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Systems/Circuits

Function and Circuitry of VIP " Interneurons in the Mouse
Retina
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Visual processing in the retina depends on coordinated signaling by interneurons. Photoreceptor signals are relayed to ~20 ganglion cell
types through a dozen excitatory bipolar interneurons, each responsive to light increments (ON) or decrements (OFF). ON and OFF
bipolar cell pathways become tuned through specific connections with inhibitory interneurons: horizontal and amacrine cells. A major
obstacle for understanding retinal circuitry is the unknown function of most of the ~30 - 40 amacrine cell types, each of which synapses
onto a subset of bipolar cell terminals, ganglion cell dendrites, and other amacrine cells. Here, we used a transgenic mouse line in which
vasoactive intestinal polypeptide-expressing (VIP ) GABAergic interneurons express Cre recombinase. Targeted whole-cell recordings
of fluorescently labeled VIP * cells revealed three predominant types: wide-field bistratified and narrow-field monostratified cells with
somas in the inner nuclear layer (INL) and medium-field monostratified cells with somas in the ganglion cell layer (GCL). Bistratified INL
cells integrated excitation and inhibition driven by both ON and OFF pathways with little spatial tuning. Narrow-field INL cells integrated
excitation driven by the ON pathway and inhibition driven by both pathways, with pronounced hyperpolarizations at light offset.
Monostratified GCL cells integrated excitation and inhibition driven by the ON pathway and showed center-surround spatial tuning.
Optogenetic experiments showed that, collectively, VIP * cells made strong connections with OFF 8, ON-OFF direction-selective, and W3
ganglion cells but weak, inconsistent connections with ON and OFF « cells. Revealing VIP ™ cell morphologies, receptive fields and
synaptic connections advances our understanding of their role in visual processing.
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(s )

The retina is a model system for understanding nervous system function. At the first stage, rod and cone photoreceptors encode
light and communicate with a complex network of interneurons. These interneurons drive the responses of ganglion cells, which
form the optic nerve and transmit visual information to the brain. Presently, we lack information about many of the retina’s
inhibitory amacrine interneurons. In this study, we used genetically modified mice to study the light responses and intercellular
connections of specific amacrine cell types. The results show diversity in the shape and function of the studied amacrine cells and
elucidate their connections with specific types of ganglion cell. The findings advance our understanding of the cellular basis for
retinal function. j

ignificance Statement

2012a; Dunn and Wong, 2014). Each ganglion cell computation
depends on specific interneuron elements that form the presyn-
aptic circuit (Seung and Siimbiil, 2014). Retinal interneurons
comprise three classes (Masland, 2012a,b): bipolar cells (~13
types), narrow-field excitatory interneurons that convey photo-

Introduction
The retina computes ~20 parallel streams of visual information,
conveyed to the brain by as many ganglion cell types (Masland,
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receptor signals to amacrine and ganglion cells (Cohen and Ster-
ling, 1990; Wissle et al., 2009; Helmstaedter et al., 2013; Euler et
al., 2014); horizontal cells (one or two types), laterally projecting
inhibitory interneurons that make synapses with photoreceptor
synaptic terminals and bipolar cell dendrites (Peichl and
Gonzalez-Soriano, 1994; Thoreson and Mangel, 2012); and ama-
crine cells (~30-40 types), laterally projecting interneurons that
make synapses with axon terminals of bipolar cells and the den-
dritic arbors of ganglion cells and other amacrine cells (Kolb et
al., 1981; MacNeil and Masland, 1998; MacNeil et al., 1999).
Among the interneuron classes, amacrine cells show the greatest
structural diversity, with dendritic/axonal field diameters rang-
ing from extremely narrow (~20 um) to extremely wide (Volgyi
et al., 2001; Badea and Nathans, 2004; Lin and Masland, 2006;
Pang et al., 2012) (~2 mm). Amacrine cell synapses primarily
inhibit (e.g., via GABA or glycine release) but can also excite (e.g.,
via acetylcholine or glutamate release) postsynaptic cells
(Masland, 2012b; Zhang and McCall, 2012; Lee et al., 2014).

Most ganglion cell computations change dramatically when
amacrine cell synapses are blocked, illustrating their fundamental
importance in circuit function (Caldwell and Daw, 1978;
Caldwell et al., 1978; Roska and Werblin, 2001; Werblin, 2010;
Jadzinsky and Baccus, 2013). Direct studies of amacrine cells in
mammalian retina have focused primarily on four types, each
with a unique function: the AIl amacrine cell conveys rod pho-
toreceptor signals to ON and OFF bipolar cell pathways (Kolb,
1979; Demb and Singer, 2012); the A17 amacrine cell generates
negative feedback at rod bipolar cell axon terminals (Kolb and
Nelson, 1983; Grimes et al., 2010); the starburst amacrine cell
generates direction selectivity through GABA release (Euler et al.,
2002; Lee and Zhou, 2006; Wei et al., 2011; Vaney et al., 2012);
and the dopaminergic amacrine cell drives circadian changes in vi-
sual sensitivity throughout the retina (Gustincich et al., 1997; Jack-
son et al., 2012; Newkirk et al., 2013; McMahon et al., 2014).
However, for most other amacrine cell types a basic understa-
nding of receptive field properties and postsynaptic targets is lacking.

To elucidate novel amacrine cell circuits, we used a transgenic
mouse line in which VIP © GABAergic interneurons express Cre
recombinase (Taniguchi et al., 2011; Zhu et al., 2014). Targeted
electrophysiological recordings and dye filling in the whole-mount
retina revealed three distinct VIP ™ cell types, each with a unique
pattern of dendrite stratification, synaptic input, and receptive field.
Optogenetics identified synapses between VIP * cells and a subset of
ganglion cell types, including OFF 8, W3, and ON-OFF direction-
selective cells. These studies of VIP ™ cell morphologies, receptive
fields, and synaptic connections represent an important step in un-
derstanding their role in visual processing.

Materials and Methods

Animals. All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee at Yale University and were in compliance
with National Institutes of Health guidelines. Mice of either sex, main-
tained on C57BL/6] backgrounds, were studied at ages between 3 weeks
and 6 months. In VIP-ires-Cre mice (VIP™!(r®Zh/1. The Jackson
Laboratory), expression of Cre recombinase is driven by endoge-
nous VIP regulatory elements (Taniguchi et al., 2011). Ail4 mice
(B6;12956-Gt(ROSA)26Sor tm14(CAG-tdTomato)Hze 1. The 13 ckson Labora-
tory) express a Cre-dependent red fluorescent protein (tdTomato)
(Madisen et al, 2010); and Ai32 mice (B6;129S-Gt(ROSA)
26Sor M3HUCAG-COPHHISAR/EYFP)Hze 1. The Jackson Laboratory) express a
Cre-dependent Channelrhodopsin-2 (ChR2)/enhanced yellow fluores-
cent protein (EYFP) fusion protein (Madisen et al., 2012). TYW3 trans-
genic mice were generated as described previously (Kim et al., 2010). The
TYWS3 line labels two types of ganglion cell with green fluorescent protein
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(GFP): one brightly and the other dimly. Here, we studied the cell type
with a small (~10 wm diameter), brightly labeled soma, referred to as W3
cells (Kim et al., 2010; Zhang et al., 2012).

Construction and production of recombinant adeno-associated virus
(rAAV). We modified two AAV vectors (Addgene #32481, #32475) to
subclone our genes of interest. We cut the DNA of #32481 with Nhel and
Sacl, kept the vector backbone, and ligated it with the insert fragment
that was cut out with Nhel and Sacl from the DNA of #32475. The final
product contained Nhel and Kpnl restriction sites between two
nested pairs of incompatible lox sites (pAAV-hSYN-Flex-rev-Nhel/
Kpnl-WPRE-pA). We amplified synaptophysin-YFP (SYP-YFP) by
PCR, generated Nhel and Kpnl sites at the end of each sequence, and
subcloned PCR products into pAAV-hSYN-Flex-rev-Nhel/Kpnl-
WPRE-pA. The plasmid carrying SYP-YFP was kindly provided by Dr.
Joshua Sanes (Harvard University).

Virus production was based on a triple-transfection, helper-free
method, and virus was purified as described previously (Hommel et al.,
2003). Briefly, 10 15-cm plates of HEK293 cells in exponential growth
phase were transfected with DNA using polyethylenimine, to increase
transfection efficiency; DNA mixtures contained pAAV-RC (carrying
replication and capsid 2/1 genes; UPenn Vector Core), pSF6 (carrying
adenovirus-derived genes; UPenn Vector Core), and pAAV vector (car-
rying inverted terminal sequences and the gene of interest). Cells were
harvested 48—60 h after transfection. Viral vectors were purified using a
step gradient of iodixanol by ultracentrifugation, buffer-exchanged to
PBS, and concentrated using Ultracel (Millipore). The rAAV titer was
determined by Q-PCR using primers that recognize inverted terminal
sequences, and concentrated titers were >10 2 viral genome particles/ml
in all preparations. Viral stocks were stored at —80°C.

