells, which confined their

projections to a strict region of the IPL.
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Figure 1.19. The Rod Pathway - Wiring diagram of the direct neuronal
pathways serving rod and cone vision in the rabbit retina. Cells in the
diagram with somata that are shaded are the cells that depolarize in response
to light (ON), while non-shaded cells hyperpolarize in response to light
(OFF).

R = rod photoreceptor, C = cone photoreceptor, RB = rod bipolar cell, SA =
serotonin accumulating amacrine cell (A17), AII = AIl amacrine cell,
ON/CB = ON-cone bipolar cell, OFF/CB = OFF-come bipolar cell,

ON/G = ON-Ganglion cell, OFF/G = OFF-Ganglion cell.

Symbols next to synaptic contacts: (+) = a sign-conserving synapse

(-) = a sign-inverting synapse

(83)
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Figure 1.20. Cajal’s Amacrine Cell Classification - Reproductions of
drawings made by Cajal of two general types of amacrine cells from ox and

dog retina. Left = diffuse amacrine cell. Right = five stratified amacrine cells.

(32)

40



Finally, he identified the bistratified cells that, along with the “stratified” cells, were also
sub-grouped based on the size of the dendritic tree. Medium and very wide field amacrine
cells were often missed in these early studies due to the constraints of analyzing vertical
serial sections. These cell types were undiscovered until retinal whole mount staining
techniques were developed some eighty years later.

Kolb et al did the first comprehensive anatomical study of amacrine cells using
the Golgi-impregnated method in whole-mount retina in the cat retina in 1981. Cells were
first sorted by dendritic field size, then by details of branching patterns, and finally by
depth of stratification (37). A total of 22 anatomical cell types were identified. Later,
Masland and Mariani developed a visualization method that was less sporadic than the
Golgi-impregnation method and applied it to the study of amacrine cell anatomy. In this
method, focal irradiation is applied to the nuclei of a cell, producing a fluorescent
product. This technique, termed “photofilling”, had the advantage of visualizing all cells
in a given retinal region lending itself useful in determining the pattern of amacrine cell
distribution across the retina (39). Due to the bright fluorescent product of the
“photofilling” technique, however, detailed dendritic structure was often difficult to
resolve, especially among the small field neurons. In 1999 Masland and Mariani coupled
their photofilling technique with the Golgi-impregnated method to produce a
comprehensive anatomical study of amacrine cells in the rat retina. This study first sorted
cells based on dendritic size but focused heavily on the details of dendritic stratification
pattern and branching pattern in the Z-plane. Masland and Mariani identified a total of 28

amacrine cell types (38). Despite the surprising increase in estimated number of
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anatomically distinct amacrine cell types since Kolb’s seminal study, others report that
the number of cell types approach 40 based on work in both the cat and rabbit retina (8).

Many of the amacrine cell types identified through anatomical studies have yet to
be studied for their physiological properties. It is of great interest to determine whether
the morphological cell types previously identified translate to functional cell types. There
are, however, several amacrine cell types that have been characterized.

AII amacrine cell

The AIl amacrine cell is an integral member of the rod circuit. It plays a
throughput functional role from rod photoreceptors to the ON and OFF ganglion cells. Its
participation in the rod circuit was first established using a combination of HRP staining
and serial section electron microscopy. The rod ON bipolar cell terminates onto the All
amacrine cell in sublamina b of the IPL. Intracellular recordings established that the ATl
amacrine cell depolarizes in response to light. In addition, tracer coupling experiments
using low molecular weight dyes such as Neurobiotin demonstrated that the AIl amacrine
cell also makes gap junction contact with the ON cone bipolar cell in sublamina b. In
some mammalian retinas, for example the cat retina, the AIl amacrine cell makes gap
junction contact directly onto the ON ganglion cell. Application of the glycine receptor
blocker, strychnine, was successful at attenuating the rod mediated OFF ganglion cell
response in several studies. This evidence, in addition to anatomical and immuno-staining
studies, established that the AIl amacrine cell also terminates onto the OFF cone bipolar
cell in a glycinergic synapse located in sublamina a of the IPL (4; 66; 68: 78; 80; 85; 91;

92; 100).
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Anatomically, the AIl amacrine cell is a narrow field cell that has a bistratified
dendritic organization (Figure 1.21). Stratifying in sublamina a of the IPL, is an
arrangement of thick lobular appendages responsible for the glycinergic contacts onto the
OFF cone bipolar cells. Located in sublamina b of the IPL, is a radiation of thin arboreal
dendrites that make gap junction contact with the ON cone bipolar cells in the rabbit
retina and the ON ganglion cells in the cat retina.

The Al amacrine cells make up approximately 11% of all INL amacrine cells in
rabbit retina. The dendritic field sizes and cell densities increase with eccentricity
reaching a maximum of 5000 cells/mm? in the cat area centralis and 3000 cell/mm? in the
visual streak of the rabbit retina (78; 80).

