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Sensory and Motor Systems

TARPg2 Is Required for Normal AMPA Receptor
Expression and Function in Direction-Selective
Circuits of the Mammalian Retina
Todd Stincic,3 Jacqueline Gayet-Primo,1,2,3 W. Rowland Taylor,1,2,3 and Teresa Puthussery1,2,3

https://doi.org/10.1523/ENEURO.0158-23.2023

1Herbert Wertheim School of Optometry and Vision Science, University of California, Berkeley, Berkeley, CA 94720,
2Helen Wills Neuroscience Institute, University of California, Berkeley, Berkeley, CA 94720, and 3Casey Eye Institute,
Oregon Health and Science University, Portland, OR 97239

Abstract

AMPA receptors (AMPARs) are the major mediators of fast excitatory neurotransmission in the retina as in
other parts of the brain. In most neurons, the synaptic targeting, pharmacology, and function of AMPARs are
influenced by auxiliary subunits including the transmembrane AMPA receptor regulatory proteins (TARPs).
However, it is unclear which TARP subunits are present at retinal synapses and how they influence receptor
localization and function. Here, we show that TARPɣ2 (stargazin) is associated with AMPARs in the synaptic
layers of the mouse, rabbit, macaque, and human retina. In most species, TARPɣ2 expression was high where
starburst amacrine cells (SACs) ramify and transcriptomic analyses suggest correspondingly high gene expres-
sion in mouse and human SACs. Synaptic expression of GluA2, GluA3, and GluA4 was significantly reduced
in a mouse mutant lacking TARPɣ2 expression (stargazer mouse; stg), whereas GluA1 levels were unaffected.
AMPAR-mediated light-evoked EPSCs in ON-SACs from stg mice were ;30% smaller compared with hetero-
zygous littermates. There was also loss of a transient ON pathway-driven GABAergic input to ON-SACs in stg
mutants. Direction-selective ganglion cells in the stg mouse showed normal directional tuning, but their sur-
round inhibition and thus spatial tuning was reduced. Our results indicate that TARPɣ2 is required for normal
synaptic expression of GluA2, GluA3, and GluA4 in the inner retina. The presence of residual AMPAR expres-
sion in the stargazer mutant suggests that other TARP subunits may compensate in the absence of TARPɣ2.
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Significance Statement

Transmembrane AMPA receptor (AMPAR) regulatory proteins (TARPs) are molecules that regulate the tar-
geting and functions of AMPA receptors, which are essential for transmitting signals between neurons in the
retina and brain. Here, we identify a specific TARP subunit that plays a role in motion-sensitive circuits of
the retina. Our results shed light on how AMPAR auxiliary subunit interactions influence neural signaling in
the retina.

Introduction
AMPA receptors (AMPARs) are the major mediators of

fast excitatory neurotransmission in the retina and the
brain. Four subunits, GluA1–GluA4, combine as homote-
trameric or heterotetrameric assemblies to form function-
al ion channels (Traynelis et al., 2010; Hansen et al.,

2021). The functional properties of AMPARs depend on
subunit composition as well as interactions with a variety
of auxiliary subunits, including the transmembrane AMPA
receptor regulatory proteins (TARPs). TARPs are critical
for surface expression and synaptic targeting of AMPARs
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and can markedly alter receptor pharmacology, gating
properties and single-channel conductance (Jacobi and
von Engelhardt, 2021; Kamalova and Nakagawa, 2021).
There are six TARP isoforms (ɣ2 (stargazin), ɣ3, ɣ4, ɣ5, ɣ7,
ɣ8) that differ in their relative abundance across different
brain regions. It is not yet known which TARPs are present
in the retina or which synapses they are associated with.
TARPs were initially discovered in mice harboring a