One experiment used viral delivery of intensity-based glutamate sens-
ing fluorescent reporter (iGluSnFR) under the control of the human
synapsin-1 promoter (AAV2/1-hSYN-iGluSnFR). This virus was gener-
ated in the laboratory of Dr. Loren Looger (Howard Hughes Medical
Institute, Janelia Farm), as described previously (Borghuis et al., 2013;
Marvin et al., 2013).

Intraocular eye injection. A mouse was anesthetized by intraperitoneal
injection of ketamine/xylazine. A small hole was made in the eye with an
insect pin to release intraocular pressure. For the SYP-YFP experiment,
0.5-1 ul of rAAV (~10"2 viral genome particles/ml) was delivered into
the vitreous body with a pulled glass micropipette through a small hole in
the eye using a pressure injector (Harvard Apparatus). Three to 4 weeks
later, mice were anesthetized and perfused transcardially with 4% PFA in
0.1 M phosphate buffer (PB: pH 7.4). For the iGluSnFR experiment, 0.8
wl of rAAV (~10"? viral genome particles/ml) was delivered into the
vitreous body with a modified Hamilton syringe, as described previously
(Borghuis et al., 2013). Three weeks later, the retina was prepared for in
vitro imaging experiments, as described below.

Electrophysiology. The retina from a mouse between 5 weeks and 6
months of age was prepared as described previously (Borghuis et al.,
2013, 2014). Following death, the eye was enucleated and prepared for
recording using infrared light and night-vision goggles connected to a
dissection microscope. In the recording chamber, a retina was perfused
(~4-6 ml/min) with oxygenated (95% O,—5% CO,) Ames medium
(Sigma-Aldrich) at 32°C-34°C and imaged using a custom-built two-
photon fluorescence microscope controlled with ScanImage software
(Pologruto etal., 2003; Borghuis etal., 2011, 2013). Fluorescent cells were
targeted for whole-cell patch-clamp recording using 910 nm light, as
described previously (Park et al., 2014). Membrane current or potential
was amplified, sampled at 10 kHz, and stored on a computer (Multi-
Clamp 700B amplifier; Digidata 1440A A-D board; pClamp 10.0 soft-
ware; Molecular Devices). Patch pipettes (5-11 M()) contained the
following (in mm): 120 Cs-methanesulfonate, 5 TEA-CI, 10 HEPES, 10
BAPTA, 3 NaCl, 2 QX-314-Cl, 4 ATP-Mg, 0.4 GTP-Na,, and 10
phosphocreatine-Tris, (pH 7.3, 280 mOsm) for voltage-clamp record-
ing; and 120 K-methanesulfonate, 10 HEPES, 0.1 EGTA, 5 NaCl, 4 ATP-
Mg, 0.4 GTP-Na,, and 10 phosphocreatine-Tris, (pH 7.3, 280 mOsm)
for current-clamp recording. Either Lucifer yellow (0.1%) or red fluoro-
phores (sulfarhodamine, 10 uM or Alexa-568, 60 uMm) were added to the
pipette solution for visualizing the cell. All drugs used for electrophysi-
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ology experiments were purchased from Tocris Biosciences or Sigma-
Aldrich. Excitatory and inhibitory currents were recorded at holding
potentials near the estimated reversal for either chloride (E.;, —67 mV)
or cations (E_,;,,, 0 mV), after correcting for the liquid junction poten-
tial (—9 mV). Series resistance (~20-70 M()) was compensated by 50%.
Following the recording, an image of the filled cell was acquired using the
two-photon microscope.

Unlabeled ganglion cells were targeted based on soma size: ~15 um
diameter for ON-OFF direction-selective (DS) ganglion cells and
~20-25 pum diameter for OFF 8, OFF «, and ON « cells (Pang et al,,
2003; Murphy and Rieke, 2006; Park et al., 2014). In these cases, cell
identity was confirmed by the characteristic spike response to light stim-
uli (loose-patch recording, Ames-filled pipette) and by the dendritic
morphology, imaged following the whole-cell recording (Margolis and
Detwiler, 2007; Borghuis et al., 2014). Furthermore, ON « cell identity
was confirmed by measuring a slow melanopsin-mediated excitatory
current in response to a bright blue ChR2-activating stimulus in the
presence of synaptic blockers (Estevez et al., 2012; Beier et al., 2013) (see
Results).

Stimuli were presented using a modified video projector (peak output,
395 nm) (Borghuis etal., 2013, 2014) focused onto the retina through the
microscope condenser. The stimulus wavelength about equally effec-
tively stimulates cone photoreceptors along the retina’s dorsal/ventral
gradient (Borghuis et al., 2014), which coexpress varying ratios of middle
(M) and short-wavelength (S) sensitive opsins (Applebury et al., 20005
Nikonov et al., 2006; Wang et al., 2011; Baden et al., 2013). Stimuli were
presented within a 4 X 3 mm area on the retina. Stimuli included
contrast-reversing spots of variable diameter, to measure spatial tuning
(Zhang et al.,, 2012), and drifting gratings, to measure direction selectiv-
ity (Park et al., 2014). Spot stimuli were presented with 1 Hz temporal
square-wave modulations (100% Michelson contrast) relative to a back-
ground of mean luminance that evoked ~10* photoisomerizations (R*)
cone ! sec ! (Borghuis et al., 2014).

For some experiments, the synaptic response was recorded at a series
of holding potentials (V,4,) using the Cs-based solution described
above. The excitatory (or inhibitory) current was calculated as a weighted
average of the response at the two V4, on either side of the calculated
inhibitory (or excitatory) reversal potential (i.e., weighted inversely by
the difference between each V4 and the reversal potential). Input re-
sistance was calculated using the Membrane Test function in pClamp
software (20 mV step).

Neurobiotin injection. A sharp pipette (~400 M) resistance) filled
with Lucifer yellow (0.2%) and Neurobiotin (4%; Vector Laboratories)
in 0.1 M Tris-buffered saline was advanced to impale a fluorescent VIP *
cell. Negative current was used briefly to inject Lucifer yellow and con-
firm the injected cell’s identity. Subsequently, positive current was used
to inject Neurobiotin into the cell (1 nA, ~15 min). The tissue was then
fixed, and filled cells were visualized by reacting for 2 h with streptavidin-
AlexaFluor-647 (1:200, Jackson ImmunoResearch Laboratories). Images
were analyzed by confocal microscopy, using methods described below.
We analyzed coupled Neurobiotin * somas that were >30 um from the
injected bistratified inner nuclear layer (INL) cell body, to avoid cells
labeled by possible leakage of the tracer near the injection site.

Histology. For immunohistochemistry, the animal was perfused at ages
3-5 weeks. The retinas were dissected and fixed with 4% PFA for 1 h at
4°C. For whole-mount staining, retinas were incubated with 2%-3%
donkey serum/0.2%-0.3% Triton X-100/TBS for 1 h at room tempera-
ture, with primary antibodies for 1-4 d at 4°C, and with secondary anti-
bodies for 1-2 h at room temperature. For the cryosections, retinas were
incubated in 30% sucrose/PBS for 2 h after fixation, frozen, and sec-
tioned at 18-25 pwm. For morphological analysis of recorded cells, the
retina was fixed for 1 h at room temperature and reacted as described
previously (Manookin et al., 2008).

Primary antibodies were used at the following concentrations: chicken
anti-GFP (1:1000, Aves Laboratories), rabbit anti-GFP (1:1000, Milli-
pore), rabbit anti-VIP (1:500, Immunostar), goat anti-ChAT (1:250,
Millipore), rabbit anti-DsRed (1:1000, Clontech), rabbit anti-TH (1:
1000, Millipore), rabbit anti-GAD65/67 (1:1000, Millipore), rabbit anti-
GlyT1 (1:1000, Millipore), rabbit anti-Lucifer yellow (1:2000, Invi-
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trogen), and mouse anti-CD15 (1:50, DSHB). Secondary antibodies were
conjugated to AlexaFluor-488, Cy3 and Cy5 (Jackson Immuno
Research Laboratories) and diluted at 1:200 or 1:500.

Dendritic tree size and stratification analysis. Confocal imaging was
performed using a Zeiss LSM 5 Exciter confocal microscope. A whole-
mount image of the entire dendritic tree was acquired using either a 20X
air objective (NA = 0.8) or a40X oil objective (NA = 1.4); in some cases,
multiple images were combined as a montage to capture the entire tree.
The dendritic tree diameter was determined using National Institutes of
Health Image] by drawing a convex polygon that included all dendrites,
and measuring the area. Below, we report the diameter of a circle with an
area equivalent to the polygon. A high-resolution z-stack of the ChAT
bands (i.e., cholinergic starburst amacrine cell processes, labeled by the
ChAT antibody) and the filled VIP * cell was obtained to determine their
relative depth in the IPL. In addition, we confirmed that each filled cell
was labeled with either tdTomato (VIP-ires-Cre::Ail4 mice) or EYFP
(VIP-ires-Cre::Ai32 mice).

