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Intrinsically photosensitive retinal ganglion cells (ipRGCs) exhibit melanopsin-dependent light responses that persist in the
absence of rod and cone photoreceptor-mediated input. In addition to signaling anterogradely to the brain, ipRGCs signal
retrogradely to intraretinal circuitry via gap junction-mediated electrical synapses with amacrine cells (ACs). However, the
targets and functions of these intraretinal signals remain largely unknown. Here, in mice of both sexes, we identify circuitry
that enables M5 ipRGCs to locally inhibit retinal neurons via electrical synapses with a nonspiking GABAergic AC. During
pharmacological blockade of rod- and cone-mediated input, whole-cell recordings of corticotropin-releasing hormone-express-
ing (CRH1) ACs reveal persistent visual responses that require both melanopsin expression and gap junctions. In the devel-
oping retina, ipRGC-mediated input to CRH1 ACs is weak or absent before eye opening, indicating a primary role for this
input in the mature retina (i.e., in parallel with rod- and cone-mediated input). Among several ipRGC types, only M5
ipRGCs exhibit consistent anatomical and physiological coupling to CRH1 ACs. Optogenetic stimulation of local CRH1 ACs
directly drives IPSCs in M4 and M5, but not M1-M3, ipRGCs. CRH1 ACs also inhibit M2 ipRGC-coupled spiking ACs, dem-
onstrating direct interaction between discrete networks of ipRGC-coupled interneurons. Together, these results demonstrate a
functional role for electrical synapses in translating ipRGC activity into feedforward and feedback inhibition of local retinal
circuits.
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Significance Statement

Melanopsin directly generates light responses in intrinsically photosensitive retinal ganglion cells (ipRGCs). Through gap
junction-mediated electrical synapses with retinal interneurons, these uniquely photoreceptive RGCs may also influence the
activity and output of neuronal circuits within the retina. Here, we identified and studied an electrical synaptic circuit that, in
principle, could couple ipRGC activity to the chemical output of an identified retinal interneuron. Specifically, we found that
M5 ipRGCs form electrical synapses with corticotropin-releasing hormone-expressing amacrine cells, which locally release
GABA to inhibit specific RGC types. Thus, ipRGCs are poised to influence the output of diverse retinal circuits via electrical
synapses with interneurons.

Introduction
In mice, intrinsically photosensitive retinal ganglion cells
(ipRGCs) comprise a physiologically and morphologically
diverse set of up to six cell types (M1-M6) (Ecker et al., 2010;
Schmidt et al., 2011; Zhao et al., 2014; Quattrochi et al., 2019)
that express melanopsin, which renders them photosensitive in
the absence of rod- and cone-mediated input (Berson et al.,
2002; Hattar et al., 2002). ipRGC axons project to several brain
regions, providing input to both image-forming visual circuits,
mediating perception; and non–image-forming visual circuits,
mediating light-dependent functions, such as circadian photoen-
trainment and the pupillary light reflex (Hattar et al., 2006; Güler
et al., 2008; Ecker et al., 2010; Chen et al., 2011; Estevez et al.,
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2012; LeGates et al., 2012; Stabio et al., 2018; Fernandez et al.,
2018; Do, 2019).

Additionally, ipRGCs signal retrogradely to intraretinal cir-
cuitry via at least two anatomically distinct pathways. First, M1
ipRGCs make chemical synapses onto dopaminergic amacrine
cells (ACs), likely via axon collaterals that project “backwards”
into the inner plexiform layer (IPL) (Viney et al., 2007; Zhang et
al., 2008; Joo et al., 2013; Prigge et al., 2016). Second, most
ipRGC types make electrical synapses, via gap junctions, with
multiple AC types whose identities remain mostly unknown
(Schubert et al., 2005; Völgyi et al., 2005; Pérez de Sevilla Müller
et al., 2010; Reifler et al., 2015; Liao et al., 2016; Sabbah et al.,
2017). These ACs are predominantly GABAergic (Pérez de
Sevilla Müller et al., 2010; Reifler et al., 2015), and many exhibit
wide-field morphology and action potential firing (Pérez de
Sevilla Müller et al., 2010; Reifler et al., 2015; Sabbah et al., 2017);
thus, it has been postulated that these ACs provide circuitry by
which ipRGCs can broadcast their activity globally throughout
the retina to enact irradiance-dependent changes in circuit oper-
ation (Allen et al., 2014; Tikidji-Hamburyan et al., 2015;
Milosavljevic et al., 2018). Evaluation of hypotheses regarding
functions of ipRGC-AC coupling, however, has been precluded
by poor understanding of the circuit architectures that integrate
identified ipRGC-coupled ACs into specific retinal circuits. In
principle, identifying retinal circuits that receive input from an
ipRGC-coupled AC could clarify the role of the coupled AC in
the computations performed by these circuits.

Here, we leverage mouse genetics to uncover three distinct
types of inhibitory circuits driven by electrical coupling between
the M5 ipRGC and the corticotropin-releasing hormone-
expressing (CRH1) AC, a medium-field interneuron whose non-
spiking physiology and axonless morphology distinguish it from
ipRGC-coupled ACs described previously. This electrical synapse
develops near eye opening, concurrently with the expansion of
the CRH1 AC neuritic arbor and with the functional maturation
of rod- and cone-driven circuits. CRH1 ACs make GABAergic
synapses onto M5 ipRGCs, forming a negative feedback mecha-
nism, and also provide feedforward inhibition to M4 ipRGCs
(Park et al., 2018) and suppressed-by-contrast RGCs (Jacoby et
al., 2015). CRH1 ACs also appear to inhibit M2 ipRGC-coupled
wide-field ACs (WACs), suggesting that local M5 ipRGC activity
could indirectly influence long-range transmission of M2 ipRGC
activity within the retina. These results show that, through elec-
trical synapses with CRH1 ACs, ipRGC activity locally influen-
ces the output of specific RGC circuits in the mature retina.

Materials and Methods
Animals. All animal procedures were approved by the Institutional

Animal Care and Use Committee at Yale University and were in compli-
ance with National Institutes of Health guidelines. Mice of both sexes
were maintained on a C57BL/6 background and studied between post-
natal days 28 and 90 (P28-P90), except in developmental experiments,
for which animals were studied between P9 and P16.

In Crh-ires-cre mice (B6(Cg)-Crhtm1(cre)Zjh/J; The Jackson Laboratory
#012704), endogenous Crh regulatory elements drive expression of
Cre recombinase (Taniguchi et al., 2011). Ai14 mice (B6.Cg-Gt
(ROSA)26Sortm14(CAG-tdTomato)Hze/J; The Jackson Laboratory
#007914) enabled Cre-dependent expression of the red fluorescent
protein tdTomato (tdT) (Madisen et al., 2010). Ai32 mice (B6.Cg-
Gt(ROSA)26Sortm32(CAG-COP4pH134R/EYFP)Hze/J; The Jackson Laboratory
#024109) enabled Cre-dependent expression of a channelrhodopsin-2
(ChR2)-enhanced yellow fluorescent protein (EYFP) fusion protein
(Madisen et al., 2012). In Crhr1-gfp mice, Crhr1 regulatory elements
genomically introduced via bacterial artificial chromosome drive

expression of GFP (Justice et al., 2008). In Opn4-gfp mice (Tg(Opn4-
EGFP)ND100Gsat/Mmucd), Opn4 regulatory elements genomically
introduced via bacterial artificial chromosome drive expression of GFP.
In Opn4-cre mice, endogenous regulatory elements drive expression of
Cre recombinase in place of melanopsin (Ecker et al., 2010); that is, mice
homozygous for this allele (Opn4Cre/Cre) lack melanopsin expression.

Experimental mouse strains were generated by crossing various combi-
nations of the transgenic mice described above. In Crh-cre1/�;Ai141/�

mice, CRH1 ACs express tdT (see Figs. 1, 3, 7, 9). In Crh-cre1/�;Ai321/�

mice, CRH1 ACs express ChR2-EYFP (see Figs. 6, 7, 10, 11). InOpn4-gfp1;
Crh-cre1/�;Ai321/� and Crhr1-gfp1;Crh-cre1/�;Ai321/� mice, M1-M3
ipRGCs or M5 ipRGCs, respectively, strongly express GFP and CRH1 ACs
express ChR2-EYFP (see Figs. 6-8, 10). In Crhr1-gfp1;Crh-cre1/�;Ai141/�

mice, CRH1 ACs and M5 ipRGCs strongly express GFP and CRH1 ACs
additionally express tdT (see Figs. 2, 7). In Crhr1-gfp1;Opn4Cre/Cre mice, a
subset of CRH1 ACs strongly express GFP and melanopsin expression is
absent (see Fig. 2). In Crhr1-gfp1;Opn4Cre/1;Ai141/� mice, ipRGCs express
tdT, enabling visualization of overlap between GFP1 cells and ipRGCs (see
Figs. 4, 5).

