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Figure 11.2 Central projections of reti-
nal ganglion cells. Ganglion cell axons
terminate in the lateral geniculate
nucleus of the thalamus, the superior
colliculus, the pretectum, and the hypo-
thalamus. For clarity, only the crossing
axons of the right eye are shown (view
is looking up at the inferior surface of
the brain).

ganglion (see Chapter 19). Neurons in the ciliary ganglion innervate the con-
strictor muscle in the iris, which decreases the diameter of the pupil when
activated. Shining light in the eye thus leads to an increase in the activity of
pretectal neurons, which stimulates the Edinger-Westphal neurons and the
ciliary ganglion neurons they innervate, thus constricting the pupil.

In addition to its normal role in regulating the amount of light that enters
the eye, the pupillary reflex provides an important diagnostic tool that
allows the physician to test the integrity of the visual sensory apparatus, the
motor outflow to the pupillary muscles, and the central pathways that medi-
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Figure 11.3 The circuitry responsible
for the pupillary light reflex. This path-
way includes bilateral projections from
the retina to the pretectum and projec-
tions from the pretectum to the
Edinger-Westphal nucleus. Neurons in
the Edinger-Westphal nucleus termi-
nate in the ciliary ganglion, and neu-
rons in the ciliary ganglion innervate
the pupillary constrictor muscles.
Notice that the afferent axons activate
both Edinger-Westphal nuclei via the
neurons in the pretectum.

Purves11  5/13/04  3:50 PM  Page 261

1. Images are formed on the 
retina thanks to the refraction 
of the cornea and lens

2. Light is transduced into 
electrical signals in the retina 
whose output are retinal 
ganglion cells

3. AP of ganglion cells relay info 
to the thalamus (geniculate 
nucleus) via the optic nerve

4. The optical radiation conveys 
info from the thalamus to the 
primary visual cortex (visual 
representation - perception)

Cornea

Lens

THE VISUAL SYSTEM



Figure 11.5 Projection of the binocular
field of view onto the two retinas and its
relation to the crossing of fibers in the
optic chiasm. Points in the binocular
portion of the left visual field (B) fall on
the nasal retina of the left eye and the
temporal retina of the right eye. Points
in the binocular portion of the right
visual field (C) fall on the nasal retina of
the right eye and the temporal retina of
the left eye. Points that lie in the mono-
cular portions of the left and right visual
fields (A and D) fall on the left and right
nasal retinas, respectively. The axons of
ganglion cells in the nasal retina cross in
the optic chiasm, whereas those from the
temporal retina do not. As a result, in-
formation from the left visual field is
carried in the right optic tract, and infor-
mation from the right visual field is car-
ried in the left optic tract.

into superior and inferior divisions. Corresponding vertical and horizontal
lines in visual space (also called meridians) intersect at the point of fixation
(the point in visual space that falls on the fovea) and define the quadrants of
the visual field. The crossing of light rays diverging from different points on
an object at the pupil causes the images of objects in the visual field to be
inverted and left-right reversed on the retinal surface. As a result, objects in
the temporal part of the visual field are seen by the nasal part of the retina,
and objects in the superior part of the visual field are seen by the inferior
part of the retina. (It may help in understanding Figure 11.4B to imagine that
you are looking at the back surfaces of the retinas, with the corresponding
visual fields projected onto them.)

With both eyes open, the two foveas are normally aligned on a single tar-
get in visual space, causing the visual fields of both eyes to overlap exten-
sively (see Figure 11.4B and Figure 11.5). This binocular field of view consists
of two symmetrical visual hemifields (left and right). The left binocular hemi-
field includes the nasal visual field of the right eye and the temporal visual
field of the left eye; the right hemifield includes the temporal visual field of
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In contrast, damage to the optic chiasm results in visual field deficits that
involve noncorresponding parts of the visual field of each eye. For example,
damage to the middle portion of the optic chiasm (which is often the result
of pituitary tumors) can affect the fibers that are crossing from the nasal
retina of each eye, leaving the uncrossed fibers from the temporal retinas
intact. The resulting loss of vision is confined to the temporal visual field of
each eye and is known as bitemporal hemianopsia. It is also called het-
eronomous hemianopsia to emphasize that the parts of the visual field that
are lost in each eye do not overlap. Individuals with this condition are able
to see in both left and right visual fields, provided both eyes are open. How-
ever, all information from the most peripheral parts of visual fields (which
are seen only by the nasal retinas) is lost.