In addition to gap junctions with the ON cone bipolar cells, the thin arboreal
dendrites of All amacrine cells also make homologous gap junctions with other All
amacrine cells. The result of these contacts is a network of All cells thought to alter
receptive field sizes and, in some cases, amplify the rod signal. The AIl homologous gap
junctions are also thought to be regulated by light levels. Under dark-adapted conditions,
the receptive field sizes of AIl amacrine cells are only slightly larger than their dendritic
field size. Under intermediate conditions the receptive field size increases six-fold; these
light dependent changes are also mirrored in the observed AIl coupling ratios. Because
dopamine is known to uncouple homologous gap junctions between AIl amacrine cells,
some have suggested that dopamine may mediate the light dependent changes in

receptive fields (4).
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A17 Amacrine Cell

There is another well-characterized amacrine cell that is associated with the rod
circuit. The A17 amacrine cell was discovered, through electron microscopy, to make
reciprocal synaptic contact with the rod bipolar cell in sublamina b of the IPL. This
amacrine cell was first called the Al cell by Kolb et al (1981) in a purely anatomical
study of amacrine cells (37). Using the Golgi-impregnation method, HRP staining, and
electron microscopy, the A1 cell was found to correspond to the A17 amacrine cell (8).

The A17 amacrine cell is a wide-field cell; the soma gives rise to a radiation of
fine bead-like dendrites that cover approximately 600-2000 pum in diameter (Figure 1.22)
(8). In the Z-plane, the dendrites are diffusely spread throughout the IPL but in the distal
portions of the tree, the dendrites are relatively uni-stratified deep in sublamina b. Along
the length of each dendrite are small round varicosities at intervals of 10 - 50 pm that can
number up to 1000 or more per cell. As early as 1974, Kolb and Famiglietti discovered
that the A1 cells (A17 cells) were connected via gap junctions (36). Based on
Neurobiotin injection, cell coupling observations revealed the cell densities across the
retina range from 300 cells/mm?® in the far periphery to 25000 cells/mm” in the are
centralis of the cat retina (79). This high density results in a large degree of dendritic
overlap; approximately 700 A17 amacrine cells, for example, cover each point on the cat
retina (8).

In the rabbit, there are two cell types that are morphologically similar to the A17
cell observed in the cat. The S1 and the S2 amacrine cells are wide-field cells that make
reciprocal synaptic contact with the rabbit rod bipolar cell. Both cell types were first

identified based on their selective accumulation of indoleamines such as serotonin.
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Figure 1.21. AIl Amacrine Cell Anatomy — AIl amacrine cell from two view points.
A. An All amacrine cell initially injected with Lucifer yellow, then photoconverted to
an opaque reaction product. Viewed in retinal wholemount (rabbit retina). Focus is on
arboreal appendages located in sublamina b. Scale bar = 20pm. (83)

B. Camera Lucida drawing of an AIl amacrine. (68)
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Figure 1.22. A17 Amacrine Cell Anatomy — A drawing of an A17
amacrine cell (cat retina) from intracellular iontophoresis staining
with HRP. Varicosities are not visible in this drawing, but are present.
Scale bar 50um

(37)
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These cell types correspond in their average dendritic extents and the presence of round
varicosities along the length of each dendrite (47; 54).

The A17, S1 and S2 cells respond to light with an initial peak depolarization
followed by a plateau persistent throughout the stimulus duration. The receptive field size
is limited to the size of the dendritic field. These cells contain GABA and are also
thought to contain serotonin. The feedback from the A17 cell onto the rod bipolar cell is
thought to be excitatory at first (via serotonin), in order to quicken the time course of the
rod signal, and then inhibitory (via GABA). Some believe that the inhibitory reciprocal
feedback onto the rod bipolar cell underlies the surround response in the AIl amacrine
cell (8). This view is supported by the fact that the rod bipolar receptive field lacks a
surround response, while the rod bipolar terminal possesses a surround response, which is
then passed onto the AIl amacrine cell. The idea that an amacrine cell can generate a
surround response in higher order retinal neurons dispels the dogma that all surround
responses originate at the level of the horizontal cells.

Due to the extremely large dendritic extent of the A17 amacrine cell, there were
speculations that some regions of the dendritic tree were electrically isolated from the
soma. Modeling studies predicted that these isolated dendritic domains could act as
autonomous local modulators. Bloomfield, in 1992, tested these ideas by comparing
receptive field sizes in the absence or presence of the sodium channel blocker,
tetrodotoxin (TTX) (1). He found that the A17 cell relies heavily on the generation of
action potentials via voltage-dependent sodium channels in order to propagate signals
across its wide dendritic field. The application of tetrodotoxin reduced the size of the

receptive field of A17 amacrine cell. The A17 amacrine cell therefore does not contain
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isolated dendritic domains, but rather possessed the ability to integrate signals across the
whole of its dendritic tree.

Association Amacrine Cells

Cajal in 1893 recognized a group of retinal interneurons that possessed an axon-
like projection; he termed these neurons association amacrine cells. There are upwards of
10 types of association amacrine cells; two of these have been extensively studied. One
cell type is the classic dopaminergic amacrine cell and the other is the polyaxonal
amacrine cell (Figure 1.23) (8).

