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Like most mammals, mice feature dichromatic color vision based on short (S) and middle (M) wavelength-sensitive cone types. It is
thought that mammals share a retinal circuit that in dichromats compares S- and M-cone output to generate blue/green opponent signals,
with bipolar cells (BCs) providing separate chromatic channels. Although S-cone-selective ON-BCs (type 9 in mouse) have been anatom-
ically identified, little is known about their counterparts, the M-cone-selective OFF-BCs. Here, we characterized cone connectivity and
light responses of selected mouse BC types using immunohistochemistry and electrophysiology. Our anatomical data indicate that four
(types 2, 3a/b, and 4) of the five mouse OFF-BCs indiscriminately contact both cone types, whereas type 1 BCs avoid S-cones. Light
responses showed that the chromatic tuning of the BCs strongly depended on their position along the dorsoventral axis because of the
coexpression gradient of M- and S-opsin found in mice. In dorsal retina, where coexpression is low, most type 2 cells were green biased,
with a fraction of cells (�14%) displaying strongly blue-biased responses, likely reflecting S-cone input. Type 1 cells were also green
biased but did not comprise blue-biased “outliers,” consistent with type 1 BCs avoiding S-cones. We therefore suggest that type 1
represents the green OFF pathway in mouse. In addition, we confirmed that type 9 BCs display blue-ON responses. In ventral retina, all BC
types studied here displayed similar blue-biased responses, suggesting that color vision is hampered in ventral retina. In conclusion, our
data support an antagonistically organized blue/green circuit as the common basis for mammalian dichromatic color vision.

Introduction
Human color vision is based on spectrally opponent pathways
(Hering, 1878) that originate in the retina, where the signals from
three cone types—short (S) (“blue”), middle (M) (“green”), and
long (L) (“red”) wavelength sensitive—are compared (Dacey,
2000). Among mammals, red/green (L/M) opponency is re-
stricted to trichromatic primates, whereas blue/yellow (S/L�M)
or blue/green (S/M) opponency is thought to be common to all
mammals with at least two cone types. In primates, multiple types
of blue/yellow opponent ganglion cells (GCs) have been found
(Dacey and Packer, 2003), among them the “small bistratified”
GC (Dacey and Lee, 1994). It receives input from OFF-bipolar
cells (BCs) that contact M- and L-cones (Calkins et al., 1998) as
well as from ON-BCs that selectively contact S-cones (“blue-cone
BCs”) (Mariani, 1984; Kouyama and Marshak, 1992; Ghosh et al.,
1997; Ghosh and Grünert, 1999), resulting in blue ON/yellow OFF

responses (Crook et al., 2009).

Little is known about the blue/green opponent circuit in
nonprimate mammals (for review, see Puller and Haverkamp,
2011). A morphologically distinct blue-cone BC type was found
in several species, including ground squirrel (Li and DeVries,
2006) and mouse (type 9) (Haverkamp et al., 2005). However, its
counterpart, an M-cone-selective OFF-BC has not yet been iden-
tified in most species. With respect to chromatic bipolar cell
pathways, the cone-dominated ground squirrel (Kryger et al.,
1998) is the best studied nonprimate mammal. It possesses an
S-cone-selective ON-BC type as well as two M-cone-selective
OFF-BC types (Li and DeVries, 2006).

Demonstrating the presence of a blue/green circuitry in
rod-dominated animals specialized in low light-intensity vi-
sion would support the idea of a common blueprint for the mam-
malian retina. Therefore, we aimed at investigating the chromatic
BC pathways in mice, which feature two cone types, S and M,
with the S-cone absorption peak in the near-UV spectral range
(Jacobs et al., 1991). Extracellular recordings from mouse retina
provided evidence for blue/green opponent GCs (Ekesten et al.,
2000; Ekesten and Gouras, 2005) and behavioral studies demon-
strated that mice can perform color discrimination tasks (Jacobs
et al., 2004, 2007). Two retinal properties have to be kept in mind
when studying chromatic processing in mice: First, like some
other species, mice possess a dorsoventral gradient of S-opsin
coexpression in M-cones, with S-opsin coexpression levels being
low in the dorsal and high in the ventral retina (Szél and Röhlich,
1992; Röhlich et al., 1994; Applebury et al., 2000). Independent of
this gradient, mice possess “true” S-cones that exclusively express
S-opsin, account for �4% of the cones, are homogenously dis-
tributed across the retina, and are selectively contacted by blue-
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cone BCs (Haverkamp et al., 2005). Second, because of this low
S-cone density and because mouse BCs have small dendritic
fields, only a fraction of nonselective bipolar cells (meaning no
preference toward one cone type) has a true S-cone within its
reach. For example, for type 1 BCs with approximately eight cone
contacts and type 2 BCs with approximately five cone contacts
(Wässle et al., 2009), only �30 and �20%, respectively, are ex-
pected to receive true S-cone input.

Materials and Methods
Animals and tissue preparation. Four mouse lines expressing fluorescent
proteins in different subpopulations of bipolar cells were used (for mice
and references, see Table 1). For the physiological measurements, mice
(�8 weeks; both genders) were dark adapted for at least 2 h before the
experiment and all subsequent procedures were performed under dim
red illumination. [Note that, during the recordings, the tissue was light-
adapted to constant background levels, as described below (see Light
stimulation).] The animals were anesthetized with isoflurane (Baxter)
inhalation and killed by cervical dislocation. All procedures were ap-
proved by the local animal care committee and were in accordance with
the law of animal experimentation issued by the German Federal Gov-
ernment (Tierschutzgesetz).

Tissue preparation. For immunocytochemistry, the eyes were removed
and dissected, and the posterior eye cup containing the retina was imme-
diately immersed in 4% (w/v) paraformaldehyde in 0.1 M phosphate
buffer (PB), pH 7.4, for 20 min. After fixation, the retina was dissected
from the eyecup. For cryostat sections, it was cryoprotected in graded
sucrose solutions (10, 20, and 30% w/v, respectively) and cut at 25 �m,
mounted, and stored at �20°C. For retinal whole mounts, the tissue was
cryoprotected and frozen and thawed several times. Whole mounts were
processed free-floating.

For electrophysiology, the eyes were marked dorsally, enucleated, and
transferred to a Petri dish containing carboxygenated (95% O2/5% CO2)
Ringer’s solution (Biometra) at room temperature. Then the retina was
dissected out—while keeping track of the retinal orientation—and sliced
(�150 –200 �m thick) manually (Edwards et al., 1989; Boos et al., 1993)
with the scalpel blade oriented perpendicular to the dorsoventral axis of the
retina. The slices were arranged in the recording chamber of the microscope,
where they were held in place by a platinum “harp” and superfused (at �3
ml/min) with warmed (�34°C) carboxygenated Ringer’s solution.

Antibodies. Rabbit anti-green fluorescent protein (GFP) (1:2000; In-
vitrogen) and goat anti-GFP (1:1000; Rockland) were used to amplify the

signal of the various fluorescent proteins expressed in the transgenic
mouse lines. Cone pedicles were labeled with antibodies against glycogen
phosphorylase (glypho) or the glutamate receptor (GluR) subunit
GluR5, S-cones with S-opsin antibodies (Table 1). The antibodies we
used to label specific types of bipolar cells, together with concentrations
and references, are also listed in Table 1.

Antibodies were diluted in PB, containing 0.5–1% Triton X-100,
0.02% sodium azide, 3% normal donkey serum, and 1% bovine serum
albumin. In the case of neurokinin-3 receptor (NK3R) staining, antibod-
ies were diluted in 0.01 M PBS, pH 7.4, containing 0.5–1% Triton X-100
and 0.02% sodium azide but without a blocking substance. Cryostat
sections were incubated overnight in a mixture of primary antibodies,
followed by incubation (2 h) in a mixture of secondary antibodies, which
were conjugated to either Alexa Fluor 488 (Invitrogen), Cy3, or Cy5
(Dianova). Whole mounts were incubated for 2 d in the primary and for
3 h in the secondary antibody solution. The Alexa Fluor 594- or 647-
conjugated lectin peanut agglutinin (PNA) (Invitrogen) was added to the
secondary antibody solution and used at a 1:200 concentration.