Damage to central visual structures is rarely complete. As a result, the
deficits associated with damage to the chiasm, optic tract, optic radiation, or
visual cortex are typically more limited than those shown in Figure 11.8. This
is especially true for damage along the optic radiation, which fans out under
the temporal and parietal lobes in its course from the lateral geniculate
nucleus to the striate cortex. Some of the optic radiation axons run out into the
temporal lobe on their route to the striate cortex, a branch called Meyer’s loop
(see Figure 11.7). Meyer’s loop carries information from the superior portion
of the contralateral visual field. More medial parts of the optic radiation,
which pass under the cortex of the parietal lobe, carry information from the
inferior portion of the contralateral visual field. Damage to parts of the tempo-
ral lobe with involvement of Meyer’s loop can thus result in a superior

Optic
nerve

Optic
chiasm

Lateral
geniculate 
nucleus

Optic
radiation

Striate cortex

Left eye 
visual field

Right eye 
visual field

Left Right

(A)

(B)

(C)

(D)

(E)

A

B

C D

E

Optic
tract

Figure 11.8 Visual field deficits result-
ing from damage at different points
along the primary visual pathway. The
diagram on the left illustrates the basic
organization of the primary visual path-
way and indicates the location of vari-
ous lesions. The right panels illustrate
the visual field deficits associated with
each lesion. (A) Loss of vision in right
eye. (B) Bitemporal (heteronomous)
hemianopsia. (C) Left homonymous
hemianopsia. (D) Left superior quadran-
tanopsia. (E) Left homonymous hemi-
anopsia with macular sparing.
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232 Chapter Ten

becomes spheroidal), and the tension exerted by the zonule fibers, which
tends to flatten it. When viewing distant objects, the force from the zonule
fibers is greater than the elasticity of the lens, and the lens assumes the flat-
ter shape appropriate for distance viewing. Focusing on closer objects
requires relaxing the tension in the zonule fibers, allowing the inherent elas-
ticity of the lens to increase its curvature. This relaxation is accomplished by
the sphincter-like contraction of the ciliary muscle. Because the ciliary mus-
cle forms a ring around the lens, when the muscle contracts, the attachment
points of the zonule fibers move toward the central axis of the eye, thus

Box A
Myopia and Other Refractive Errors
Optical discrepancies among the various
components of the eye cause a majority
of the human population to have some
form of refractive error, called ametropia.
People who are unable to bring distant
objects into clear focus are said to be
nearsighted, or myopic (Figures A and
B). Myopia can be caused by the corneal
surface being too curved, or by the eye-
ball being too long. In either case, with
the lens as flat as it can be, the image of
distant objects focuses in front of, rather
than on, the retina. People who are un-
able to focus on near objects are said to
be farsighted, or hyperopic. Hyperopia
can be caused by the eyeball being too
short or the refracting system too weak
(Figure C). Even with the lens in its most
rounded-up state, the image is out of
focus on the retinal surface (focusing at
some point behind it). Both myopia and
hyperopia are correctable by appropriate
lenses—concave (minus) and convex
(plus), respectively—or by the increas-
ingly popular technique of corneal
surgery. 

Myopia, or nearsightedness, is by far
the most common ametropia; an esti-
mated 50% of the population in the
United States is affected. Given the large
number of people who need glasses, con-
tact lenses, or surgery to correct this
refractive error, one naturally wonders
how nearsighted people coped before
spectacles were invented only a few cen-
turies ago. From what is now known

about myopia, most people’s vision may
have been considerably better in ancient
times. The basis for this assertion is the
surprising finding that the growth of the
eyeball is strongly influenced by focused
light falling on the retina. This phenome-
non was first described in 1977 by
Torsten Wiesel and Elio Raviola at Har-
vard Medical School, who studied mon-
keys reared with their lids sutured (the
same approach used to demonstrate the
effects of visual deprivation on cortical
connections in the visual system; see
Chapter 23), a procedure that deprives
the eye of focused retinal images. They
found that animals growing to maturity
under these conditions show an elonga-
tion of the eyeball. The effect of focused
light deprivation appears to be a local
one, since the abnormal growth of the
eye occurs in experimental animals even
if the optic nerve is cut. Indeed, if only a
portion of the retinal surface is deprived
of focused light, then only that region of
the eyeball grows abnormally.

Although the mechanism of light-
mediated control of eye growth is not
fully understood, many experts now
believe that the prevalence of myopia is
due to some aspect of modern civiliza-
tion—perhaps learning to read and write
at an early age—that interferes with the
normal feedback control of vision on eye
development, leading to abnormal elon-
gation of the eyeball. A corollary of this
hypothesis is that if children (or, more

likely, their parents) wanted to improve
their vision, they might be able to do so
by practicing far vision to counterbalance
the near work “overload.” Practically, of

(A)  Emmetropia (normal)

(B)  Myopia (nearsighted)

(C)  Hyperopia (farsighted)

Refractive errors. (A) In the normal eye, with
ciliary muscles relaxed, an image of a distant
object is focused on the retina. (B) In myopia,
light rays are focused in front of the retina.
(C) In hyperopia, images are focused at a
point beyond the retina. 

Purves10  5/14/04  10:45 AM  Page 232

The Formation of Images on the Retina
Normal vision requires that the optical media of the eye be transparent, and
both the cornea and the lens are remarkable examples of tissue specializa-
tions that achieve a level of transparency that rivals that found in inorganic
materials such as glass. Not surprisingly, alterations in the composition of
the cornea or the lens can significantly reduce their transparency and have
serious consequences for visual perception. Indeed, cataracts (opacities in
the lens) account for roughly half the cases of blindness in the world, and
almost everyone over the age of 70 will experience some loss of transparency
in the lens that ultimately degrades the quality of visual experience. Fortu-
nately, there are successful surgical treatments for cataracts that can restore
vision in most cases. Furthermore, the recognition that a major factor in the
production of cataracts is exposure to ultraviolet (UV) solar radiation has
heightened public awareness of the need to protect the lens (and the retina)
by reducing UV exposure through the use of sunglasses. 