The dopaminergic amacrine cell was the first to be neurochemically identified.
This cell has an unusual morphology; they are found in very low densities across the
retina and possess a dendritic tree with two separate branching patterns. The
dopaminergic amacrine cell gives rise to a relatively unbranched dendritic tree and an
extensively branched axonal arborization, which originates from a single axon projecting
from the soma (8).

The polyaxonal amacrine cell is similar in morphology to the dopaminergic
amacrine cell. The cell possesses an extensive axonal arborization that originates from a
single axon extending from the soma. Both cell types are known to generate large spikes
in response to light and the size of their receptive fields are matched by the size of their
dendritic fields but do not match the extent their axonal arborization. Both cell types
have wide dendritic fields and are thought to play some sort of global regulatory function

across the retina (8; 88).
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Fountain Amacrine Cell

The fountain amacrine cell was first discovered by Masland et al 1999 in a
comprehensive study of amacrine morphology using a combination of the Golgi-
impregnation method and the newly developed “photofilling” method (38). The fountain
amacrine cell is a small field neuron possessing a distinct “retroflexive” dendritic
architecture. The cell’s unique anatomy is best appreciated when viewed in the Z plane
with respect to the Y plane. When viewed from this perspective, the dendritic tree has
been described as resembling a fountain, with dendrites pouring down from the soma into
sublamina a of the IPL and then thinly spraying up and outward into sublamina b. (99)
(Figure 1.24).

Using Neurobiotin injection, fountain amacrine cells were discovered to be
homologuously coupled to one another in the rabbit retina. Approximately 98% of
coupled cells possessed somata located in the INL, while 2% were displaced to the
ganglion cell layer. The density of fountain amacrine cells varied by an order of 4 from =
90 cell/mm” in far-inferior portions of retina to = 360 cells/mm? in the visual streak.

Due to the fountain amacrine cell’s unique morphology, the dendritic field area of
a given cell varied with respect to its depth in the IPL and degree of eccentricity.
Fountain cells located in the visual streak of the rabbit retina had an average field area of
0.006mm” in sublamina a and 0.0036mm? in sublamina b. Among cells located in far-
inferior portions of retina the average dendritic field area was 0.093mm? in sublamina a
and 0.032mm? in sublamina b (99).

The fountain amacrine cell has been classified as a unique type of bistratified

amacrine cell termed heteromorphically bistratified.
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Figure 1.23. Polyaxonal Amacrine Cell - Drawing of a Polyaxonal
amacrine cell from a horseradish-peroxidase-injected interstitial
amacrine cell of the monkey retina. Cell as a proximal "dendritic
field" (dashed processes) and a distal "axonal field" (solid
processes).

scale bar — 50um

(89)
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Figure 1.24. Fountain Amacrine Cell Anatomy — Fountain
amacrine cells from rabbit retina. A. a schematic drawing of the
fountain amacrine cell viewed in the Z-plane. B. A drawing from
a Golgi-stained Fountain amacrine cell viewed from the Z-plane.
C. A drawing from the same Golgi-stained fountain amacrine cell
viewed from above.

Scale bars S0um

(38)
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These cells are thought to possibly be homologous to the substance P reactive cells found
in the cat retina (58; 75; 99). These two cell types have similar “retroflexive” dendritic
patterns, but the fountain amacrine cell of the rabbit retina has yet to be tested for
substance P immunoreactivity. Finally, the physiology of the fountain amacrine cells has
also yet to be examined.

Starburst Amacrine Cell

Starburst amacrine cells are cholinergic neurons with a distinct radially symmetric
morphology. There are 3-4 primary dendrites that branch out in a regular fashion with
round varicosities along each dendrite, giving the cell the appearance of a “starburst”
firework (18) (Figure 1.25). Starburst amacrine cells were found to colocalize GABA and
acetylcholine, endowing it with both inhibitory and excitatory capabilities. There are two
populations of starburst amacrine cells, one with somata located in the INL and dendrites
that stratify in sublamina a of the IPL and one with somata in the GCL and dendrites that
stratify in sublamina b (19; 21).

Starburst amacrine cells are thought to play a role in the formation of the
receptive field properties of the direction selective ganglion cells (DSGCs). In fact,
starburst amacrine cells costratify with the ON-OFF DSGCs in the rabbit retina
(Figure 1.26) (20; 21). The direct mechanism by which starburst cells contribute to
direction selectivity is still highly debated. Starburst amacrine cells only receive input in
the proximal regions of their dendritic trees and send output signals via the distal

portions.
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Figure 1.25. Starburst Amacrine Cell Anatomy - Drawings
from putative cholinergic amacrine cell conforming to the

starburst morphology from retinas of 5 different species.
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The starburst cells’ spatiai segregation of synaptic inputs and outputs and arrangement on
either side of a DSGC is thought to contribute somehow to the formation of a preferred
direction in the DSGC’s receptive field (8). Additionally, since starburst cells contain
both acetylcholine and GABA, it is widely assumed that acetylcholine mediates the
stimulation of a DSGC in its preferred direction and GABA mediates the inhibition in the
null direction (8).