Custom software written in MATLAB (The MathWorks) was used to
determine VIP ™ cell dendrite stratification relative to the ChAT bands.
The program and methods used were similar to those described previ-
ously (Manookin et al., 2008; Farrow et al., 2013; Stimbiil et al., 2014).
Labeled VIP * cell dendrites and the ChAT bands were imaged using the
40X objective. Each frame of the z-stack was 160 X 160 wm (512 X 512
or 1024 X 1024 pixels) with either 0.5 or 1.0 um spacing in the z dimen-
sion. Each frame was divided into 16 (4 X 4) square 40 X 40 wm regions.
For ~4 of these regions, the fluorescence peaks of the ChAT bands, in the
z dimension, were fit (polynomial functions) and aligned to 0 (peak of
inner ChAT band) and 1 (peak of outer ChAT band) in normalized units.
Normalized data from each region were then averaged, and the peak
VIP " amacrine cell fluorescence signal was fit, as described above.

Data are reported as mean = SEM unless indicated otherwise. In those
cases where we tested a specific hypothesis, statistical comparison was
made with a one-tailed # test, as follows. We predicted that: (1) inhibitory
receptor antagonists would block inhibitory currents; (2) L.-AP4 would
block ON responses; and (3) ChR2 would evoke an increase in inhibitory
synaptic conductance in postsynaptic ganglion cells. In all other cases,
there was not a specific hypothesis, and statistical comparison was based
on a two-tailed  test.

Results

In the experiments described below, we aimed to do the follow-
ing: (1) distinguish and identify the primary types of VIP™*
amacrine cell types in the mouse retina; (2) determine the light-
evoked synaptic inputs to each cell type; (3) determine the spatial
receptive field properties of each cell type; and (4) identify syn-
aptic connections between VIP * cells and identified ganglion cell
types. A recent study, using a viral labeling method different from
ours, identified a single type of VIP * cell with a wide-field, bis-
tratified dendritic tree (Zhu et al., 2014). Our study identified the
same type as well as two additional types. The experiments below
are, to our knowledge, the first to measure physiological proper-
ties and synaptic connections of VIP * cells.

Characterization of VIP * cells in transgenic mice

The retina of a VIP-ires-Cre::Ail4 mouse (i.e., offspring of VIP-
ires-Cre X Ail4 mice) showed sparse, red fluorescent cells in
both the INL and the ganglion cell layer (GCL), as described for a
different reporter line (Ai9; Zhu et al., 2014). Most fluorescent
somas (87.1%; n = 310 cells in 2 animals) were also clearly labeled
by a VIP antibody (Fig. 1A), suggesting that most tdTomato-
expressing cells actively expressed VIP at the time of tissue fixa-
tion (3—5 weeks postnatal). VIP * somas showed no overlap with
starburst amacrine somas, labeled with a ChAT antibody (Fig.
1B). Relative to the two bands of starburst processes (ChAT
bands; see Materials and Methods), VIP * cell processes concen-
trated at three levels in the inner plexiform layer (IPL): adjacent
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Figure 1.
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Expression pattern and regional density of VIP * amacrine cells. A, Confocal fluorescence images of retinal sections. VIP antibody staining (green; A,) in a VIP-ires-Cre::Ai14 retina

overlaps with red fluorescence in most cells (4). A rare red cell lacking obvious antibody labeling is shown (arrowhead). All panels: scale bar, 20 um. B, VIP * cells (red) stratify in several layers
relative to the cholinergic starburst amacrine cells, labeled with a ChAT antibody (green). Inner and outer ChAT bands are indicated. €, Labeling of GAD65/67 antibody (green; C;) includes VIP * cells
(red; arrowheads in C,) in a VIP-ires-Cre::Ai14 retina. Overlap is shown in ;. D-F, VIP * cells (red) lack staining by antibodies against GlyT1 (green, D), tyrosine hydroxylase (TH; green, E), or (D15
(green, F). All sections show the INL. G, Cell counts from four quadrants (0.32 X 0.32 mm ?in-plane resolution), 0.5-1.0 mm from the optic disk. n indicates the number of retinas used for each cell

count with both the Ai14 and Ai32 reporter lines. Error bars indicate = 1 SEM across retinas.

to the INL, surrounding the inner ChAT band, and between the
inner ChAT band and the GCL (Fig. 1B) (Lorén et al., 1980;
Tornqvist et al., 1982; Sagar, 1987). VIP * cells were also labeled
by an antibody against the GABA precursor, glutamic acid decar-
boxylase 65/67 (GAD 65/67) (Fig. 1C), but not by an antibody
against the glycine transporter GlyT1 (Fig. 1D) (Casini and Bre-
cha, 1992; Lee et al., 2002). VIP " cells were not labeled by anti-
bodies against the dopamine precursor tyrosine hydroxylase (n =
25 cells, 2 animals), and there was only minimal overlap with a
CD15 antibody (three CD15™ cells among 83 VIP * cells, 2 ani-
mals), which labels two populations of amacrine cell in the mouse
retina (Jakobs et al., 2003) (Fig. 1E,F). These data show that
labeled cells in the VIP-ires-Cre::Ail4 retina are GABAergic and
predominantly VIP * (Zhu et al., 2014).

The density of fluorescent cell bodies in the GCL varied
across the retina. Somas in the GCL localized primarily to the
dorsal retina (Fig. 1G). A similar pattern was obtained using a
second reporter line (VIP-ires-Cre::Ai32; Fig. 1G), with Cre-
dependent ChR2/EYFP expression, ruling out an aberrant
reporter-specific expression pattern. The total density of flu-
orescent cells combined across quadrants was similar for the
Ail4 (704 = 107 cells mm ~% mean = SD; 20 regions, 5 reti-
nas) and Ai32 reporter lines (673 = 70 cells mm ~2; 16 regions,
4 retinas). Averaging across reporter lines, the density of cells
in the GCL was higher in the dorsal retina (68 = 20 cells
mm ~?) compared with the ventral retina (6 * 6 cells mm ~%
t = 12.6; p < 0.0001). Within the dorsal retina, most fluores-
cent cells were INL cells; GCL cells comprised just 10 * 3% of
the population.

Dendritic morphology of VIP * cells

An individual VIP* cell dendritic tree was labeled either through
viral delivery of Cre-dependent synaptophysin-YFP (SYP-YFP;
n = 34 cells, 4 retinas) or through dye filling following patch-
clamp recording (n = 45 cells, 37 retinas; see Materials and Meth-
ods). Using either method, we measured dendritic tree area and
the stratification level of the dendrites relative to the ChAT bands
(Fig. 2). Some VIP " cells with somas in the INL showed bistrati-
fied dendritic trees and occasional long processes or “tails” that
extended >100 pum from the primary dendritic tree (Fig.
2A,B,H). This group resembled the VIP ™ cells described earlier
(Zhu et al., 2014). In addition, a second group of cells in the INL
had narrower, monostratified dendritic trees (Fig. 2C,D,I). A
third group of cells with somas in the GCL had medium-field,
monostratified dendritic trees (Fig. 2E,I). We occasionally ob-
served cells bearing axon-like processes extending >0.5 mm
from the cell body (Fig. 2F). These cells were rare and were omit-
ted from further study. For the remaining cell types, data from the
dye filling and viral labeling methods were similar and are com-
bined in the analyses below.

We quantified dendrite stratification by measuring each cell’s
fluorescence-depth profile relative to the fluorescence peaks of
the inner and outer ChAT bands, normalized to 0 and 1, respec-
tively (Fig. 2G; see Materials and Methods) (Manookin et al.,
2008; Siimbiil et al., 2014). VIP* cells were first divided into
bistratified and monostratified groups. Bistratified cells showed
peak stratification in two regions bracketing the ChAT bands
(Fig. 2H): adjacent to the INL (1.59 = 0.12 units; mean * SD;
n = 45 cells) and between the inner ChAT band and the GCL
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delivery of Synaptophysin-YFP. €, D, Two narrow-field cells (dye-filled). £, A ganglion cell-layer cell (dye-filled). F, Image near the soma of an axon-bearing cell (F;; dye-filled) and a drawing of the
entire field of processes (F,). G, Fluorescence profile of a VIP ™ cell (green) is shown relative to the ChAT bands (magenta) and the approximate locations of the ganglion cell and inner nuclear layers
(GCL, INL; shaded regions) (Tikidji-Hamburyan et al., 2015). ChAT band centers were normalized to 0 (inner band) and 1 (outer band). Arrows indicate peak fluorescence of the VIP * dendrites
(black). The three examples (cells shown in B, D, E) represent cells in each group. H, Scatter plot of dendritic field diameter versus normalized stratification for bistratified cells. Each cell was labeled
by either dye fill (black) or viral transduction (red). The two peaks from a single cell are connected. Shaded regions represent areas in the two-dimensional space that include most cells. All cells but
one bracket the ChAT bands. The one outlier (arrowheads) had an inner tier of dendrites between the ChAT bands. Histograms represent collapsed data along the two dimensions. /, Same format
as H for monostratified cells. A narrow-field group (green shaded region) primarily stratified between the ChAT bands and adjacent to the inner ChAT band, whereas a second group (gray shaded
region) stratified between theinner ChAT band and the GCL. Cells whose soma was in the GCL are represented by gray-filled circles. Two cells filled by virus labeling, but with somas in the INL, seemed
to cluster with the GCL cells. The two multiaxonal cells were distinct from the narrow-field and GCL cell distributions (arrows; open circle is the cell in F). Orange outlines represent the positions of
bistratified cell dendrites shown in H.