Beyond efficiently transmitting light energy, the primary function of the
optical components of the eye is to achieve a focused image on the surface of
the retina. The cornea and the lens are primarily responsible for the refrac-
tion (bending) of light that is necessary for formation of focused images on
the photoreceptors of the retina (Figure 10.2). The cornea contributes most of
the necessary refraction, as can be appreciated by considering the hazy, out-
of-focus images experienced when swimming underwater. Water, unlike air,
has a refractive index close to that of the cornea; as a result, immersion in
water virtually eliminates the refraction that normally occurs at the
air/cornea interface; thus the image is no longer focused on the retina. The
lens has considerably less refractive power than the cornea; however, the
refraction supplied by the lens is adjustable, allowing objects at various dis-
tances from the observer to be brought into sharp focus.

Dynamic changes in the refractive power of the lens are referred to as
accommodation. When viewing distant objects, the lens is made relatively
thin and flat and has the least refractive power. For near vision, the lens
becomes thicker and rounder and has the most refractive power (see Figure
10.2). These changes result from the activity of the ciliary muscle that sur-
rounds the lens. The lens is held in place by radially arranged connective tis-
sue bands (called zonule fibers) that are attached to the ciliary muscle. The
shape of the lens is thus determined by two opposing forces: the elasticity of
the lens, which tends to keep it rounded up (removed from the eye, the lens
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neuron chain—photoreceptor cell to bipolar cell to ganglion cell—is the
major route of information flow from photoreceptors to the optic nerve.

There are two types of photoreceptors in the retina: rods and cones. Both
types have an outer segment composed of membranous disks that contain
light-sensitive photopigment and lies adjacent to the pigment epithelium,
and an inner segment that contains the cell nucleus and gives rise to synap-
tic terminals that contact bipolar or horizontal cells (see also Figure 10.8).
Absorption of light by the photopigment in the outer segment of the pho-
toreceptors initiates a cascade of events that changes the membrane potential
of the receptor, and therefore the amount of neurotransmitter released by the
photoreceptor synapses onto the cells they contact. The synapses between
photoreceptor terminals and bipolar cells (and horizontal cells) occur in the
outer plexiform layer; more specifically, the cell bodies of photoreceptors
make up the outer nuclear layer, whereas the cell bodies of bipolar cells lie in
the inner nuclear layer. The short axonal processes of bipolar cells make syn-
aptic contacts in turn on the dendritic processes of ganglion cells in the inner
plexiform layer. The much larger axons of the ganglion cells form the optic
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Figure 10.4 Structure of the retina. (A)
Section of the retina showing overall
arrangement of retinal layers. (B) Dia-
gram of the basic circuitry of the retina.
A three-neuron chain—photoreceptor,
bipolar cell, and ganglion cell—provides
the most direct route for transmitting
visual information to the brain. Hori-
zontal cells and amacrine cells mediate
lateral interactions in the outer and
inner plexiform layers, respectively. The
terms inner and outer designate relative
distances from the center of the eye
(inner, near the center of the eye; outer,
away from the center, or toward the pig-
ment epithelium).

Purves10  5/14/04  10:45 AM  Page 235

Back of the eye ball



photoreceptor

Bipolar cells
Amacrine cells
Horizontal cells

Ganglionic cells

Optic nerve

CNSlight



Retina + optic nerve are CNS!

234 Chapter Ten

ing the pupil reduces both spherical and chromatic aberration, just as closing
the iris diaphragm on a camera lens improves the sharpness of a photo-
graphic image. Reducing the size of the pupil also increases the depth of
field—that is, the distance within which objects are seen without blurring.
However, a small pupil also limits the amount of light that reaches the
retina, and, under conditions of dim illumination, visual acuity becomes lim-
ited by the number of available photons rather than by optical aberrations.
An adjustable pupil thus provides an effective means of reducing optical
aberrations, while maximizing depth of field to the extent that different lev-
els of illumination permit. The size of the pupil is controlled by innervation
from both sympathetic and parasympathetic divisions of the visceral motor
system, which are in turn modulated by several brainstem centers (see
Chapters 19 and 20).

The Retina

Despite its peripheral location, the retina or neural portion of the eye, is
actually part of the central nervous system. During development, the retina
forms as an outpocketing of the diencephalon, called the optic vesicle, which
undergoes invagination to form the optic cup (Figure 10.3; see also Chapter
21). The inner wall of the optic cup gives rise to the retina, while the outer
wall gives rise to the retinal pigment epithelium. This epithelium is a thin
melanin-containing structure that reduces backscattering of light that enters
the eye; it also plays a critical role in the maintenance of photoreceptors,
renewing photopigments and phagocytosing the photoreceptor disks,
whose turnover at a high rate is essential to vision.