Light microscopy. Fluorescent specimens were viewed with a Zeiss Ax-
ioplan 2 microscope (Zeiss). Images were taken by using a CCD camera
(Zeiss; AxioCam Mrm) and the Zeiss AxioVision 4.2 software. The mi-
croscope was equipped with a Plan-Neofluar 63�/1.4 oil-immersion
objective and with the Zeiss ApoTome oscillating grating to reduce out of
focus stray light. Confocal micrographs were taken using LSM 5 Pascal
(Zeiss) or FluoView 1000 (Olympus) fluorescence microscopes equipped
with argon and a HeNe lasers. Scanning was performed with Plan Apo-
chromat 63�/1.4 or UPlanSapo 60�/1.35 oil-immersion objectives at
1024 � 1024 pixels. The z-axis increment was 0.32 �m for image stacks
taken with both the Axioplan 2 and the confocal microscope. When
projections of image stacks are shown, three to five serial optical sections
were collapsed into a single plane. Brightness and contrast of the final
images were adjusted using Adobe Photoshop CS, version 8.0.1.

Image analysis. The staining pattern of some cell markers did not allow
counting distinct dendritic tips at the cone pedicle. Thus, ImageJ (version
1.38; http://rsbweb.nih.gov/ij/) was used to measure areas of immunore-
activity in micrographs. Although this method is not as accurate as
counting single tips, it yielded data per marker, which could then be
compared with those from experiments with other markers. Further-
more, the results for the different cell markers turned out to be very
consistent.

For these measurements, single optical sections or projections of two
to three consecutive sections were selected with regard to the pedicle

Table 1. Mouse lines and immunohistological markers

Labeled structure (concentration, source) References

Mouse lines
MitoP (mitoCFP-P) Type 1 OFF-BCs Misgeld et al., 2007; Schubert et al., 2008
CLM12 Type 2 OFF-BCs Berglund et al., 2006; Wässle et al., 2009
Gus-GFP (GUS8.4GFP) Type 7 ON-BCs Wong et al., 1999; Huang et al., 2003
CLM1 Type 9 ON-BCs Berglund et al., 2006

Antibodies and markers
Anti-glyphoa Cone pedicles (1:1000; guinea pig) Pfeiffer-Guglielmi et al., 2003; Haverkamp et al., 2005
Anti-GluR5b Cone pedicles (1:100; goat) Haverkamp et al., 2001b
PNA Cone invaginations Mataruga et al., 2007
Anti-S-opsinb S-cone outer segments (1:1000; goat)
Anti-NK3Rc Type 1 and 2 OFF-BCs (1:500; rabbit) Haverkamp et al., 2003; Ghosh et al., 2004; Pignatelli and Strettoi, 2004
Anti-Syt2/Znp-1d Type 2 OFF-BCs (1:300; mouse) Fox and Sanes, 2007; Wässle et al., 2009
Anti-HCN4e Type 3a OFF-BCs (1:500; rabbit) Mataruga et al., 2007
Anti-PKARII�f Type 3b OFF-BCs (1:2000; mouse) Mataruga et al., 2007
Anti-Cseng Type 4 OFF-BCs (1:2000; mouse) Haverkamp et al., 2008

aKind gift from B. Hamprecht and B. Pfeiffer-Guglielmi (University of Tübingen, Tübingen, Germany).
bSanta Cruz Biotechnology.
cKind gift from A. Hirano (Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA).
dZebrafish International Resource Center (University of Oregon, Eugene, OR).
eAlomone.
fBD Biosciences.
gKind gift from W. Wasco (Harvard Medical School, Charlestown, MA).
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position along the z-axis. These sections were loaded into the software as
unmodified grayscale images of single channels and color inverted. The
threshold of each image was manually set for each image to compensate
for putative differences in background staining intensity before the re-
gions of interest were outlined. The area of immunoreactivity within
each region was then calculated and summed by the software. If not
indicated otherwise, Student’s t test was used to determine statistical
significance between corresponding samples.

Two-photon microscopy and patch-clamp recordings. We used a
custom-built two-photon microscope (2PM) (Denk et al., 1990) as de-
scribed previously (Euler et al., 2009). In brief, the 2PM was equipped
with through-the-objective light stimulation and two detection channels
for fluorescence imaging (red, HQ 622 BP 36, and green, D 535 BP 50 or
520 BP 30; AHF/Chroma). The 2P excitation source was a mode-locked
Ti/sapphire laser (Mira-900; Coherent) tuned to �930 nm. The 2PM was
used to visualize the retinal slices by adding a fluorescent dye [0.5–1 �M

sulforhodamine 101 (SR101); Sigma-Aldrich] to the perfusion medium
(Euler et al., 2009) and to identify and target fluorescent protein-
expressing bipolar cells for electrical recordings. During the electrical
recordings, the laser was off. In addition, the microscope was equipped
with infrared transillumination and a CCD camera.

Fluorescently labeled BCs were recorded in tight-seal whole-cell con-
figuration using patch pipettes (5–15 M�; borosilicate; outer diameter,
1.0 mm; inner diameter, 0.58 mm, with filament; Hilgenberg) filled with
the following (in mM): 100 K-aspartate, 10 KCl, 0.5 CaCl2, 5 (NMG)2-
HEDTA, 5 HEPES, 1 ATP, 1 GTP, 10 K2-phosphocreatine (all Sigma-
Aldrich) and 0.2 Oregon Green 488 BAPTA-1 (Invitrogen or SR101), pH
7.25, �267 mosmol. Data were acquired using a Multiclamp amplifier
(with Digidata 1322A and pClamp8 software; Molecular Devices), digi-
tized (5 kHz), low-pass filtered (2 kHz), and analyzed off-line using
IgorPro (Wavemetrics).

Light stimulation. Dichromatic light stimuli were generated by two
alternative stimulators. The first stimulator used custom-written soft-
ware running on a PC (with Windows XP; Microsoft) to present spatio-
temporally structured stimuli on a small reflective liquid-crystal display
(LCoS-type; i-glasses; EST), alternately illuminated by two bandpass-
filtered (green, 578 BP 10; blue, 400 BP 20; AHF/Chroma) light-emitting
diodes (LEDs) within each frame (Euler et al., 2009). The display was
coupled into the main optical path of the microscope, and, hence, the
stimuli were projected onto the retinal slice through the objective lens
[XLUMPlanFL; 20� water-immersion, 0.95 numerical aperture (NA);
Olympus]. The choice of the blue stimulus band was limited because the
display does not efficiently modulate wavelengths �400 nm (Euler et al.,
2009). The intensity (irradiance) ranges for the blue and green stimu-
lus components were each adjusted to 50 –270 (in 10 3 pho-
tons � s�1 � �m �2). The intensities of the two LEDs were frequently
checked (and corrected, when necessary) at the level of the recording
chamber using calibrated photometers (model 840, 400 –1100 nm;
model 818, 200 –1800 nm; both Newport) set to the respective center
wavelength of the LED filters (see above). For these two wavelengths, the
intensities were equivalent to photo-isomerization rates (in s�1 per cone)
of 2730 –14,800 for blue in S-cones and 1670 –9000 for green in M-cones
(assuming exclusive M-opsin expression). This was calculated using the
relative sensitivities of the mouse cone opsins at the stimulus wavelengths
via an opsin-template (Stockman and Sharpe, 2000) fitted to the peak
sensitivities (360 and 511 nm) (Jacobs et al., 1991) and assuming the light
collection area of a cone ac 	 0.2 �m 2 (Nikonov et al., 2006). We light-
adapted the slices during the experiment to the low photopic range by
presenting a background intensity of �10 5 photons � s �1 � �m �2

(equivalent to �5100 photo-isomerizations per rod and second), which
was expected to suppress �96.7% of the rod response (Nikonov et al.,
2006).