Electrophysiology. Before retinal dissection, mice were dark-adapted
for;1 h. Following death, both eyes were enucleated and transferred to
a dissection dish filled with Ames medium (A1420, MilliporeSigma),
supplemented with 22.6 mM NaHCO3 (MilliporeSigma) and suffused
with a 95% O2/5% CO2 gas mixture. Dissections were performed under
infrared illumination using stereomicroscope-mounted night-vision goggles.
After extracting the retina from the eyecup, the vitreous humor was
removed and a single relaxing cut was made along the nasotemporal
axis toward the optic disk. In some cases, retinas were cut into dorsal
and ventral hemi-retinas. Whole retinas or hemi-retinas were mounted
onto mixed cellulose ester filter membranes (HAWP01300, MilliporeSigma)
and maintained in the dissection dish at room temperature for up to
5 h. Immediately before recording, retinas were placed into a custom
recording chamber and secured by a tissue harp. During experiments,
the recording chamber was perfused with Ames medium flowing at
4-6 ml/min and maintained at 32°C-34°C.

Whole-cell patch-clamp recordings from 170 cells were obtained
using patch pipettes pulled from borosilicate glass capillaries (1B120F-4,
World Precision Instruments). Pipette tip resistances were 4-6 MV for
ganglion cell recordings and 5-8 MV for AC recordings. Patch pipettes
were filled with internal solutions containing the following (in mM): 120
K-methanesulfonate, 10 HEPES, 0.1 EGTA, 5 NaCl, 4 ATP-Mg, 0.4
GTP-Na2, and 10 phosphocreatine-Tris2, pH 7.3, 280 mOsm for cur-
rent-clamp recordings; or 120 Cs-methanesulfonate, 5 TEA-Cl, 10
HEPES, 10 BAPTA, 3 NaCl, 2 QX-314-Cl, 4 ATP-Mg, 0.4 GTP-Na2, and
10 phosphocreatine-Tris2, pH 7.3, 280 mOsm for voltage-clamp record-
ings. In a subset of recordings, the internal solution was supplemented
with 0.05% (w/v) Lucifer yellow to fluorescently label cells for subse-
quent immunohistochemical experiments. All components of internal
solutions were obtained from MilliporeSigma. Membrane potential or
current was amplified (MultiClamp 700B, Molecular Devices), digitized
at 5 or 10 kHz (Digidata 1440A, Molecular Devices), and recorded
(pClamp 10.0, Molecular Devices). During voltage-clamp recordings,
excitatory or inhibitory currents were isolated by clamping near the re-
versal potential for chloride (ECl, �67mV) or cations (Ecation, 0mV),
respectively. Series resistance (10-25 MV) was compensated by 50%.
Voltage- and current-clamp recordings were corrected for a �9 mV liq-
uid junction potential.

In most cases, specific ipRGC types (i.e., M1-M5) were targeted for
patch-clamp recording using genetically encoded fluorescent reporters,
which were visualized using a custom-built two-photon laser-scanning
microscope controlled by ScanImage (Vidrio Technologies) (Borghuis et
al., 2013). Two-photon excitation was provided by a tunable Coherent
Chameleon Ultra II laser (l peak = 910 nm). Following recording, ipRGC
type identity was confirmed by visualizing fluorescent dye-loaded den-
dritic arbors, first in live tissue (via two-photon imaging) and later in
fixed tissue (via confocal imaging). M1-M3 ipRGCs were readily identi-
fied using an Opn4-gfp allele and distinguished morphologically by their
unique stratification profiles within the IPL: in mice, M1 ipRGCs mono-
stratify within the outer margin of the IPL; M2 ipRGCs monostratify
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within the inner margin of the IPL; and M3 ipRGCs bistratify within
both margins of the IPL (Schmidt and Kofuji, 2009; Ecker et al., 2010;
Schmidt and Kofuji, 2011) (see Fig. 5E2).

Unlabeled M4 ipRGCs were identified before recordings based on
the conjunction of large soma size, characteristic of the set of “a” RGC
types to which M4 ipRGCs belong (Estevez et al., 2012; Schmidt et al.,
2014; Krieger et al., 2017) (see Fig. 5C); and sustained spike responses to
the onset of a light spot (l peak = 395nm, ;104 photoisomerizations
cone�1 s�1, 400 mm diameter) (see Fig. 5E1), presented by a modified

video projector focused through a sub-stage condenser lens onto the ret-
ina (Borghuis et al., 2013).

M5 ipRGCs were targeted using a Crhr1-gfp allele (Justice et al.,
2008). In retinas of Crhr1-gfp1 mice, putative M5 ipRGCs were initially
identified by targeting intensely GFP1, moderately sized somas located
in the ganglion cell layer (GCL) for loose-patch recording; such cells
were further studied if they exhibited sustained spike responses to the
onset of a light spot (see Fig. 5E3). Cells studied based on these proper-
ties and subsequently visualized by confocal microscopy exhibited
morphological properties characteristic of M5 ipRGCs: monostratified
dendritic arbors within the inner margin of the IPL, dense dendritic
branching, and relatively small dendritic and somatic diameters (Stabio
et al., 2018; Sonoda et al., 2020) (see Fig. 4D1). In all recorded ipRGCs,
intrinsic photosensitivity was confirmed by the presence of sustained
photocurrents during pharmacological blockade of rod- and cone-
mediated input (see below).

In Crh-cre1/�;Ai141/� or Crh-cre1/�;Ai321/� mice, putative CRH1

ACs (also known as CRH-1 ACs) (Zhu et al., 2014; Jacoby et al., 2015;
Park et al., 2018) were identified by their small fluorescent somas in the
GCL. During whole-cell recording, CRH1 AC identity was confirmed
by nonspiking physiology and medium-field (;250-mm-diameter),
highly branching neuritic morphology (Zhu et al., 2014; Jacoby et al.,
2015; Park et al., 2018), as visualized in real time using two-photon fluo-
rescence excitation of pipette-loaded Lucifer yellow. These physiological
and morphological properties unambiguously distinguished CRH1/
CRH-1 ACs from rare CRH-2 and CRH-3 ACs, which exhibit spiking
and wide-field (.1-mm-diameter) morphology; and from rare GCs,
which include transient OFF a GCs and GCs with asymmetric dendritic
arbors that stratify near the outer margin of the IPL (Zhu et al., 2014;
Park et al., 2018). In Crhr1-gfp mice, putative CRH1 ACs were targeted
by locating small, intensely GFP1 somas in the GCL, followed by confir-
mation of physiological and morphological criteria described above. For
a subset of CRH1 ACs recorded and dye-filled in Crhr1-gfp mice, neu-
ritic morphology was visualized in fixed tissue to confirm stratification
within the inner margin of the IPL, as is characteristic of CRH1 ACs
(Zhu et al., 2014; Jacoby et al., 2015; Park et al., 2018).