Consistent with its status as a full-fledged part of the central nervous sys-
tem, the retina comprises complex neural circuitry that converts the graded
electrical activity of photoreceptors into action potentials that travel to the
brain via axons in the optic nerve. Although it has the same types of func-
tional elements and neurotransmitters found in other parts of the central
nervous system, the retina comprises fewer classes of neurons, and these are
arranged in a manner that has been less difficult to unravel than the circuits
in other areas of the brain. There are five types of neurons in the retina: pho-
toreceptors, bipolar cells, ganglion cells, horizontal cells, and amacrine
cells. The cell bodies and processes of these neurons are stacked in alternat-
ing layers, with the cell bodies located in the inner nuclear, outer nuclear,
and ganglion cell layers, and the processes and synaptic contacts located in
the inner plexiform and outer plexiform layers (Figure 10.4). A direct three-
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Figure 10.3 Development of the
human eye. (A) The retina develops as
an outpocketing from the neural tube,
called the optic vesicle. (B) The optic
vesicle invaginates to form the optic
cup. (C, D) The inner wall of the optic
cup becomes the neural retina, while
the outer wall becomes the pigment
epithelium. (A–C from Hilfer and Yang,
1980; D courtesy of K. Tosney.)
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tain, distribution across the retina, and pattern of synaptic connections (Fig-
ure 10.8). These properties reflect the fact that the rod and cone systems (the
receptors and their connections within the retina) are specialized for differ-
ent aspects of vision. The rod system has very low spatial resolution but is
extremely sensitive to light; it is therefore specialized for sensitivity at the
expense of resolution. Conversely, the cone system has very high spatial res-
olution but is relatively insensitive to light; it is therefore specialized for acu-
ity at the expense of sensitivity. The properties of the cone system also allow
humans and many other animals to see color.

The range of illumination over which the rods and cones operate is shown
in Figure 10.9. At the lowest levels of light, only the rods are activated. Such
rod-mediated perception is called scotopic vision. The difficulty of making
fine visual discriminations under very low light conditions where only the
rod system is active is a common experience. The problem is primarily the
poor resolution of the rod system (and, to a lesser degree, the fact that there
is no perception of color in dim light because the cones are not involved to a
significant degree). Although cones begin to contribute to visual perception
at about the level of starlight, spatial discrimination at this light level is still
very poor. As illumination increases, cones become more and more domi-
nant in determining what is seen, and they are the major determinant of per-
ception under relatively bright conditions such as normal indoor lighting or
sunlight. The contributions of rods to vision drops out nearly entirely in so-
called photopic vision because their response to light saturates—that is, the
membrane potential of individual rods no longer varies as a function of illu-
mination because all of the membrane channels are closed (see Figure 10.5).
Mesopic vision occurs in levels of light at which both rods and cones con-
tribute—at twilight, for example. From these considerations it should be
clear that most of what we think of as normal “seeing” is mediated by the
cone system, and that loss of cone function is devastating, as occurs in
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generally similar in structure, rods (A) and cones (B) differ in their size
and shape, as well as in the arrangement of the membranous disks in
their outer segments. 
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much of the processing within the retina is mediated by graded potentials,
largely because action potentials are not required to transmit information
over the relatively short distances involved. 

Perhaps even more surprising is that shining light on a photoreceptor,
either a rod or a cone, leads to membrane hyperpolarization rather than depo-
larization (Figure 10.5). In the dark, the receptor is in a depolarized state,
with a membrane potential of roughly –40 mV (including those portions of
the cell that release transmitters). Progressive increases in the intensity of
illumination cause the potential across the receptor membrane to become
more negative, a response that saturates when the membrane potential
reaches about –65 mV. Although the sign of the potential change may seem
odd, the only logical requirement for subsequent visual processing is a con-
sistent relationship between luminance changes and the rate of transmitter
release from the photoreceptor terminals. As in other nerve cells, transmitter
release from the synaptic terminals of the photoreceptor is dependent on
voltage-sensitive Ca2+ channels in the terminal membrane. Thus, in the dark,
when photoreceptors are relatively depolarized, the number of open Ca2+

channels in the synaptic terminal is high, and the rate of transmitter release
is correspondingly great; in the light, when receptors are hyperpolarized, the
number of open Ca2+ channels is reduced, and the rate of transmitter release
is also reduced. The reason for this unusual arrangement compared to other
sensory receptor cells is not known.

The relatively depolarized state of photoreceptors in the dark depends on
the presence of ion channels in the outer segment membrane that permit
Na+ and Ca2+ ions to flow into the cell, thus reducing the degree of inside
negativity (Figure 10.6). The probability of these channels in the outer seg-
ment being open or closed is regulated in turn by the levels of the nucleotide
cyclic guanosine monophosphate (cGMP) (as in many other second messen-
ger systems; see Chapter 7). In darkness, high levels of cGMP in the outer
segment keep the channels open. In the light, however, cGMP levels drop
and some of the channels close, leading to hyperpolarization of the outer
segment membrane, and ultimately the reduction of transmitter release at
the photoreceptor synapse.