Amacrine Cell Functional Subtypes

With speculations on the existence of up to 40 distinct anatomical types of
amacrine cells, it becomes a daunting idea that each may represent a distinct functional
cell type. It may, however, be the case that there exist far fewer functional cell types that
are simply morphologically heterogeneous. Masland in 1988 proposed to classify
amacrine cells in to three broad functional groups based on morphology and retinal
distribution. He grouped cells based on their similarity to the handful of amacrine cells
that have been well characterized, the AIl, A17, starburst, and the dopaminergic amacrine
cell. The functional roles assigned to each new group were then based on very general
descriptions of the functional properties of each well-characterized amacrine cells (41).
First he introduced the densely packed, narrowly branched amacrine cells (AIl). These
cells were predicted to play a mostly throughput role in retinal processing similar to the
one the AIl amacrine cell plays. Secondly, the sparsely distributed, widely branched
amacrine cells (dopaminergic), were thought to play mainly global regulatory roles across
the retina. Finally, Masland described the densely overlapping amacrine cells (A17,
starburst) that vary in dendritic size. The cells in this group are described as playing a

mostly modulatory role, either locally or over larger sections of retina.
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Although structure often predicts function, with respect to retinal neurons it is
imperative that basic physiological properties be considered as well. Amacrine cells
identical in morphology but dissimilar in, for example, excitable membrane properties or
spontaneous membrane properties may be drastically different in function. The clearest
example of this is in the case of spiking properties. Several early modeling studies
performed on hippocampal neurons that elaborated the cable theory to include a more
realistic multi-compartment model determined that in a non-spiking cell signal
attenuation increases with respect to length and number of dendritic branch points (29;
48). Considering the often large and highly branched unmyelinated dendritic trees of
several amacrine cells, spiking properties may have profound influence over function.
Bloomfield in 1992 tested this idea by measuring the receptive fields of several amacrine
cells before and after TTX application. He found that when action potentials were
blocked, the receptive fields were reduced to less than the dendritic field (1). This
indicated that the cells were indeed relying on active propagation via sodium spikes to
move information across the whole of their dendritic trees. In fact, Bloomfield estimated
that any amacrine cell with a dendritic diameter of more than 525 pm would require the
generation of action potentials in order to maintain electrical continuity across its
dendritic tree. Cells larger than 525 pm in diameter that were incapable of spiking were
predicted to possess dendﬁteé and/or dendritic domains electrically isolated from its soma
and the rest of its tree. The lack of electrical continuity of an amacrine cell would have a
profound impact upon its function. For example, wide field spiking amacrine cells have
the logical potential to play global regulatory or modulatory roles across the retina, while

non-spiking wide field cells would be confined to local effecter roles.
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An amacrine cell classification scheme that considers both morphology and basic
physiology has yet to be established. If our understanding of amacrine cell function is to
ever be expanded beyond the handful of well-described cell types, then it is imperative
that future examinations include additional relevant factors that contribute to the potential
function of a given amacrine cell.

Displaced Amacrine Cells

A large population of amacrine cells is located in the ganglion cell layer of the
retinas of most species. Considering the substantial population size of these displaced
amacrine cells (DACs), the time devoted to studying them has historically been highly
limited.

Despite the early establishment of a displaced amacrine cell (DAC) population in non-
mammalian vertebrate retinas (Cajal, etc.), when observed in mammals these small cells
were described, until relatively recently, as being glial cells or ectopic amacrine cells that
failed to migrate to the inner nuclear layer during development. As early as 1882,
Garner established that, in the cat retina, many small cell bodies survived retrograde
degeneration of ganglion cells via optic nerve degeneration. Later studies utilizing
retrograde HRP labeling established that these small cells do not possess axons that
project to the brain and are therefore non-ganglion cells (56; 57; 76). Hughes et al
demonstrated the neuronal nature of these non-ganglion cells using kainate toxicity in
1980. These neurons were subsequently named microneurons and thought to possibly
represent a class of displaced amacrine cell. Their reported population size of (730,000)
surprisingly outnumbers both the ganglion cell population and the number of optic nerve

fibers (128-180,000) in the cat retina (31; 76).
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Studies of rabbit retina uncovered a large subset of cells in the ganglion cell layer that
do not project to the optic nerve and survived optic nerve transection. These cells were
described as being a class of displaced amacrine cell (31; 76). Using Nissel staining,
Vaney later defined a significant subset of rabbit DACs called “coronate cells” based on
the shape and pattern of the basophilla staining within the cell bodies (30) (Figure 1.27).
Coronate cells were later found to correspond anatomically to the starburst amacrine cell
previously identified in the IPL. Starburst cells make up 85% of the DACs and 32% of
the total cells in the ganglion cell layer of the rabbit retina (77; 81). The displaced
starburst amacrine cells were found to have a fairly conserved anatomical structure and
are reactive to cholinergic markers. In addition, the displaced starburst cells were found
to stratify in the ON layer of the IPL. Subsequently, rabbit starburst amacrine cells were
divided into two subtypes, a and b, that physically oppose one another in a mirror image
fashion. Type (a) starburst cells have somas that lie in the INL and dendrites that stratify
in the a sublamina of the IPL (the OFF layer). Type b starburst cells have somas that lie
in the ganglion cell layer and dendrites that stratify in the b sublamina of the IPL (the ON
layer). As discussed earlier, type a and b starburst cells are thought to play a roll in the
OFF and ON responses, respectively, of directionally selective ganglion cells.

