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RdgB2 is required for dim-light input into 
intrinsically photosensitive retinal ganglion cells

ABSTRACT A subset of retinal ganglion cells is intrinsically photosensitive (ipRGCs) and con-
tributes directly to the pupillary light reflex and circadian photoentrainment under bright-
light conditions. ipRGCs are also indirectly activated by light through cellular circuits initiated 
in rods and cones. A mammalian homologue (RdgB2) of a phosphoinositide transfer/ex-
change protein that functions in Drosophila phototransduction is expressed in the retinal 
ganglion cell layer. This raised the possibility that RdgB2 might function in the intrinsic light 
response in ipRGCs, which depends on a cascade reminiscent of Drosophila phototransduc-
tion. Here we found that under high light intensities, RdgB2−/− mutant mice showed normal 
pupillary light responses and circadian photoentrainment. Consistent with this behavioral 
phenotype, the intrinsic light responses of ipRGCs in RdgB2−/− were indistinguishable from 
wild-type. In contrast, under low-light conditions, RdgB2−/− mutants displayed defects in both 
circadian photoentrainment and the pupillary light response. The RdgB2 protein was not 
expressed in ipRGCs but was in GABAergic amacrine cells, which provided inhibitory feed-
back onto bipolar cells. We propose that RdgB2 is required in a cellular circuit that trans-
duces light input from rods to bipolar cells that are coupled to GABAergic amacrine cells and 
ultimately to ipRGCs, thereby enabling ipRGCs to respond to dim light.

INTRODUCTION
The mammalian retina comprises three broad types of photorecep-
tor cells that capture light and initiate visual signaling (Hattar et al., 
2003; Berson, 2007). Two classes of photoreceptor cells—rods and 
cones—are located in the outer retina, and their function is essential 
for image formation. In addition, ∼1–2% of the retinal ganglion cells 

(RGCs) in the inner retina are intrinsically photosensitive (ipRGCs; 
Hattar et al., 2002, 2006; Berson, 2007) and contribute to non–
image-forming functions—circadian photoentrainment and the 
pupillary light reflex (Berson, 2007).

The ipRGCs respond directly to bright (photopic) light through a 
signaling cascade that is remarkably similar to that used in Drosophila 
photoreceptor cells. Light activation is initiated by the photopig-
ment melanopsin, which is biophysically and molecularly related to 
fly rhodopsins (Terakita, 2005; Nickle and Robinson, 2007). Mela-
nopsin engages a heterotrimeric G-protein that couples to phos-
pholipase C (PLC) and TRPC channels similar to those used in 
Drosophila phototransduction (Isoldi et al., 2005; Qiu et al., 2005; 
Xue et al., 2011).

In addition to sensing light directly, ipRGCs are also activated 
indirectly by light captured by rods and cones (Lucas et al., 2003; 
Mrosovsky and Hattar, 2003; Wong et al., 2007; Altimus et al., 2008; 
Güler et al., 2008; Weng et al., 2013). Indirect, rod-mediated activa-
tion allows ipRGCs to respond to very dim (scotopic) stimuli that are 
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ing using RdgB2 antibodies. Consistent with a previous report (Lu 
et al., 2001), anti-RdgB2 stained cells in the inner nuclear layer (INL) 
and the ganglion cell layer (GCL) of wild-type but not RdgB2−/− ret-
ina (Figure 1, A–C). The GCL contains RGCs and displaced amacrine 
cells (Schmidt et al., 1985; Perez De Sevilla Müller et al., 2007), 
whereas the INL is composed of three types of interneurons: bipolar, 
horizontal, and amacrine cells. Both bipolar and amacrine cells syn-
apse onto ganglion cells and transmit light responses from rod and 
cone photoreceptor cells (Kolb, 1997; Chávez et al., 2006; Dumi-
trescu et al., 2009; Masland, 2011; Asari and Meister, 2012). In the 
INL, RdgB2 immunostaining appeared to be restricted to amacrine 
cells, since the staining was exclusively in the proximal region of the 
INL directly adjacent to the IPL (Figure 1, A and B), and bipolar and 
horizontal cells are found only more distally in the INL. Moreover, 
there was no costaining between anti-RdgB2 and the rod bipolar 
cell marker anti–protein kinase Cα (PKCα; Figure 1, D–F). Thus 
RdgB2 was expressed in amacrine cells and cells in the GCL. The 
overall thickness of the GCL, the INL, and the outer nuclear layer 
(ONL; Figure 1, B and C) of the RdgB2–/– retina was not distinguish-
able from wild-type, indicating that there was no significant degen-
eration, consistent with a previous report (Lu et al., 2001). 