(—0.30 = 0.17 units). Their dendritic tree diameter was 399 *
154 pm (range, 150—830 uwm; Fig. 2H ), which included the in-
fluence of the few processes extending hundreds of micrometers
beyond the primary dendritic field (Fig. 2A, B).

Most monostratified cells stratified between —0.5 and 0.4
normalized depth units. A dividing point at ~—0.15 units (Fig.
2I) was used as a boundary between two cell groups. The first
group, narrow-field INL cells, had somas in the INL, showed peak
stratification between the ChAT bands, at 0.10 = 0.11 units
(mean = SD; n = 21) (Fig. 2I), with processes extending to the
inner ChAT band in each case. Their dendritic trees had a diam-
eter of 180 * 50 wm (range, 115-280 wm; Fig. 2I). The second

group, monostratified GCL cells, had somas in the GCL, peak
stratification between the GCL and the inner ChAT band
(—0.37 = 0.07 units; n = 9), and medium-field diameters of
303 = 79 um (range, 180—430 wm; Fig. 2I). Data from rare
multiaxonal cells were clearly distinct from the other cell groups.
One cell stratified near the GCL, and the other stratified near the
INL; in each case, the soma was positioned in the layer adjacent to
its dendrite stratification (Fig. 2I).

Overall, the pattern of dendrite stratification across cells
suggested three predominant VIP * cell types: a wide-field bis-
tratified cell with a soma in the INL (bistratified INL cells); a
narrow-field cell with a soma in the INL (narrow-field INL cells);
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Figure3. Patterns of synaptic excitation and inhibition in VIP * cells. A, Left, Voltage-clamp recordings of excitatory current (exc; V.4 near inhibitory reversal, —67 mV) and inhibitory current
(inh; V41 NeQr excitatory reversal, 0 mV) in a bistratified INL cell in response to a 1 Hz contrast-reversing spot (200 pem diameter, 100% contrast). Red traces represent the same measurements in
the presence of antagonists to GABA-A (SR95531, 50 wum) and glycine receptors (strychnine, 1 wm). Traces have been baseline-subtracted. Horizontal dashed line indicates baseline (i.e., average
current before the stimulus). Right, Average cycle of excitatory and inhibitory current, combined across two repeats at each of two holding potentials bracketing the appropriate reversal potential
(see Materials and Methods). ON and OFF time windows (100 —250 ms following either light onset or offset) indicate periods where current was averaged for population analysis (see B;). Inset,
Average excitatory current (red) superimposed on the average inhibitory current scaled by a factor of 2 (orange; inh X 2). In the presence of drugs, the presumed inhibitory current resembled the
excitatory current, and apparently reflects unclamped input through an electrical synapse (see Results). B,, Excitatory and inhibitory input in the ON and OFF time windows in Ain control (black) and
drug (red) conditions. Measurements from individual cells are shown in gray. Green points indicate the difference between control and drug conditions. Error bars indicate == 1 SEM across cells. Across
cells, spot diameter was either 200 or 300 um. B,, The holding current during measurements of excitatory and inhibitory current. Error bars indicate == 1 SEM across cells. €, D, Same format as A and

B, but for narrow-field INL cells. E, F, Same format as A and B, but for GCL cells.

and a monostratified cell with a soma in the GCL (GCL cells). In
a subset of dye-filled cells, we determined the eccentricity of each
cell (distance from the optic disk) and distinguished dorsal versus
ventral locations. We found no significant correlation between
dendritic tree diameter and eccentricity for any of the cell types:
bistratified INL cells (r = 0.03; n = 21); narrow-field INL cells
(r=0.08;n = 13); and GCL cells (r = 0.15; n = 9). Furthermore,
we did not find different diameters between bistratified INL cells
in the dorsal (456 = 55 wm; n = 14) and ventral retina (412 £ 66
um; n = 6) or between narrow-field INL cells in the dorsal
(206 = 25 um; n = 6) and ventral retina (191 £ 20 um; n = 5).
(There were too few GCL cells in the ventral retina to compare
with cells in the dorsal retina.) In summary, we found no consis-
tent regional variation in VIP * dendritic tree size for any of the
VIP ™ cell types.

The three primary VIP * cell types have distinct patterns of
excitatory and inhibitory synaptic input

Synaptic inputs to VIP * cells were studied by targeted whole-cell
patch-clamp recordings in the whole-mount retina (n = 107
cells). Each cell was positively identified as one of the three pri-

mary cell types described above, based on two-photon imaging of
the dendritic tree and/or subsequent analysis by confocal
microscopy.

Excitatory and inhibitory synaptic currents were studied by
clamping voltage near the appropriate reversal potential (see Ma-
terials and Methods). Cone-mediated responses were recorded to
spots (200—-300 wm diameter) with 100% contrast modulation at
1 Hz (see Materials and Methods; Fig. 3). The bistratified INL
cells (n = 5) showed sustained excitatory input at light onset with
variable degrees of sluggish excitatory input at light offset. Inhib-
itory input was relatively small, transient, and typically occurred
atboth light onset and offset (Fig. 3A). To assess the quality of the
voltage clamp, we tested whether inhibition, measured at the
excitatory reversal potential, was eliminated by antagonists to
GABA-A receptors (50 um SR95531) and glycine receptors (1 um
strychnine). The inhibitory receptor antagonists dramatically
changed the bistratified INL cell response and, unlike the other
two cell types described below, did not null the response at the
excitatory reversal potential. Rather, there was an oscillatory re-
sponse that resembled the excitatory input recorded at the inhib-
itory reversal but with reduced amplitude (Fig. 3A, inset, B;). The
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Bistratified INL cells electrically couple to VIP * cells. A, Voltage-clamp recordings of a bistratified INL cell at three holding potentials. The gap junction blocker MFA had been

applied for 15 min at the time of recording. B, Same cell as in A after adding the inhibitory receptor antagonists SR95531 and strychnine (as in Fig. 3). The gap junction blocker MFA had
been applied for 20 min at the time of recording. The response near the excitatory reversal potential (V,,,,; = 10 mV) is nulled under these conditions, and the response near the inhibitory
reversal potential (V,,,; = —62 mV) is inverted at the positive holding potential (V,,,q = 39 mV). €, Same as in B, but for a cell recorded in the inhibitory blockers without MFA (same
cell as in Fig. 3A). The response does not reverse. D, Neurobiotin labeling following the injection of a bistratified INL VIP * cell in a VIP-ires-Cre::Ai32 retina. Most somas labeled by
Neurobiotin (NBT; magenta) had their membrane labeled by EYFP (arrows); one cell was Neurobiotin ™ only (arrowhead). The image is from a single confocal section centered ~150 pm

from the soma of the injected bistratified INL cell.

presumed inhibitory input at light offset (OFF time window) was
suppressed by the blockers (by 31 = 11 pA; t = 2.8; p < 0.05),
whereas the presumed inhibitory input at light onset (ON time
window) was not (20 = 19 pA), reflecting the response variability
across cells (Fig. 3B,). In general, the pattern of results in bistrati-
fied INL cells differed from the other two cell types described
below and suggested input from electrically coupled cells whose
influence increased when inhibitory receptors were blocked, and
could not be adequately voltage clamped. A similar inability to
voltage clamp was observed in another electrically coupled ama-
crine cell, the AII (Pang et al., 2007; Ke et al., 2014).

The narrow-field INL cells (n = 3) showed sustained excit-
atory input atlight onset, with inhibitory input at both light onset
and offset. The inhibitory inputs were notably large and transient
(Fig. 3C). Pharmacological block of GABA-A and glycine recep-
tors completely suppressed inhibitory input measured in both
ON (by 272 * 67 pA; t = 4.08; p < 0.05) and OFF time windows
(by 177 = 18 pA; t = 10.1; p < 0.01) (Fig. 3C,D,). The ability to
record a nulled response at the excitatory reversal potential, with
inhibition blocked, suggests that narrow-field INL cells could be
adequately voltage clamped and that electrical coupling is absent
or weak. Furthermore, the blockers caused the sustained excit-
atory input to become transient in each cell, followed by small
oscillations (Fig. 3C).

GCL cells (n = 4) showed a third pattern of synaptic input.
These cells received coincident sustained excitatory and inhibi-
tory inputs at light onset (Fig. 3E). Pharmacological block of
GABA-A and glycine receptors suppressed inhibitory input in the
ON-time window by 155 * 49 pA (mean = SEM; t = 3.19; p <
0.05), and the response modulation at the excitatory reversal po-
tential was nearly abolished (Fig. 3E, F;). Thus, GCL cells could
be adequately voltage clamped, and electrical coupling is appar-
ently absent or weak. Furthermore, similar to narrow-field INL
cells, the blockers caused the sustained excitatory input in GCL
cells to become transient in each case, followed by small oscilla-
tions (Fig. 3E).

In addition to affecting the evoked response, the inhibitory
receptor antagonists changed the holding currents (Fig.
3B,,D,,F,). While recording inhibition, the holding current for
bistratified INL cells, narrow-field INL cells, and GCL cells was
reduced by 114 * 34 pA (t = 3.36; p < 0.05),40.1 £2.5pA (t =
16.2,p <0.01),and 96 = 25 pA (t = 3.80; p < 0.05), respectively.