In the cat retina, DACs make up 80% of the neurons in the ganglion cell layer and
have a topographical distribution similar to ganglion cells (96). Their density peaks near
the area centralis at 4,500-7,000 cells mm™ and falls to less than 1,000 cells mm™ (90;
96). Investigations of cat retinal DACs utilizing immunocytochemistry and
autoradiography found the presence and colocalization of several neurotransmitter

markers. The uptake of H*-muscimol labeled 75% of DACs, while antibodies against
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choline-acetyl transferase labeled about 10-17%, and 25-30% took up serotonin (5-HT)
(90). The morphology of DACs described in cat retina to date has been very limited and
mainly focused on cell body distribution. However, some examples of DACs have been
reported to have dendritic morphologies similar to cells previously identified in the IPL.
For example, DACs visually corresponding to the multiple branched A17 cell , the very
wide field A20, and cell the starburst amacrine cell have been observed (34; 37).

With the exception of the rabbit retina, mammalian DACs have been described to be a
heterogeneous group of cells both immunohistochemically and anatomically. There has
been little attempt so far to identify clear homogeneous subgroups of cells. If one’s
ultimate goal is to discover the functional role DACs play in retinal processing, then it is
imperative to identify subgroups of cell types based on a selection criteria that is
functionally relevant.

As elaborated upon in the preceding section, physiological and morphological
properties must be considered when attempting to categorize amacrine cells in functional
groups. A classification scheme that includes both types of properties could conceivably
be applied to all amacrine cells in the retina the cells located in the INL and the cells of
the GCL.

The working hypothesis, for this project, is that the morphological and
physiological diversity among DACs is comparable to that observed among INL
amacrine cells. We also predict that there will be relationships between morphological
and physiological trends; for example DACs with large dendritic fields will be more
likely to fire action potentials than small-field DACs. With that hypothesis in mind, there

are several goals for the present study of the DAC population.
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Figure 1.27. Coronate Amacrine Cells - A schematic drawing of a coronate cell
from rabbit retinal showing the cupped nucleus. The rim of Nissel substance around
the encapsulated cytoplasm (nc) is interspersed with large blocks of subnuclear
Nissel substance (snn). The major dendritic process (td) contains free Nissel
material (fn) and a perinuclear Nissel granule is apparent (pnn). Invaginations into
the nucleus from the cytoplasmic cup are packed with basophil material (ni) and

appear to approach the nucleus (nl).

(30)
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Because little is known about the detailed morphology of these cells and nothing is
known about the extent of their physiological diversity, the first goal of this project was
information gathering. We set out to learn as much as possible about the basic intrinsic
membrane properties, and in the process, hoped to compare that to what we discover
regarding morphology. We chose physiological properties such as input resistance,
resting potential, spiking properties, and spontaneous membrane activity due to the
impact these characteristics have on a cell’s functional capabilities.

We also chose to examine the detailed morphology of DACs with the hope to
uncover anatomical groups of based on functionally relevant characteristics. We also
employed an approach to sorting DACs into morphological groups that was strongly
based in statistics. Our hope was to gather morphological and physiological data for a
large sample population, in order to develop a framework in which to evaluate the cells’
potential for function. Although constructing such a framework turned out to be an
unrealistic goal, we did discover a great deal about DACs in the ferret retina.

Several physiological groups of DACs are identified and discussed as well as
several morphological groups. These groups provided many insights into the functional
properties of these neurons. This study has also generated many more questions and new
directions for future research in this area. DACs are certainly more than a trivial group of

retinal interneurons and, as the information provided here indicates, may be present in a

physiological and morphological diversity that equals amacrine cells of the INL.
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Abstract