The second light stimulator was mounted below the recording cham-
ber and consisted of two bandpass-filtered (UV, 360 BP 10; green, 520 BP
10; AHF/Chroma) LEDs. Their light was combined by a beam splitter
(400 DCLP; AHF/Chroma), focused by the condenser lens (NA, 0.63 air;
Zeiss), and projected through the glass bottom of the recording chamber.
Because of the lack of a spatial modulator, this device was limited to a
spot of a diameter (�500 �m) determined by an iris diaphragm. The

LEDs were driven by a custom-made electronics that incorporated an open-
source microprocessor board (http://www.arduino.cc). The stimulus inten-
sities (irradiance) for UV and green were each adjusted to 1.1–24 (in 103

photons � s�1 � �m�2), equivalent to photo-isomerization rates (in s�1 per
cone) of 200–4800 in both M- and S-cones. The background intensity
(2.2 � 103 photons � s�1 � �m�2; �590 photo-isomerizations per rod and
second) was expected to suppress �77.1% of the rod response.

The stimulus was a bright spot on a dark background (spot diameter,
80 –200 or �500 �m, depending on the stimulator) centered on the
photoreceptors distal to the recorded BC (see Fig. 4 A). Within the ap-
plied range, we did not observe any effect of stimulus diameter on chro-
matic tuning of BC responses; therefore, we decided to lump together
data recorded with different spot diameters. The intensities of the respec-
tive blue and green components were stepped (flashes) or modulated
sinusoidally (at 1 Hz, in-phase or phase-shifted by 180°) in sync or inde-
pendently (see Fig. 4C–J ).

Data analysis. Data were analyzed using Fourier analysis (cf. Hausselt
et al., 2007). We took the voltage trace during the sinusoidal light stim-
ulation, discarded the first second (to avoid initial transients) (see Fig.
5A), calculated trialwise power spectra (see Fig. 5B) for each stimulus
condition, and determined amplitude and phase of the fundamental
component (V1 	 the frequency component at FStim 	 1 Hz) (see Fig.
5C). In addition, we calculated the power spectrum of the “noise” from
voltage trace sections without sinusoidal stimulation. Responses were
considered significant if V1(Stim) � 15 � V1(Noise). For quantifying the
chromatic tuning of a cell, we trialwise calculated the chromatic contrast
CBG 	 [V1( B) � V1( G)]/[V1( B) � V1( G)] (using blue-only and green-
only stimulus responses) as well as the ratio RIW 	 V1( I)/V1( W) (using
the responses to iso-intense and white stimuli) and took the averages. To
statistically compare sets of BCs we used Wilcoxon’s rank test.

Statistical model. To statistically simulate the chromatic tuning (CBG)
of bipolar cell populations (see Fig. 7), we “connected” single bipolar cells
with a subset of cones [ncones 	 nM � nS, taken from the study by Wässle
et al. (2009)], consisting of S- (nS) and M-cones (nM), using the S-cone
density as S-cone contact probability (pS). For each M-cone, the opsin
coexpression ratio, RSM, was drawn from a Gaussian, with center (xSM)
and SD (�SM) estimated from mRNA data (Applebury et al., 2000). For
S-cones, we used RSM 	 1, meaning exclusive S-opsin expression. The
fact that the photo-isomerization rate in the two cone types evoked by the
two stimulus wavelengths differed (see above, Light stimulation) was
accounted for by the relative excitation factors �blue,S (S-opsin by 400
nm), �green,M (M-opsin by 578 nm), �green,S (“cross-excitation,” S-opsin
by 578 nm), and �blue,M (cross-excitation, M-opsin by 400 nm)—as
photo-isomerization rate normalized to the rate evoked by blue in
S-cones. The total cone input to a bipolar cell in response to blue was
calculated using the following:

VB � �
i 	 1

nM


q � wsyn,M � �RSM,i � �blue,S � �1 	 RSM,i � �blue, M��

� �
i 	 1

nS


q�wsyn,S � �blue,S�, (1)

with the maximal response contribution per cone (q 	 1/ncones), and the
weight of synaptic connections from S- and M-cones to bipolar cells
(wsyn,S and wsyn,M, respectively). The response component to green was
determined using the following:

VG � �
i 	 1

nM


q � wsyn, M � ��1 	 RSM,i � �green, M � RSM,i � �green,S��

� �
i 	 1

nS


q � wsyn,S � �green,S�. (2)

For the actual parameter values used see legend of Figure 7. From the
simulated response components, we determined the chromatic contrast
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CBG 	 [V1(B) � V1(G)]/[V1(B) � V1(G)]. This was repeated for n 	 5 �
104 cells, and the results were plotted as histograms (see Fig. 7C,D).

Results
Identifying pedicles of mouse cone types
To determine whether a specific mouse BC type contacts both M-
and S-cones nonselectively or systematically avoids one cone
type, M- and S-cone pedicles needed to be reliably distinguished.
For simplicity, we refer to M- or M-/S-opsin-coexpressing cones
as M-cones, and to exclusively S-opsin-expressing cones (true
S-cones) as S-cones. We used two different immunohistochemi-
cal markers (Table 1), glypho (for size of pedicle base) and PNA
(for cone invaginations), to find out whether there are differences
between the synapses of S- and M-cones in mouse. We performed
these stainings in whole-mounted retina of CLM1 mice (Table 1)
(Berglund et al., 2006), in which S-cone-selective type 9 BCs can
unambiguously be identified by their unique dendritic morphol-
ogy (Haverkamp et al., 2005); these dendrites can be used to
identify the S-cone pedicles (Fig. 1A,D).

Although there were no obvious differences in the overall
shape of glypho-labeled S- and M-cones pedicles (Fig. 1B), the
quantitative analysis of the area of the cone pedicle base—repre-
sented by the glypho fluorescence—revealed a small, statistically
significant difference between the two cone types (Fig. 1C):
M-cone pedicles (26.5 � 4.9 �m 2; n 	 288) were on average
larger than S-cone pedicles (22.4 � 4.3 �m 2; n 	 25; p � 0.001).
In line with this result and data from primate retina (Haverkamp
et al., 2001a; Lee et al., 2005), we expected also a denser clustering
of PNA at S-cones compared with M-cones. Because PNA colo-
calizes with mGluR6 at cone pedicles but not at rod spherules
(Mataruga et al., 2007), this lectin can be used to label cone pedi-
cle invaginations. The PNA labeling in the CLM1 retina (Fig.
1D,E) did not reveal a denser labeling; however, the PNA clusters
at S-cone pedicles were much smaller than those at M-cones (Fig.
1F). PNA clusters at M-cones occupied a mean area of 5.2 � 1.1
�m 2 (n 	 149), whereas those at S-cone pedicles had only a mean
area of 3.4 � 0.9 �m 2 (n 	 30; p � 0.001).

For both markers, the labeled area at S-cone pedicles was sig-
nificantly smaller than that at M-cones, consistent with the find-

ings from primate (Ahnelt et al., 1990; Haverkamp et al., 2001a).
This strengthens the view that S-cones are not merely variations
of cones (as only defined by opsin expression) but a distinct
photoreceptor type. Nevertheless, neither glypho nor PNA allowed
for reliably assigning identities to individual mouse pedicles. For the
following experiments, we therefore visualized all cone pedicles by
glypho and identified S-cones either by their contacts with S-cone-
selective type 9 BCs or by costaining with S-opsin antibodies. In
addition, the dendrites of distinct BC types were labeled by using
either selective antibodies or transgenic mouse lines [see overview in
Table 1, Fig. 8, and Wässle et al. (2009)].