During all recordings, melanopsin- and/or ChR2-mediated responses
were evoked by an LED (l peak = 470nm; M470L3, Thorlabs) projected
through the aperture (400 mm diameter) of an iris diaphragm (CP20S,
Thorlabs), driven by a T-Cube LED driver (LEDD1B, Thorlabs), and

CRH+

AC
ipRGC

rod/cone-mediated input

470 nm
light

5 s

2 mV

-62

2 mV

mean ± SEM (n = 5 cells)

single trial (1 cell)

1.5 × 1016 Q cm-2 s-1

2 mV

1 mV

10 pA

-62

-59

Vm (cell 1)

1 s
1.5 × 1017

Q cm-2 s-1

Vm (cell 2)

Iexc (cell 3)

1 s
1.5 × 1015

Q cm-2 s-1

A

B

D

C

Figure 1. CRH1 ACs exhibit slow, rod- and cone-independent light responses. A, Circuit
diagram illustrating putative ipRGC-AC electrical synapse and experimental paradigm. An
ipRGC participates in a gap junction-mediated electrical synapse (middle, boxed resistor sym-
bol) with a CRH1 AC. During pharmacological blockade of rod- and cone-mediated input,
photostimulation of the ipRGC depolarizes the coupled CRH1 AC. B, Current-clamp recording
of rod- and cone-independent light response in a CRH1 AC targeted in a Crh-cre1/�;
Ai141/� retina (Ustim = 1.5� 1017 Q cm�2 s�1). C, Same format as in B, but for 100-fold
lower photostimulus intensity. Traces represent current-clamp (top) and voltage-clamp (bot-
tom; Vhold = �70mV) recordings from separate CRH1 ACs. D, Rod- and cone-independent
light responses to a 1 s light pulse in a single CRH1 AC (top) and average response of 5 ACs
(bottom). Gray shading represents6 SEM across cells.
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retina. Arrowheads indicate small somas that exhibit overlap between both fluorescence
channels. B, Effect of melanopsin KO on rod- and cone-independent light responses in CRH1

ACs. Top, Black trace represents mean rod- and cone-independent voltage response of pre-
sumed CRH1 ACs (n= 13) to photostimulation. Gray shading represents6 SEM across cells.
Bottom, Same format as top but for presumed CRH1 ACs (n= 9) recorded in melanopsin KO
(Opn4 KO; i.e., Crhr1-gfp1;Opn4Cre/Cre) retinas (Ustim = 1.5� 1017 Q cm�2 s�1). C, D, Peak
(C) and sustained (D) voltage responses in CRH1 ACs shown in B. pppp, 0.001.
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focused through a substage condenser lens onto the retina. The maximum
light intensity (Umax) at the sample plane was 4.8� 1017 quanta (Q) cm�2 s�1,
and neutral density filters were inserted into the light path to attenuate
stimulus intensity by 10- or 100-fold. Stimuli were g -corrected to
account for a nonlinear relationship between voltage input to the LED
driver and light output of the LED, as measured at the sample plane.
During all experiments, conventional photoreceptor-mediated input
was pharmacologically blocked via bath application of the following
standard drug cocktail (in mM): 50 D-AP5 (Alomone Labs), 50 DNQX
(Alomone Labs), 20 L-AP4 (Alomone Labs), and 2 ACET (Tocris)
(Park et al., 2015; Park et al., 2018; Pottackal et al., 2020). For experi-
ments designed to block gap junctions, the standard solution was sup-
plemented with 100 mM meclofenamic acid (MFA, Tocris Bioscience).
For experiments designed to isolate coupling currents in ipRGCs dur-
ing optogenetic stimulation of CRH1 ACs, the standard solution was
supplemented with 25 mM SR-95531 (Alomone Labs) to eliminate
unclamped IPSCs mediated by GABAA receptors. For experiments
designed to block L-type VGCCs, the standard solution was supple-
mented with 30 mM isradipine (Abcam).

Linear-nonlinear cascade analysis. Linear-nonlinear (LN) cascade
analysis was performed as described in detail previously (Jarsky et al.,
2011; Pottackal et al., 2020). Briefly, quasi-white-noise (WN) stimuli
consisted of 10 consecutive 10 s trials that each included 7.5 s of a unique
stimulus sequence followed by 2.5 s of a repeated stimulus sequence. For
each recorded cell, responses to unique stimuli were used in LN model
construction, whereas responses to repeated stimuli were used in evalu-
ating model accuracy. WN stimuli were ideally low-pass filtered at
30Hz. For each cell, a linear filter was computed from cross-correlation
of the WN stimulus with the recorded IPSC. The filter was then con-
volved with the stimulus to generate a linear prediction of the response,
which was then plotted against the recorded response. Plotted points
were equally divided into 100 bins along the linear prediction axis.
Points within each bin were averaged along both dimensions (i.e., pre-
dicted response vs recorded response), generating 100 points that were
then fit with a Gaussian cumulative distribution function NðxÞ; this
served as the static nonlinearity component of the LN model. The linear
prediction was passed through this static nonlinearity to generate the
final LN model output. The accuracy of the LN model was quantified as
the squared Pearson correlation coefficient (r2) between (1) the model
response to the repeated stimulus and (2) the mean of 10 recorded
responses to the repeated stimulus. To quantify the linearity of each
modeled recording, a rectification index irect was computed from the
static nonlinearityNðxÞ as follows:

irect ¼
jN½maxðrL½bin�Þ�1N minðrL½bin�Þ

� �� 2N 0ð Þj
N maxðrL½bin�Þ
� �� N minðrL½bin�Þ

� �

where rL½bin� is the set of 100 values obtained after binning and averaging
along the linear prediction axis.

Tracer/dye injection. Neurobiotin (Vector Laboratories) was injected
into ipRGCs using a loose-patch electroporation protocol similar to that
described previously (Pérez de Sevilla Müller et al., 2010). Briefly, 4%
Neurobiotin and 0.1% Lucifer yellow (MilliporeSigma) were added to
the current-clamp solution. To minimize the possibility of nonspecific
uptake of Neurobiotin from the extracellular space, positive pressure was
not applied to Neurobiotin-filled patch pipettes. Loose-seals (10-15 MV)
were initially obtained from targeted somas, followed by brief application
of �20nA inward current pulses at 10Hz, which were terminated imme-
diately following visualization of Lucifer yellow within the soma.
Subsequently, the direction of current injection was reversed and the am-
plitude reduced to 8-15nA, and 10Hz current pulses were administered
continuously for 12-20min. For most injections, the retina was exposed to
bright light (;104 photoisomerizations cone�1 s�1) for ;1 h following
the final injection to promote increased gap junctional coupling strength
(Hu et al., 2010; Nath and Schwartz, 2017). For a subset of experiments to
study morphological development of CRH1 AC neuritic arbors, 0.7%
Lucifer yellow in distilled water was injected into CRH1 AC somas using
a briefer variant of this electroporation protocol. Following loose-seal

formation, �20nA inward current pulses were applied at 10Hz until ini-
tial visualization of dye loading. Subsequently, current pulse amplitude
was reduced to�10nA, and injection was resumed for 3-6 s.

Histology. For cells filled with Lucifer yellow during whole-cell record-
ing or injected with Neurobiotin, or for fluorescence colabeling experi-
ments, dissected retinas were fixed in PFA (4% v/v in PBS) for ;1 h at
room temperature and subsequently stored in PBS at 4°C. During immu-
nohistochemistry, whole-mount retinas were incubated with 6% normal
donkey serum (017-000-121, Jackson ImmunoResearch Laboratories,
RRID:AB_2337258) and 0.5% Triton X-100 (T8787, MilliporeSigma) for
1 h at room temperature; primary antibodies, 2% normal donkey serum,
and 0.5% Triton X-100 for ;1 or 7 d at 4°C; and secondary antibodies,
2% normal donkey serum, and 0.5% Triton X-100 for 2 h at room
temperature. Primary antibodies were diluted and incubated as fol-
lows: goat anti-ChAT, 1:200 for ;1 d (AB144P, MilliporeSigma,
RRID:AB_2079751); guinea pig anti-RBPMS, 1:1000 for 7 d (RBPMS-
1832, PhosphoSolutions, RRID:AB_2492226); rabbit anti-Lucifer yel-
low, 1:2000 for ;1 d (A-5750, Thermo Fisher Scientific, RRID:AB_
2536190); rabbit anti-melanopsin, 1:100 for ;1 d (AB-N39, Advanced
Targeting Systems, RRID:AB_1608076); and mouse anti-neurofilament
H (SMI-32), 1:500 for 2 d (SMI-32R, BioLegend, RRID:AB_509997).
Secondary antibodies (diluted at 1:500) were donkey anti-goat IgG
conjugated to AlexaFluor-633 (A-21082, Thermo Fisher Scientific,
RRID:AB_2535739), donkey anti-rabbit IgG conjugated to Cy3
(711-165-152, Jackson ImmunoResearch Laboratories, RRID:AB_
2307443), donkey anti-guinea pig IgG conjugated to Cy5 (706-175-
148, Jackson ImmunoResearch Laboratories, RRID:AB_2340462), don-
key anti-rabbit IgG conjugated to Cy5 (711-175-152, Jackson
ImmunoResearch Laboratories, RRID:AB_2340607), and donkey anti-
mouse IgG conjugated to Cy5 (715-175-150, Jackson ImmunoResearch
Laboratories, RRID:AB_2340819). For experiments to visualize and/or
quantify overlap between fluorescently labeled ganglion cell populations,
RBPMS was used as a marker of ganglion cell identity (Rodriguez et al.,
2014) (see Fig. 4B).