This pattern of results is consistent with reduced tonic inhibition
in the presence of the drugs. The initial holding currents while
recording excitation were not significantly changed by the drugs,
but in each case the holding current tended to become more
negative (Fig. 3B,,D,,F,).

Bistratified INL cells are electrically coupled to both VIP *
and VIP ™ cells

The bistratified INL cell type’s persistent response at the excit-
atory reversal potential, with inhibition blocked, suggested elec-
trical coupling (Fig. 3A, B;). To further test this hypothesis, we
repeated the voltage-clamp measurements in the presence of the
gap junction blocker meclofenamic acid (MFA, 100 um) (Pan et
al., 2007; Manookin et al., 2008; Veruki and Hartveit, 2009). At
this concentration, MFA blocks gap junctions in ~20 min
(Veruki and Hartveit, 2009). We recorded a control response
~15 min after applying MFA to the bath and then added the
inhibitory blockers (SR95531, strychnine), as above. In the pres-
ence of the inhibitory blockers (~20 min after adding the MFA),
we recorded a completely nulled response at holding potentials
between 0 and 10 mV (Fig. 4A, B; n = 4 cells). Thus, the inability
to record a nulled response in the absence of MFA (Figs. 3A, B,
4C) is apparently explained by electrical coupling of bistratified
INL cells.

To determine which cells are coupled to bistratified INL cells,
we injected them with Neurobiotin in a VIP-ires-Cre::Ai32 retina
(n = 5 cells). Neurobiotin spread to multiple cell bodies in the
INL (Fig. 4D), and 80% of these coupled cells (59 of 74 coupled
cells, four injections) were also EYFP *, indicating that they were
VIP " cells (Fig. 4D). From the anatomical data, we cannot deter-
mine whether the coupled VIP ™ cells were exclusively bistratified
INL cells, as opposed to narrow-field INL cells. However, the lack
of apparent coupling in the physiological recordings of narrow-
field INL cells (Fig. 3C,D) suggests that bistratified INL cells likely
couple primarily to other cells of the same type (i.e., homotypic
coupling).

The three primary VIP * cell types receive distinct patterns of
synaptic input mediated by ON and OFF bipolar cells

We next assessed how ON and OFF bipolar cell-mediated synap-
tic inputs are integrated by the three VIP ™ cell types. Synaptic
currents were measured before and after blocking ON bipolar cell
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Figure5.  Convergence of ON and OFF bipolar cellinputs to VIP * cells. 4, Left, Voltage-clamp recordings of excitatory current (exc; V.o, near inhibitory reversal, — 67 mV) and inhibitory current
(inh; V41 NeQr excitatory reversal, 0 mV) in a bistratified INL cell in response to a 1 Hz contrast-reversing spot (300 sem diameter, 100% contrast). Red traces represent the same measurements in
the presence of .-AP4 (20 M) to block the ON pathway. Excitatory current measured in the presence of L-AP4 is shown a second time for clarity, with an expanded scale (twice the originally plotted
amplitude; inset in A). Light offset caused a sluggish inward current, consistent with OFF bipolar cell input; whereas light onset caused a small, sustained outward current accompanied by reduced
synaptic noise (arrow), consistent with the suppression of basal excitatory input. Traces have been baseline-subtracted (baseline indicated by horizontal dashed line). Right, Average cycle of
excitatory and inhibitory current, combined across two repeats at each of two holding potentials bracketing the appropriate reversal potential (see Materials and Methods). ON and OFF time windows
indicate periods where current was averaged for population analysis (see B;). B;, Excitatory and inhibitory input in the ON and OFF time windows in A under control (black) and drug (red) conditions.
Measurements from individual cells are shown in gray. Green points indicate the difference between control and drug conditions. Error bars indicate =1 SEM across cells. Across cells, spot diameter
was either 200 or 300 wm. B,, The holding current during measurements of excitatory and inhibitory current. Error bars indicate =1 SEM across cells. €, D, Same format as A and B, but for
narrow-field INL cells. E, F, Same format as A and B, but for GCL cells. For the example cell (E), the inhibitory current measured in the presence of 1-AP4 is shown a second time for clarity, with an

expanded scale (twice the originally plotted amplitude; inset).

function with 1-AP4 (20 uMm) (Slaughter and Miller, 1981). In
bistratified INL cells (n = 6), L-AP4 blocked excitatory input at
light onset (by 51 £ 11 pA; t = 4.56; p < 0.01) but had variable
effects on inhibitory input at light onset (Fig. 5A,B;). The pres-
ence of this apparent (albeit small-amplitude) inhibition in the
presence of L-AP4 likely reflects the difficulty with voltage-
clamping bistratified INL cells, related to the electrical coupling
described above. Notably, L-AP4 also revealed sluggish excitatory
input at light offset (Fig. 5A, inset, B;). In the presence of L-AP4,
tonic excitation was suppressed at light onset, resulting in an
outward current accompanied by reduced synaptic noise.

In narrow-field INL cells (n = 5), L-AP4 blocked both excit-
atory (by 34 = 14 pA; t = 2.36; p < 0.05) and inhibitory inputs
(by 268 * 57 pA; t = 4.67; p < 0.01) at light onset but did not
significantly affect inhibitory input at light offset (Fig. 5C,D;). In
GCL cells (n = 4), L-AP4 likewise blocked both excitatory (by
80 = 2 pA; mean = SEM; ¢ = 35.6; p < 0.001) and inhibitory
inputs (by 89 = 16 pA; t = 5.57; p < 0.01) at light onset (Fig.
5E, F,). This condition isolated inhibitory input onto GCL cells at
light offset, which was relatively small in most cells (Figure 5E,
inset, F).

L-AP4 changed the holding current in some cases. While
recording inhibition, the holding current for bistratified INL
cells and GCL cells was reduced by 67 £ 26 pA (t = 2.59; p <
0.05) and 96 * 18 pA (¢t = 5.20; p < 0.01), respectively; the
narrow-field INL cells showed the same trend (55 = 22 pA
change; t = 2.55; p < 0.10). The holding current while record-
ing excitation in bistratified INL cells and GCL cells became
more positive in the presence of L-AP4 by 49 * 15 pA (¢t =
3.24; p < 0.05) and 21 £ 6 pA (t = 3.49; p < 0.05), respec-
tively; the narrow-field INL cells showed the same trend (more
positive by 10.1 * 4.4 pA; p < 0.10). Blocking the ON bipolar
cell pathway apparently reduced basal inhibitory and excit-
atory inputs onto VIP " cells.

Spatial receptive field properties of synaptic inputs to three
VIP * cell types

To characterize the spatial properties of synaptic inputs onto
VIP ™" cells, we measured synaptic currents while varying the
diameter of a contrast-reversing spot stimulus. For all three
cell types, excitatory input at light onset peaked for spot diam-
eters <300 uwm (Fig. 6A). The spatial tuning for each cell type
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Spatial tuning of synapticinputs to VIP * cells. 4, VIP * cell synaptic current responses to a 1 Hz contrast-reversing spot (100% contrast) of either 200 (dark blue) or 725 wum diameter

(light blue). Traces have been baseline-subtracted (baseline, horizontal dashed line). Excitatory current was recorded near the reversal potential for inhibition, and vice versa. Panel represents two
examples of bistratified INL cells with varying degrees of excitatory input atlight offset. Bistratified INL cell 2 showed an obvious inward current at light offset for the small spot stimulus (arrowhead).
B, Spatial tuning of excitatory current during the ON and OFF phases of the stimulus. Responses represent the average current within a 150 ms time window starting from the peak of the response
amplitude, following light onset or offset (averaged over three cycles). Error bars indicate =1 SEM across cells. ¢, Same format as B for the inhibitory current amplitude during ON and OFF phases
of the stimulus, as a function of spot size. D, Input resistance for each of the three VIP ™ cell types. Individual data for each type are shown next to the mean = SEM across cells.

was apparent in the population plot of response-versus-spot
diameter (Fig. 6B). To determine whether the tuning was con-
sistent across cells, we quantified the difference between the
average excitatory input evoked by small spots (200 and 275
wm diameter) versus large spots (725 and 800 pm diameter).
Excitatory input evoked by small spots was significantly larger
than the input evoked by large spots for bistratified INL cells
(n = 18; difference of 6.7 £ 2.6 pA; t = 2.56; p < 0.02),
narrow-field INL cells (n = 17; difference of 18 * 4 pA; t =
4.61; p < 0.001), and GCL cells (n = 14; difference of 25 = 5
pA; mean = SEM; t = 4.86; p < 0.001). At light offset, the
narrow-field INL and GCL cells showed outward currents,
consistent with suppression of basal excitatory input that in-
creased with spot diameter (Fig. 6B); the same was true for
bistratified INL cells for large spot stimuli. For small spots,
bistratified INL cell excitatory input at light offset was, on
average, near zero; but this reflected the variability across the
sample. In some cells, the excitatory input at light offset was
relatively small, with an initial outward current (i.e., sup-
pressed baseline excitatory input) followed by a slow return to
baseline (Fig. 6A; bistratified INL cell 1); whereas in other
cells, there was a clear excitatory inward current at light offset
(Fig. 6A; bistratified INL cell 2). The variability in this excit-
atory response to small, dark spots seemed to reflect integra-
tion of inputs from ON bipolar cells (i.e., sustained outward
current) and OFF bipolar cells (i.e., sluggish inward current,
with variable amplitude across cells).