RdgB2 functions in pupillary constriction under low light
Based on the localization of RdgB2 in the GCL and the amino acid 
sequence homology of mammalian RdgB2 with Drosophila RDGB, 
which functions in fly photoreceptor cells, we considered that RdgB2 
might contribute to the invertebrate-like phototransduction path-
way in ipRGCs. To test for a possible requirement for RdgB2 in the 
melanopsin-dependent photoresponse, we measured the pupillary 
light reflex (PLR; Figure 2A). As shown previously, loss of melanopsin 
(OPN4) impaired the PLR using phototopic light (Figure 2B; Hattar 
et al., 2003; Lucas et al., 2003; Mrosovsky and Hattar, 2003). How-
ever, RdgB2−/− mice displayed a normal PLR (Figure 2B).

subthreshold for the direct melanopsin/Gq/PLC/TRPC-mediated 
photoresponse. Because ipRGCs are essentially the sole source of 
retinal input to the circadian and pupillary systems, rod influences on 
the ipRGCs permit animals to entrain their circadian rhythms and 
constrict their pupils in response to light stimuli in the scotopic range.

The indirect mode for ipRGC activation is not well understood. 
No signaling protein has been identified that affects this pathway, 
and multiple cellular circuits have been proposed to couple light 
activation of rods to stimulation of ipRGCs (Lucas et al., 2003; 
Mrosovsky and Hattar, 2003; Østergaard et al., 2007; Wong et al., 
2007; Altimus et al., 2008; Güler et al., 2008; Weng et al., 2013). It 
has been proposed that the main circuit couples rods to rod bipolar 
cells, amacrine cells, and cone bipolar cells, which ultimately stimu-
late ipRGCs. Amacrine cells are synaptically active in the inner plexi-
form layer (IPL) and function in signal integration, modulation, and 
temporal filtering (Kolb, 1995, 1997) These cells modulate visual 
signals received by RGCs through lateral inhibitory feedback on bi-
polar cells. GABAergic amacrine cells provide inhibitory feedback to 
rod and cone bipolar cells through the release of the neurotransmit-
ter γ-aminobutyric acid (GABA). Bipolar cells also receive GABAergic 
input from horizontal cells in the outer plexiform layer, but the major 
inhibitory input comes from amacrine cells in the IPL (Euler and 
Wässle, 1998), which help to maintain response sensitivity in the 
bipolar cells (Chávez et al., 2006, 2010; Schubert et al., 2013).

Here we report that the mouse homologue of Drosophila Retinal 
Degeneration B (RDGB), referred to as RdgB2, affects the rod-driven 
light input into ipRGCs. The fly and mouse proteins share 46% 
amino acid identity and include an N-terminal ∼280–amino acid re-
gion that is similar to phosphatidylinositol transfer proteins (Lu et al., 
1999). Fly RDGB is expressed in photoreceptor cells, and loss of this 
protein impairs termination of phototransduction (Harris and Stark, 
1977; Milligan et al., 1997). Mouse RDGB is expressed in the inner 
retina, and RdgB2−/− mutant animals are reported to display a visual 
response indistinguishable from that of wild-
type animals (Lu et al., 2001). However, this 
analysis predated the discovery of the 
ipRGCs.

In the present work, we reinvestigated a 
potential role of RdgB2 during light pro-
cessing by ipRGCs. We found that mutation 
of RdgB2 did not disrupt melanopsin-de-
pendent phototransduction. Instead, RdgB2 
was expressed in a subset of GABAergic 
amacrine cells, and these cells depended 
on RdgB2 to maintain rod input to ipRGCs. 
Loss of RdgB2 reduced the pupillary light 
response and circadian photoentrainment 
but only under scotopic conditions. These 
results demonstrate the need for RdgB2 to 
maintain dim-light sensitivity in ipRGCs. 
Thus RdgB2-expressing cells function at the 
intersection of image-forming and non–im-
age-forming pathways and promote the rod 
input that contributes to non–image-form-
ing behavior in dim light.

RESULTS
Retinal expression of RdgB2
The RdgB2 protein is expressed in the inner 
layers of the retina (Lu et al., 1999, 2001). 
To characterize the spatial distribution in 
greater detail, we performed immunostain-

FIGURE 1: RdgB2 expression in the mouse retina. (A) Diagram of retinal layers. Outer nuclear 
layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), 
synaptic layers where ON bipolar (on) or OFF bipolar (off) cell axons project, and ganglion cell 
layer (GCL). Labeled neurons: AII amacrine (AII), ON cone bipolar cells (cb), M1 ipRGCs 
(ipRGC), and rod bipolar cells (rb). (B, C) Immunofluorescence staining of wild-type and 
RdgB2−/− retinal slices with anti-RdgB2. Amacrine cell (a) and retinal ganglion cell (RGC).  
(D–F) immunofluorescence staining of a wild-type retinal slice with anti-RdgB2 and anti-PKCα.
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ment that is no more severe than that result-
ing from the RdgB2−/− mutation alone. To 
disrupt rod photoreceptors, we genetically 
ablated these cells by expressing tetanus 
toxin in rods (rdta transgene; Freedman 
et al., 1999). We found that the PLR in the 
RdgB2−/−; rdta animals under dim light 
matched that of the RdgB2−/− knockout 
alone (Figure 2D).