Confocal z-stack images of filled dendritic (GCs) or neuritic (ACs)
arbors were obtained by a Carl Zeiss LSM 800 laser scanning microscope
equipped with a 20� air objective (NA=0.8). All neuritic arbor meas-
urements, fluorescence intensity measurements, and cell counts were per-
formed using ImageJ. For each CRH1 AC, the area of its arbor was
measured by manually drawing the smallest convex polygon that contained
the entire z-projected arbor and then measuring the area of this polygon;
arbor diameter was subsequently computed as the diameter of the circle
whose area equals that of the polygon. Neurite length was measured by
manually tracing neurites using the Simple Neurite Tracer plugin and then
summing the path lengths of all neurite segments within the arbor.

For experiments to quantify GFP fluorescence intensity in identi-
fied ipRGC subpopulations, z-stack images of the GCL were obtained
using a 20� air objective (NA= 0.8). In each condition, for at least
one retina from each of 2 Opn4Cre/1;Ai141/�;Crhr1-gfp1 mice, up to
four 607mm� 607mm regions were imaged ;1-1.5 mm from the
optic disk. Polygonal ROIs were manually drawn around somas of
imaged ipRGCs, which were identified by Cre-dependent tdT expres-
sion. For each image, an additional ROI was drawn around a patch of
GFP-negative cells to measure background fluorescence. For each
ROI, mean pixel intensity and total area were measured, with the lat-
ter used to compute soma diameter as above for arbor diameter. The
background-subtracted intensity measured for each ipRGC soma was
then normalized by the median absolute deviation of the sample to
enable multiple image samples to be merged. For experiments to
count overlap between fluorescently labeled cell populations, z-stack
images of the GCL were obtained using a 40� oil objective
(NA= 1.4). In each condition, for at least one retina in each of 2 or
more mice, up to eight 159mm� 159mm regions were imaged;1-1.5
mm from the optic disk. Cell counts were obtained using the Cell
Counter plugin in ImageJ.

Experimental design and statistical analysis. Consistent with compa-
rable studies and conventions in the field, each group included 4-13 cells
recorded from at least 2 mice of either sex. Summary values are reported
as mean 6 SEM. Statistical comparisons were performed using
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nonparametric tests in most cases, with all exceptions indicated. One-
sided statistical tests were performed for comparisons in which specific
null hypotheses were tested: (1) that light does not evoke depolarization
in CRH1 ACs in WT or melanopsin KO conditions (see Fig. 2C,D); (2)
that light does not evoke depolarization in CRH1 ACs at each develop-
mental time point tested (see Fig. 3B,C); (3) that light not does not evoke
inward currents in each ipRGC type during optogenetic stimulation of
CRH1 ACs (see Fig. 6E); (4) that MFA does not decrease melanopsin-
mediated depolarization of M5 ipRGCs (see Fig. 9B); (5) that CRH1 AC
photocurrent amplitude does not decrease from a holding potential of
�70mV (;ECl) to a holding potential of 0mV (Ecation) (see Fig. 9D);
and (6) that high-frequency noise does not increase in outward currents
recorded in each ipRGC type during optogenetic stimulation of CRH1

ACs (see Fig. 10E). The Tukey-Kramer method (see Fig. 3E,F) or
Bonferroni correction (see Fig. 6F) was used to control for multiple com-
parisons. Exact p values are reported up to p, 0.001.

Results
CRH1 ACs exhibit slow, rod- and cone-independent light
responses
Within the IPL of the mouse retina, neurites of nonspiking
CRH1 ACs (also known as CRH-1 ACs) costratify extensively

with dendrites of all ipRGC types, except
for M1 (Zhu et al., 2014; Jacoby et al.,
2015; Park et al., 2018), positioning these
neurons to potentially receive electrical
synaptic input from ipRGCs (Reifler et al.,
2015; Sabbah et al., 2017). To test whether
CRH1 ACs exhibit light responses con-
sistent with ipRGC coupling, we recorded
membrane potential (Vm) in CRH1 ACs
in whole-mount retinas and presented
light stimuli during pharmacological block-
ade of rod- and cone-mediated input (Fig.
1A) (Park et al., 2018). Indeed, under
these conditions, strong photostimula-
tion (Ustim = 1.5� 1017 quanta cm�2 s�1)
evoked slow, rod- and cone-independent
depolarization in CRH1 ACs that per-
sisted for seconds following stimulus offset
(amplitude 3 s after offset = 6.26 1.1mV,
n= 8, p=0.008, W= 36, Wilcoxon signed-
rank test; Fig. 1B). We observed similarly
prolonged rod- and cone-independent
depolarization and inward currents in
CRH1 ACs at 100-fold lower photosti-
mulus intensity (Fig. 1C). Depolarizing
responses to a single 1 s light pulse of in-
termediate intensity decayed to baseline
.20 s after stimulus offset on average
(n= 5; Fig. 1D), exhibiting decay kinetics
similar to those of non-M1 ipRGC intrin-
sic photoresponses (Schmidt and Kofuji,
2009; Ecker et al., 2010; Estevez et al.,
2012; Stabio et al., 2018; Sonoda et al.,
2018).

Rod- and cone-independent light
responses in CRH1 ACs depend on
melanopsin
We next tested whether rod- and cone-in-
dependent light responses in CRH1 ACs
depend on melanopsin by generating a
mouse line in which melanopsin was

deleted and CRH1 ACs could be targeted for recording. To do
so, we crossed Crhr1-gfp mice (Justice et al., 2008), in which
CRH1 ACs strongly express GFP and can be routinely targeted
for recording, to Opn4-cre knockin mice, for which the Opn4Cre/Cre

genotype results in melanopsin KO (Ecker et al., 2010) (see
Materials and Methods). In Crhr1-gfp mice, GFP expression is
driven by regulatory elements of Crhr1, which encodes CRH recep-
tor 1 (CRHR1), the primary CRH receptor (Justice et al., 2008) (see
Materials andMethods).

First, we validated the Crhr1-gfp line by generating Crhr1-
gfp1;Crh-cre1/�;Ai141/� mice and observing that all CRH1

ACs (68 of 68 cells, n = 2 mice) in which Cre recombinase
drove tdT expression also expressed GFP, with most exhibit-
ing intense GFP expression (Fig. 2A). Consistent with CRH1

AC identity, current-clamp recordings from small, intensely
GFP1 somas in Crhr1-gfp retinas during photostimulation
revealed significant rod- and cone-independent depolariza-
tion (peak response: 3.36 0.9mV, n = 13, p, 0.001, W = 91;
sustained response [3 s after offset]: 2.16 0.6 mV, n = 13,
p, 0.001, W = 90, one-sided Wilcoxon signed-rank tests;
Fig. 2B), which was qualitatively similar to that recorded in
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pendent light responses across CRH1 ACs at P9-P10 (n= 11), P11-P12 (n= 11), P13-P16 (n= 14), and P28-P32 (n= 15)
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tdT1 CRH1 ACs targeted in Crh-cre1/�;Ai141/� retinas
(Fig. 1B). To explicitly test whether rod- and cone-independ-
ent light responses in CRH1 ACs depend on melanopsin, we
recorded from retinas of Crhr1-gfp1;Opn4Cre/Cre mice and
found that photostimulation failed to evoke rod- and cone-
independent depolarization in CRH1 ACs (peak response:
�0.36 0.1 mV, n = 9, p = 0.963, W = 5; sustained response:
�0.26 0.2 mV, n = 9, p = 0.898, W = 12, one-sided Wilcoxon
signed-rank tests; Fig. 2C). These results demonstrate that
rod- and cone-independent light responses in CRH1 ACs
depend on melanopsin and, moreover, suggest that these
responses are generated by ipRGCs.