Postsynaptic contacts of ON bipolar cells at cone pedicles
Our PNA labeling data (Fig. 1D–F) suggest that S-cone pedicles
are contacted by fewer invaginating dendritic tips of ON bipolar
cells than M-cones. To test this hypothesis, we immunostained
for S-opsin, and glypho in whole-mounted retinas of Gus-GFP
mice (Fig. 2A, Table 1), in which type 7 bipolar cells are GFP
positive (Huang et al., 2003; Ghosh et al., 2004). We restricted the
analysis to the dorsal retinal periphery, where the mouse cone
distribution resembles that of most mammalian species and
where the level of S-opsin coexpression in M-cones is very low
(Szél and Röhlich, 1992; Applebury et al., 2000). S-opsin-labeled
cones were traced down from the outer segment to identify the
respective pedicle. We measured the area of Gus-GFP-dendritic
tips (Fig. 2A5) in single optical sections (see Materials and Meth-
ods, Image analysis) at M-cone pedicles (1.7 � 0.8 �m 2; n 	 31)
and S-cones (1.4 � 0.6 �m 2; n 	 9) and found no significant
differences (p 	 0.295) in the connectivity with the two cone
types, suggesting that type 7 ON-BCs are nonselective. Whether
this is also the case for the other ON bipolar cells (types 5, 6, and
8) (see Fig. 8) remains to be seen because of a lack of cell type-
specific markers.

Postsynaptic contacts of OFF bipolar cells at cone pedicles
It has been shown for a few dichromatic and trichromatic mam-
mals that the expression of postsynaptic ionotropic GluRs on
the tips of OFF bipolar cells is reduced at S-cone pedicles

Figure 1. Mouse cone pedicles. A, B, Double labeling of GFP (green) and glypho (red) in the whole-mounted CLM1 mouse retina. Projections of confocal image stacks from OPL (outer plexiform
layer) to outer INL (inner nuclear layer) are shown. Dendrites of two type 9 bipolar cells selectively contact three S-cone pedicles (circled in B). C, Histograms of the glypho-labeled area at S- (n 	
25) and M-cone pedicles (n 	 288). D, E, Double labeling of GFP (green) and PNA (red) in the whole-mounted CLM1 mouse retina. PNA-labeled S-cone pedicles were identified by their contacts with
type 9 bipolar cell dendrites (circled in E). F, Histograms of the PNA-labeled area at S- (n 	 30) and M-cone pedicles (n 	 149). Scale bars: B, E, 10 �m.
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(Haverkamp et al., 2001b; Li and DeVries, 2006; Puller et al.,
2007). In monkey and ground squirrel retina, this reduction is
thought to reflect that certain OFF bipolar cell types avoid con-
tacting S-cones (Lee et al., 2005; Li and DeVries, 2006; Puller et
al., 2007). A reduction of GluR1 and GluR5 at S- compared with
M-cone pedicles has also been found in the mouse retina (Puller
and Haverkamp, 2011). However, it is not yet known whether
this reduced GluR expression is attributable to a general reduc-
tion of OFF-BC contacts at S-cones or because one (or more)
OFF-BCs types avoid S-cones, as seen in ground squirrel.

To address this, we labeled horizontal cryosections of CLM1
mouse retina against glypho and one of the following OFF bipo-

lar cell markers (Table 1): NK3R (types 1 and 2) (Fig. 2B),
hyperpolarization-activated cyclic-nucleotide gated channel 4
(HCN4) (type 3a) (Fig. 2C), and calsenilin (Csen) (type 4) (Fig.
2D). Because true S-cone pedicles were reliably identified by their
contacts with type 9 BC dendrites (Fig. 2B1–D1) and S-cones are
uniformly distributed (Haverkamp et al., 2005) across the retina,
we did not restrict this analysis to a specific retinal region. The
NK3R-immunoreactive area (Fig. 2B2–B4) per pedicle was sig-
nificantly reduced at S-cone pedicles (1.9 � 1.2 �m 2; n 	 36)
compared with M-cone pedicles (5.2 � 1.8 �m 2; n 	 134; p �
0.001, Wilcoxon’s rank test) (Fig. 2B5), indicating that type 1
and/or type 2 BCs may avoid S-cones. The experiments with

Figure 2. Dendritic contacts of bipolar cell types at M- and S-cones in the mouse retina. A1–A4, Whole-mounted Gus-GFP mouse retina triple labeled against S-opsin, GFP, and glypho. A1,
Projection of a confocal image stack showing glypho-labeled cone outer segments (cyan) in the dorsal retina. Three S-cone outer segments are S-opsin-labeled (green), two of which (arrows) were
traced to their pedicles (A2, white outlines). A2, Glypho-labeled cone pedicles in a single optical section; pedicles in contact with a type 7 bipolar cell (A3) are outlined (S-cones in white; M-cones in
green). A3, Same region as in A2, with the Gus-GFP-labeled type 7 cell (red) shown. A4, Examples of dendrites from additional Gus-GFP-labeled type 7 cells analog to A1–A3 at each three S-cones
(top row) and M-cones (bottom row). A5, Histograms of Gus-GFP-labeled areas at S- (n 	 9) and M-cones (n 	 31). B1–B3, Projections of an ApoTome image stack of horizontally sectioned CLM1
mouse retina triple labeled against GFP, NK3R, and glypho. B1, Glypho-labeled cone pedicles (cyan), one of which is contacted by a type 9 bipolar cell dendrite (green). B2, NK3R-labeled dendrites
of type 1 and 2 OFF bipolar cells (same field as in B1). B3, Outlines of glypho-stained pedicles (from B1) superimposed with the NK3R-positive dendrites (red; from B2). B4, Examples of dendrites
from additional NK3R-labeled cells analog to B1–B3 at each three S-cones (top row) and M-cones (bottom row). B5, Histograms of NK3R contact areas at S- (n	36) and M-cones (n	134). C1–C4,
D1–D4, Triple staining analog to B1–B3 but with HCN4 to label type 3a OFF bipolar cells (red; C2–C4 ) and Csen to label type 4 OFF bipolar cells (red; D2–D4 ), respectively. C5, D5, Histograms of
the immunolabeled contact areas at S- (HCN4, n 	 17; Csen, n 	 20) and M-cones (HCN4, n 	 56; Csen, n 	 70). Scale bars, 5 �m.
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HCN4 (Fig. 2C2–C5) (M-cones, 2.0 � 0.6 �m 2, n 	 56; S-cones,
1.7 � 0.6 �m 2, n 	 17; p 	 0.064) and calsenilin (Fig. 2D2–D5)
(M-cones, 2.3 � 1.0 �m 2, n 	 70; S-cones, 1.8 � 0.9 �m 2, n 	
20; p � 0.05) showed rather uniform cone pedicle labeling, suggest-
ing that type 3a and 4 bipolar cells nonselectively contact S- and
M-cones. The immunoreactive area for these cells tended to be
smaller at S-cones, which is likely attributable to the smaller S-cone
pedicle size (Fig. 1C,F).

Stainings against GluR5 (for cone pedicles), and protein kinase A,
regulatory subunit II� 32 (PKARII�), a specific marker for type 3b
bipolar cells, in horizontally sectioned CLM1 mouse retina sug-
gested that type 3b BC dendrites also contact S-cone pedicles (data
not shown). However, the dendritic PKARII� labeling was too weak
to allow for quantitative analysis.

The only promising candidates for S-cone avoiding OFF-BCs
left were type 1 and type 2 BCs. Since NK3R labels both BC types
(Fig. 3A,B) (Ghosh et al., 2004; Pignatelli and Strettoi, 2004) and

because selective immunomarkers for
type 1 are lacking, it was difficult to exam-
ine the cone contacts of these two BC
types separately. The mitoCFP-P mouse
line (MitoP) (Table 1, Fig. 3A–D), which
we used to target type 1 BCs for electrical
recordings (see below), was not suitable
for analyzing the cone contacts with type 1
cells quantitatively, because in this mouse
cyan fluorescent protein (CFP) is ex-
pressed in neuronal mitochondria. Con-
sequently, fluorescence is evident in the
cell bodies, axons, and primary dendrites
(Fig. 3A,C), but not in the distal dendrites
of these cells. Instead, we analyzed vertical
cryosections of CLM1 mouse retinas, la-
beled against NK3R and synaptotagmin II
(Syt2). The latter antibody labels cell bod-
ies and axon terminals of type 2 BCs (Fox
and Sanes, 2007; Wässle et al., 2009) and
enabled us to separate type 2 from type 1
BCs in the NK3R staining (Fig. 3E–J). We
identified dendritic contacts of type 2 BCs
at 14 (of 15) S-cones pedicles, indicating
that type 2 does not avoid S-cones. At this
point, it is important to emphasize that
the genetically labeled OFF-BCs in MitoP
and CLM12 mice are type 1 and type 2,
respectively, and that they also can be con-
sistently distinguished using antibodies
against NK3R and Syt2: (1) It was recently
shown that in CLM12 mice all the fluores-
cent protein-expressing BCs also are Syt2
positive and are, therefore, type 2 cells
(Wässle et al., 2009). (2) We show here
that, in MitoP mice, the fluorescent protein-
expressing BCs are immunoreactive for
NK3R but not for Syt2 and are, therefore,
type 1 cells (Fig. 3A–D).