Photoactivity of ipRGCs in RdgB2−/− 
mutant retinas
Although RdgB2 is expressed in the GCL, 
the PLR data suggest that RdgB2 does not 
function in melanopsin-dependent photo-
transduction. In further support of this con-
clusion, we did not detect any overlap be-
tween anti-RdgB2 and anti-melanopsin 
staining (Figure 3, A–C). These findings indi-
cate that RdgB2 affects ipRGC activity in a 
non–cell-autonomous way through external 
visual pathways that provide input into 
ipRGCs.

To test the conclusion that RdgB2 does 
not function in ipRGCs, consistent with the 
immunostaining data, we used multielec-
trode arrays (MEAs) to compare the light 
responses in wild-type and RdgB2−/− reti-
nas. MEAs provide the ability to record 
from multiple ipRGCs, which are sparsely 
distributed across the retina. We stimu-
lated the retinas with whole-field flashes of 
increasing intensity in the presence of syn-
aptic blockers and found no differences in 
the number or rate of light-driven action 
potentials elicited by the ipRGCs of 
RdgB2−/− and wild-type mice (Figure 3, D 
and E). Moreover, ipRGCs in RdgB2−/− ani-
mals exhibited the same characteristic long 
latency of activation and slow termination 
of the responses observed in wild-type 
ipRGCs (Figure 3, F and G). Thus the 

ipRGCs exhibited normal photoactivity in RdgB2−/− animals, further 
indicating that RdgB2 was not involved in melanopsin-initiated 
light responses.

RdgB2-expressing amacrine cells are GABAergic
Amacrine cells regulate bipolar cells and promote input into the 
ipRGCs through retinal circuits initiated in rods and cones (Wong 
et al., 2007; Dumitrescu et al., 2009; Altimus et al., 2010; Chávez 
et al., 2010; Demb and Singer, 2012; Weng et al., 2013). Morpho-
logically, there are ∼30 types of amacrine cells that are either 
GABAergic or glycinergic (Perez De Sevilla Müller et al., 2007; 
Masland, 2011). In addition, dopaminergic amacrine cells, which are 
also GABAergic, receive input from and are closely associated with 
ipRGCs (Zhang and McCall, 2012). In a reciprocal manner, ipRGCs 
receive input from all broad neurotransmitter types of amacrine 
cell—dopaminergic, glycinergic, and GABAergic (Perez De Sevilla 
Müller et al., 2007; Wong et al., 2007; Dumitrescu et al., 2009; Van 
Hook et al., 2012). Moreover, the melanopsin-driven light responses 
of ipRGCs are modulated by dopamine through D1 dopamine re-
ceptors (Van Hook et al., 2012).

Pupil constriction occurs over a wide range of light intensities. 
Melanopsin is sufficient for constriction in bright light, but cone or 
rod input is required to drive constriction under dim light (Güler 
et al., 2008; Altimus et al., 2010; Weng et al., 2013). Indirect rod and 
cone input allows the ipRGCs to be activated under scotopic light 
conditions, which are insufficient to stimulate melanopsin (Altimus 
et al., 2008; Güler et al., 2008; Weng et al., 2013). We found that 
when we decreased the light intensity to scotopic levels, RdgB2−/− 
mice showed a pronounced decline in pupillary constriction (Figure 
2, C and E), whereas the PLR of Opn4−/− mice was similar to that of 
wild-type (Figure 2C). As we decreased the light intensities, the dif-
ference between the wild-type and mutant animals became greater 
(Figure 2E).