The series of biochemical changes that ultimately leads to a reduction in
cGMP levels begins when a photon is absorbed by the photopigment in the
receptor disks. The photopigment contains a light-absorbing chromophore
(retinal, an aldehyde of vitamin A) coupled to one of several possible pro-
teins called opsins that tune the molecule’s absorption of light to a particu-
lar region of the spectrum. Indeed, it is the different protein component of
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the photopigment in rods and cones that contributes to the functional spe-
cialization of these two receptor types. Most of what is known about the
molecular events of phototransduction has been gleaned from experiments
in rods, in which the photopigment is rhodopsin (Figure 10.7A). When the
retinal moiety in the rhodopsin molecule absorbs a photon, its configuration
changes from the 11-cis isomer to all-trans retinal; this change then triggers a
series of alterations in the protein component of the molecule (Figure 10.7B).
The changes lead, in turn, to the activation of an intracellular messenger
called transducin, which activates a phosphodiesterase that hydrolyzes
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the photopigment in rods and cones that contributes to the functional spe-
cialization of these two receptor types. Most of what is known about the
molecular events of phototransduction has been gleaned from experiments
in rods, in which the photopigment is rhodopsin (Figure 10.7A). When the
retinal moiety in the rhodopsin molecule absorbs a photon, its configuration
changes from the 11-cis isomer to all-trans retinal; this change then triggers a
series of alterations in the protein component of the molecule (Figure 10.7B).
The changes lead, in turn, to the activation of an intracellular messenger
called transducin, which activates a phosphodiesterase that hydrolyzes
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Photoreceptors need to stop the activated response to allow responses to 
another incoming photon
- Phosphorylation of rhodopsin+ inhibition of PDE
- Adaptation: calcium inhibits cGMP cyclase, decreases affinity of Na+ch for 
cGMP, inhibits rhodopsin phosphorylation
Light decreases calcium, which reactivates the cyclase that re-opens the channels
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that can be readily appreciated by trying to read the words on any line of
this page beyond the word being fixated on. The restriction of highest acuity
vision to such a small region of the retina is the main reason humans spend
so much time moving their eyes (and heads) around—in effect directing the
foveas of the two eyes to objects of interest (see Chapter 19). It is also the rea-
son why disorders that affect the functioning of the fovea have such devas-
tating effects on sight (see Box C). Conversely, the exclusion of rods from the
fovea, and their presence in high density away from the fovea, explain why
the threshold for detecting a light stimulus is lower outside the region of
central vision. It is easier to see a dim object (such as a faint star) by looking
slightly away from it, so that the stimulus falls on the region of the retina
that is richest in rods (see Figure 10.10).

Another anatomical feature of the fovea (which literally means “pit”) that
contributes to the superior acuity of the cone system is that the layers of cell
bodies and processes that overlie the photoreceptors in other areas of the
retina are displaced around the fovea, and especially the foveola (see Figure
10.11). As a result, photons are subjected to a minimum of scattering before
they strike the photoreceptors. Finally, another potential source of optical
distortion that lies in the light path to the receptors—the retinal blood ves-
sels—are diverted away from the foveola. This central region of the fovea is
therefore dependent on the underlying choroid and pigment epithelium for
oxygenation and metabolic sustenance. 

Cones and Color Vision

A special property of the cone system is color vision. Perceiving color allows
humans (and many other animals) to discriminate objects on the basis of the
distribution of the wavelengths of light that they reflect to the eye. While dif-
ferences in luminance (i.e., overall light intensity) are often sufficient to dis-
tinguish objects, color adds another perceptual dimension that is especially
useful when differences in luminance are subtle or nonexistent. Color obvi-
ously gives us a quite different way of perceiving and describing the world
we live in.
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Figure 10.11 Diagrammatic cross section through the human fovea. The overlying
cellular layers and blood vessels are displaced so that light is subjected to a mini-
mum of scattering before photons strike the outer segments of the cones in the cen-
ter of the fovea, called the foveola.
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Figure 10.10 Distribution of rods and
cones in the human retina. Graph illus-
trates that cones are present at a low
density throughout the retina, with a
sharp peak in the center of the fovea.
Conversely, rods are present at high
density throughout most of the retina,
with a sharp decline in the fovea. Boxes
at top illustrate the appearance of face
on sections through the outer segments
of the photoreceptors at different eccen-
tricities. The increased density of cones
in the fovea is accompanied by a strik-
ing reduction in the diameter of their
outer segments.

glion cells) receives input from only one cone bipolar cell, which, in turn, is
contacted by a single cone. Convergence makes the rod system a better
detector of light, because small signals from many rods are pooled to gener-
ate a large response in the bipolar cell. At the same time, convergence
reduces the spatial resolution of the rod system, since the source of a signal
in a rod bipolar cell or retinal ganglion cell could have come from anywhere
within a relatively large area of the retinal surface. The one-to-one relation-
ship of cones to bipolar and ganglion cells is, of course, just what is required
to maximize acuity.

