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Because the mouse retina has become an important model
system, we have begun to identify its specific neuron types and
their synaptic connections. Here, based on electron micro-
graphs of serial sections, we report that the wild-type mouse
retina expresses the standard rod pathways known in other
mammals: (1) rod 3 cone (via gap junctions) to inject rod
signals into the cone bipolar circuit; and (2) rod3 rod bipolar3
AII amacrine 3 cone bipolar 3 ganglion cell. The mouse also
expresses another rod circuit: a bipolar cell with cone input also
receives rod input at symmetrical contacts that express iono-
tropic glutamate receptors (Hack et al., 1999, 2001). We show
that this rod–cone bipolar cell sends an axon to the outer (OFF)

strata of the inner plexiform layer to form ribbon synapses with
ganglion and amacrine cells. This rod–cone bipolar cell receives
direct contacts from only 20% of all rod terminals. However, we
also found that rod terminals form gap junctions with each
other and thus establish partial syncytia that could pool rod
signals for direct chemical transmission to the OFF bipolar cell.
This third rod pathway probably explains the rod responses that
persist in OFF ganglion cells after the well known rod pathways
are blocked (Soucy et al., 1998).
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Until recently, the anatomical connections of mammalian photo-
receptors seemed well understood. Cones and rods were known
to form chemical synapses on separate classes of bipolar cell (for
review, see Vaney et al., 1991; Sterling, 1998; Boycott and Wässle,
1999; Sharpe and Stockman, 1999). Cone bipolar cells synapse
directly on ganglion cells and serve high-light levels (daylight),
whereas rod bipolar cells connect to ganglion cells only indirectly
via an interneuron and serve low-light levels (starlight). Rods
were also known to form electrical synapses with cones and thus
to obtain indirect access to the cone bipolar circuits under
medium-light levels (twilight). These parallel circuits, identified
and quantified in cat (Kolb and Famiglietti, 1974; Kolb, 1977;
Sterling et al., 1988), rabbit (Strettoi et al., 1990; Young and
Vaney, 1991), and primate (Mills and Massey, 1995), have been
considered fundamental to the mammalian design and different
from the design in fish in which rods and cones form chemical
synapses on the same bipolar cells (Stell et al., 1977; Ishida et al.,
1980).

However, recordings from mouse ganglion cells now suggest a
direct pathway from rods to cone bipolar cells (Soucy et al., 1998).
In a mouse retina genetically modified to be “coneless,” a fast rod
signal was observed in OFF ganglion cells. Clearly, the signal
could not reach cone bipolar cells via the known pathway (rod–
cone coupling), so the most likely pathway in this retina would be
for the rod to synapse directly onto dendrites of an OFF cone
bipolar cell. The normal mouse showed responses with nearly
identical kinetics, suggesting that this pathway might be a basic

feature of mouse retina. Subsequently, contacts were identified
from rods to processes that express ionotropic glutamate recep-
tors (iGluRs) (Hack et al., 1999, 2001) and thus are strong
candidates for the second-order neurons of this pathway.

To search for this predicted pathway, as well as other basic
circuits, we prepared electron micrographs of serial sections
through retinas of wild-type mice. Reconstructing from this ma-
terial, we identified the standard mammalian circuits for night
vision but also a type of OFF cone bipolar cell that collects from
rods as well as cones. This confirms the prediction of a direct
pathway from rods to OFF bipolar cells. Only 20% of rods
directly contact this bipolar cell, but signals from the remaining
rods might reach it via rod–rod gap junctions observed here and
previously unknown in mammals.