Inhibitory input was generally weak in bistratified INL cells
(Fig. 6C) but did show spatial tuning for the response at light
onset, as reflected by larger inhibitory inputs evoked by small
spots relative to large spots (difference of 25 = 5 pA; t = 5.46;
p < 0.002). By contrast, inhibitory input was relatively large in
narrow-field INL and GCL cells (Fig. 6C). For narrow-field
INL cells, inhibitory input peaked for small spots, relative to
large spots, for responses at both light onset (difference of
124 * 20 pA; t = 6.22; p < 0.001) and offset (difference of
100 = 18 pA; t = 5.51; p < 0.001). For GCL cells, inhibitory
input at light onset increased with spot size (Fig. 6C).

In the course of voltage-clamp measurements, we noted
differences in input resistance (R;,; see Materials and Meth-
ods) between the cell types (Fig. 6D). R;, of the bistratified INL
cells (181 £ 17 MQ; n = 18) was less than R;,, of both narrow-
field INL cells (503 = 27 M{); mean = SEM; n = 17; t = 10.1;
p <0.001) and GCL cells (429 = 57 MQ;n = 145t = 4.14;p <
0.001). The difference in R, between narrow-field and bis-
tratified INL cells may be used for determining the cell type
before imaging the dendritic tree. The above R;, measure-
ments were made using the Cs-based pipette solution, which
could block certain resting conductances and overestimate the
cell’s normal input resistance. However, similar results were
observed in a smaller sample of cells recorded with K-based
pipette solution: R;, of the bistratified INL cells (207 = 26
MQ; n = 14, one outlier removed) was less than R;, of both
narrow-field INL cells (426 = 49 M{); mean = SEM;n = 8;t =
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responses toa 1Hz contrast-reversing spot (100% contrast) of either 200 (dark blue) or 725 um
diameter (light blue). Traces have been baseline-subtracted (resting potential, horizontal
dashed line). Panel represents two examples of bistratified INL cells with varying degrees of
depolarization during light offset. Bistratified INL cell 2 depolarized at light offset for the small
spot stimulus (arrowhead). B, Spatial tuning of membrane potential responses during the ON
and OFF phases of the stimulus. Responses represent the average membrane potential within a
150 ms time window starting from the peak of the response amplitude, following light onset or
offset (averaged over three cycles). Error bars indicate =1 SEM across cells.

2.78; p < 0.01) and GCL cells (394 = 53 MQ; n = 7; t = 2.18;
p < 0.03). The high R;, of narrow-field INL cells predicts that
the large inhibitory currents described above (Fig. 5) strongly
influence the membrane potential of this cell type.

Spatial receptive fields of three VIP * cell types measured in
membrane potential responses
To understand how the pattern of synaptic input influenced
the membrane potential of the VIP ™ cells, we studied voltage
responses with current-clamp recordings (Fig. 7A). Spatial
tuning (Fig. 7B) was quantified, as above, by comparing the
average responses to small spots (200 and 275 wm diameter)
versus large spots (725 and 800 wm diameter). Voltage re-
sponses at light onset (ON) and offset (OFF) were measured as
changes from each cell types’ resting potential, which measured
—47.8 = 1.5 mV (mean * SEM; n = 15) in bistratified INL cells,
—44.6 + 3.3 mV (n = 8) in narrow-field INL cells, and —53.5 * 3.4
mV (n = 7) in GCL cells.

For bistratified INL cells (n = 15), the depolarization at light
onset was relatively small and untuned (Fig. 7B). For narrow-
field INL cells (n = 8), the spot response was not significantly
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tuned (difference between small and large spots, 2.2 = 1.2 mV;
t = 1.74; p < 0.07). In these cells, the response at light onset was
commonly biphasic, showing a transient hyperpolarization super-
imposed on a sustained depolarization (Fig. 7A). For GCL cells (n =
7), the depolarization at light onset was tuned to small spots
(difference between small and large spots, 5.2 = 1.1 mV; ¢t =
4.92; p < 0.002).

For all cell types, the average response at light offset was a
hyperpolarization that increased with spot diameter (Fig. 7B).
We compared the amplitude of this hyperpolarization (aver-
aged over the two largest spot sizes) between cell types.
Narrow-field INL cells showed larger hyperpolarizations than
both bistratified INL cells (f = 5.76; p < 0.001) and GCL cells
(t = 4.08; p < 0.002), and GCL cells showed significantly
larger hyperpolarizations than bistratified cells (t = 2.09; p <
0.05). Thus, hyperpolarization amplitude distinguished the
function of the three VIP ™ cell types, with strikingly large
hyperpolarizations in narrow-field INL cells. In the extreme
cases, individual narrow-field INL cells hyperpolarized 25 mV
negative to their ~—45 mV resting potential.

Approximately half of the bistratified INL cells showed a
depolarizing response at both light onset and offset (7 of 15
cells; Fig. 7A). The variability in the response at light offset
reflected a similar variability observed in the excitatory cur-
rents for this cell type (Fig. 6A) and may ultimately be ex-
plained by the variable structure of the dendritic tree across
cells.

Optogenetic responses of VIP * cells
We next aimed to assess VIP * cell connections with identified
ganglion cells, using optogenetics. The retina presents a unique
challenge for optogenetic experiments because the native photo-
receptors are inherently light sensitive. We determined condi-
tions necessary to suppress the photoreceptor input to bipolar
cells while presenting the extremely bright ChR2-activating stim-
ulus used below (peak, 450 nm; intensity, 5.3 X 10 Qs 'em %
0.22 X 0.22 mm?) (Beier et al., 2013). Initially, we bath-applied the
AMPA /kainate receptor antagonist (DNQX, 100 uMm) to block the
photoreceptor—OFF bipolar cell synapses and L-AP4 (20 um) to
block the photoreceptor—ON bipolar cell synapses; an NMDA
receptor antagonist was also applied (D-AP4, 100 um). We mon-
itored bipolar cell glutamate release in the IPL of a wild-type
retina with two-photon imaging of the biosensor iGluSnFR, ex-
pressed on both ganglion and amacrine cell processes (Fig. 8A;
see Materials and Methods) (Borghuis et al., 2013, 2014). Al-
though DNQX and L-AP4 together blocked photoreceptor-
mediated bipolar cell release to a conventional light stimulus in
an earlier study (Borghuis et al., 2014), the extremely bright ChR2
stimulus generated a persistent iGluSnFR signal in an OFF layer
centered at 70% IPL depth (re GCL, 0%; INL, 100%). This re-
sponse was completely suppressed after adding the selective kai-
nate receptor antagonist UBP310 (50 M) (Buldyrev et al., 2012),
which blocks the glutamate input to OFF bipolar cell dendrites
(Borghuis et al., 2014). The residual activity in the absence of
UBP310 apparently reflected competitive interaction of DNQX
and synaptic glutamate following the photoreceptors’ high rate of
release at light offset. The following experiments used the com-
bined drug mixture (DNQX, L-AP4, b-AP5, UBP310) to silence
photoreceptor-mediated bipolar cell release in response to ChR2
stimulation.

To determine the range of ChR2 stimulus strengths that gives
natural-like (physiological) levels of depolarization, we first mea-
sured ChR2-mediated responses in VIP ™ amacrine cells in the
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Figure8. ChR2-mediated responses in VIP * cells. 4, Two-photon fluorescence recordings

of iGluSnFR responses at multiple levels within the IPL (relative to GCL, 0% and INL, 100%). Each
trace represents the fluorescence response to the ChR2 stimulus; a response to light onset is
observed in an inner layer (35%; partly overlapping with stimulus presentation) and responses
following light offset are observed in outer layers (70,91%). Responsesin control conditions are
mostly blocked by DNQX (100 pum), L-AP4 (20 wm), and p-AP5 (100 wm), but transient OFF
responses persisted at the 70% layer. These residual responses were eliminated by additional
block with UBP310 (50 wm). B, Example responses (12 repeats) to ChR2 stimulation in a bis-
tratified INL cell (light vs dark blue: 0.85vs 5.3 X 1077 Qs ~"cm ~2), a narrow-field INL, and a
GCL cell (light vs dark blue: 0.74 vs 5.3 X 10" Qs ~" cm ~2). Responses were recorded in the
presence of the blockers used in A (DNQX, (-AP4, p-AP5, UBP310). C, Population responses to
various levels of ChR2 stimulation recorded in synaptic blockers, in each of three cell types (cyan
points). Responses were averaged over a 200 ms time window during the sustained portion of
the ChR2 response (20 —220 ms after stimulus onset). For each cell type, the resting membrane
potential in control medium (i.e., no synaptic blockers) is shown to the left of the resting
potential in synaptic blockers (i.e., cyan pointat 0 X 1077 Qs ~' cm ~2). The range of mem-
brane depolarization and hyperpolarization in response to spot stimuli (from Fig. 7) is shown,
with a connected line, to the right of the maximal ChR2 response; these data represent the
maximum and minimum voltage measured across all spot sizes at the sampling rate (i.e., not
averaged within a time window). Error bars indicate == 1 SEM across cells. In the case of
bistratified INL cells, depolarization to maximum ChR2 stimulus exceeded the maximum depo-
larization to spot stimuli. *p << 0.001.