The ganglion cell layer (GCL) of the mammalian retina contains a large number of
neurons called displaced amacrine cells (DACs) that do not project to the optic nerve.
However, with the exception of the rabbit starburst amacrine cell, little is known
regarding the function of this large population, due to the difficulty experienced in
making physiological recordings from these neurons. We have overcome these
difficulties and have used whole-cell patch-clamp techniques to examine the intrinsic
membrane properties of DACs in the ferret retina. Our results indicate a large degree of
diversity in the intrinsic membrane properties. In response to maintained depolarizing
current injection, DACs respond with graded depolarization or by eliciting either
transient or sustained bursts of spiking activity. At the resting membrane potential, 10%
of the DACs generated spontaneous spikes in either an apparently random manner or at
the peak of intrinsic waves of depolarization. The resting membrane activity of the
remaining DACs recorded could be classified into three groups that were quiescent
(28%), had robust uncorrelated synaptic activity (30%) or underwent slow waves of
depolarization (42%). Diversity was also revealed in the membrane currents recorded in
voltage-clamp where some DACs were quiescent (19%) or exhibited robust non-rhythmic
synaptic events (42%). The remaining DACs exhibited waves oscillatory activity (39%),
characterized by either rhythmic bursts of synaptic events (17%) or slow inward currents
(22%). Bath application of 50 uM Biccuculine or 150 pM Picrotoxin had no effect on the
waves of activity, however, the gap junction blocker, Carbenoxolone (100 pm), blocked
both oscillatory patterns. By including Lucifer yellow and Biocytin in the recording

pipette, it was possible to determine the morphology of recorded DACs. Based on
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dendritic extent, neurons were classed as small, medium, or large field DACs. There were
few relationships between these morphological classes and their intrinsic membrane
properties. The present study provides the first in-depth examination of the intrinsic
membrane properties of DACs in the ferret retina and provides new insights into the
potential roles these neurons play in the processing of visual information in the

mammalian retina.
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Introduction

The ganglion cell layer (GCL) of the mammalian retina contains a large number of
non-axon-bearing neurons called displaced amacrine cells (DACs) that do not contribute
to the optic nerve (28; 30). These cells make up 35% of the neurons in the ganglion cell
layer of the rabbit retina (28); (30);(81), 50% in the rat retina {Perry, 1981 40 /id}, and
80% in the cat retina (31) {Wassle, 1987 34 /id} {Wong, 1987 35 /id}. DACs are
extrémely numerous and diverse, therefore it is imperative to identify a criteria to sort
these neurons in order to understand their contribution to retinal processing.

Immunocytochemical studies have revealed a wide diversity in DAC neurochemistry.
In the cat, for example, 75% of the DACs react positively for GABAergic markers, 10-
17% for cholinergic markers, 25-30% for serotonin uptake, and 5% for NADPH
diaphorase {Wassle, 1987 34 /id}. Such distributions clearly indicate the co-expression of
neurotransmitters in a single neuron; making unambiguous functional classifications of
DAC:s difficult based solely on their neurochemistry.

Amacrine cells have historically been to classified based on their morphology and
physiology. Unfortunately, with the exception of the starburst amacrine cell, such
classifications of DACs in the mammalian retina have not been possible due to a lack of
detailed morphological and physiological data. With respect to amacrine cells located in
the Inner Nuclear Layer (INL), despite the recognition of at least 26 morphological cell
types {Kolb, 1981 KOLB1981 /id} {MacNeil, 1999 25 /id}, clear functional roles have
only been demonstrated in four cell types: All, A17, dopaminergic and starburst
amacrine cell. The AIl amacrine cell is a spiking narrow-field cell that links rod bipolar

cells to the cone pathway (12; 68; 80; 83); the A17 is a large field spiking cell that
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modulates the transmission of information from rod bipolar cells to AIl amacrine cells
(12; 27;54); the starburst amacrine cell is a medium field neuron involved in the
formation of direction-selective receptive fields (72); and finally, the dopaminergic
amacrine cell is a large field spiking neuron that contributes to the regulation retinal
responses at varying levels of illumination (4; 26; 59).

Due to the paucity of methods available to pre-select cell types, the functional
characterization of the remaining ~22-amacrine cell types would be a prohibitively
difficult undertaking. Therefore, previous studies have defined functional groups of
amacrine cells based on similarities in morphology and topography to the All, A17,
dopaminergic and starburst amacrine cell (41). However, one weakness in relying so
heavily on morphology is that it ignores the critical influence intrinsic membrane
properties may have on a cell’s functional role. For example, crucial functional properties
of the starburst and A17 amacrine cells were redefined and clarified once physiological
recordings were made in these neurons. A useful approach, therefore, may be to construct
general functional groups of amacrine cells based on both morphological and
physiological similarities to the four well-characterized amacrine cells of the INL. The
goal of this study is to apply this approach to the study of DACs and to gather the
important prerequisite morphological and physiological information.

We have utilized a combination of whole-cell patch-clamp techniques, in current-
clamp mode, and intracellular filling to examine the passive and excitable membrane
properties of DACs in the adult ferret retina. In addition we use voltage-clamp techniques
to investigate the membrane currents underlying the synaptic activity observed in our

current-clamp recordings. We show that while DACs can be classified into three groups

66



based on their ability to generate spikes, there is little to no correlation between this
ability and the size of their dendritic extents. In addition, we report for the first time the
presence of slow oscillations in the resting membrane potential, which are blocked by the
gap junction blocker, Carbenoxolone.