MATERIALS AND METHODS
Animals and tissue preparation. Retinas were obtained from two mice:
mouse 1, C57BL/6J, 9 weeks old, female, 20 gm (SLC, Shizuoka, Japan);
mouse 2, hybrid of 129/SvJ � C57BL/6J, 94 weeks old, female, 38 gm
(129/SvJ; The Jackson Laboratory, Bar Harbor, ME). All experiments
were conducted in compliance with the institutional and NIH guidelines
for animal care and treatment. After deep anesthesia with sodium pen-
tobarbital (45 mg/kg, i.p.), mouse 1 was perfused with a mixture of 2%
paraformaldehyde, 2.5% glutaraldehyde, and 1% acrolein in phosphate
buffer (0.1 M), pH 7.4. Excised pieces of the posterior retina were
immersed in the same fixative with 1% tannic acid replacing acrolein,
microwave irradiated for 10 min, and left at room temperature for 3 hr.
Tissue was post-fixed with 1% osmium tetroxide for 2 hr. Mouse 2 was
perfused with 4% paraformaldehyde in cacodylate buffer (0.1 M), pH7.4.
Pieces of the posterior retina were immersed in 2% paraformaldehyde,
3% glutaraldehyde, and 2 mM calcium chloride in cacodylate. After
microwave irradiation, tissue remained in the same fixative at 4°C over-
night and was then post-fixed with 1% osmium tetroxide and 0.05%
potassium ferricyanide for 1 hr at room temperature. The tannic acid-
treated tissue (mouse 1) was best for viewing membrane densification,
and the ferricyanide-treated tissue (mouse 2) was best for viewing the
trilamellar unit membrane structures. Tissue was stained en bloc in 3%
uranyl acetate in 80% methanol, dehydrated with ethanol, and embedded
in araldite.
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Serial reconstruction procedures. A series of 366 radial sections were cut
from mouse 1 retina, and a series of 157 tangential sections were cut
through the entire outer plexiform layer of mouse 2 retina, at the
thickness of 90 nm. Sections were mounted on Formvar-covered slot
grids, stained with uranyl acetate and lead citrate, and photographed at
3000� (mouse 1 series) and 4000� (mouse 2 series) under a
JEM1200EX electron microscope (JEOL, Tokyo, Japan). Certain syn-
aptic contacts were rephotographed at 40,000� with various tilts. Three-

dimensional images were reconstructed with TRI graphic software
(Ratoc, Tokyo, Japan) for Windows NT.

RESULTS
Mouse retina expresses two standard rod pathways
known in other mammals
We first examined the gap junctions between photoreceptor ter-
minals. Analyzing a series of tangential sections covering a small
area of outer retina (35 � 45 �m), we distinguished two types of
terminal. The rod terminal was small and contained a single
ribbon synapse. The cone terminal was larger and contained
many ribbon synapses (10 � 1.6 synapses; mean � SD; n � 20).
We noted that each rod terminal always had gap junctions (Fig.
1A) with two processes ascending from cone terminals. At the
base of a rod terminal, these gap junctions were usually opposite
to each other across an opening for invaginating processes. These

Figure 1. Mouse retina contains electrical and chemical synapses that
serve two rod circuits known in other mammalian retinas. A, Rod–cone
gap junction (arrows). B, Cone–cone gap junction (arrows). C, Two rod
bipolar dendrites (B) invaginating a rod synaptic terminal and extending
close to the synaptic ribbon (arrowhead) that is flanked by horizontal cell
processes (H ). D, Ribbon synapse (arrowhead) from rod bipolar axon to
AII amacrine cell. E, Conventional chemical synapse (arrow) from the
AII amacrine cell to an OFF cone bipolar axon terminal with ribbon
output (arrowhead) to ganglion and amacrine cells. F, Large gap junction
(arrows) between AII amacrine cell and ON cone bipolar axon terminal,
shown at higher magnification in inset. Also, ribbon output (arrowhead) to
ganglion and amacrine cells.

Figure 2. Mouse retina expresses two rod circuits known in other mam-
mals. Reconstructions from electron micrographs of a single series ap-
proximately quantify the connections; each rod diverges to two rod
bipolar cells, and 22 rods converge on one rod bipolar cell. The rod
bipolar cell provides 43 ribbon synapses to AII amacrine cells. The AII
forms 16 large gap junctions with ON cone bipolar terminals and 19
conventional synapses with the OFF cone bipolar terminals. The ON
bipolar terminal receives 11 of these gap junctions, and the OFF bipolar
terminal receives 31 conventional synapses. Numbers enclosed by a circle,
square, and triangle represent the numbers of input or output synapses
between a particular pair of adjacent cells. Total output synapses at the
ON and OFF cone bipolar terminals are shown in Figure 3.
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ascending processes mostly came from the same cone but occa-
sionally from different adjacent cones. Cone terminals also pro-
truded many tiny processes horizontally that formed cone–cone
gap junctions (Fig. 1B). Thus, as in other mammals (DeVries and
Baylor, 1995), cones couple to each other and (crucially for the
“twilight” circuit) rods couple to cones.