Because wild-type and RdgB2−/− mice showed the same PLR un-
der photopic conditions, our results suggested that RdgB2 was not 
required for melanopsin-driven responses in ipRGCs. Instead, loss 
of RdgB2 activity caused a decrease in response to scotopic light 
intensities and appeared to disrupt rod input into ipRGCs. If RDGB2 
is essential for all rod input for the PLR, then blocking rod activity in 
combination with the RdgB2−/− mutation should result in an impair-

FIGURE 2: Pupillary light responses under phototopic and scotopic illumination. (A) Images of 
mouse eyes used to measure pupil area before and after light stimulation. wt, wild-type. 
(B) Pupillary constriction under bright blue light (3.51 × 107 R*/rod per second). The light 
intensities were controlled using neutral density (ND) filters. (C, D) Pupillary constriction under 
dim blue light (8.74 × 102 and 1.26 × 101 R*/rod per second, respectively). (E) Irradiance–response 
curve measuring pupillary constriction in response to decreasing intensities of blue light. Light 
intensities: 3.51 × 107, 5.06 × 105, 6.07 × 104, 8.74 × 102, and 1.05 × 102 R*/rod per second. 
Pupillary constriction = [1 − (light pupil area/dark pupil area)] × 100. n = 4–6. Error bars indicate 
±SEM. Statistical significance was determined using unpaired Student’s t tests (B–D) and one-way 
analysis of variance and Tukey post hoc test. *p ≤ 0.05.
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decreased b-wave amplitude (Euler and 
Wässle, 1998; Eggers and Lukasiewicz, 
2006; Smith et al., 2013). Bipolar cells re-
ceive GABAergic input from horizontal cells 
in the outer plexiform layer, but the major 
portion of the inhibitory input comes from 
amacrine cells in the IPL (Figure 5A; Euler 
and Wässle, 1998). Owing to expression of 
RdgB2 in GABAergic amacrine cells, we ex-
amined the b-wave of the ERG.

We found that the RdgB2−/− mouse ERGs 
displayed a decrease in b-wave amplitude 
relative to wild-type mice. At scotopic light 
intensities, RdgB2−/− mice displayed ∼15% 
decrease in the b-wave (Figure 5, B and C). 
Surprisingly, given the impairment in PLR 
only under scotopic conditions (Figure 2), 
the difference in b-wave amplitude was 
greatest under photopic conditions (∼40%; 
Figure 5, D and E), which we established us-
ing a bright flash over background light that 
saturated the rods. The a-wave was indistin-
guishable between wild-type and RdgB2−/− 
mutant animals.

Circadian entrainment impaired under 
scotopic conditions in RdgB2−/− mice
In addition to the PLR, light signaling via 
ipRGCs is necessary for circadian photoen-
trainment (Freedman et al., 1999; Altimus 
et al., 2008). To test whether RdgB2 also pro-
motes photoentrainment, we exposed wild-
type and mutant animals to 12 h:12 h light/
dark cycles. After 2 wk of entrainment, we 
advanced the onset of darkness by 6 h and 
gradually decreased the light intensities dur-
ing the light period of the light/dark cycles. 
The light steps we used covered a broad 
range of intensities, starting with bright con-
ditions and following by progressive reduc-

tions in light until the intensity was very dim. All of the animals en-
trained to the brightest light intensity (Figure 6A). As we decreased 
the light intensity, RdgB2−/− mice were slower to phase shift their ac-
tivity onset to the start of the dark period (Figure 6, A and B). When 
the ambient light was decreased to 1 lux, we observed a significant 
increase in the number of days required for RdgB2−/− mice to entrain 
to the dim light intensity (Figure 6B). At the lowest light intensity 
(0.2 lux), the median time required by the RdgB2−/− mice to reentrain 
was much slower than that for the wild-type animals (wild-type, 17 d; 
RdgB2−/−, 27 d), although the difference was not statistically signifi-
cant due to the large variations (Figure 6B). Although RdgB2−/− mice 
displayed impaired dim-light photoentrainment, they showed wild-
type period lengths at all light intensities (Figure 6C). These results 
showed that under scotopic conditions, RdgB2 was required for nor-
mal photoentrainment.

DISCUSSION
The ipRGCs function primarily in promoting light-induced functions, 
such as the pupillary light reflex and photoentrainment of circadian 
rhythm (Freedman et al., 1999; Gooley et al., 2003; Hattar et al., 2003; 
Lucas et al., 2003; Mrosovsky and Hattar, 2003; Berson, 2007). These 
behaviors are elicited by bright light through direct activation of the 

To test whether RdgB2-positive amacrine cells were dopaminer-
gic, we stained retinal slices with anti-RdgB2 and antibodies to tyro-
sine hydroxylase, an enzyme essential for the synthesis of dopa-
mine. The RdgB2-positive amacrine cells greatly outnumbered the 
tyrosine hydroxylase (TH)–positive cells, and there was no colocal-
ization (Figure 4, A–C). In contrast, 100% of the anti-RdgB2–positive 
cells costained with anti-GABA (Figure 4, D–F). These findings indi-
cate that the amacrine cells that express RdgB2 are GABAergic.