In conclusion, the strongly reduced
NK3R staining (types 1 and 2) at S-cones
compared with M-cones, combined with
the finding that type 2 BCs do form con-
tacts with S-cones, suggest that type 1 BCs
avoid S-cones. Hence, type 1 BCs are suit-
able candidates for the green-OFF bipolar

cell of the mouse retina, whereas type 2, 3a/b, and 4 OFF-BCs
presumably are chromatically nonselective, because they showed
no significant preference for M- or S-cone pedicles.

Electrical responses of bipolar cells to dichromatic
light stimuli
To characterize the chromatic tuning of the different BC types,
we performed whole-cell patch-clamp recordings in retinal slices
(Fig. 4A). To relate the light responses to the local opsin expres-
sion, we recorded from slices from selected regions along the
dorsoventral axis. If not indicated otherwise, slices were taken
from the dorsal third of the retina. To target type 1 and type 2
OFF-BCs, type 7 ON-BCs, and the S-cone-selective type 9 ON-
BC, we used transgenic mouse lines (Table 1). We decided against
pharmacologically blocking lateral interactions, such as amacrine
cell input, because this would also affect interactions in the OPL,
where, for example, GABA receptors are present not only in bi-

Figure 3. Identity and dendritic S-cone contacts of type 2 OFF bipolar cells. A–D, Identity of type 1 (1) and type 2 (2) bipolar cells
in the MitoP mouse retina. A, B, Confocal image of a vertical section double labeled against NK3R (red, type 1 and 2 bipolar cells)
and GFP (green, type 1 bipolar cells). C, D, Confocal image of a vertical section double labeled against Syt2 (cyan, type 2 bipolar
cells) and GFP (green, type 1 bipolar cells). E–J, Projections of two confocal image stacks (E–G, H–J ) of vertically sectioned CLM1
mouse retina triple labeled against GFP (green, type 9 bipolar cells), NK3R (red, type 1 and 2 bipolar cells), and Syt2 (cyan, type 2
bipolar cells). The dendritic tips of type 9 BCs were used to identify S-cone pedicles (arrows), which are contacted by dendrites of
type 2 cells. Note the Syt2-negative type 1 cells (arrowheads). In H–J, the red and cyan channel intensities were selectively
increased at the level of the INL to better visualize the staining of cell bodies. Scale bar, 10 �m.
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Figure 4. Voltage responses of different bipolar cells to chromatic stimulation. A, Schematic drawing shows experimental configuration: Fluorescently labeled bipolar cells in slices from transgenic mice were
electrically recorded while presenting light spots of different wavelengths to the photoreceptors (spot diameters, 80 –200 �m). B, Voltage responses of a type 9 ON bipolar cell, (Figure legend continues.)
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polar and horizontal cells but likely also in cone pedicles (Hughes
et al., 1991; Vardi et al., 1992).

The light spot presented to the photoreceptor array (Fig. 4A)
was composed of a blue and a green component generated by two
bandpass-filtered and sinusoidally modulated LEDs (peaks at 400
and 578 nm). Note that the wavelengths were constrained by our
stimulator. Because of the resulting overlap of the stimulus com-
ponents with the absorption spectra of mouse cones, the blue
component was expected to coexcite M-cones (with M-cone ex-
citation by the blue light stimulus being �40% of the S-cone
excitation by blue) (see �blue,M in Materials and Methods and Fig.
7). Therefore, even a cell that contacts exclusively M-cones with
no S-opsin coexpression was expected to show (weak) blue
responses. Great care was taken to keep the light intensities con-
stant between experiments. Furthermore, the use of a two-
photon microscope (with a 930 nm excitation laser) to target the
fluorescent cells allowed us to define the retinal adaptation state
by the visual stimulator (Euler et al., 2009). The background
illumination was in the low photopic range and mostly excluded
rod photoreceptor contributions (see Materials and Methods).

Four stimulation protocols were used (Fig. 4C–J): the two
components were modulated in sync (“white”), phase-shifted by
180° (“iso-intense”), or separately (“green” and “blue”). The idea
was that the membrane voltage of a cell with a strong chromatic
tuning (Fig. 4C) would be modulated by both white and iso-intense
(possibly with a phase difference, depending on its chromatic pref-
erence), while showing a clear difference in modulation by green and
blue. Nonselective cells (Fig. 4D) would be strongly modulated by
white, little to none by the iso-intense stimulus, and close to equally
by green and blue. Since we were only interested in relative
responses (e.g., green vs blue), we kept the stimuli simple by
modulating both wavelengths within the same photon density
range without adjusting for differences in cone sensitivities to
the stimulation wavelengths.

Type 9 (“blue cone”) ON bipolar cell responses
As expected from its exclusive contacts with S-cones (Haverkamp
et al., 2005; Duebel et al., 2006), type 9 BCs (n 	 3 cells) were
strongly modulated by iso-intense and blue but not by green
stimuli (Fig. 4C); they depolarized during the upswing of the blue
intensity (blue-ON). In one cell, we observed a weak hyperpo-
larizing modulation to green (green-OFF), suggestive of an
antagonistic blue/green signal (Fig. 4B), as predicted by S-cone
recordings in primate retina (Packer et al., 2010). However, we
did not investigate this further, because the weak fluorescence in
our CLM1 mice together with the low density of type 9 BCs (�1%
of all mouse BCs) (Haverkamp et al., 2005) rendered finding
suitable cells in slices difficult.

Type 7 ON bipolar cell responses
As a representative for an ON cone BC that contacts both M- and
S-cones (Fig. 2A), we recorded type 7 cells. The majority of type 7
BCs (n 	 6 of 7) recorded in the dorsal retina were little modu-
lated by iso-intense stimuli, and displayed ON responses with
comparable amplitudes to green and blue (Fig. 4D). A ventrally
recorded type 7 cell was strongly modulated by iso-intense
(blue ON) and blue stimuli, but showed little modulation to green
(data not shown). This suggests that the M-opsin level in ventral
M-cones is too low to have a substantial effect on the output of
the cones and is consistent with measurements of the opsin
mRNA ratio along the dorsoventral axis (Applebury et al., 2000).
Note that the dorsal type 7 cells contained one “outlier” that
displayed responses similar to the ventrally recorded cell.

Type 1 and 2 OFF bipolar cell responses
Our immunohistological data (Figs. 2B, 3E–J) indicated that
type 1 (and not type 2) OFF-BCs should exhibit green-biased
responses. However, at first glance, there was little difference
between these two BC types in their voltage responses to the four
stimulus protocols: All dorsal type 1 (n 	 18) and most type 2
(n 	 19 of 22) BCs depolarized during the intensity downswings
of green and blue stimuli (OFF responses), with the green re-
sponses being on average larger than the blue responses (see Fig.
6). The responses substantially varied depending on where along
the dorsal-ventral axis the cells were recorded. In the dorsal pe-
riphery (dp) (Fig. 4E,H), BCs showed voltage modulations
(green-OFF) to iso-intense stimuli and depolarized with larger
amplitude to green compared with blue. In the middorsal region
(d) (Fig. 4F, I), BCs displayed little modulation to iso-intense
stimuli and tended to have green and blue responses of similar
amplitude. Also in the ventral retina, the responses of type 1 and
type 2 BCs (Fig. 4G,J) resembled each other, looking like “OFF
versions” of ventral type 7 responses: Strong voltage modulations
to iso-intense and blue stimuli but almost no response to green.
Nevertheless, we found one important difference between the
recorded populations of type 1 and type 2 BCs: 3 (of 22) dorsal
type 2 cells showed an exceptionally strong bias for blue—remi-
niscent of the outlier among type 7 ON-BCs— but none of the
dorsal type 1 cells. A possible explanation for this would be that
these type 2 cells received S-cone input—the low number of blue-
biased cells would be consistent with what is expected consid-
ering type 2 dendritic field size and S-cone density (see
Introduction).