Next, we used a series of vertical sections spanning a 90 � 30
�m patch of both plexiform layers to identify the synapses along
the standard pathways. These synapses showed the same ultra-
structure observed in other mammals: rod terminals were invag-
inated by rod bipolar dendrites (Fig. 1C), and the rod bipolar
axon expressed ribbon synapses directed at the AII amacrine cell
(Fig. 1D). The AII cell directed conventional chemical synapses
at the axon terminals of OFF cone bipolar cells (Fig. 1E)
(McGuire et al., 1984; Pourcho and Owczarzak, 1991; Sassoè-
Pognetto et al., 1994) and formed large gap junctions with axon
terminals of ON cone bipolar cells (Fig. 1F). The axon terminals
of OFF and ON bipolar cells formed many ribbon synapses onto
amacrine processes and ganglion cell dendrites (Fig. 1E,F) (see
Fig. 3).

We also surveyed the basic patterns of convergence and diver-
gence along the rod and cone bipolar pathways (Fig. 2) by tracing
the cells and synaptic connections through the available serial
sections (Fig. 2). Many rods (22) converged on the rod bipolar
cell, whereas few cones (four to seven) converged on the cone
bipolar cells. The rod bipolar terminal expressed a modest num-
ber of ribbon synapses (43 � 1; mean � SD; n � 3) by which it
diverged to multiple AII cells. The AII cell, collecting from
several rod bipolar cells, expressed many electrical junctions (16)
by which it diverged to several ON bipolar terminals. The AII cell
also expressed many conventional synapses (19) by which it di-
verged to several OFF bipolar terminals of the same type. Addi-
tional detailed reconstructions will be needed to establish the
definitive numbers of synapses and convergence–divergence;
nevertheless, these numbers are comparable with those reported

in cat (Sterling et al., 1988), rabbit (Strettoi et al., 1990), and
monkey (Wässle et al., 1995).

Two types of OFF bipolar cell
We reconstructed six bipolar cells with axon terminals in the OFF
strata of the inner plexiform layer (IPL) (Fig. 3). Three cells
resembled each other: dendritic field spanning �10–18 �m, basal
contacts from cones (5 � 1.7; mean � SD), stout axon (�1 �m
thick, measured 5 �m below the soma), and a terminal arbor
spanning 0–35% of the IPL. This elaborate arbor produced an
enormous number of ribbon synapses (135 � 3), each presynaptic
to a pair of processes (dyad). The axon terminals of all three cells
received chemical synapses from AII amacrine cells. These bipo-
lar cells were separated by 10–15 �m. The clustering by multiple
parameters suggests that these cells belong to a specific type
(Cohen and Sterling, 1990), here designated B1.

Three other bipolar neurons also resembled each other: den-
dritic field spanning �8–14 �m, standard basal contacts from
approximately two cones, plus unusual, symmetrical contacts
from approximately five rods (see below). The axon was thin
(�0.6 �m), with a terminal arbor spanning 0–40% of the IPL.
The number of ribbon synapses was quite modest (44 � 3),
including several in the axon stalk. Again, the clustering by
multiple parameters suggests a specific type, here called B2. The
dendritic arbors of two neighboring B2 cells were reconstructed
from tangential sections (see Fig. 8). Averaging all five B2 cells
(three in vertical sections and two in tangential sections), their
dendrites received 2.2 � 0.4 cones and 4.8 � 0.8 rods. B2 bipolar
cells were separated by �4–10 �m.