RdgB2−/− display an impairment in the b-wave 
of the electroretinogram, suggesting a requirement 
for GABA-driven inhibitory feedback
Electroretinogram (ERG) recordings measure light-evoked changes 
in activity across the retina and include a- and b-wave components. 
The downward deflection of the a-wave reflects light-induced clos-
ing of the channels in the photoreceptor cells (Figure 5, A and B). 
After light stimulation of rods and cones, the b-wave results from 
depolarization of cells downstream of the photoreceptor cells, espe-
cially bipolar cells (Figure 5, A and B). The amplitude of the b-wave 
is modulated by GABA-mediated lateral inhibition (Euler and 
Wässle, 1998; Eggers and Lukasiewicz, 2006; Smith et al., 2013). 
Pharmacological blocking of GABAc receptors in the retina causes 

FIGURE 3: Relative responses of melanopsin-driven RGCs (ipRGCs) from wild-type and RdgB2−/− 
mice using multielectrode array recordings. (A–C) immunofluorescence staining of a retinal slice 
from an Opn4−/− mouse with a tau-lacZ transgene knocked into the Opn4 locus with anti-RdgB2 
and anti–β-Gal. (D, E) Intensity–response relationships at increasing light intensities. (D) Total 
spikes. (E) Peak firing rates. (F, G) Intrinsic light response measurements at 0 log intensity. (F) Peak 
latency. (G) Half decay time. The error bars represent ±SEM. Wild-type, n = 85; RdgB2−/−, n = 44. 
There were no statistically significant differences on the basis of unpaired Student’s t tests.
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pic ERG data suggest that this subset of 
amacrine cells had little effect on rod bipo-
lar cells. We suggest that RdgB2-positive 
amacrine cells are important in providing 
GABAergic inhibitory feedback to ON 
cone bipolar cells during light signaling 
(Figure 7). In addition, these results, along 
with the defects in the scotopic PLR of 
RdgB2−/− mice, suggest that rod input to 
ipRGCs most likely acts through the rod 
secondary pathway (Figure 7).

To account for the RdgB2 behavioral 
phenotypes under low-light conditions only, 
we propose a model in which expression of 
RdgB2 in GABA-positive amacrine cells con-
tributes to the activity of ipRGCs under sco-
topic light conditions. Rod and cone bipolar 
cells express both GABAa and GABAc re-
ceptors at their axonal terminals and are 
modulated by inhibitory feedback from 
GABAergic amacrine cells (Lukasiewicz and 
Werblin, 1994; Pan and Lipton, 1995; Dong 
and Werblin, 1998; Euler and Wässle, 1998). 

This feedback is necessary to maintain sensitivity in the cone bipolar 
neurons. We suggest that RdgB2-positive amacrine cells provide in-
hibitory input to ON cone bipolar cells through GABA receptors 
(Figure 7), which helps to maintain bipolar cell sensitivity and modu-
late signaling into ipRGCs.

Concluding remarks
We conclude that loss of RdgB2 in a subset of GABAergic amacrine 
cells results in impairment in rod-driven signaling to ipRGCs. This in 
turn results in reduced PLR and circadian photoentrainment under 
dim light. In further support of the contribution of RdgB2 to rod-
driven input to the ipRGCs, the RdgB2−/− phenotype was no more 
severe after genetic ablation of rod photoreceptor cells. Our results 
indicate that the RdgB2 protein and RdgB2-expressing amacrine cells 
function at an important juncture connecting light signaling from im-
age-forming rod photoreceptors to the non–image-forming ipRGCs.

MATERIALS AND METHODS
RdgB2−/− mice
Charles River Laboratories (Wilmington, MA) reconstituted the 
RdgB2−/− mice from embryos with permission from Tiansen Li (Lu 
et al., 2001).

Consensual pupillary light reflex
We housed the animals individually in standard cages with food and 
water ad libitum and exposed the mice to 12 h:12 h light/dark cycles 
for at least 1 wk before testing. We performed all experiments using 
8- to 16-wk-old mice of either sex and during the animals’ day (ZT4-
8). The mice were restrained by hand and not anesthetized. We 
dark-adapted the animals for ≥30 min before testing and then re-
corded movies of the pupillary constriction using an infrared light 
source and a Sony Handycam. We recorded ≥5 s from one eye in the 
dark to acquire the dark-adapted pupil size. Then we monitored 
pupillary constriction in that eye while delivering a ≥30-s light stimu-
lus to the other eye using a 471-nm LED light (SuperBrightLEDs, 
St. Louis, MO) and a microscope light source with gooseneck arms 
to project the light directly on the eye. Before exposing the animals 
to additional light intensities using neutral density filters (Rosco 
Laboratories, Stamford, CT), we first dark-adapted the animals for 

melanopsin-dependent phototransduction cascade in ipRGCs 
(Berson et al., 2002; Lucas et al., 2003; Wong et al., 2005). In addi-
tion, dim light that is insufficient for initiating effective intrinsic photo-
transduction in ipRGCs can still drive these behaviors through input 
from outer retinal photoreceptors (Lucas et al., 2003; Mrosovsky and 
Hattar, 2003; Wong et al., 2007; Altimus et al., 2008; Güler et al., 
2008; Weng et al., 2013). The latter mechanism for stimulating 
ipRGCs begins with photoactivation of rods. However, the signaling 
molecules that participate in connecting the rod-driven pathway to 
ipRGCs were unknown.