Anatomical Distribution of Rods and Cones

The distribution of rods and cones across the surface of the retina also has
important consequences for vision (Figure 10.10). Despite the fact that per-
ception in typical daytime light levels is dominated by cone-mediated
vision, the total number of rods in the human retina (about 90 million) far
exceeds the number of cones (roughly 4.5 million). As a result, the density of
rods is much greater than cones throughout most of the retina. However, this
relationship changes dramatically in the fovea , a highly specialized region of
the central retina that measures about 1.2 millimeters in diameter (Figure
10.11). In the fovea, cone density increases almost 200-fold, reaching, at its
center, the highest receptor packing density anywhere in the retina. This
high density is achieved by decreasing the diameter of the cone outer seg-
ments such that foveal cones resemble rods in their appearance. The
increased density of cones in the fovea is accompanied by a sharp decline in
the density of rods. In fact, the central 300 µm of the fovea, called the fove-
ola , is totally rod-free.

The extremely high density of cone receptors in the fovea, and the one-to-
one relationship with bipolar cells and retinal ganglion cells (see earlier),
endows this component of the cone system with the capacity to mediate
high visual acuity. As cone density declines with eccentricity and the degree
of convergence onto retinal ganglion cells increases, acuity is markedly
reduced. Just 6° eccentric to the line of sight, acuity is reduced by 75%, a fact
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Figure 10.12 Color vision. The light
absorption spectra of the four photopig-
ments in the normal human retina.
(Recall that light is defined as electro-
magnetic radiation having wavelengths
between ~400 and 700 nm.) The solid
curves indicate the three kinds of cone
opsins; the dashed curve shows rod
rhodopsin for comparison. Absorbance
is defined as the log value of the inten-
sity of incident light divided by inten-
sity of transmitted light.

Unlike rods, which contain a single photopigment, there are three types of
cones that differ in the photopigment they contain. Each of these photopig-
ments has a different sensitivity to light of different wavelengths, and for
this reason are referred to as “blue,” “green,” and “red” or, more appropri-
ately, short (S), medium (M), and long (L) wavelength cones—terms that
more or less describe their spectral sensitivities (Figure 10.12). This nomen-
clature implies that individual cones provide color information for the wave-
length of light that excites them best. In fact, individual cones, like rods, are
entirely color blind in that their response is simply a reflection of the number
of photons they capture, regardless of the wavelength of the photon (or,
more properly, its vibrational energy). It is impossible, therefore, to deter-
mine whether the change in the membrane potential of a particular cone has
arisen from exposure to many photons at wavelengths to which the receptor
is relatively insensitive, or fewer photons at wavelengths to which it is most
sensitive. This ambiguity can only be resolved by comparing the activity in
different classes of cones. Based on the responses of individual ganglion
cells, and cells at higher levels in the visual pathway (see Chapter 11), com-
parisons of this type are clearly involved in how the visual system extracts
color information from spectral stimuli. Despite these insights, a full under-
standing of the neural mechanisms that underlie color perception has been
elusive (Box D). 

Much additional information about color vision has come from studies of
individuals with abnormal color detecting abilities. Color vision deficiencies
result either from the inherited failure to make one or more of the cone pig-
ments or from an alteration in the absorption spectra of cone pigments (or,
rarely, from lesions in the central stations that process color information; see
Chapter 11). Under normal conditions, most people can match any color in a
test stimulus by adjusting the intensity of three superimposed light sources
generating long, medium, and short wavelengths. The fact that only three
such sources are needed to match (nearly) all the perceived colors is strong
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elderly individuals suffering from macular degeneration (Box C). People
who have lost cone function are legally blind, whereas those who have lost
rod function only experience difficulty seeing at low levels of illumination
(night blindness; see Box B).

Differences in the transduction mechanisms utilized by the two receptor
types is a major factor in the ability of rods and cones to respond to different
ranges of light intensity. For example, rods produce a reliable response to a
single photon of light, whereas more than 100 photons are required to pro-
duce a comparable response in a cone. It is not, however, that cones fail to
effectively capture photons. Rather, the change in current produced by single
photon capture in cones is comparatively small and difficult to distinguish
from noise. Another difference is that the response of an individual cone does
not saturate at high levels of steady illumination, as does the rod response.
Although both rods and cones adapt to operate over a range of luminance
values, the adaptation mechanisms of the cones are more effective. This dif-
ference in adaptation is apparent in the time course of the response of rods
and cones to light flashes. The response of a cone, even to a bright light flash
that produces the maximum change in photoreceptor current, recovers in
about 200 milliseconds, more than four times faster than rod recovery. 