VIP-ires-Cre::Ai32 mouse (see Materials and Methods). In the
presence of the drug mixture, we recorded VIP * cells in whole-
cell current-clamp configuration while stimulating with increas-
ing levels of ChR2 stimulation (Fig. 8B). In the presence of the
blockers, the GCL cells rested at —53.4 = 1.0 mV (mean * SEM;
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n = 4), which was significantly more negative than narrow-field
INL cells (—42.0 = 3.4 mV; n = 4) and bistratified INL cells
(—47.7 £ 1.9 mV; n = 6). For each cell type, the resting potential
was similar to the resting potential measured in the absence of the
drugs (see above; p > 0.10 for each comparison; Fig. 8C). In all
cases, ChR2 stimulation caused a sustained membrane depolar-
ization that increased with stimulation intensity (range, 0-5.3 X
107 Q s™' cm™2). In response to the brightest intensity, the
maximum depolarization from rest was similar, and not signifi-
cantly different between the three cell types: bistratified INL cells
(12.2 £ 0.5mV), narrow-field INL cells (9.3 = 1.6 mV), and GCL
cells (10.8 = 1.4 mV; p > 0.10 for each comparison) (Fig. 8C).

We compared the ChR2-mediated responses of each cell type
to the average resting potential and membrane depolarization in
response to contrast stimulation (Fig. 8C). We measured the
maximum depolarization from rest, in each cell type, in response
to each cell’s optimal spot size. These measurements of maxi-
mum depolarization were obtained from raw traces and therefore
exceeded the depolarization averaged over the time window used
in the population analysis above (Fig. 7B). Maximum depolariza-
tion from rest in the bistratified INL cell was 7.4 = 0.6 mV, which
was significantly less than the maximum depolarization (12.2 =
0.5 mV) in the ChR2 experiment (+ = 6.17; p < 0.001). Peak
depolarizations from rest in the narrow-field INL and GCL cells
were 8.4 = 1.3 mV and 12.4 = 1.3 mV, respectively, which were
not different from the maximum depolarizations in the ChR2
experiment for each cell type (p > 0.10 for each case).

We conclude that the maximum depolarization to the ChR2
stimulus evokes a response as large or larger than the maximum
depolarization to a contrast-reversing spot. Thus, the ChR2 stim-
ulus is sufficient to drive VIP " cells through their physiological
ranges. For bistratified INL cells, the ChR2 stimulation appar-
ently exceeded the maximum depolarization to spot stimulation.
This discrepancy may reflect primarily the site of synaptic excita-
tion in the two experiments. Spot stimulation evoked synaptic
release onto the dendrites and caused a local depolarization that
would be attenuated at the soma, whereas the ChR2 stimulation
opened depolarizing channels across the entire cell, including the
soma.

Functional connections between VIP * cells and specific
ganglion cell types
To study the synaptic outputs of VIP © amacrine cells onto gan-
glion cells, we recorded from identified ganglion cell types in the
VIP-ires-Cre::Ai32 mouse while stimulating ChR2 in the pres-
ence of the synaptic blockers (L-AP4, DNQX, p-AP5, UBP310).
This combination blocks most of the glutamate receptors in the ret-
ina (mGluR6, AMPA, kainate, NMDA) but leaves GABAergic syn-
aptic transmission intact. OFF & cells were targeted based on their
large soma size and identified by their OFF-sustained light response
(before pharmacological block) (Borghuis et al., 2014). In addition,
cell identity was confirmed after recording, based on dendrite strat-
ification near the INL, assessed by two-photon imaging (Margolis
and Detwiler, 2007; Borghuis et al., 2014). In the presence of the
blockers, ChR2 stimulation evoked inhibitory currents superim-
posed on spontaneous inhibitory activity. The response to max-
imal ChR2 stimulation (5.3 X 107 Q s ™' cm ~?) was significant
(221 = 72 pA; mean * SEM; n = 9; t = 3.05; p < 0.01) but
notably variable across cells (Fig. 9F). The most sensitive cells, on
the other hand, responded even during weak ChR2 stimulation
(Fig. 94,G).

Strong ChR2-evoked responses were found also in ON-OFF
DS cells (Fig. 9B) and in W3 cells (Fig. 9C). ON-OFF DS cells were
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Figure9. Optogeneticstudies of VIP ™ cell connections to five ganglion cell types. 4, Inhibitory currents recorded in an OFF & ganglion cellin the VIP-ires-Cre::Ai32 retina during ChR2 stimulation
of VIP ™ cells. Individual trials show a high level of synaptic noise at baseline accompanied by responses at two levels of ChR2 stimulation. Mean traces (bottom) represent the average across 12
repeats. The response to maximal ChR2 stimulation was blocked by the GABA-A receptor antagonist SR95531 (50 wum). Dashed line in each case indicates the baseline current before ChR2
stimulation. All recordings were performed in the presence of the blockers described in Figure 8 (DNQX, .-AP4, 0-AP5, UBP310). B, Same format as A for an ON-OFF DS ganglion cell. Here, spontaneous
inhibitory activity is minimal, and weak ChR2 stimulation evoked apparent summation of several individual synaptic events. The strong ChR2-mediated response was blocked by SR95531. , Same
format as A fora W3 ganglion cell labeled in a VIP-ires-Cre::Ai32::TYW3 retina. Asin B, there is minimal spontaneous inhibitory activity at baseline and individual events can be resolved during weak
ChR2 stimulation. For clarity, the mean inhibitory current to weak stimulation is plotted a second time with an expanded vertical scale (gray). D, OFF « ganglion cell response to strong ChR2
stimulation. A smallinhibitory current was observed that was blocked by SR95531. SR95531 did not block the spontaneous inhibitory input, suggesting that its origin was glycinergic. £, Same format
as D foran ON c cell. A small ChR2-mediated inhibitory current is observed to maximal ChR2 stimulation. F, Average inhibitory current to maximal ChR2 stimulation (5.3 X 10" Qs ~" cm ~?) for
each ganglion cell type. Individual cells are shown (circles) next to the population mean. Error bars indicate =1 SEM across cells. Significant responses are indicated as follows: *p << 0.05. **p <
0.01. G, Average inhibitory current to varying levels of ChR2 stimulation in each cell type. Error bars indicate =1 SEM across cells (n = 3 or more cells per point).

identified in VIP-ires-Cre::Ai32 mice by testing for direction se-
lectivity of ganglion cells with medium-sized somas using meth-
ods described previously (Park et al,, 2014). W3 cells were
targeted in triple transgenic VIP-ires-Cre::Ai32:: TYW3 mice, by
targeting brightly fluorescent cells in the ganglion cell layer
(Zhang et al., 2012) (see Materials and Methods). For both ON-
OFF DS and W3 ganglion cells, there was very little spontaneous
inhibitory activity in the presence of the synaptic blockers. In
response to weak ChR2 stimulation, both ON-OFF DS and W3
cells showed apparent quantal responses distributed randomly in
time during the ChR2 stimulation. The strongest stimulus
evoked a step-like outward current apparently reflecting the re-
lease of multiple, overlapping vesicles. These maximal responses

were significant for both ON-OFF DS cells (163 = 60 pA; n = 4;
t=2.7;p<0.05) and W3 cells (95 £ 27 pA;n = 6;t = 3.48;p <
0.01).

Finally, we recorded both ON and OFF a cells in the
VIP-ires-Cre::Ai32 mouse by targeting large somas (Fig. 9D, E).
Cell types were confirmed by transient ON and OFF light re-
sponses, respectively, and by the dendrite stratification level, as
described previously (Margolis and Detwiler, 2007; Borghuis et
al., 2013, 2014). In the presence of the blockers, OFF a cells
showed primarily weak responses that were inconsistent across
cells. The OFF « cell with the largest ChR2 response, evoked by
the brightest light level tested, is shown in Figure 9D. ON « cells
also showed relatively weak responses (Fig. 9E). On average, re-
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polar cell types (Wissle et al., 2009). Fur-
thermore, the bistratified INL cell
integrates inhibition mediated by both
ON and OFF bipolar cell pathways. The
bistratified INL cell also receives input

through gap junctions with coupled cells,
which apparently include neighboring

bistratified narrow-field
INL cell INL cell
outer ChAT T
inner ChAT is
OFF W3 ON-OFF GCL OFF ON
Delta DS cell  Alpha Alpha
Figure10.  Circuitdiagramsfor VIP * cells. Proposed synaptic output of the three major VIP * cell types. Bistratified INL cells are

positioned near the INL, where they make synapses with OFF & ganglion cells and W3 cells. Narrow-field INL cells make inhibitory
synapses with both W3 and ON-OFF DS cells near the inner ChAT band. GCL cells are positioned near the ON « ganglion cell
dendrites but apparently do not provide substantial synaptic output to either the ON « or any of the other ganglion cell types

shown here.

sponses to the brightest level of ChR2 stimulation showed a trend
toward significance for OFF « cells (11 = 7 pA; n = 5; t = 1.55;
p < 0.10) and reached significance for ON « cells (7.5 * 2.6 pA;
n = 6;t=2.83; p < 0.02). However, in both cases, response size
was negligible compared with the typical light-evoked inhibitory
current in these cells, which can exceed 500 pA (Pang et al., 2003;
Murphy and Rieke, 2006; Ke et al., 2014).