Quantification of chromatic tuning of type 1, 2, 7, and 9
bipolar cells
To compare the BC populations, we quantified the responses,
focusing on the modulation at the stimulus frequency FStim 	 1
Hz, using Fourier analysis (Fig. 5) (see Materials and Methods).
In brief, from the voltage responses for the four stimulus proto-
cols we calculated power spectra to determine phase and ampli-
tude of the fundamental component (V1 	 amplitude at FStim).
To quantify the chromatic tuning of the cells, we calculated from
the fundamental component amplitudes for each cell the chro-
matic contrast for blue versus green, CBG 	 [V1(B) � V1(G)]/
[V1(B) � V1(G)], and the iso-intense versus white ratio, RIW 	
V1( I)/V1(W) (for details, see Materials and Methods). Because
the results for both were consistent (Table 2), we focus here only
on the chromatic contrast (Fig. 6) (iso-intense/white plots not
shown). Taking into account stimulus wavelengths and intensi-
ties as well as cone pigment absorption spectra (Jacobs et al.,
2004), we expected for BCs selective for “pure” M-cones (without

4

(Figure legend continued.) recorded in a CLM1 mouse, to spots of green (G) and blue (B) light.
C, Voltage responses of a type 9 cell to spots for which blue and/or the green stimulus compo-
nents were sinusoidally modulated in time, as indicated by stimulus traces (blue, green) above
voltage responses (black): blue and green in sync (W, white), blue and green phase-shifted by
180° (I, iso-intense), green only (G) and blue only (B). The black and dashed orange rectangles
indicate stimulus presentation and windows for additional analysis (Fig. 5), respectively. D–J,
Voltage responses recorded from other bipolar cell types in experiments analog to C: type 7 ON
bipolar cell (D) in Gus-GFP mice, type 1 OFF bipolar cells (E–G) in mito-P mice, and type 2 OFF
bipolar cells in CLM12 mice. For the OFF cells, examples recorded in different retinal regions
(marked by orange area) are shown: dorsal periphery (dp) (E, H), dorsal (d) (F, I), and ventral (v)
(G, J). Morphologies of recorded cells (filled with SR101 during the recording; from maximum
projected image stacks) are shown above traces. For B–J: Average responses (black) and n 	
6 –10 individual trials (gray); intensity scale bar (*), 3 � 10 5 ph � s �2 � �m �2.
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coexpression) or S-cones values around
CBG 	 �0.428 and 1.0, respectively.

The chromatic contrast for type 9 ON
cells was clearly blue-biased but did not
reach those predicted for S-cone-selective
cells (Fig. 6A, Table 2). The most likely
reason for this is that because of noise,
V1(G) is always larger than zero, even in
the absence of a detectable modulation by
green. Another possibility is the contribu-
tion from rods through gap junctions be-
tween AII amacrine cells and blue-cone
BCs (Field et al., 2009). However, since
our stimulation intensities were in the
photopic range, rods were likely saturated
(but see Demontis et al., 1993). For the
other BC types—at least in the dorsal ret-
ina—CBG was clearly green biased but
rarely reached the value predicted for BCs
selectively contacting pure M-cones.
Without the blue-biased outliers, the av-
erage CBG for type 2 BCs was more biased
toward green than it was for type 1 (Fig.
6A, Table 2). With these outliers in-
cluded, type 2 BCs were less biased toward
green and displayed a much larger vari-
ability in CBG than type 1 BCs. In both
cases, the difference between dorsal type 1
and type 2 cells was not statistically signif-
icant (p 	 0.462; without outliers, p 	 0.128).

To test whether the stimulus wavelengths prevented us from
separating the chromatic tuning of the two OFF-BCs, we used a
second, simplified stimulator that had bandpass-filtered LEDs
(peaks, 360 and 520 nm) that closely matched the mouse cone
peak sensitivities (360 and 511 nm, respectively) (Jacobs et al.,
2004) and reduced the coexcitation of the M-opsin by blue from
40 to 11%. With this stimulator, the difference in CBG between
types 1 and 2 remained statistically not significant (p 	 0.836)
(Table 2), which suggests that the coexcitation by the stimulation
wavelengths was not a critical limitation.

To investigate the effect S-opsin coexpression in M-cones has
on the chromatic contrast, we compared the groups of type 1 and
2 BCs recorded at three locations along the dorsoventral axis
(Figs. 4D–J, 6B). For both OFF-BC types recorded in the dorsal
periphery, we indeed measured a green shift in CBG that was
statistically significant compared with middorsal cells (type 1,
p � 0.01; type 2, p � 0.05) (Fig. 6B, Table 2), whereas ventrally
recorded cells displayed a strong blue shift in CBG (type 1, p �
0.01; type 2 with outliers, p � 0.05) toward values in the range of
those measured for type 9 cells. It is highly unlikely that these
shifts are attributable to variations in contact number with true
S-cones, because this cone type is homogenously distributed
along the dorsoventral axis (Haverkamp et al., 2005). Instead, the
shifts in CBG are in accordance with the coexpression gradient,
with minimal S-opsin coexpression in M-cones in the dorsal pe-
riphery (strongest green bias) and dominant S-opsin coexpres-
sion in ventral M-cones (strongest blue bias) (Applebury et al.,
2000).

In view of our histological data, it seems puzzling that type 7
ON-BCs and type 2 OFF-BCs, both of which clearly contact
S-cones (Figs. 2A, 3E–J), did not substantially differ in their av-
erage chromatic contrast from type 1 OFF-BCs, which likely
avoid S-cones. As mentioned above, a possible explanation is that

the strongly blue-biased outliers—as were observed among type 2
(3 of 22 	 14%) and type 7 (1 of 7 	 14%) but not type 1 cells (0
of 18 	 0%)—represent BCs with S-cone input. To better under-
stand how opsin coexpression, the low true S-cone density, and
the specific cone-to-BC convergence affects BC chromatic con-
trast distribution, we created a simple statistical model.

Statistical model of M- and S-cone input to bipolar cells
Using data on cone density (Haverkamp et al., 2005), opsin co-
expression (Applebury et al., 2000), spectral opsin sensitivity (Ja-
cobs et al., 2004), cone-to-BC convergence (Wässle et al., 2009),
as well as stimulus wavelengths, we generated dorsal BC popula-
tions and estimated their chromatic contrast (Fig. 7). An individ-
ual BC response consisted of the summed outputs of a given
number of M-cones and, depending on the BC type, S-cones (Fig.
7A,B) (Eqs. 1, 2). Each M-cone output was modulated by its
individual opsin coexpression ratio—randomly drawn from a
Gaussian (Fig. 7C, inset). We further introduced “synaptic
weight” factors (wsyn,M, wsyn,S) to be able to adjust the relative
input strength of the two cone types, if necessary.