The arrangement of the circuits that transmit rod and cone information to
retinal ganglion cells also contributes to the different characteristics of sco-
topic and photopic vision. In most parts of the retina, rod and cone signals
converge on the same ganglion cells; i.e., individual ganglion cells respond
to both rod and cone inputs, depending on the level of illumination. The
early stages of the pathways that link rods and cones to ganglion cells, how-
ever, are largely independent. For example, the pathway from rods to gan-
glion cells involves a distinct class of bipolar cell (called rod bipolar) that,
unlike cone bipolar cells, does not contact retinal ganglion cells. Instead, rod
bipolar cells synapse with the dendritic processes of a specific class of
amacrine cell that makes gap junctions and chemical synapses with the ter-
minals of cone bipolars; these processes, in turn, make synaptic contacts on
the dendrites of ganglion cells in the inner plexiform layer. As a conse-
quence, the circuits linking the rods and cones to retinal ganglion cells differ
dramatically in their degree of convergence. Each rod bipolar cell is con-
tacted by a number of rods, and many rod bipolar cells contact a given
amacrine cell. In contrast, the cone system is much less convergent. Thus,
each retinal ganglion cell that dominates central vision (called midget gan-
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Figure 10.9 The range of luminance
values over which the visual system
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ties and relationships (Figure 10.15). On- and off-center ganglion cells have
dendrites that arborize in separate strata of the inner plexiform layer, form-
ing synapses selectively with the terminals of on- and off-center bipolar cells
that respond to luminance increases and decreases, respectively (Figure
10.15A). As mentioned previously, the principal difference between ganglion
cells and bipolar cells lies in the nature of their electrical response. Like most
other cells in the retina, bipolar cells have graded potentials rather than
action potentials. Graded depolarization of bipolar cells leads to an increase
in transmitter release (glutamate) at their synapses and consequent depolar-
ization of the on-center ganglion cells that they contact via AMPA, kainate,
and NMDA receptors. 

The selective response of on- and off-center bipolar cells to light incre-
ments and decrements is explained by the fact that they express different
types of glutamate receptors (Figure 10.15A). Off-center bipolar cells have
ionotropic receptors (AMPA and kainate) that cause the cells to depolarize in
response to glutamate released from photoreceptor terminals. In contrast,
on-center bipolar cells express a G-protein-coupled metabotropic glutamate
receptor (mGluR6). When bound to glutamate, these receptors activate an
intracellular cascade that closes cGMP-gated Na+ channels, reducing inward
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Figure 10.15 Circuitry responsible for
generating receptive field center
responses of retinal ganglion cells. (A)
Functional anatomy of cone inputs to
the center of a ganglion cell receptive
field. A plus indicates a sign-conserving
synapse; a minus represents a sign-
inverting synapse. (B) Responses of vari-
ous cell types to the presentation of a
light spot in the center of the ganglion
cell receptive field. (C) Responses of var-
ious cell types to the presentation of a
dark spot in the center of the ganglion
cell receptive field.

Purves10  5/14/04  10:45 AM  Page 252

hyperpolarized depolarized

depolarized hyperpolarized

Impact on function of retinal ganglion cells
and on the structure of their receptive fields



252 Chapter Ten

ties and relationships (Figure 10.15). On- and off-center ganglion cells have
dendrites that arborize in separate strata of the inner plexiform layer, form-
ing synapses selectively with the terminals of on- and off-center bipolar cells
that respond to luminance increases and decreases, respectively (Figure
10.15A). As mentioned previously, the principal difference between ganglion
cells and bipolar cells lies in the nature of their electrical response. Like most
other cells in the retina, bipolar cells have graded potentials rather than
action potentials. Graded depolarization of bipolar cells leads to an increase
in transmitter release (glutamate) at their synapses and consequent depolar-
ization of the on-center ganglion cells that they contact via AMPA, kainate,
and NMDA receptors. 

The selective response of on- and off-center bipolar cells to light incre-
ments and decrements is explained by the fact that they express different
types of glutamate receptors (Figure 10.15A). Off-center bipolar cells have
ionotropic receptors (AMPA and kainate) that cause the cells to depolarize in
response to glutamate released from photoreceptor terminals. In contrast,
on-center bipolar cells express a G-protein-coupled metabotropic glutamate
receptor (mGluR6). When bound to glutamate, these receptors activate an
intracellular cascade that closes cGMP-gated Na+ channels, reducing inward
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Figure 10.15 Circuitry responsible for
generating receptive field center
responses of retinal ganglion cells. (A)
Functional anatomy of cone inputs to
the center of a ganglion cell receptive
field. A plus indicates a sign-conserving
synapse; a minus represents a sign-
inverting synapse. (B) Responses of vari-
ous cell types to the presentation of a
light spot in the center of the ganglion
cell receptive field. (C) Responses of var-
ious cell types to the presentation of a
dark spot in the center of the ganglion
cell receptive field.
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Figure 10.19 Circuitry responsible for generating the receptive field surround of
an on-center retinal ganglion cell. (A) Functional anatomy of horizontal cell inputs
responsible for surround antagonism. A plus indicates a sign-conserving synapse; a
minus represents a sign-inverting synapse. (B) Responses of various cell types to
the presentation of a light spot in the center of the receptive field (t1) followed by
the addition of light stimulation in the surround (t2). Light stimulation of the sur-
round leads to hyperpolarization of the horizontal cells and a decrease in the
release of inhibitory transmitter (GABA) onto the photoreceptor terminals. The net
effect is to depolarize the center cone terminal, offsetting much of the hyperpolar-
ization induced by the transduction cascade in the center cone’s outer segment. 
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Figure 10.19 Circuitry responsible for generating the receptive field surround of
an on-center retinal ganglion cell. (A) Functional anatomy of horizontal cell inputs
responsible for surround antagonism. A plus indicates a sign-conserving synapse; a
minus represents a sign-inverting synapse. (B) Responses of various cell types to
the presentation of a light spot in the center of the receptive field (t1) followed by
the addition of light stimulation in the surround (t2). Light stimulation of the sur-
round leads to hyperpolarization of the horizontal cells and a decrease in the
release of inhibitory transmitter (GABA) onto the photoreceptor terminals. The net
effect is to depolarize the center cone terminal, offsetting much of the hyperpolar-
ization induced by the transduction cascade in the center cone’s outer segment. 
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ties and relationships (Figure 10.15). On- and off-center ganglion cells have
dendrites that arborize in separate strata of the inner plexiform layer, form-
ing synapses selectively with the terminals of on- and off-center bipolar cells
that respond to luminance increases and decreases, respectively (Figure
10.15A). As mentioned previously, the principal difference between ganglion
cells and bipolar cells lies in the nature of their electrical response. Like most
other cells in the retina, bipolar cells have graded potentials rather than
action potentials. Graded depolarization of bipolar cells leads to an increase
in transmitter release (glutamate) at their synapses and consequent depolar-
ization of the on-center ganglion cells that they contact via AMPA, kainate,
and NMDA receptors. 