We fully reconstructed one ON bipolar cell and found its arbor
to span levels 45–73% of the inner plexiform layer (Fig. 3).
Because the convention of numbering bipolar cell types proceeds
from outer to inner (Boycott and Wässle, 1991) and it is unclear
how many types will be interposed between B2 and this ON cell,
we designate it temporarily as Bon. It resembles the rat type 7
cone bipolar cell (Euler and Wässle, 1995).

Figure 3. Two types of OFF cone bipolar cell and one ON cell identified by reconstruction. Type B1 is distinguished by a thick axon (1.0 �m) and a
large number of ribbon outputs that distribute throughout the OFF stratum. B1 receives direct contacts only from cones. Type B2 is distinguished by
a thin axon (0.6 �m) and modest number of ribbon outputs that distribute throughout the OFF stratum of the IPL. B2 receives direct contacts from both
rods and cones. Type Bon is distinguished by a thin axon (0.75 �m) that provides a modest number of ribbon outputs in the ON stratum. It receives direct
input only from cones. INL, Inner nuclear layer.
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Type B1 bipolar cell (but not type B2) collects
synapses from the AII amacrine cell

All of the axons of three B1 cells shown in Figure 3 arborized
among the lobular appendages of AII cells and received conven-
tional, chemical synapses from the AII cells (Figs. 1E, 2). A
particular B1 terminal received five such contacts from one AII
cell and a total of 31 AII contacts (Fig. 2). Thus, the B1 cell is a
key link for the standard rod bipolar pathway into the OFF
system. The B2 axons also arborized among the AII lobular
appendages. However, although we found five sites of membrane
apposition (0.1–1 �m long) between two AII and two B2 cells,
there were neither membrane specializations nor vesicle accumu-
lations. Thus, the AII seems not to synapse on the B2 axon
terminal. Whether there are more types of OFF cells that might
connect with AII remains to be determined

Mouse retina expresses a third rod pathway
At the point at which a B2 dendrite contacted a cone terminal,
there was a typical “basal contact” (Boycott and Kolb, 1973): the
presynaptic membrane, devoid of docked vesicles, was indented
by the dendritic tip; both presynaptic and postsynaptic mem-
branes were densified; and the cleft had constant width (20 nm)
and contained filamentous material (Fig. 4A,B). However, at the
point at which the B2 dendrite contacted a rod terminal, the
features were different: presynaptic membrane was not indented,
but the area was substantial (up to 0.5 � 1 �m), and the mem-
branes displayed no consistent densification and varied in both
cleft width and content of filamentous material (Fig. 4C,D). The
rod–B2 contacts resembled those shown by Hack et al. (1999,
2001) to stain for iGluR subunits, and this led us to investigate
whether all rods participate in this pathway.

The densely packed photoreceptor outer segments are narrow,
whereas their somas and synaptic terminals are broad. Conse-
quently, a monolayer of outer segments requires the somas to
stack up, forming �10 tiers (Fig. 5A). The underlying synaptic
terminals must also stack, forming three to four tiers (Fig. 5B).
Cone terminals form the innermost synaptic tier with a few
intermingled rod terminals. The remaining rod terminals, each
containing one ribbon, form the two to three outer synaptic tiers.
Finally, the rod somas at the deepest somatic tier each contain a
ribbon and active zone at the base of the soma itself (Fig. 5B).

The B2 dendrites reach the innermost tier of synaptic termi-
nals, i.e., where cones and rods intermingle. The dendrites mostly

Figure 4. Ultrastructure of contacts between the B2 bipolar dendrites
and cone and rod terminals. A, B, Cone terminals. Presynaptic and
postsynaptic membranes are smooth and arched with a cleft of constant
width (�20 nm) that contains filamentous material. Presynaptic densifi-
cation is evident, but postsynaptic densification is less prominent. C, D,
Rod terminals. Glial wrappings (g) make windows; contacts are large
(0.5–1.0 �m 2) and rugged (brackets), and the clefts are variable in width
(15–25 nm). Presynaptic and postsynaptic membranes are hardly densi-
fied, and filamentous material is seen at intermittent spots. A and C are
from radial sections stained with tannic acid; B and D are from tangential
sections stained with ferricyanide.