spontaneous mutation that effectively silenced ɣ2 gene
expression (Noebels et al., 1990). These mice exhibit ab-
sence epilepsy, gait ataxia and episodic upward head
movements, and thus were dubbed “stargazer” mice. The
ataxic phenotype has been linked to the absence of syn-
aptic AMPARs in cerebellar granule cells (Hashimoto et
al., 1999; Chen et al., 2000). Indeed, TARPs are known to
play a role in trafficking AMPARs to the synapse and se-
lective knock-out of TARP subunits can reduce the num-
ber, or alter the subunit composition of, synaptic AMPARs
(Tomita et al., 2005; Bats et al., 2013). In some brain re-
gions, multiple TARP isoforms must be eliminated before
an overt phenotype is apparent, suggesting an inherent
functional redundancy (Menuz et al., 2008).
AMPARs are critical for excitatory neurotransmission in the

outer and inner retina. In the outer retina, AMPARs mediate
synaptic transmission between photoreceptors and horizon-
tal cells, and, in some species, from photoreceptors to certain
OFF cone bipolar cells types (DeVries, 2000; Haverkamp et
al., 2001; Puller et al., 2013; Puthussery et al., 2014; Ichinose
and Hellmer, 2016). All four AMPAR subunits are expressed
in the inner retina, where they localize to dyad synapses
between bipolar cells and their postsynaptic amacrine
and ganglion cell partners (Brandstätter et al., 1998; Grünert
et al., 2002).
Here, we show that the prototypic TARP, TARPɣ2 (starga-

zin, stg), is expressed in the synaptic layers of the retina and
shows a highly conserved pattern of localization across
mammalian species. TARPɣ2 is relatively enriched in den-
drites of OFF and ON starburst amacrine cells (SACs).
Quantitative analysis of AMPAR expression in the stargazer
mutant mouse revealed a role for TARPɣ2 in maintaining
normal AMPARs density and synaptic currents at inner reti-
nal synapses.

Materials and Methods
Animal use and procedures
All animal procedures were conducted in accordance

with the National Institutes of Health guidelines for animal

use and a protocol approved by the Institutional Animal
Care and Use Committee at Oregon Health & Science
University (OHSU). Experiments were performed in
adult mice (more than six weeks) of either sex that were
homozygous for a spontaneous mutation in the Cacng2
gene [stargazer (stg), JAX strain: 001756, B6C3Fe a/a-
Cacng2stg/J] or in heterozygous (het) or wild-type (wt)
littermates as indicated. Mice were bred initially from
heterozygous breeders obtained from Jackson Labs.
The colony was maintained by crossing stg homozy-
gotes from the F2 generation to a hybrid wt strain that is
congenic for the wt allele of Pde6b [JAX strain: 003647
(C57BL/6JEiJ x C3Sn.BLiA-Pde6b1/DnJ)F1]. This F1
hybrid is useful for maintaining fragile mutations on a
mixed background without the confounding retinal de-
generation normally found in C3H strains. Stg mutant
mice were identifiable by their ataxic phenotype, where-
as wt and het littermates were phenotypically normal.
Animals had ad libitum access to food and water and
were kept on a 12/12 h light/dark cycle.

Tissue preparation andmaintenance
Mice were dark-adapted for at least 1 h before eutha-

nasia and tissue dissection. Mice were deeply anesthe-
tized by intraperitoneal injection of sodium pentobarbital
(0.25 ml, 50mg/ml) and euthanized by cervical disloca-
tion before enucleation. The anterior eye and vitreous
were removed and posterior eyecups were processed
for immunohistochemistry. For electrophysiological ex-
periments, posterior eyecups were transferred to carbo-
genated (95% O2/5% CO2) Ames’ medium for further
dissection. Rabbit tissues were obtained from eyes used
for unrelated experiments. Anonymized human tissue
samples were obtained from eyes enucleated for man-
agement of orbital tumors. Tissue use was reviewed by
the institutional review board and deemed nonhuman
subjects research. Primate eyes were obtained immedi-
ately postmortem from animals euthanized in the course
of unrelated experiments.