Melanopsin-dependent light responses in CRH1 ACs
strengthen following rod and cone integration
During postnatal development, ipRGCs can drive light responses
in non-ipRGCs, including ACs, before rods and cones function-
ally mature and integrate into retinal circuitry around P12
(Sekaran et al., 2005; Tu et al., 2005; Kirkby and Feller, 2013;
Arroyo et al., 2016; Caval-Holme et al., 2019). Therefore, we
examined the development of melanopsin-dependent depolariza-
tion in CRH1 ACs by measuring these light responses at four
time points: postnatal days 9-10 (P9-P10), P11-P12, P13-P16, and
P28-P32. We observed small but significant peak depolarization
at P9-P10 (0.76 0.3mV, n=11, p=0.009,W=59) and larger peak
responses at all subsequent time points (P11-P12: 2.36 0.7mV,
n=11, p=0.005, W=61; P13-P16: 4.96 0.9mV, n=14, p, 0.001,
W=105; P28-P32: 2.96 0.5mV, n=15, p, 0.001, W=118, one-
sidedWilcoxon signed-rank tests; Fig. 3A,B). However, depolarizing
responses at P9-P10 and P11-P12 did not exhibit significant sus-
tained components (P9-P10: �0.26 0.3mV, n=11, p=0.319,
W=27; P11-P12: 1.36 0.7mV, n=11, p=0.062, W=51), in con-
trast to responses at both later time points (P13-P16: 2.76 0.6mV,
n=14, p, 0.001, W=104; P28-P32: 2.26 0.6mV, n=15, p,
0.001, W=115, one-sided Wilcoxon signed-rank tests; Fig. 3A,C).
These results suggest that, while melanopsin-dependent light
responses of CRH1 ACs may begin developing just before outer
photoreceptor integration and eye opening, functional coupling
strengthens after these events. Thus, ipRGC-mediated input to
CRH1 ACs operates primarily in tandem with conventional rod-
and cone-mediated input in the mature retinal circuit.

Next, we examined whether the morphological development
of CRH1 AC neuritic arbors parallels the observed develop-
ment of melanopsin-dependent light responses in CRH1 ACs.
Morphological analysis of dye-loaded CRH1 ACs at the same
time points revealed changes in arbor diameter (p, 0.001,
F(3,64) = 21.4, one-way ANOVA) and total neurite length
(p, 0.001, F(3,64) = 47.3, one-way ANOVA) across the studied
time points. Specifically, we observed increases in arbor di-
ameter from P9-P10 (127.96 5.4 mm, n = 16) and P11-P12
(182.56 9.9 mm, n = 16) to all later time points (P13-P16:
245.26 15.9 mm, n = 18; P28-P32: 236.86 11.5 mm, n = 18;
P9-P10 vs P11-P12: p = 0.011; P9-P10 vs P13-P16 and P28-
P32: p, 0.001; P11-P12 vs P13-P16: p = 0.002; P11-P12 vs
P28-P32: p = 0.009, Tukey-Kramer tests; Fig. 3D,E). Likewise,
we observed increases in total neurite length from P9-P10
(1402.76 70.2 mm) and P11-P12 (2107.26 112.8 mm) to all
later time points (P13-P16: 2899.56 165.1 mm; P28-P32:
3414.16 131.7 mm; P9-P10 vs P11-P12: p = 0.002; P9-P10 vs
P13-P16 and P28-P32: p, 0.001; P11-P12 vs P13-P16 and
P28-P32: p, 0.001, Tukey-Kramer tests; Fig. 3D,F). Thus, in
CRH1 ACs, the development of melanopsin-dependent light
responses proceeds with a time course similar to that of

neuritic morphology. It is important to emphasize, however,
that neither the development of CRH1 AC morphology nor
that of outer photoreceptor connectivity necessarily has a
causal relationship with the development of melanopsin-depend-
ent light responses in CRH1 ACs. Nonetheless, these results show
that melanopsin-dependent light responses of CRH1 ACs achieve
full functional strength only after outer photoreceptor integration,
suggesting that this ipRGC signaling pathway functions primarily
from late postnatal development through maturity.

Identification of a novel transgenic mouse line for targeting
specific ipRGC types
To study functional connectivity between CRH1 ACs and spe-
cific ipRGC types, we used transgenic mice in which specific sub-
sets of ipRGC types can be efficiently targeted for recording (see
Materials and Methods). M1-M3 ipRGCs, which most strongly
express melanopsin, can be targeted using an Opn4-gfp allele,
while unlabeled M4 ipRGCs can be targeted based on the con-
junction of their large soma size and sustained spike responses to
light onset (Estevez et al., 2012; Krieger et al., 2017; Park et al.,
2018). Additionally, we sought a transgenic mouse line to facili-
tate targeting of other ipRGC types reported in mice (i.e., M5
and/or M6) (Ecker et al., 2010; Stabio et al., 2018; Quattrochi et
al., 2019).

Consequently, we generated Crhr1-gfp1;Opn4Cre/1;Ai141/�

mice, in which all ipRGCs express tdT, to visualize overlap
between GFP1 cells and all ipRGC types. In these mice, 86.2%
(382 of 443, n= 2 mice) of all tdT1 somas in the GCL also
expressed GFP, while 20.4% (382 of 1872) of all GFP1 RGC
somas also expressed tdT (Fig. 4A,B). RGCs were identified in
these retinas by immunostaining against RBPMS (Rodriguez et
al., 2014). Across all ipRGCs, somatic GFP fluorescence intensity
exhibited a distribution with a highly positive skew, indicating a
fraction of intensely GFP1 ipRGCs (Fig. 4C); the fluorescence in-
tensity of these ipRGCs was exceeded only by that of CRH1 ACs
(Fig. 2A). When targeted for recording and dye-filling, such cells
exhibited both small, slowly decaying intrinsic photocurrents;
and dendritic arbors with small diameters and highly branched
morphology (Fig. 4D). These properties are consistent with M5
ipRGC identity (Stabio et al., 2018) but not unambiguously in-
dicative of it (Sonoda et al., 2020).

To determine whether M5 ipRGCs types are reliably identifia-
ble as intensely GFP1 cells in Crhr1-gfp retinas, we genetically la-
beled all ipRGCs while immunohistochemically labeling specific
ipRGC subpopulations. We first examined the possibility that
M4 ipRGCs, a subset of which exhibit arbor diameters similar to
those of M5 ipRGCs (Sonoda et al., 2020), comprise at least
some of the intensely GFP1 ipRGCs. To do so, we immuno-
stained retinas of Crhr1-gfp1;Opn4Cre/1;Ai141/� mice with SMI-
32, an antibody against neurofilament H that strongly labels
M4 ipRGCs as well as up to three other “a” RGC types
(Bleckert et al., 2014; Krieger et al., 2017; Sonoda et al., 2020).
In these retinas, M4 ipRGC somas were readily identified by
the conjunction of Cre-dependent tdT expression, indicating
ipRGC identity; and SMI-32 staining, indicating a RGC iden-
tity (Fig. 5A). Typical of a RGCs, M4 ipRGCs identified using
these criteria exhibited much larger soma diameters than non-
M4 ipRGCs, with minimal overlap between the corresponding
distributions (p, 0.001, D = 0.95, Kolmogorov–Smirnov test;
Fig. 5C). Notably, M4 ipRGCs consistently exhibited weak-to-
intermediate GFP fluorescence, whereas the fluorescence
intensity distribution of non-M4 ipRGCs exhibited a highly
positive skew (p, 0.001, D = 0.43, Kolmogorov–Smirnov test;
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Fig. 5C,D). Thus, the subpopulation of intensely GFP1

ipRGCs systematically excludes M4 ipRGCs.
Similarly, we sought to test whether intensely GFP1

ipRGCs might include M1, M2, or M3 ipRGCs. Among
ipRGCs, M1-M3 types exhibit relatively strong melanopsin
immunoreactivity, whereas M4-M6 types exhibit weak or
undetectable melanopsin immunoreactivity (Berson et al.,
2010; Ecker et al., 2010; Estevez et al., 2012; Stabio et al.,
2018; Quattrochi et al., 2019). Consequently, we immuno-
stained against melanopsin in Crhr1-gfp1;Opn4Cre/1;Ai141/�

retinas to assess overlap between detectably melanopsin-immu-
noreactive ipRGCs and GFP1 cells. We found that, compared
with melanopsin-immunonegative ipRGCs, melanopsin-immu-
nopositive ipRGCs exhibited weak GFP fluorescence (p, 0.001,
D= 0.44, Kolmogorov–Smirnov test; Fig. 5B,D), indicating that
intensely GFP1 ipRGCs consist primarily of ipRGC types that
do not reliably exhibit strong melanopsin immunoreactivity (i.
e., M4-M6). Combined with the results of our SMI-32 immuno-
staining experiments, these results further suggest that intensely
GFP1 ipRGCs in Crhr1-gfp retinas are predominantly M5 and
M6 ipRGCs. Indeed, although such ipRGCs typically exhibited
compact, monostratified dendritic arbors that stratified near
the inner margin of the IPL (i.e., arbors consistent with M5
ipRGC identity; Fig. 4D1), we observed two M5 ipRGC-like cells

that extended small fractions of their dendrites outward to strat-
ify near the outer margin of the IPL (data not shown). The bistra-
tified morphology of these cells partially resembled that of M6
ipRGCs (Quattrochi et al., 2019); however, because we encoun-
tered such cells rarely, we omitted them from subsequent experi-
ments and analyses.