Figure 5. Photoreceptor somas and synaptic terminals stack in multiple
tiers. A, Densely packed somas (�96% rods) form �10 tiers. B, Rod
somas of the innermost somatic tier (* in A) form a ribbon synapse at the
base ( just beneath the cell nucleus). Rods and cones of the outer somatic
tiers (as seen in A) form axons that snake between the somas to reach the
outer synaptic layer, in which the terminals segregate. Cones plus some
rods form the innermost synaptic tier; rod terminals form the outer
synaptic tiers. Nu, Nucleus; rt, rod terminal; ct, cone terminal.
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stop there and barely penetrate the remaining tiers of rod termi-
nals. Thus, B2 dendrites contact only a small fraction of all rods,
�20%. Wondering how the other rods might convey signals to the
B2 dendrites, we searched carefully for evidence of rod–rod
coupling, although it has generally not been observed in mammals
(Smith et al., 1986).

We did find rod–rod gap junctions. These were small and
convex, like a contact between two elbows (Fig. 6). They were
present at several loci: between rod soma and rod terminal,
between two rod terminals, and between rod terminal and passing
rod axons (Fig. 6A–C). Although these contacts were not marked
by adherent junctions [as between cones in primate retina (Tsuka-
moto et al., 1992)], they were marked by localized fenestration of
the glial wrappings ( g) shown particularly well in Figure 6C.
Furthermore, at the point at which two rods were coupled, they
commonly formed junctions at several different sites.

We quantified the distribution of various photoreceptor gap
junctions in serial sections cut tangentially through a region
containing three cone terminals and 98 rod terminals (Fig. 7).
Each cone formed one gap junction directly with the neighboring
cone, but most of the fine processes emanating from the cone
terminal connected to rods. Rod divergence to cones was mini-
mal; each rod contacted only slightly more than one cone (1.2 �
0.4), whereas convergence was considerable, �32 � 3 rods con-
tacted each cone. The ratio of convergence–divergence was 27.8,
closely matching the ratio of the rod–cone densities (334,000

mm�2 rods/12,700 mm�2 cones was 26.3). This confirmed the
accuracy of our connectivity measurements (Freed et al., 1987).
Each rod contacted up to four neighboring rods (1.6 � 0.9) (Fig.
7). Thus, a rod diverges more to rods than to cones.

Three-dimensional reconstruction of synaptic input to
B2 bipolar cells
We reconstructed the contacts for two adjacent B2 cells using the
same tangential sections as for the preceding gap junction analy-
sis. The primary dendrites of the two cells were separated by �8
�m, and their dendritic arbors extended horizontally, producing
fields �8 �m in diameter with some overlap (Fig. 8A). One cell
( gray) collected chemical synaptic contacts from five rods (R1–
R5) and two cones (C1 and C2). The other cell (blue) collected
from six rods (R6–R11) and two cones (C1 and C2). Cones were
shared, but the rods were not.

At higher magnification, we discerned a specific laminar ar-
rangement of the connections (Fig. 8B). At the inner tier, the
dendrites ( gray) contacted the basal surfaces of rod terminals (R2
and R3), plus the lateral and basal surfaces of R4. Terminals R12
and R13 lacked chemical synapses with the dendrites but coupled
via gap junctions with R2. Similarly, terminal R14, located at the
outermost tier, far from the dendrites, coupled to the R3 axon.
Thus, signals from rods of the outer tiers can reach rods of the
inner tiers and drive their chemical synapses with the B2 den-
drites. Combining information from Figures 7 and 8 suggests that
25 rods converge onto one B2 cell ( gray), and 21 rods converge
onto the other (blue).