Our study indicates that an indirect, rod-driven pathway for acti-
vating ipRGCs depends in part on RdgB2, the mouse homologue of 
Drosophila RDGB (Lu et al., 1999), which functions in the fly visual 
response (Harris and Stark, 1977; Milligan et al., 1997). In support of 
this conclusion, circadian photoentrainment and the PLR were im-
paired in RdgB2−/− mutant animals, but only under scotopic light 
conditions that were too low for effective activation of melanopsin.

Our findings lead us to conclude that RdgB2 functions in a cel-
lular circuit postsynaptic to rods rather than in the rods themselves. 
RdgB2 was not expressed in rod photoreceptor cells but was in the 
inner retina. Thus, as previously reported (Lu et al., 2001), RdgB2 
does not appear to function in the outer retina. These results pro-
vide the first demonstration that RdgB2 has a functional role in light 
signaling in the mammalian retina, and the ERG results indicate that 
it functions downstream of the photoreceptors in the outer retina.

We found that RdgB2 is expressed in GABA-positive amacrine 
cells, as well as in a subset of cells in the GCL. However, RdgB2 does 
not appear to function in the light response in ipRGCs, since the 
MEA recordings were similar in wild-type and RdgB2−/− retinas, con-
sistent with normal circadian entrainment and PLR under phototopic 
light. Moreover, RdgB2 was not colocalized with melanopsin, which 
is expressed and required in ipRGCs.

Despite the requirements for RdgB2 for circadian photoentrain-
ment and the PLR under scotopic conditions only, we found that 
RdgB2−/− mutant mice showed impairment in the b-wave but only 
under phototopic conditions. It is possible that RdgB2-positive 
amacrine cells contribute to the scotopic defects in circadian 
behavior by modulating synaptic input of rod bipolar cells to 
ipRGCs in the primary rod pathway (Figure 7). However, the scoto-

FIGURE 4: Immunofluorescence staining of the retina to detect neurotransmitter expression 
in RdgB2-positive cells. (A–C) immunofluorescence staining of a wild-type retinal slice with 
anti-RdgB2 and anti-TH. (D–F) immunofluorescence staining of a wild-type retinal slice with 
anti-RdgB2 and anti-GABA.
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night, embedded and froze the retinas in OCT medium, and cut 
20-μm sections, which we fixed to microscope slides. For staining, 
we blocked and permeabilized the sections with blocking buffer (5% 
normal goat serum and 0.3% Triton X-100 in PBS) for 1 h at room 
temperature. We incubated the sections with the following primary 
antibodies in blocking buffer for 48 h at 4°C: 1) rabbit anti-RdgB2, 
1:200 dilution, 2) mouse anti-PKCα, 1:1000 dilution (Invitrogen, 
Grand Island, NY), 3) guinea pig anti-GABA, 1:1500 dilution (Abcam, 
Cambridge, MA), 4) chicken anti–β-galactosidase (Abcam), and 
5) chicken anti–tyrosine hydroxylase, 1:1000 dilution. The sections 
were next washed five times with PBS and then incubated for 1 h at 
room temperature with the following secondary antibodies in block-
ing buffer: 1) Alexa Fluor 647 anti-rabbit, 2) Alexa Fluor 488 anti-
mouse, 3) Alexa Fluor 488 anti-guinea pig, and 4) Alexa Fluor 488 
anti-chicken. The slides were washed five times with PBS and 
mounted in VECTASHIELD Mounting Media.