The present study provides the first morphological and physiological survey of
DACSs and serves as a first step in understanding their functional role in retinal

processing.
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Specific Methods

Tissue Preparation

All procedures were performed in accordance with the approved animal use protocols
at the National Institute of Health (NIH) and by the institutional [TUCAC committee.
Ferrets (Mustela Furo) were given a fatal dose of sodium pentobarbital. The eyes were
removed and placed in Eagle’s minimum essential media (EMEM). The eyes were then
hemi-sectioned and, under a dissection microscope (Leica GZ4), the retinas removed
from the sclera using a periodontal elevator. The retinas were then cut into 4 quadrants
and each quadrant cut in half with the peripheral and central portions segregated. Retinal
sections were incubated in EMEM bubbled with 95%/5% O,/CO, until they were
prepared for recording.
Electrophysiological Recording

To prepare a wholemount, a retinal section was mounted on a piece of nitrocellulose
filter paper with a 2-mm hole cut in it to provide access for the recording electrode. This
preparation was placed, ganglion cell layer facing up, in the recording chamber, which
was mounted on the stage of a Zeiss Axioskop microscope. The tissue was bathed in a
solution containing (mM): 120 NaCl; 5 KCl; 3 CaCl,. 10 HEPES; 10 Glucose; 1 MgCls;
pH adjusted to 7.35 using NaOH (285-295 mOsm) and bubbled with 100% O, at room
temperature. Recording electrodes with resistances between 5-7 MQ were pulled from
borosilicate glass using a Sutter Instruments model P-97 micropipette puller. The
electrodes were filled with a solution containing (mM): 120 KC1; 10 NaCl; 10 HEPES; 1
CaClp; 11 EGTA; 1 MgCly; 3 ATP; 1% Biocytin (Sigma); 1% Lucifer Yellow (Molecular

Probes, lithium salt); pH was adjusted to 7.35 using KOH (285-290 mOsm). Displaced
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amacrine cells were exposed by manually removing portions of the basilar membrane
using an empty glass electrode. Recordings were made at room temperature (~22 °C)
using an Axopatch 200B amplifier controlled by pClamp8 software via a Digidata 1320
interface (Axon Instruments). Data was collected at rates between of 5 and 10 kHz and
low-pass filtered at 2kHz.

Anatomical Identification

At the end of each recording, a- ~200 mV hyperpolarizing potential was applied to
facilitate diffusion of Lucifer Yellow and biocytin into the cell. Once adequate filling was
achieved, the retina was fixed in 4% paraformaldehyde for 6-8 hours at 4°C. Following
fixation, retinas were processed using a standard diaminobenzidine reaction (Vectastain
ABC kit). DACs judged to be fully stained by the DAB reaction were reconstructed in 3D
using Neurolucida (MicroBrightField) and subsequently analyzed using NeuroExplorer
(MicroBrightField).

Statistical Analysis

All values are given as the mean + standard deviation. Significance was determined using

the Student-t test.
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Results
Successful patch-clamp recordings were performed on 195 amacrine cells located in the
ganglion cell layer of the adult ferret retina. To ensure that recordings were not made
from retinal ganglion cells, only neurons in the ganglion cell with soma diameters of less
than 15 um were selected for recording and the absence of an axon was confirmed
subsequent to recording. The membrane potential at rest and its response to maintained
depolarization were examined in 123 neurons using the whole-cell patch-clamp technique
in current-clamp mode. To characterize the membrane currents responsible for the
membrane activity at rest, voltage-clamp recordings were made in 72 DACs.
Passive Membrane Properties

On attaining the whole-cell configuration in current-clamp mode, the resting
membrane potential was noted and monitored throughout the remainder of the recording.
If the membrane potential became more than 10 mV more depolarized than its initial
value the recording was terminated. In addition, neurons with resting potentials more
depolarized than —45 mV were excluded from the study. The mean resting membrane
potential obtained for every DAC included was —55 + 6 mV (n = 100). The input
resistance of each DAC was assessed by applying increasingly higher maintained current
injections for 400 ms. The maximum change in membrane potential resulting from each
current injection was plotted against the input current and the data were fit with a linear
regression, the slope equaled the input resistance. The average input resistance of this

group was 550 £ 253 MQ (N = 70).
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Excitable Membrane Properties

To assess the spike generating ability of DACs maintained, 400 ms, depolarizing
currents with successively greater magnitudes were applied (Figure 2.1). About half (N =
63, 51%) of the cells studied responded to this stimulus regime with graded
depolarization and were unable to generate spikes even at the most depolarized
membrane potentials (Figure 2.1-A). The responses of the remaining DACs in this study
(N =60, 49%) were able to generate spikes to maintained depolarization (Figure 2.1-B
and C), however the pattern of spike discharge could be grouped into two populations,
transient (N = 35 or 29% of total) and sustained (N = 25 or 20% of total). Transiently
firing DACs responded to maintained depolarization, above threshold, with one or two
spikes at stimulus onset and the number of spikes generated did not increase with the
magnitude of the depolarizing current. (Figure 2.1-B). In contrast, sustained firing DACs
elicited spikes throughout the duration of the maintained depolarization (Figure 2.1-C)
and there was a linear relationship between the number of spikes generated over the range
of stimulus magnitudes used (Figure 2.1-D). The average spike frequency observed in
sustained firing DACs was 25 + 7 Hz (N = 25) and the average frequency response slope
was 0.57 £ 0.19 Hz/pA.
Spontaneous Activity at the Resting Membrane Potential