The chromatic contrast for the simulated type 1 population
(no S-cone contacts, ncones 	 8 � 1) (Fig. 7A,B, left) was similar
to that of the cells recorded in dorsal retina (CBG 	 �0.085 �
0.061) (Fig. 7C, solid red curve) (compare with Table 2, d�dp).
The simulated type 2 population (S-cone contacts permitted,
ncones 	 5 � 1) (Fig. 7A,B, right) showed a distribution with two
main peaks, reminiscent of the recorded data: a larger green peak
that consisted of BCs contacting only M-cones (81.3% of the
cells; CBG 	 0.087 � 0.078) (Fig. 7D, solid blue curve), and a
smaller blue peak (side band) that consisted of cells contacting
one or more S-cones. This fraction of simulated type 2 cells with
S-cone contacts (16.8% with one S-cone, 1.5% with two S-cones,
and 0.1% with more than two S-cones) was close to the fraction of
blue-biased outliers in the recorded data (14%). The mean CBG of

Figure 5. Analysis. A, Exemplary voltage responses of a type 2 bipolar cell to a chromatic stimulus (as described in the legend of Fig. 4).
Stimulusconditions:white(W), iso-intense(I),greenonly(G),andblueonly(B). Individualtrials(n	10)ingray;curvesreconstructedfrom
amplitude and phase of fundamental component (C) shown in red; single example trial is indicated in darker colors; the black rectangle
indicates stimulus presentation. B, Power spectra (black curves) calculated from single trial responses to white (from cell in A) within the
analysis window (A, dashed orange rectangle). The power spectrum for the noise (blue curve) was calculated from data recorded with
steady illumination. C, Fundamental voltage component at the stimulus frequency (1 Hz) for the different stimulus conditions (W, circles; I,
diamonds; G, triangles; B, squares) as a function of phase. The cell shown here responded to both blue and green light-OFF, with a slight
preference for green.
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the blue peak depended strongly on wsyn,M. To approach the CBG

of the blue peak in the model (CBG 	 0.498 � 0.100) with that of
the recorded outlier cells (Table 2), we had to assume the input
from S-cones to be approximately five times stronger than that
from M-cones (wsyn,S/wsyn,M 	 5). Nevertheless, the fraction of
type 2 BCs with S-cones within reach would also be detectable at
least as a side band in the simulated population when assuming
smaller factors (e.g., wsyn,S/wsyn,M 	 1.4) (Fig. 7D, dashed curves)
(Nikonov et al., 2006). Furthermore, the model also predicts that,
if type 1 cells contacted S-cones, this fraction should also be dis-
tinguishable as a separate peak (Fig. 7C, dashed curves), despite

the fact that with more cone contacts (eight vs five) (Wässle et al.,
2009) the S-cone input may be more “diluted.”

Discussion
A green-OFF bipolar cell pathway in mouse retina
Two lines of evidence support that type 1 BCs represent a dedi-
cated green-OFF pathway in mouse retina (Fig. 8). The first line
comes from anatomy: It was shown that the glutamate receptors
of mouse OFF-BCs (GluR1, GluR5) are strongly reduced at S-
compared with M-cone pedicles (Haverkamp et al., 2005; Puller
and Haverkamp, 2011). The large extent of this reduction (�40%

Figure 6. Chromatic tuning (blue vs green). A, Scatterplot showing the chromatic tuning of type 1, 2, 7, and 9 bipolar cells in dorsal retina. Chromatic tuning is expressed as contrast CBG 	
[V1(B) � V1(G)]/[V1(B) � V1(G)] (�SD) with V1(B) and V1(G) being the amplitudes of the fundamental components (	at the stimulus frequency, 1 Hz) of the responses to the blue (B) and green
(G) stimulus condition, respectively (see Materials and Methods) (Fig. 5). CBG values toward the left indicate a preference for green, and CBG values toward the right, a preference for blue. Each symbol
represents a cell. For each cell type, the vertical lines and shaded areas behind data points represent mean and SD, respectively. The dotted lines indicate theoretically expected contrasts for cells with
pure M-cone (no coexpression) or S-cone input (see text for details). B, Scatterplot analog to A but for type 1 and 2 cells in different retinal regions along the dorsoventral axis (dp, dorsal periphery;
d, dorsal; v, ventral).

Table 2. Chromatic tuning for different populations of BCs

Type of BC Region n Chromatic contrast: CBG (with blue outliers) Ratio (I/W): RIW (with blue outliers)

Stimulation wavelengths (peaks, in nanometers): 400, 578
Type 1 dp 6 (0) �0.248 � 0.124 �0.517 � 0.061

d 12 (0) �0.070 � 0.088 �0.273 � 0.151
v 3 0.623 � 0.048 0.863 � 0.019

Type 2 dp 7 (8) �0.282 � 0.073 (�0.200 � 0.241) �0.532 � 0.130 (�0.388 � 0.423)
d 12 (14) �0.137 � 0.107 (�0.019 � 0.324) �0.252 � 0.133 (�0.094 � 0.421)
v 3 0.798 � 0.033 0.926 � 0.026

Type 7 d 6 (7) �0.033 � 0.133 (0.075 � 0.312) �0.149 � 0.267 (�0.012 � 0.438)
v 1 0.644 0.869

Type 9 d 3 0.513 � 0.043 0.803 � 0.279
All outliers (types 2 and 7) d 4 0.619 � 0.224 0.784 � 0.140

Stimulation wavelengths (peaks, in nanometers): 360, 520
Type 1 dp 6 �0.130 � 0.090 �0.365 � 0.176
Type 2 dp 7 �0.196 � 0.177 �0.416 � 0.201

Chromatic contrast (CBG 	 �V1(B) � V1(G)�/�V1(B) � V1(G)�) and I/W ratio, RIW, for the different BC types and retinal positions along the dorsal-ventral axis (dp, dorsal periphery; d, dorsal; v, ventral).
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for each of the GluR subunits) cannot be
explained solely by the smaller S-cone
pedicle size and a slight bias of all OFF-BC
types against S-cones. It is more likely that
(at least) one OFF-BC type completely
avoids S-cones, consistent with our im-
munohistological data: four of five
OFF-BC types (2, 3a/b, and 4) contact
both cone types, whereas type 1 BCs likely
avoid S-cone contact (Figs. 2, 3). Further-
more, immunohistochemical and electro-
physiological data (C. Puller, T.
Schubert, and S. Haverkamp, unpub-
lished data) revealed that type 1 ex-
presses mainly AMPA-type receptors
(GluR1), whereas the other OFF-BC
types express kainate receptors and little
or no GluR1. Hence, the strong reduc-
tion of GluR1 at S-cones (Puller and
Haverkamp, 2011) is in agreement with
type 1 BCs avoiding S-cones.

The second line of evidence comes
from electrophysiology: The recorded
type 2 BCs contain blue-biased outliers,
which were not found among the type 1
cells (Fig. 6). As already pointed out, be-
cause of the low density of true S-cones
(�4%) and the small dendritic fields of
mouse BCs (Wässle et al., 2009), it is, in
fact, expected that only a fraction of cells
(for each BC type) has an S-cone within
reach. This was quantified in the statistical
simulation (Fig. 7), which matches our
data well: The percentage of recorded out-
liers among type 2 cells (14%) is in agree-
ment with that predicted for type 2 cells
with one or more S-cones within reach
(�20%). At least equally important,
though, is the lack of blue-biased outliers
among the recorded type 1 BCs: Consid-
ering that type 1 contacts on average more
cones (eight vs five for type 2) (Wässle et
al., 2009), one would expect �30% of type
1 cells (6 of 18 recorded ones) contacting
S-cones. The lack of outliers in our type 1
cell sample is significant (p � 0.01, bino-
mial test) and supports that type 1 BCs
avoid S-cones.