The identification of the Crhr1-gfpmouse as a tool for reliably
targeting M5 ipRGCs enabled us to compile an ensemble of strat-
egies for selectively targeting M1-M5 ipRGC types (Fig. 5E; see
Materials and Methods). In the following experiments, we use
these targeting strategies to investigate the electrical and chemi-
cal synaptic connectivity between CRH1 ACs and specific
ipRGC types.

CRH1 ACs primarily participate in electrical synapses with
M5 ipRGCs
Next, we aimed to determine whether and, if so, which specific
ipRGC types participate in electrical synapses with CRH1 ACs.
To do so, we generated mice in which CRH1 ACs express
ChR2-EYFP and at least one ipRGC type could be readily tar-
geted for whole-cell voltage-clamp recording (Fig. 6A; see
Materials and Methods). We predicted that ChR2 photocurrents
generated in CRH1 ACs would drive fast, inward currents in
electrically coupled ipRGCs. During these experiments, optoge-
netic stimuli that activated ChR2 also activated melanopsin
expressed in recorded ipRGCs; consequently, we presented stim-
uli repeatedly to saturate the slow, melanopsin-mediated compo-
nent of the response and thereby isolate any fast, ChR2-mediated
component (Fig. 6B).

In CRH1 ACs expressing ChR2, optogenetic stimulation gener-
ated inward currents with a mean amplitude of �74.06 13.1pA
and a mean latency of 1.36 0.1ms (n=7 cells; Fig. 6C1,D-F). At
the group level, optogenetic stimulation of CRH1 ACs failed to
evoke significant coupling currents in M1 and M3 ipRGCs (M1:
�0.46 0.9pA, n=7, p=0.469, W=13; M3: �3.66 1.5pA, n=4,
p=0.063, W=0, one-sided Wilcoxon signed-rank tests; Fig.
6C2,E). By contrast, we observed significant inward cur-
rents in M2, M4, and M5 ipRGCs (M2: �15.06 7.6 pA,
n = 8, p = 0.039, W = 5; M4: �13.96 3.0 pA, n = 5, p = 0.031,
W = 0; M5: �33.26 4.5 pA, n = 10, p, 0.001, W = 0, one-
sided Wilcoxon signed-rank tests; Fig. 6C1,E), suggesting
that these ipRGC types may selectively participate in elec-
trical synapses with CRH1 ACs. We further analyzed these
coupling currents by defining a response threshold for each
cell (i.e., 5� the SD of the baseline) and labeled each cell as re-
sponsive if it exceeded this threshold and unresponsive other-
wise (Fig. 6C,D). Whereas only 3 of 8 M2 ipRGCs (mean
latency = 8.66 1.1ms, mean amplitude = �37.76 11.1 pA) and
3 of 5 M4 ipRGCs (mean latency = 15.76 2.8ms, mean ampli-
tude = �18.66 1.5 pA) exhibited responses under this crite-
rion, 10 of 10 M5 ipRGCs exhibited suprathreshold responses
(mean latency = 7.16 0.9ms; Fig. 6E). Interestingly, latencies of
suprathreshold coupling currents were longer in M4, but not
M2, ipRGCs than in M5 ipRGCs (M5 vs M2: p= 0.399,
W= 64.5; M5 vs M4: p= 0.014, W= 56, Wilcoxon rank-sum
tests; Fig. 6F). One possible gap junction-independent mecha-
nism for the subset of relatively slow and/or modest coupling
currents we observed could be ChR2-mediated ephaptic inter-
actions between CRH1 AC neurites and closely apposed
ipRGC dendrites, as has been previously described for ChR2 in
other systems (Ferenczi et al., 2016; Octeau et al., 2019).
Nevertheless, these results suggest that, among ipRGC types,
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M5 ipRGCs are most strongly and reliably coupled to CRH1

ACs.
To further validate our physiological measurements of electri-

cal coupling between CRH1 ACs and specific ipRGC types, we
injected individual M2, M4, and M5 ipRGCs with the gap junc-
tion-permeable tracer Neurobiotin while concurrently labeling
CRH1 ACs with a fluorescent reporter. For Neurobiotin-injected
M2 (n= 7) and M4 (n= 9) ipRGCs, only 2 of 135 (1.5%) and 0 of
95 (0%) tracer-coupled cells, respectively, exhibited Cre-

dependent fluorescence; by contrast, 25 of 60
(41.7%) cells tracer-coupled to M5 ipRGCs
(n=5) exhibited Cre-dependent fluorescence
(Fig. 7A–D). Indeed, at the group level, tracer-
coupled cells exhibiting Cre-dependent fluores-
cence were not distributed proportionally across
the three ipRGC types (p, 0.001, x 2

(2) = 93.9, x 2

test; Fig. 7D). In individual ipRGCs, further-
more, the fraction of tracer-coupled cells that
exhibited Cre-dependent fluorescence was sig-
nificantly greater for M5 ipRGCs (0.4506 0.065)
than for either M2 (0.0156 0.011, p=0.003,
W=28) or M4 ipRGCs (0.0006 0.000, p, 0.001,
W=45, Wilcoxon rank-sum tests; Fig. 7E).
Jointly, these anatomical experiments further im-
plicate M5 ipRGCs as the primary ipRGC popula-
tion coupled to CRH1 ACs.

In mice, M2 ipRGCs are electrically coupled
to at least one type of monostratified, spiking,
WAC (Sabbah et al., 2017). We previously
reported that a morphologically and physiologi-
cally similar WAC type (CRH-3 WAC), as well
as a less similar bistratified WAC type (CRH-2
WAC), exhibit Cre-dependent reporter expres-
sion in the Crh-ires-cre retina (Park et al.,
2018). Both CRH-2 and CRH-3 WACs are rela-
tively rare, and CRH-2 WACs represent only a
small subset of a neuronal nitric oxide syn-
thase-expressing (nNOS1) WAC population
(Zhu et al., 2014; Park et al., 2018, 2020). CRH-
3 WACs were not identified in the initial mor-
phological characterization of the Crh-ires-cre
retina (Zhu et al., 2014), suggesting that they
too may represent a sparsely labeled subset of
another WAC population. Therefore, we hypo-
thesized that the few M2 ipRGCs that exhibited
large coupling currents (Fig. 6C1,E) or tracer-
coupling to putative CRH1 ACs (Figs. 7D,E,
8A) could be explained by coupling to rare,
ChR21 CRH-3 WACs (Fig. 8B). If so, CRH-3
WACs would also exhibit rod- and cone-inde-
pendent light responses generated by melanop-
sin activation in coupled ipRGCs. To test this
hypothesis, we targeted ChR2-EYFP1 CRH-3
WACs for current-clamp recording in Crh-cre1/�;
Ai321/� retinas. As predicted, we observed slow
light responses in CRH-3 WACs during phar-
macological blockade of rod- and cone-medi-
ated input (n= 3; Fig. 8C), suggesting that these
cells are coupled to at least one ipRGC type. We
propose that CRH-3 WACs are coupled to M2
ipRGCs, and that expression of ChR2-EYFP in
sparse CRH-3 WACs underlies occasionally large
coupling currents measured in M2 ipRGCs
(Fig. 6C1,E). Overall, these experiments fur-

ther suggest that M2 ipRGCs provide only minor, if any,
electrical synaptic ipRGC input to CRH1 ACs.

Having determined that M5 ipRGCs participate in gap junc-
tion-mediated electrical synapses with CRH1 ACs, we next eval-
uated whether gap junctions mediate melanopsin-dependent
light responses in CRH1 ACs. Bath application of the gap junc-
tion blocker MFA (100 mM, ;15min) significantly reduced
melanopsin-dependent light responses in CRH1 ACs from 6.46 0.7mV
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to 1.46 0.6mV (n= 5, p= 0.001, t = �8.5, paired t test; Fig. 9A,
B). By contrast, melanopsin-mediated light responses of MFA-
treated M5 ipRGCs were not reduced relative to those of con-
trol M5 ipRGCs (p= 0.889, W= 22, Wilcoxon rank-sum test;

Fig. 9A,B). Additionally, we recorded melanopsin-dependent
photocurrents at each of two holding potentials in individual
CRH1 ACs: near the reversal potential for chloride conductan-
ces (ECl; Vhold = �70mV) and the reversal potential for cationic
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conductances (Ecation; Vhold = 0mV). We hypothesized that, if
electrical synapses mediate melanopsin-dependent light
responses of CRH1 ACs, melanopsin-dependent photocur-
rents in CRH1 ACs would not be effectively nulled at Ecation.
Consistent with this hypothesis, mean photocurrent ampli-
tude was not significantly reduced at Ecation compared with
at ECl (ECl: �10.06 1.7 pA; Ecation: �13.46 1.8 pA, n = 5,
p = 0.945, t = �2.0, one-sided paired t test; Fig. 9C,D).
Together, these and all previous results suggest that electrical
synapses with M5 ipRGCs mediate melanopsin-dependent
light responses in CRH1 ACs.