DISCUSSION
It is important to learn what circuit features are conserved be-
tween mouse and other mammals and how particular features
change with scale and/or environmental niche. The first quanti-
tative studies of mouse retina by light–electron microscopy
showed that, despite the mouse’s nocturnal reputation, cones and
cone bipolar cells are quantitatively significant (Jeon et al., 1998).
To this, Haverkamp and Wässle (2000) have added, by immuno-
staining, a major survey of retinal cell types and transmitter

Figure 6. Rods contact each other via small gap junctions. A–C, Rod
terminals contact the following: rod soma at innermost somatic tier (A);
another rod terminal (B); and two descending rod axons wrapped by glial
processes (C, g). From tangential sections stained with ferricyanide.

Figure 7. Reconstructed pattern of gap junctions; rods form local syncy-
tia. Rod terminals (circles) that contact a given cone (C1–C3) via gap
junctions are displayed in the same color as the cone (saturated for rod,
pale for cone). A rod that contacts two cones is displayed in two colors.
Cone–cone and rod–rod gap junctions are indicated by the symbol for
ohmic resistance. Note that many rods converge on each cone, but each
rod diverges very little. Most rods also couple to other rods, forming local
syncytia of up to 11 rods. Only 12 rods of 98 were apparently isolated.
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receptors. The present study presents the first quantitative study
of synaptic circuitry and offers several initial insights.

Several circuits are conserved
The basic circuits for “starlight” [rod 3 rod bipolar 3 AII
amacrine3 cone bipolar] and for “twilight” [rod3 cone3 cone
bipolar], previously identified in cat, rabbit, and primate (Da-
cheux and Raviola, 1986; Smith et al., 1986; Strettoi et al., 1990;
Vaney et al., 1991; Wässle et al., 1995) are clearly evident in the
mouse (Figs. 1, 2). Synaptic structures are also strongly con-
served. Thus, the rod terminal in mouse has a single active zone
and a synaptic ribbon with the same semilunar form as the rod
terminal in cat and monkey (Rao-Mirotznik et al., 1995;
Haverkamp et al., 2001). Because the length of active zone and
size of ribbon are also conserved, they probably dock similar
numbers of synaptic vesicles. This makes sense because the func-
tion of the rod synapse is also probably conserved: to transmit an
irreducibly simple signal (binary), the arrival of 0 or 1 photon
(Rao-Mirotznik et al., 1994). Even the rod bipolar terminal
provides comparable numbers of active zones [mouse �43 (Fig.
2) vs cat �30; R. Rao-Mirotznik and P. Sterling, unpublished
observations].

The cone circuits are also conserved in several respects. Cone
terminals couple by gap junctions to neighboring cones and use
both multiple ribbon synapses and multiple types of OFF bipolar
cell. These features are thought to improve transmission of finely
graded signals that cover a wide temporal bandwidth (DeVries,
2000; Freed, 2000). The numbers of ribbon synapses expressed by
different types of mouse cone bipolar cell are also comparable
with cat. The range in mouse (41–138 ribbons) (Fig. 3) is similar
to cat (47–105 ribbons) (Cohen and Sterling, 1990).

Some circuits are unique
The mouse rod circuits exhibit certain features not found so far in
larger mammals (Fig. 9). The innermost layer of rod terminals
forms symmetrical contacts with dendrites of a rod–cone OFF
bipolar cell (B2). Although these contacts lack obvious membrane
specializations, they are probably not accidental: (1) reconstruc-
tions show the B2 OFF dendrites extending for several microme-
ters toward particular rod terminals (Fig. 3); (2) the glial wrap-
pings around a rod terminal form a “window” to permit contact
with the bipolar dendrite over a relatively wide area (Fig. 4C,D);
and (3) membranes within this contact area are neither consis-
tently dense nor constant in width, but these ultrastructural fea-
tures are also seen at contacts between the rod and the processes
immunostained for GluR1 and GluR2 (Hack et al., 1999, 2001).
These receptor sites on the B2 OFF dendrites are rather far from
the apex of the rod invagination, in which vesicles are released,
but the distance is comparable with that from cone release sites to
basal contacts (Calkins et al., 1996). We conclude that the rod3
B2 bipolar junction, like a cone basal synapse, responds to an
increase in glutamate concentration at light OFF by depolarizing
the bipolar cell.