To not only predict the presence of
two peaks in the distribution of type 2
BCs but also quantitatively match the
average CBG of the blue-biased fraction,
we needed to assume that S-cones pro-
vide approximately five times stronger
input to BCs than M-cones. Although a
gain difference of this magnitude seems
implausible at first, there is evidence in
support of a gain difference between the
two cone types. Recordings from cone–BC pairs in ground squirrel
revealed that current injection into M-cones evoke larger BC
responses than into S-cones (Li and DeVries, 2006). Although
this is opposite to what we expect from our mouse data, it dem-
onstrates that the cone-to-BC transmission strength can be cone

type dependent. Consistent with our data, recordings from
mouse cones revealed a higher gain [1.4� (Nikonov et al., 2006)]
in cones that are more sensitive to 360 nm stimuli compared with
those more sensitive to 510 nm stimuli. Also in line with our
findings is that, in mice, data from flicker-evoked ERGs indicated

Figure 7. Statistical model of chromatic tuning in mouse bipolar cells. A, Illustration of the mosaic of mouse cone pedicles
(filled) with the dendritic fields of type 1 (left) and type 2 dendritic fields overlaid (contours) in horizontal view. Pedicle colors
indicate cone identity (�4% S-cones in blue, M-cones in shades of green, representing different opsin coexpression levels),
contour area reflects the difference in cone contact number for the two types of bipolar cells. B, Simplified retina (vertical view)
illustrating the statistical model with some of its parameters (see Materials and Methods). C, D, Histograms showing the
distribution of chromatic contrast in simulated populations of type 1 (C, red curve) and type 2 (D, dark blue curve) OFF
bipolar cells (n 	 5 � 10 4 cells simulated for each type). Number of cone contacts per bipolar cell, ncones 	 8 � 1 (type
1), 5 � 1 (type 2); probability of S-cone contacts, pS 	 0 (M-cone-selective, “type 1”), 0.04 (nonselective, “type 2”);
synaptic weight ratios, wsyn,S/wsyn,M, between 1 and 5 (dashed curves, as indicated), and M-cone opsin coexpression ratio,
RSM (see inset in C), drawn from a Gaussian centered at xSM 	 0.10 (�SM 	 0.12). Note that xSM required to reproduce the
overall CBG range of the recorded data was lower than expected from mRNA measurements (�0.4) (Applebury et al., 2000).
Normalized excitation factors for the two stimulus wavelengths at the two opsins were as follows: �blue,S 	 1, �green,M 	
0.61, �green,S 	 4 � 10 �8, and �blue,M 	 0.40.

Figure 8. Summary. Schematic drawing showing the morphological types of mouse bipolar cells (Ghosh et al., 2004) [figure
adapted from Wässle et al. (2009)]. Below the drawing are listed the following: selective immunocytochemical markers, transgenic
mouse lines, connectivity with the two cone types (markers and mouse lines: brackets indicate weak labeling; cone contact:
brackets indicate data not statistically quantified), and the resulting functional pathways.
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a substantially higher spectral sensitivity in S-cones compared
with M-cones [�4� (Lyubarsky et al., 1999); �10� (Jacobs et
al., 2004; Jacobs and Williams, 2007)]. Even if this may par-
tially be attributable to the overall higher S-opsin expression
in mouse [�3:1, estimated from mRNA levels (Applebury et
al., 2000; Jacobs et al., 2004; Jacobs and Williams, 2007)], it
could result in a difference in output of the two cone types,
consistent with our results.

Although we cannot rule out the possibility that the blue-
biased outliers observed among type 2 cells represent a differ-
ent BC (sub)type, we consider this unlikely because (1) all
fluorescently labeled BCs in the CLM12 mouse are Syt2 posi-
tive and therefore likely comprise a single type (Wässle et al.,
2009), and (2) the morphology of CLM12-positive BCs cells
we recorded was highly consistent with that of type 2 (Ghosh
et al., 2004). Another explanation may be slicing artifacts,
although then the lack of these artifacts among type 1 cells
would be surprising.

Regardless of the blue-biased outliers, we did not observe a
significant difference in mean CBG between type 1 and 2 BCs.
That direct or indirect rod input obscured such CBG differences is
unlikely, because neither of these types contact rods (Haverkamp
et al., 2006, 2008) and rod responses are almost completely satu-
rated under our stimulus conditions. If we leave the blue-biased
outliers aside, our data suggest that a type 2 BC with S-cone input
does not differ substantially in CBG from one connected to
strongly S-opsin coexpressing M-cones—the presence of S-cone
contacting BCs would be masked by the variety in M-cone coex-
pression ratios. With outliers excluded, it would make function-
ally little difference whether a color-opponent GC contacted type
1 or 2 BCs, because in both cases the presumed mouse blue/green
circuit compares S-cone signals with a mixture of S-/M-opsin-
mediated signals from M-cones. If, however, S-cone signals were
as dominant as suggested by the CBG of the type 2 outliers, color
discrimination should benefit from selecting type 1 signals for
green-OFF.

Comparison with bipolar cell types in other mammals
The situation in mouse is similar to what was reported for a
cone-dominated dichromatic mammal, the ground squirrel
(Li and DeVries, 2006). Ground squirrel b7 OFF-BCs [nomen-
clature of West (1976)] resemble morphologically mouse type
1: They stratify in inner plexiform layer (IPL) stratum 1 and
selectively contact M-cones. Type b2 OFF-BCs, which stratify
in the middle of the OFF sublamina of the IPL [nomenclature
of DeVries (2000)]— homologous to mouse type 3a/b—are
nonselective. Our data suggest that there is no explicit blue–
OFF-BC pathway in mice; the same is true for ground squirrel.
In contrast to what we found in mice, ground squirrels possess
a second OFF-BC type (b3) (West, 1976) that avoids S-cones
(Li and DeVries, 2006). However, the b3 as well as its pre-
sumed counterpart in mouse, the type 2, have small dendritic
fields. Consequently, a substantial fraction of type 2 BCs find
no S-cone within their dendritic field—as expected for most
mouse BC types. Of the ON-BCs, we analyzed type 7, which
contacts both cone types; connectivity and chromatic re-
sponses of the other mouse ON-BC types (5a/b, 6 and 8) re-
main to be investigated. Nevertheless, in cone pedicle
stainings, they appeared to contact all cones within their reach
(Wässle et al., 2009); therefore, the presence of a second chro-
matic ON pathway seems unlikely. This is consistent with
ground squirrel data, in which none of the ON-BC types in-
vestigated so far (except for the blue-cone BC, bb) appears to

completely avoid contacts with one or the other cone type (Li
and DeVries, 2006).

Chromatic circuitry in the mouse retina
The presence of cone-selective BCs supports the view that a
blue ON/green OFF chromatic circuitry exists in mouse—analog to
the blue ON/yellow OFF (S vs L�M) circuitry described in primate
(for review, see Calkins, 2001; Dacey and Packer, 2003). That
mouse retina contains color-opponent GCs was shown with ex-
tracellular recordings (�2% of all GCs) (Ekesten and Gouras,
2005). A suitable bistratified mouse GC type has been morpho-
logically described [“type 1” in the study by Schubert et al. (2005);
G12 in the study by Völgyi et al. (2009)], with dendrites ramifying
in IPL strata 1 and 5, where they could contact type 1 and 9 BCs.
Color-opponent GCs in mouse may also be monostratified, like
in guinea pig (Yin et al., 2009). To implement color-opponent
monostratified GC presumably requires amacrine cells to gener-
ate the necessary green-OFF (or blue-ON) signals (for review, see
Dacey and Packer, 2003).

Influence of the opsin coexpression gradient on
chromatic processing
Our data indicate that the dorsoventral opsin coexpression
gradient in mice (Röhlich et al., 1994) has a tremendous effect
on BC chromatic tuning (Fig. 6 B) and therefore likely on color
discrimination. In the ventral retina, where S-opsin coexpres-
sion in M-cones is the highest (Applebury et al., 2000), BC
responses are—almost regardless of the type—strongly blue-
biased, suggesting that ventral color vision is seriously ham-
pered. Opsin coexpression gradients have been found in
several mammalian species, including mouse, rabbit, and
guinea pig (Juliusson et al., 1994; Röhlich et al., 1994). The
effect of the gradient on horizontal and ganglion cell responses
has been studied in guinea pig (Yin et al., 2006, 2009), where
the local opsin coexpression ratio was found to relate to the
chromatic tuning of the neurons—similar to our observations
in mouse BCs. Yin et al. (2009) found color-opponent GCs
across the whole retina, with ventrally recorded cells showing
reduced opponency. Regional opsin coexpression may, how-
ever, offer functional advantages [e.g., to enhance contrast
detection against different spectral backgrounds (i.e., blue sky
vs greenish-brownish ground) (Yin et al., 2006)].

In summary, our combined anatomical and electrophysiolog-
ical data as well as the results from statistical simulations suggest
that mice feature at least two chromatic BC pathways— green-
OFF via type 1 and blue-ON via type 9 BCs. It is conceivable that
they represent parts of a conserved chromatic circuit that resem-
bles that of primates and ground squirrel, supporting the view
that blue/green opponency results from a common blueprint in
mammalian retina.
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