Direct and indirect ipRGC targets of CRH1 AC-mediated
synaptic inhibition
CRH1 ACs provide GABAergic inhibition to both suppressed-
by-contrast RGCs (Jacoby et al., 2015) and M4 ipRGCs (Park et
al., 2018). Thus, through coupled CRH1 ACs, M5 ipRGCs are
positioned to laterally inhibit identified retinal outputs. Because
the dendrites of all non-M1 ipRGC types costratify at least par-
tially with the neurites of CRH1 ACs, these ipRGCs are particu-
larly well positioned to receive synaptic inhibition from CRH1

ACs. To determine whether CRH1 ACs could enable M5
ipRGCs to broadly inhibit output across ipRGC types, we opto-
genetically stimulated CRH1 ACs while recording IPSCs in M1-
M5 ipRGCs (Fig. 10A). CRH1 AC stimulation failed to evoke
significant outward currents (i.e., putative IPSCs) in M1 and M3
ipRGCs (M1: 5.06 3.0 pA, n=5, p=0.313, W=12; M3:
�3.16 3.2 pA, n=5, p= 0.438, W=4, Wilcoxon signed-rank
tests; Fig. 10B) but evoked significant outward currents in M2,
M4, and M5 ipRGCs (M2: 29.86 3.3 pA, n=11, p, 0.001,

W=66; M4: 546.56 148.0 pA, n= 10, p=0.002, W= 55; M5:
49.76 13.9 pA, n=9, p=0.004,W=45; Fig. 10B,C).

Strikingly, only stimulus-evoked outward currents recorded
in M4 and M5, but not M2, ipRGCs appeared to be associated
with increased high-frequency noise, characteristic of direct
synaptic transmission (Faisal et al., 2008; Ribrault et al., 2011).
For each cell, we quantified this property by high-pass filtering
the recording at 20Hz, computing the SD of periods during
and before stimulation, and then computing the ratio of these
two values, termed the “noise ratio” (Fig. 10D). Both M4 and
M5 ipRGCs exhibited mean noise ratios significantly .1, indi-
cating that outward currents evoked by optogenetic stimulation
of CRH1 ACs are associated with an increase in high-frequency
noise in these ipRGC types (M4: 6.7186 0.466, n= 10,
p, 0.001, t= 12.3; M5: 3.1296 0.327, n= 9, p, 0.001, t= 6.5,
one-sided one-sample t tests; Fig. 10D,E). By contrast, outward
currents recorded in M2 ipRGCs lacked such stimulus-evoked
noise increases (mean noise ratio = 0.8796 0.038, n= 11,
p= 0.995, t = �3.2, one-sided one-sample t test; Fig. 10D,E),
suggesting that these currents may not result from direct synap-
tic inhibition of M2 ipRGCs by CRH1 ACs. In addition, for
most M2 ipRGCs (n= 7 of 11 cells), we observed small, fast
inward currents that appeared to be spikelets (Fig. 10F), indica-
tive of electrical coupling to spiking neurons and consistent
with coupling between M2 ipRGCs and spiking WACs in mice
(Pérez de Sevilla Müller et al., 2010; Sabbah et al., 2017) (Fig.
8C). Jointly, these observations suggest that CRH1 ACs inhibit
WACs that are coupled to M2 ipRGCs, rather than inhibit M2
ipRGCs directly. Indeed, CRH1 AC stimulation significantly
reduced mean spikelet rates in M2 ipRGCs from 10.46 1.2 spi-
kelets s�1 to 0.66 0.4 spikelets s�1 (n= 7, p, 0.001, t= 6.9,
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paired t test; Fig. 10G,H), consistent with stimulus-evoked sup-
pression of spiking in coupled WACs and, consequently, sug-
gesting interaction between distinct electrically coupled
ipRGC-AC networks.

GABAergic CRH1 AC synapses support linear, low-pass
transmission
Previously, we demonstrated that CRH1 synapses enable sus-
tained GABAergic transmission onto M4 ipRGCs and pass a
low-frequency (0.5Hz) sinusoidal input more effectively than a
higher-frequency (5Hz) input (Park et al., 2018). To rigorously
measure how CRH1 AC synapses might transform their input
signals, such as those conveyed by electrically coupled ipRGCs,
over a broader range of physiologically relevant temporal fre-
quencies, we combined continuous optogenetic stimulation with
LN cascade analysis (see Materials and Methods) (Pottackal et
al., 2020). Specifically, we performed optogenetic WN stimula-
tion of CRH1 ACs while recording evoked IPSCs from M4
ipRGCs and constructed LN models to quantitatively describe
these IPSCs (Fig. 11A,B). For these experiments, we restricted
our recordings to M4 ipRGCs because of the high signal-to-
noise ratio required to generate accurate models in this para-
digm. LN models generated from these IPSCs accurately pre-
dicted recorded responses to stimuli that had not been used in
model construction (mean r2 = 0.8566 0.009, n= 13; Fig. 11B).
Linear filters of these LN models exhibited monophasic wave-
forms (Fig. 11C), characteristic of low-pass filtering. We quan-
tified the static nonlinearity component (Fig. 11D) of each
model by computing a rectification index (see Materials and
Methods). Static nonlinearities obtained from IPSCs recorded
in M4 ipRGCs exhibited a mean rectification index near zero
(0.0796 0.017, n= 13), indicating highly linear transmission.

Finally, we sought to identify the VGCC type that mediates
GABA release from CRH1 ACs onto M4 ipRGCs. In both the
retina and other primary sensory circuits, synapses that support
sustained synaptic transmission typically express L-type VGCCs
(Pangrsic et al., 2018; Van Hook et al., 2019). We therefore
hypothesized that synaptic transmission between CRH1 ACs
and M4 ipRGCs is likewise mediated by L-type VGCCs. Indeed,
bath application of the L-type VGCC antagonist isradipine (30
mM) dramatically reduced the mean amplitude of optogenetically
evoked IPSCs recorded in M4 ipRGCs from 538.16 137.5 pA to
7.16 3.1 pA (n= 7, p=0.008, t=3.9, paired t test; Fig. 11E,F).
Together, these results suggest that CRH1 ACs are computation-
ally and biophysically specialized to linearly encode sustained
input signals.

Discussion
We found that CRH1 ACs participate in electrical synapses with
M5 ipRGCs and, hence, that light can drive CRH1 ACs via at
least three distinct routes: (1) direct glutamatergic input from
outer photoreceptor-driven bipolar cells (BCs); (2) BC input to
electrically coupled M5 ipRGCs; and (3) stimulation of melanop-
sin in coupled M5 ipRGCs (Fig. 12A). In turn, by modulating the
membrane potential of a CRH1 AC, these three input sources
can combine to control its transmitter outputs (i.e., GABA and
CRH) to specific cellular targets. Conversely, M5 ipRGC signals
can propagate both (1) anterogradely to brain targets via long-
range axonal projections and (2) retrogradely to intraretinal cir-
cuitry via electrical synapses with CRH1 ACs. Furthermore,
combined with previous studies of CRH1 AC output, this study
identifies three circuit motifs by which M5 ipRGCs can co-opt
CRH1 ACs to locally suppress retinal output (Fig. 12B1): (1)
feedback inhibition (M5 ipRGCs) (Fig. 10B,C); (2) feedforward
inhibition of another ipRGC type (M4 ipRGCs) (Park et al.,
2018) (Fig. 10B,C); and (3) feedforward inhibition of non-
ipRGCs (suppressed-by-contrast RGCs) (Jacoby et al., 2015).
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Intriguingly, this third motif would enable ipRGCs to influence
central visual circuits that lack direct axonal projections from
ipRGCs.