Multielectrode array recordings
We used RdgB2−/− mice and their wild-type littermates of either sex 
between the ages of 5 and 6 mo. We dark-adapted the animals 
overnight and performed all surgical procedures under dim red 
light. We killed the mice with CO2, dissected the retinas, removed 
all pigmented epithelium, and placed the photoreceptor side down 
onto a filter membrane (Anodisc; Whatman, Piscataway, NJ). We 
then transferred the membrane onto a 60-channel multielectrode 
array (60MEA200/30iR-ITO-gr; Multi Channel System MCS, Reutlin-
gen, Germany) with the RGC layer facing the array. Retinas were 
superfused continuously at 3–4 ml/min with oxygenated bicarbon-
ate-buffered Ames’ medium (Sigma, St. Louis, MO) and maintained 
at 32ºC with a temperature controller (TC-324B; Warner Instru-
ments, Hamden, CT). To stabilize the spike amplitudes, we super-
fused the retinas with media for 1 h before beginning the record-
ings. We blocked signaling from rod and cone photoreceptors to 
the inner retina by application of a pharmacological cocktail 
containing 50 μM l-(+)-2-amino-4-phosphonobutyric acid (Tocris, 
Ellisville, MO), 40 μM 6,7-dinitroquinoxaline-2,3-dione (Tocris), and 
30 μM d-(-)-2-amino-5-phosphonopentanoic acid (Tocris).

We kept the retinas in complete darkness except when irradiat-
ing with the test stimuli. We identified ipRGCs on the basis of their 
characteristic sluggish, persistent light responses, which they exhib-
ited in the presence of the pharmacological cocktail. We generated 
10-s full-field white-light stimuli using a tungsten-halogen micro-
scopy illuminator (model EW-09741-50; Cole-Parmer Instruments, 
Vernon Hills, IL) equipped with a custom-made electromechanical 
shutter. We delivered the light onto the retinas with a fiber optic 
cable. We adjusted stimulus intensities by introducing neutral den-
sity filters (Newport Oriel Instruments, Stratford, CT) into the light 
path. The unattenuated (0 log) intensity (480 nm) at the surface of 
the preparation was 6.0 × 1012 photons/cm2 per second.

Amplified voltage data were digitized at 10 kHz using a PC-based 
A/D interface card and MC Rack software (MCS). We set the spike 
detection threshold for each channel at three to four times the SD of 
the voltage, and we bandpass filtered the signals (200 to 3 kHz) and 
stored them. We performed cluster analysis of the spike data using 
Offline Sorter software (Plexon, Dallas, TX). We further analyzed the 
spike trains with OriginPro 8.0 (OriginLab, Northampton, MA) and 
Excel 2007 (Microsoft, Redmond, WA) to quantify 1) the peak firing 
rate, which we calculated by subtracting the spontaneous resting 
firing rate during the 10 s preceding the light stimulation from the 
maximal firing rate during the light stimulus, 2) total spikes, which we 
calculated by subtracting the number of spikes during the 10 s pre-
ceding light onset from the sum of all action potentials occurring 

≥30 min. We measured light intensities using a calibrated spectro-
meter (Ocean Optics, Dunedin, FL), which allowed us to convert 
absorbance units to photons/cm2 per second. The measured photon 
densities were then multiplied by the effective collecting area of a 
rod at the pupil (0.20 μm2/rod), resulting in an estimate of the num-
ber of photoisomerizations per rod (R*/rod per second) (Lyubarsky 
and Pugh, 1996). This product was finally adjusted by fitting the val-
ues to a nomogram of rhodopsin with a λmax = 500 nm to estimate 
the maximum number of R*/rod per second. We exported the mov-
ies to a computer, obtained movie stills using a VLC Media Player, 
and analyzed the pupil area using ImageJ software (National 
Institutes of Health, Bethesda, MD).

Immunohistochemistry on retinal slices
Mice of either sex were killed and enucleated at the ages of 8–16 wk. 
The eyes were fixed in 4% paraformaldehyde for 30 min at room 
temperature and washed three times with phosphate-buffered 
saline (PBS). We incubated all samples in 30% sucrose in PBS over-

FIGURE 5: Electroretinogram recordings of light responses. 
(A) Diagram of light transduction in the retina. The visual pathway 
begins with the activation of photoreceptors in the outer retina and 
generates the ERG a-wave. Activation of the cells in the gray box 
comprises the ERG b-wave. The arrows indicate the direction of signal 
transmission between cells. In the vertical pathway (indicated by the 
blue arrows), photoreceptor cells and bipolar cells release glutamate. 
Horizontal cells signal through the release of GABA. Amacrine cells 
are a diverse group of interneurons that can signal through the 
release of glycine, GABA, or dopamine. (B–E) Wild-type (black traces 
and lines) and RdgB2−/− mice (red traces and lines). (B) Scotopic ERG 
recordings from wild-type and RdgB2−/− mice. The light flash intensity 
is indicated on each trace (log cd m−2 s−1); a-wave (a) and b-wave (b). 
(C) Scotopic b-wave amplitude. (D) Phototopic ERG recordings from 
wild-type and RdgB2−/− mice. (E) Photopic b-wave amplitude. ERG 
data were recorded from both eyes and averaged at each light 
intensity. Wild-type, n = 4; RdgB2−/−, n = 3. Error bars indicate ±SEM. 
For statistical analysis, we used two-way unpaired Student’s t tests. 
Asterisk indicates a significant difference (p ≤ 0.05).
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during the light stimulus, 3) peak latency, 
which we calculated as the time gap be-
tween stimulus onset and the time of peak 
firing rate, and 4) half decay time, calculated 
as the time gap between the time of peak 
firing rate and the time when the firing fre-
quency deceased to the half of the peak.