Antibodies, immunohistochemistry, imaging, and
image analysis
The primary antibodies used in this study are detailed

in Extended Data Table 1-1. For immunohistochemistry,
eyecups were fixed for 5min in 2–4% paraformaldehyde
in 0.1 M phosphate buffer at 25°C. This light fixation ap-
proach was necessary to preserve the antigenicity of the
GluA and TARP epitopes. After fixation, eyecups were
washed in PBS, cryoprotected in graded sucrose solu-
tions (10%, 20%, 30%), embedded in Cryo-Gel (Leica
Biosystems), vertically sectioned at 14mm and stored at
�20°C until further use. Cryostat sections were blocked
for 1 h in a buffer containing 10% normal horse serum
(NHS), 1% Tx-100, 0.025% NaN3 in PBS (pH 7.4). Primary
antibodies were diluted in 3% NHS, 1% Tx-100, 0.025%
NaN3 in PBS (pH 7.4) and applied to sections for ;18 h at
25°C. Secondary antibodies were raised in donkey and con-
jugated to Alexa Fluor 488 or Alexa Fluor 594. Secondary
antibodies were diluted in 3% NHS, 0.025% NaN3 in PBS
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and applied for 1 h at 25°C. Sections were mounted with a
Mowiol-based anti-fade medium. Antibody dilutions were ti-
trated for quantitative analysis.
Confocal images were acquired on an Olympus FV1000

confocal microscope with a 60�/1.4 N.A. objective. For
GluA, PSD95 and GABAAR quantification, experiments
were conducted in triplicate (three retinal sections) for each
animal (N¼ 6 animals for each genotype) and two image
stacks were acquired from each retinal section. Z-stacks of
five slices were acquired at the optimal z-interval (0.38mm)
and three out of five sections were maximally projected for
intensity profile analysis. All samples for image quantifi-
cation were processed for immunohistochemistry in par-
allel under identical conditions and confocal acquisition
parameters (magnification, zoom, pixel dwell time, laser
power, gain, offset, z-slice thickness, and z-interval)
were first adjusted to wild-type samples then kept con-
stant for imaging stg samples to permit quantitative
comparisons. Care was taken during acquisition to en-
sure the brightest focal plane was imaged in each sample
(to avoid variations in intensity due to antibody penetration)
and laser power and PMT gain were adjusted to prevent
image saturation.
For the quantitative analysis of immunostaining in the

inner plexiform layer, z-stacks were maximally projected
and average intensity (mean gray value) was measured as
a function of retinal depth from rectangular regions of inter-
est spanning the entire inner plexiform layer (IPL) and adja-
cent inner nuclear and ganglion cell layers. IPL depth was
normalized across different samples using the dendritic
stratification of choline acetyltransferase (ChAT)-express-
ing starburst amacrine cells (SACs) for reference. This per-
mitted averaging of intensity profiles from different retinal
regions that had slightly different IPL thicknesses. To deter-
mine the depth of stratification of the SACs, we first meas-
ured the mean ChAT fluorescence intensity as a function of
IPL depth and identified local peaks in the intensity profiles
using the FindPeak operation in Igor Pro, which searches
for local maxima by analyzing the smoothed first and sec-
ond derivatives of the input data. For samples where calre-
tinin was used as a reference marker, the peaks of the inner
and outermost bands were used for reference since these
bands correspond to the ON and OFF SACs. The x-scaling
of each intensity profile was then adjusted to align the
ChAT or calretinin peaks across all samples and to set the
OFF and ON-ChAT bands to 28% and 63% of the IPL depth
respectively (Helmstaedter et al., 2013; Li et al., 2016). The
same x-scaling factors were then applied to intensity profiles
of the receptor subunits, which were imaged in a separate
channel of the same images. For each animal, the average
intensity profile was obtained by averaging profiles from two
images from three separate sections (i.e., six images in total)
to account for any variability in staining intensity across
different regions of the section or slide. The resulting fluo-
rescence intensity profiles from stg retinas were normal-
ized to the peak intensity measurements from wt retinas
imaged in the same session with identical acquisition
parameters to account for any absolute differences in in-
tensity that could have been imposed by the confocal
system across sessions. Lasers were warmed up for at

least 30 min before beginning acquisition. Image analysis
was performed using FIJI and custom routines in Igor Pro 7/8.