We previously proposed that, in M4 ipRGCs, tonic inhibition
from CRH1 ACs serves to balance tonic excitation generated by
sustained glutamate release from BCs, preventing spike response
saturation and thereby extending the dynamic range of M4
ipRGCs (Park et al., 2018). However, excitatory drive to M4
ipRGCs is generated not only by BCs but also by melanopsin
(Ecker et al., 2010; Estevez et al., 2012; Schmidt et al., 2014;
Sonoda et al., 2018). To this point, GABAergic inhibition gener-
ated by melanopsin signaling in M5 ipRGCs could serve to bal-
ance melanopsin-mediated excitation in M4 ipRGCs. More
generally, ipRGC activity drives irradiance-dependent increases
in firing and information rates across a large fraction of all RGCs
(Milosavljevic et al., 2018), supporting a role for ipRGC-driven
inhibition in preventing saturation of RGC firing at high irradi-
ances rather than in reducing overall firing rates. Additionally,
melanopsin enhances the contrast sensitivity of M4 ipRGCs by
negatively regulating a downstream potassium conductance and,
consequently, increasing cellular input resistance (Sonoda et al.,

2018). Such a melanopsin-mediated increase in the excitability of
an ipRGC could indirectly increase the excitability of coupled
ACs, although it is currently unknown whether melanopsin
functions similarly in M5 ipRGCs or any other non-M4 ipRGC
type.

CRH1 ACs also indirectly inhibit M2 ipRGCs, most likely
through GABAergic synapses with M2 ipRGC-coupled ACs (Fig.
10F–H). These ACs are predominantly spiking, polyaxonal
WACs (Pérez de Sevilla Müller et al., 2010; Reifler et al., 2015;
Sabbah et al., 2017). ipRGC-coupled WACs have been proposed
to provide anatomical routes for the global transmission of irra-
diance information encoded by ipRGC activity, and in turn, to
alter retinal circuit operation (Sabbah et al., 2017; Milosavljevic
et al., 2018). CRH1 AC-mediated inhibition of M2 ipRGC-
coupled WACs could serve a role similar to that described above
for M4 and M5 ipRGCs (i.e., to balance tonic excitation) to pre-
vent spike response saturation and extend dynamic range.
Although the postsynaptic targets of these M2 ipRGC-coupled
WACs are currently unknown, at least one WAC type inhibits
BCs that are presynaptic to M5 ipRGCs (Stabio et al., 2018). If
coupled to M2 ipRGCs and postsynaptic to CRH1 ACs, such
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WACs could presynaptically regulate BC glutamate release in an
irradiance-dependent manner across the retinal area and over a
wide dynamic range. Additional studies will be required to deter-
mine the genetic identities of M2 ipRGC-coupled WACs
(Sabbah et al., 2017), their postsynaptic targets, their circuit func-
tions, and the role of CRH1 AC-mediated inhibition in these
functions.

In addition to coupling ipRGC activity to local GABAergic
transmission, the circuit described above could also shape the
release of CRH, a secreted neuropeptide expressed by CRH1

ACs (Park et al., 2018). Because neuropeptide release may
require prolonged presynaptic depolarization (van den Pol,
2012), the sustained visual responses of ipRGCs could be well
suited for amplifying CRH release. Presently, the functions of
CRH in the mouse retina are unknown. CRH immunostaining is
most readily detected in CRH1 AC neurites near eye opening
(Park et al., 2018), potentially indicating a developmental role or,
alternatively, accumulation of CRH before maturation of
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GABAergic signaling motifs enabled by electrical synapses between CRH1 ACs and ipRGCs.
B1, GABAergic inhibition of specific ganglion cell types by a CRH

1 AC enables ipRGC activity
to modulate retinal circuit outputs. A CRH1 AC (middle left, gray) provides strong feedfor-
ward GABAergic inhibition (thick magenta arrows) to an M4 ipRGC (middle right, blue) and a
suppressed-by-contrast (SbC) RGC and modest feedback inhibition (fine magenta arrow) to
an electrically coupled M5 ipRGC (left, blue). B2, GABAergic inhibition of an M2 ipRGC-
coupled WAC by a CRH1 AC enables inhibitory interaction between distinct ipRGC-AC electri-
cal networks. An M5 ipRGC-coupled CRH1 AC (middle left, gray) provides feedforward
GABAergic inhibition (magenta arrow) to an M2 ipRGC-coupled WAC (middle right, right)
whose axons extend broadly throughout the retinal area.
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Figure 11. Computational and biophysical properties of CRH1 AC synapses. A, Circuit dia-
gram illustrating GABAergic inhibition (magenta arrow) of a recorded M4 ipRGC (right, blue)
evoked by optogenetic stimulation of a ChR21 CRH1 AC (left, green). B, LN model obtained
from IPSCs recorded in an M4 ipRGC during optogenetic WN stimulation of CRH1 ACs. Top,
Cyan trace represents 1 s segment of an optogenetic WN stimulus (Umax = 4.8� 1017 Q
cm�2 s�1). Dashed line indicates half-maximal stimulus intensity (U1/2). Stimuli were
designed such that average stimulus intensity was equal to U1/2. Bottom, Black trace repre-
sents mean IPSC obtained by averaging responses to 10 repeated trials. Gray trace represents
output of LN model constructed from responses to nonrepeated stimuli. Dashed line indicates
recorded response value corresponding to a linear prediction of 0 (arbitrary units, a.u.; see
Materials and Methods). C, D, Linear filter (C) and static nonlinearity (D) of LN model whose
output is shown in B. Horizontal line indicates recorded response value corresponding to a
linear prediction of 0 (a.u.). Black points indicate nonlinearity computed from data. Gray
curve represents fit. E, IPSCs depend on L-type VGCCs. IPSCs recorded from an M4 ipRGC dur-
ing optogenetic stimulation of CRH1 ACs before (black) and after (gray) bath application of
isradipine (israd, 30 mM). Cyan bar represents stimulus period (Ustim = 4.8� 1017 Q cm�2

s�1). F, Peak IPSC amplitudes in M4 ipRGCs (n= 7 cells) before and after isradipine applica-
tion. ppp, 0.01.

1502 • J. Neurosci., February 17, 2021 • 41(7):1489–1504 Pottackal et al. · ipRGC Circuits for Local Intraretinal Signaling



peptidergic release mechanisms. Although the specific retinal cell
types that express CRHR1 are incompletely resolved, transgenic
mice in which endogenous Crhr1 promoter activity drives re-
porter expression exhibited labeling of the optic nerve, suggest-
ing that CRHR1 is expressed by at least a subset of RGCs in adult
mice (Kühne et al., 2012). Consistent with this result, single-cell
transcriptomic analyses revealed relatively high CRHR1 mRNA
levels in broad sets of RGC and AC types in adult mice (Tran et
al., 2019; Yan et al., 2020). Release of CRH onto CRHR11 RGCs
by ipRGC-coupled CRH1 ACs could constitute an additional
signaling route by which ipRGC activity directly influences reti-
nal output. Interestingly, M5 ipRGCs exhibit among the highest
CRHR1 mRNA levels of any RGC type (Yan et al., 2020), raising
the possibility that these ipRGCs drive both GABAergic and
CRHergic feedback onto themselves. High CRHR1 expression in
M5 ipRGCs could also explain their strong GFP labeling in
Crhr1-gfp retinas, which enabled us to reliably target these cells
(Figs. 4-7, 10). However, further studies will be necessary to
directly validate M5 ipRGCs and other putatively CRHR11

RGCs as targets of CRH and, ultimately, to determine the func-
tions of CRH release onto these cells.

Finally, although we have emphasized the potential impact of
ipRGC-CRH1 AC coupling on CRH1 AC activity and function,
these electrical synapses are not unidirectional (Fig. 6C1); there-
fore, the activity and function of coupled ipRGCs could likewise
be affected by electrical synapses with CRH1 ACs. For example,
the excitatory receptive field of an individual M5 ipRGC could
extend beyond that defined by its direct BC input as a result of
glutamatergic excitation of electrically coupled CRH1 ACs. In
addition, if an individual CRH1 AC is coupled to multiple M5
ipRGCs, it could mediate lateral spread of signals between M5
ipRGCs and, in conjunction with the nonlinear process of spike
generation, enhance nonlinear spatial integration within M5
ipRGCs. Through a similar mechanism, AII ACs mediate electri-
cal coupling within local networks of BCs, promoting lateral sig-
nal spread that combines with synaptic rectification (i.e., a
nonlinear process) in BC axon terminals to enhance nonlinear
spatial integration within BC networks (Kuo et al., 2016).
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