ERG recordings
We dark-adapted 6- to 8-wk-old mice of ei-
ther sex overnight and performed all proce-
dures under dim red light. We anesthetized 
the mice by intraperitoneal injection of a 
ketamine hydrochloride/xylazine (100 and 
5 mg/kg, respectively) mixture. To perform 
the recordings, we kept the mice on a 39°C 
heating pad and dilated their eyes with Mid-
rin P (0.5% tropicamide and 0.5% phenyl-
ephrine hydrochloride; Santen Pharmaceuti-
cal, Osaka, Japan). We inserted a subdermal 
ground electrode into the tail and placed 
the reference electrode under the skin be-
tween the ears and caudal to the eyes. We 
lubricated the cornea of each eye with go-
nioscopic prism solution (Alcon Labs, Fort 
Worth, TX) and then set platinum loop re-
cording electrodes on the coated surface of 
each eye. We delivered the light stimulation 
to both eyes with a Ganzfeld bowl illumina-
tor. We first tested the mice under scotopic 
light intensities, using 11 increasing light 
steps ranging from −3.00 to 1.40 log cd m−2 
s−1. After the scotopic test, we irradiated 
both eyes with an ambient light of 1.00 log 
cd m−2 s−1 for 10 min in preparation for the 
photopic recordings. During the photopic 
test, we exposed the mice to three increas-
ing light steps (0.60, 1.00, and 1.40 log cd 
m−2 s−1) on top of the ambient light.

Circadian wheel-running behavior
We housed animals individually in wheel-running cages (wheel at-
tached to the lid of the cage) under 12 h:12 h light/dark cycles and 
tested animals of either sex between the ages of 8 and 16 wk. The 
cages were then housed in a larger, temperature-controlled black 
box that held multiple cages. Every few weeks, the light cycles were 
advanced 6 h and the light intensities were decreased using neutral 
density filters (Rosco). Light intensities at the surfaces of the cages 
were measured using a luminometer (EXTECH, Burlington, VT). To 
determine the number of days needed for photoentrainment, we 
defined photoentrainment as the day when the circadian period sta-
bilized to ∼24 h and the onset of activity was near the onset of dark-
ness. We monitored the revolutions using VitalView software 
(MiniMitter, Oakmont, PA) and visualized and analyzed the data 
using Clocklab (Actimetrics, Wilmette, IL).

FIGURE 6: Circadian photoentrainment assays. (A) Representative double-plotted wheel- 
running actograms for wild-type and RdgB2−/− mice with decreasing light intensities during the 
light period. The 12-h dark periods are denoted by a dark gray background. (B) Plot of the 
group distribution and median number of days to reentrain to a 6-h shift in the light period with 
decreasing steps in light intensity. The bars define the distribution for the entire group. The 
boxes show activity of 50% of the group between the 25th and 75th percentile, and the lines 
indicate the median for the group. For the statistical analysis, we used the two-tailed Mann–
Whitney U test. *p ≤ 0.05. (C) Length of the running periods for the mice during 
photoentrainment at decreasing steps in light intensity. Wild-type, n = 8; RdgB2−/−, n = 10.

FIGURE 7: Diagram of rod-driven light input into ipRGCs. The 
primary (1°) rod pathway is indicated by the green line, and the 
secondary (2°) rod pathway is indicated by the blue line. The dotted 

line indicates a gap junction. Glutamate (GLU) release from bipolar 
cells is indicated by the black arrows, and GABA release from the 
RdgB2-positive amacrine cells is indicated by the red arrows. ipRGC 
is a representation of all melanopsin-expressing ganglion cells. Cone 
bipolar cells (cb), rod bipolar cells (rb), AII amacrine cells (AII), 
RdgB2-expressing amacrine cell (RdgB2).



3678 | M. T. Walker et al. Molecular Biology of the Cell

Statistical analyses
We used unpaired Student’s t tests and one-way analysis of variance 
and Tukey post hoc test to determine statistical significance of pu-
pillary constriction data. For MEA recordings and ERG data, we 
used unpaired Student’s t tests to determine statistical significance. 
We analyzed the statistical significance of the circadian wheel-run-
ning data using the Mann–Whitney U test. In all tests, p ≤ 0.05 is 
considered significant and indicated by an asterisk.
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