At their resting membrane potential, DACs exhibited robust spontaneous activity
characterized by a wide diversity of patterns. A small number (N = 11, 10%) of the DACs
examined (N = 109) exhibited spontaneous spiking activity at the resting membrane
potential. Between 12 and 60 spikes were typically observed in a one-minute recording

and these spikes were either randomly (Figure 2.2-A) distributed throughout the
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recording (N = 5) or at the peak of regular waves of depolarization (N = 6) (Figure 2.2-
B). By and large, however, the spontaneous membrane activity of all the DACs examined
could be separated into three general groups. The first group (N = 31, 28%) displayed
little to no activity at the resting membrane potential (Figure 2.3-A), while in the second
group (N = 32, 30%), robust, non-rhythmic synaptic activity could be observed (Figure
2.3-B) including the random spontaneous spiking mentioned above. The final group (N =
46, 42%) was characterized by slow (mean: 0.15 £ 0.06Hz) waves of depolarization that
occurred at regular intervals (Figure 2.3-C), including those possessing spikes at the peak
of many waves.

Table 1 summarizes the distribution of spiking properties with respect to spontaneous
membrane activity at the resting potential. There appeared to some relationship between
these activity patterns; the less active a cell was at rest, the more likely it was to also be

incapable of generating action potentials.

Inducible and Spontaneous Whole Cell Currents

Using the voltage clamp method, the inducible whole cell currents were examined in a
total of 76 DACs. Cells were held at -90mV and taken to 15 voltage steps exactly 1.00s
apart. The first and second steps were from —90mV to —100 mV back down to —-90mV in
order to calculate and correct for leak current. Subsequent voltage steps were
progressively depolarizing in intervals of 10mV until a peak of +40mV. In response to
this protocol, DACs displayed three types of inducible whole cell currents (Figure 2.4). A
total of 41% of DACs (N = 31) responded to depolarization with the activation of slow

outward current; presumably K+ mediated (Figure 2.4-A). Alternatively, 21% (N = 16) of
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the DACs responded to depolarization with the activation of a voltage-dependent inward
current (at step —40 or —50mV) followed by an outward current (Figure 2.4-B). Finally,
38% of DACs (N = 29) responded to depolarizing voltage steps with a rapidly activated
(at approximately step —30) transient outward current followed by a slower persistent
outward current (Figure 2.4-C). When the protocol was repeated with the holding
potential at —40mV instead of —-90mV the transient outward current was attenuated and
only the slow persistent outward current Wés observed.

To examine the membrane currents underlying the different patterns of spontaneous
activity observed in current clamp, whole-cell voltage-clamp recordings were made while
holding the cells at <90 mV (n = 72). In agreement with the recordings made in current-
clamp, DACs exhibited diverse patterns of synaptic activity, which could be categorized
into three groups (Figure 2.5). Approximately 19% (n = 14) of the neurons studied were
quiescent at —90 mV (Figure 2.5-A), while 42% (n = 30) displayed miniature events that
occurred in an apparently uncorrelated manner (Figure 2.5-B). The remaining DACs
(39%, n = 28) exhibited regular waves of activity at the same frequency (mean: 0.15 =
0.06Hz) as that observed in our current-clamp recordings (Figure 2.5-C and D). With the
exception of the “quiet at rest” group, the percentage of resting activity patterns recorded
in voltage clamp was similar to those recorded in current clamp (respectively, 42% vs.
32% active at rest and 39% vs. 42% oscillatory at rest). It should be strongly noted,
however, that comparisons between current clamp and voltage clamp experiments should
be considered gingerly due to the discrepancy between the average resting potential (-55%

6 mV) and the holding potential (—-90mV).
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The slow waves observed in this study were characterized by two distinct patterns of
oscillatory activity. The waves in one oscillatory group (N = 12, 43% of oscillatory cells
and 17% of total) were composed of correlated synaptic activity that often summated at
the peak of the wave (Figure 2.5-C). We term DACs belonging to this group as
summating oscillatory cells. In contrast, the second oscillatory group (N = 16, 57% of
oscillatory cells and 22% of total) exhibited regular fluctuations in their baseline
membrane current; neurons in this group are referred to as baseline oscillatory cells
(Figure 2.5-D).

It has been reported that over 75% of all amacrine cells are GABAergic (Wassle ef al.,
1987) and to test whether these depolarizing waves resulted from correlated GABA-
mediated synaptic events, 50 uM Biccuculine or 150 pM Picrotoxin was added to the
bathing solution (Cley = 0 mV). In no cases (n = 15) were these GABA receptor blockers
effective in reducing or abolishing<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>