The only rod terminals to directly contact the B2 bipolar are
those intermingled with the cone terminals in the innermost
synaptic tier (Figs. 8B, 9). These amount to �20% of all rods in
the B2 dendritic field. However, each rod diverges via gap junc-
tion (electrical synapse) to 1.6 other rods and thus forms local
syncytia (Fig. 7). By pooling their signals with the rods that do
form chemical synapses onto the B2 bipolar dendrites, most rods
probably contribute to this fast OFF pathway. Rod–rod gap
junctions have not been reported in larger mammals (monkey,

Figure 8. Three-dimensional reconstruction of synaptic input to two neighboring rod–cone OFF bipolar cells. A, Varicose dendrites of the bipolar cells
are postsynaptic to five rods and two cones (B2–1 in gray) and to six rods and two cones (B2–2 in blue). B, Left side of A, rotated to show electrical
pathways for rods that lack chemical synapses onto dendrites. The dendrites ( gray) receive chemical contacts (red patches) from rod terminals (R2–R4 )
in the innermost tier. One dendrite ascends to receive an extensive chemical contact (vertical red patch) along the lateral surface of R4. Other rods
(R12–R14 ) lack chemical synaptic contacts but make gap junctions (red resistance) with R2–R4. R13 is a rod soma (exceptionally protruding into the
synaptic layer) with input to the dendrites ( gray) via electrical junction with R2. R15 does not connect to the dendrites.
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cat, and rabbit), but they are present in another small mammal,
the guinea pig (P. Sterling, unpublished observation). This de-
sign, in which rods couple to each other, is well known in
amphibians (Lasansky, 1972; Fain et al., 1976; Gold, 1979; At-
twell and Wilson, 1980).

One can never be completely certain that gap junctions ob-
served by electron microscopy are functional. However, the ac-
cumulated evidence that ultrastructural identification, such as
illustrated in Figures 1 and 6, corresponds to a physiological
conductance is extremely impressive. For example, the mamma-
lian rod–cone gap junctions clearly conduct, because the rod
signal is recorded directly in the cone (Nelson, 1977; Schneeweis
and Schnapf, 1995). Furthermore, cone–cone coupling in mam-
malian retina has now been shown by dual patch-clamp record-
ings (S. H. DeVries, unpublished observations). In this context,
the hypothesis seems reasonable that rod–rod gap junctions ac-
tually pool signals for conveyance via chemical synapses.

Why are OFF pathways favored in mouse?
Although much more remains to be learned about microcircuitry
of mouse retina, what we know so far suggests that the OFF
system is more highly developed than the ON system. Thus, the
auxiliary rod pathway described here uses OFF but not ON
bipolar cells. Also, the B1 bipolar axon, which carries the AII
signal to OFF ganglion cells (Fig. 2), is more robust and expresses
twofold more ribbon synapses than its ON counterpart (Fig. 3,
compare B1, Bon). With neither rod bipolar nor ON cone bipolar
signaling, mGluR6-deficient mice showed almost the same per-
formance for light-conditioned avoidance as the wild type (Masu
et al., 1995). These mice relied on information carried solely in
OFF pathways.

An OFF system will be more useful than an ON system in
which background activity is strong enough that its suppression by
an object darker than the mean level would give a good signal.

This implies that the auxiliary rod pathway (rod3 B2 bipolar3)
would serve light levels in which there are many photoisomeriza-
tions (R*) per rod per integration time. At such levels, coupling
pools rod signals and improves the signal-to-noise ratio, whereas
with less than one R* per rod per integration time, coupling
would pool rod noise and thus degrade the signal-to-noise ratio
(Smith et al., 1986). In fact, the fast rod pathway identified
physiologically by Soucy et al. (1998) in normal and coneless
mouse, does operate over light levels that generate �5–500 R* per
rod per integration time. Why should this system be present in
mouse and also possibly in guinea pig, rat (Muller et al., 1993),
and gray squirrel (West, 1978)? Small rodents commonly spend
considerable time in small, dark holes, looking out. At dawn and
dusk, objects moving through their visual scene might tend to be
faintly backlit and thus most efficiently detected by a rod-driven
OFF system.
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