In summary, ChR2-evoked responses were detected in all five
recorded ganglion cell types. Three of these types (OFF 8, ON-
OFF DS, W3) showed strong and consistent responses that in-
creased with stimulation level over a ~5-fold range (Fig. 9G).
ChR2-mediated responses were blocked by the GABA-A receptor
antagonist SR95531 (n = 5; one ON-OFF DS, one OFF q, three
OFF §; Fig. 9A,B,D). We conclude that VIP " cells make func-
tional GABAergic synapses strongly with some of the recorded
cell types (OFF 8, ON-OFF DS, W3) and weakly and inconsis-
tently with others (ON, OFF «).

Discussion

Retinal amacrine cells play fundamental roles in visual process-
ing, but most of the ~30-40 types have been barely character-
ized, due to the difficulty in targeting individual cell types for
routine study of their function and synaptic connections. With
the aid of transgenic mice, one can now target and manipulate
specific amacrine cell types (Beier et al., 2013; Zhu et al., 2014).
Here, we used a transgenic mouse line in which VIP " interneu-
rons express Cre recombinase. The labeling of VIP " cells in our
study differed from the pattern reported previously (Zhu et al.,
2014). The previous study used a combination of AAV and rabies
virus to induce sparse, but intense fluorescence in Cre-expressing
cells and identified the bistratified INL cell. Our study, using
either targeted dye filling or AAV methods, identified two addi-
tional types (Fig. 2): monostratified cells with somas in the GCL
(GCL cells) and narrow-field monostratified cells with somas in
the INL (narrow-field INL cells). GCL cell density was highest in
the dorsal retina (Fig. 1), suggesting either that GCL cells show
regional differences in density or that their somas are displaced to
the INL in the ventral retina.

The synaptic inputs and receptive field properties of VIP ™ cell
types were diverse, suggesting that each VIP cell type plays a
unique role in visual processing. The bistratified INL cell receives
excitatory input from both ON and OFF bipolar cell pathways
(Fig. 5). Excitation at light offset is relatively sluggish (Fig.
5A, B,), possibly mediated by the costratifying Type 1/2 OFF bi-

cells of the same type (Figs. 3, 4). The
narrow-field INL cell receives excitation
mediated by ON bipolar cells along with
strong inhibition mediated by both ON
and OFF bipolar pathways. Finally, the
GCL cell receives both excitatory and in-
hibitory inputs mediated by ON bipolar
cells (Figs. 3, 5). Notably, GCL cells
showed the most prominent spatial tun-
ing in their membrane potential (Fig. 7),
driven by spatially tuned excitatory input
and untuned inhibitory input (Fig. 6).
Functional connections of VIP * cells
were studied using optogenetics (Figs. 8, 9). ChR2-mediated de-
polarizations from rest were similar in each VIP™ cell type,
~9-12mV (Fig. 8 B,C). ChR2-mediated inhibitory responses in
postsynaptic OFF 8, ON-OFF DS, and W3 ganglion cells were
strong, whereas responses in ON and OFF « cells were weak and
inconsistent (Fig. 9). The dendritic stratification of each cell type
under study suggests the following preliminary connectivity dia-
gram (Fig. 10). OFF & cells receive input from bistratified INL
cells because both stratify near the INL. W3 cells receive input
from both bistratified INL and narrow-field INL cells because
their dendrites ramify broadly (Kim et al., 2010; Zhang et al.,
2012). ON-OFF DS cells receive input from narrow-field INL
cells because both cell types stratify near the inner ChAT band.
ON « cells showed weak ChR2-mediated input, suggesting that
they do not make substantial contact with the costratifying GCL
cells. Thus, the primary synaptic targets of the GCL cells are ap-
parently types of ganglion cell other than those studied here, as
well as bipolar cell axon terminals. The latter connection would
have gone undetected in our optogenetic paradigm because we
blocked the glutamate receptor channels (AMPA and NMDA)
necessary for studying bipolar cell synapses. Likewise, connec-
tions to other amacrine cells were not explored but may be a
primary postsynaptic target of some VIP " cells, as found in ul-
trastructural studies of guinea pig retina (Lee et al., 2002). VIP *
interneurons in visual cortex also commonly contact other in-
terneurons (Pfeffer et al., 2013; Pi et al., 2013; Fu et al., 2014).

Role of inhibition in bipolar cell synaptic release onto

VIP* cells

Our experiments blocking GABA-A and glycine receptors re-
vealed a role for these channels in regulating glutamate release
onto VIP * cells. Apparently, the initial mode of sustained release
by the presynaptic bipolar terminals onto both narrow-field INL
and GCL cells required intact inhibition within the circuit (Fig.
3C,E) (Borghuis etal., 2014). If the blockers reduced inhibition of
presynaptic bipolar terminals, these terminals might have expe-
rienced an unusually large depolarization resulting in transient
release followed by vesicle depletion, which could explain the
transient postsynaptic response (Singer and Diamond, 2003).
The apparent oscillations in the excitatory currents might be ex-
plained by altered amacrine cell feedback onto the presynaptic
bipolar terminals, which could be mediated by intact GABA-C
receptors under our conditions (Arai et al., 2004). Previously, we
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found that blocking all feedback pathways (with DNQX) caused
sustained glutamate release to become transient, as measured by
iGluSnFR imaging (Borghuis et al., 2014). Collectively, these re-
sults suggest that sustained glutamate release from certain bipolar
cell types requires intact inhibition.

Possible roles of VIP cells in retinal circuit function
Bistratified INL cells might form a circuit for “cross-over” inhi-
bition between the ON and OFF pathways (Demb and Singer,
2012). For example, these cells were commonly depolarized in
response to large, bright stimuli (Fig. 7), which could cause them
to release GABA at light onset onto OFF § cells. Indeed, OFF &
(OFF-sustained) cells receive a mixture of glycinergic and
GABAergic inhibition at light onset (Murphy and Rieke, 2006; Di
Marco et al., 2013). Presently, we cannot determine what fraction
of the GABAergic input to an OFF § cell is mediated by VIP "
cells. However, we note that the OFF & cell’s ~200 pA inhibitory
current evoked by ChR2 stimulation of VIP cells (Fig. 9) is a
substantial fraction of the 780 = 220 pA (mean = SEM) inhibi-
tory current response amplitude that we measured in response to
a contrast-modulating spot stimulus (n = 5 cells; data not
shown). However, understanding the precise contribution of
VIP ™" cells to the light response requires further study.

The complex dendritic tree of bistratified INL cells raises the
possibility of independent signaling in subcellular compartments
(Grimes et al., 2010). However, presumed ON bipolar cell synap-
tic input to the inner dendrites (near the GCL) was detectable by
recording from the soma, demonstrating that ON bipolar cell-
mediated signals do not remain strictly local (Figs. 3—7). Whether
or not bistratified INL cells exhibit local, independent processing
within the dendritic tree may be addressed using calcium imaging
(Euler et al., 2002; Grimes et al., 2010; Borghuis et al., 2011). The
bistratified INL cell differs from other ON-OFF amacrine cell
types, which are more transient and can fire action potentials
(Taylor, 1996; Volgyi et al., 2001; Davenport et al., 2007; Pang et
al., 2010; Knop et al., 2011, 2014; Greschner et al., 2014).

Narrow-field INL cells showed pronounced hyperpolariza-
tion to light offset (Fig. 7), mediated by strong inhibition and
suppressed excitation (Figs. 5, 6). The combination of these two
influences generated untuned hyperpolarization for spot sizes
>0.1 mm (Fig. 7B). The observed hyperpolarization is well suited
for a disinhibition mechanism (i.e., reducing a tonic level of in-
hibition at light offset in postsynaptic cells). Such disinhibition
may be paired with increased excitation to enhance the contrast
response in the postsynaptic cell (Manookin et al., 2008; Manu
and Baccus, 2011; Chen and Li, 2012; Sher and DeVries, 2012).
This model presumes that the narrow-field INL cells tonically
release GABA at rest. However, our ChR2 experiments suggested
that some cells that are activated by VIP ™ cell stimulation, in-
cluding ON-OFF DS and W3 ganglion cells, receive little tonic
inhibitory input, at least in the presence of synaptic blockers (Fig.
9B,C). Presently, it is unclear whether or not VIP * cells, includ-
ing narrow-field INL cells, release GABA tonically at rest in the
intact circuit.

GCL cells showed the simplest receptive fields: spatially tuned
ON responses (Figs. 3, 5-7). These cells are poised to generate an
inhibitory subunit that could be integrated with excitatory ON
bipolar cell subunits to shape ganglion cell firing (Miinch et al.,
2009; Borghuis et al., 2013). Understanding further the role of
VIP ™" cells in visual processing awaits complementary strategies
for cell inactivation or ablation (Nirenberg and Meister, 1997;
Vlasits et al., 2014).
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