The selective response of on- and off-center bipolar cells to light incre-
ments and decrements is explained by the fact that they express different
types of glutamate receptors (Figure 10.15A). Off-center bipolar cells have
ionotropic receptors (AMPA and kainate) that cause the cells to depolarize in
response to glutamate released from photoreceptor terminals. In contrast,
on-center bipolar cells express a G-protein-coupled metabotropic glutamate
receptor (mGluR6). When bound to glutamate, these receptors activate an
intracellular cascade that closes cGMP-gated Na+ channels, reducing inward
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Figure 10.15 Circuitry responsible for
generating receptive field center
responses of retinal ganglion cells. (A)
Functional anatomy of cone inputs to
the center of a ganglion cell receptive
field. A plus indicates a sign-conserving
synapse; a minus represents a sign-
inverting synapse. (B) Responses of vari-
ous cell types to the presentation of a
light spot in the center of the ganglion
cell receptive field. (C) Responses of var-
ious cell types to the presentation of a
dark spot in the center of the ganglion
cell receptive field.
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cells exhibit a similar surround antagonism. Stimulation of the surround by
light opposes the decrease in firing rate that occurs when the center is stim-
ulated alone, and reduces the response to light decrements in the center
(compare Figures 10.14A and 10.14C). 

Because of their antagonistic surrounds, ganglion cells respond much
more vigorously to small spots of light confined to their receptive field cen-
ters than to large spots, or to uniform illumination of the visual field (see
Figure 10.14C).

To appreciate how center-surround antagonism makes the ganglion cell
sensitive to luminance contrast, consider the activity levels in a hypothetical
population of on-center ganglion cells whose receptive fields are distributed
across a retinal image of a light-dark edge (Figure 10.17). The neurons whose
firing rates are most affected by this stimulus—either increased (neuron D)
or decreased (neuron B)—are those with receptive fields that lie along the
light-dark border; those with receptive fields completely illuminated (or
completely darkened) are less affected (neurons A and E). Thus, the infor-
mation supplied by the retina to central visual stations for further processing
does not give equal weight to all regions of the visual scene; rather, it
emphasizes the regions where there are differences in luminance. 

Contribution of Retinal Circuits to Light Adaptation

In addition to making ganglion cells especially sensitive to light-dark bor-
ders in the visual scene, center-surround mechanisms make a significant
contribution to the process of light adaptation. As illustrated for an on-cen-
ter cell in Figure 10.18, the response rate of a ganglion cell to a small spot of
light turned on in its receptive field center varies as a function of the spot’s
intensity. In fact, response rate is proportional to the spot’s intensity over a
range of about one log unit. However, the intensity of spot illumination
required to evoke a given discharge rate is dependent on the background
level of illumination. Increases in background level of illumination are
accompanied by adaptive shifts in the cell’s operating range such that

Figure 10.17 Responses of a hypothet-
ical population of on-center ganglion
cells whose receptive fields (A–E) are
distributed across a light-dark edge.
Those cells whose activity is most
affected have receptive fields that lie
along the light-dark edge.
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The perceived brightness of objects depends on that of the background 
(luminance contrast):

Ganglion cells are not photoreceptors – they code contrast - not the absolute 
intensity of stimuli







Small light spots are more effective than uniform illumination

The discarge frequency of ganglion cells does not reflect the absolute 
intensity of the stimulus but the diference of intensities of the stimuli 
applied in the center vs the surround
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Most informative: regions where there
are differences in luminance
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M e P type Ganglion cells
two parallel channels to process 
distinct features of stimuli (for shape-
color-motion)
2 main channels: form-color 
(what)  vs motion (where)

M ganglion cells large receptive 
fields (motion, crude shape);
P ganglion cells: small receptive 
fields (form and color) – fovea
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