Single-cell RNA-sequencing analysis
For transcriptomic analysis, we mined existing scRNA-

seq datasets from human (Accession: GEO:GSE148077;
Yan et al., 2020b) and mouse retina (Accession: GEO:
GSE149715; Yan et al., 2020a). Cell cluster assignments
were as reported in the original publications. Dot-plot visu-
alizations were generated using the Broad Institute Single-
Cell Portal (https://singlecell.broadinstitute.org/single_cell),
where dot size indicates the proportion of cells in the clus-
ter that expressed the gene and dot color indicates the rel-
ative gene expression level for each row.

Electrophysiology and light stimulation
Retinas were isolated from posterior eye cups in carbo-

genated Ames’medium under infrared illumination (850nm).
Radial cuts were made in whole or half retinas and pieces
were mounted on an aluminum oxide membrane (Whatman
Anodiscs) and stabilized with a nylon “harp.” Warmed 32–
34°C Ames’ medium was perfused through the chamber at
a flow rate of 3–4ml/min.
Extracellular and patch electrodes were pulled from bor-

osilicate glass to a final resistance of 3–9 MX. For loose
cell-attached recordings, electrodes were filled with Ames’
medium. For patch-clamp recordings, electrodes contained
(in mM): 128 Cs-methanesulfonate, 6 CsCl, 10 Na-HEPES, 1
EGTA, 2Mg-ATP, 1 Na-GTP, 5 phospho-creatine, 3 QX-
314, and 0.1 spermine adjusted to pH 7.4 with CsOH. All re-
agents were obtained from Sigma-Aldrich unless otherwise
indicated. Cesium was used in place of potassium to block
voltage-gated potassium currents and thereby improve
voltage clamp at positive potentials. QX-314 was included
to block voltage-gated sodium channels and abolished all
spiking activity within 1–2min of establishing the whole-cell
configuration. A liquid junction potential of �10mV was
subtracted from all voltages.
We targeted cells for recordings under infrared illumina-

tion (850 nm) using Dodt contrast optics. To target SACs,
small, round somas;8–10mm were first loose patched to
confirm a lack of spike activity before whole-cell record-
ings were made. To further confirm SAC identity, fluores-
cent dye (Alexa 488 hydrazide, Invitrogen) was added to
the intracellular solution to confirm cell morphology at the
end of the recordings. An effort was made to record from
SACs closer to the optic nerve since the smaller size of the
dendritic arbors improved the voltage-clamp. To target di-
rection-selective ganglion cells (DSGCs), larger, elongated
somas were loose patched and probed with a 150mm spot.
Cells with ON-OFF responses were then probed with drifting
bar stimuli to test for direction selectivity.
Spot stimuli were centered on the receptive field, and

intensity was increased (bright spot) or decreased (dark
spot) from the background level. All stimuli were gener-
ated on CRT computer monitors at refresh rates of 60 or
85Hz. The stimuli were projected through the microscope
and focused onto the photoreceptor outer segments,
through an Olympus 20�/0.95 N.A. water-immersion
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objective. Contrast was defined as C ¼ 100(Lmax � Lmin)/
(Lmax 1 Lmin), where Lmax and Lmin are the maximum and
minimum intensities of the stimulus, respectively. The
standard stimulus was a circular spot centered on the re-
ceptive field of the cell presented on a steady background
of;105 photons/mm2/s, well above the scotopic range.
The background light intensity (LBACK) was set to

150mW/m2 at the retinal surface. The stimulus light inten-
sity (LSTIM) was set to 30mW/m2 for dark stimuli and to
270mW/m2 for bright stimuli. Thus, the percentage stimu-
lus contrast, defined as C¼ 100�(LSTIM–LBACK)/LBACK,
ranged from –80% to180%.

Electrophysiological analysis
Analysis was performed using custom procedures in

IgorPro 8/9 (Wavemetrics). The preferred-null axis of ON-
OFF DSGCs was measured by counting the number of
spikes elicited by drifting dark bars across the receptive
fields of the cells at 1 mm/s in 12 different directions (30°
intervals). Peristimulus spike-time histograms (PSTHs)
were generated by accumulating spikes from 3 trials in
each direction. The average number of spikes per trial for
each angle was estimated by integrating the respective
PSTHs during the ON and OFF responses. The vectors,
one for each angle, were summed and the preferred direc-
tion calculated as the angle of the resultant vector. A di-
rection-selectivity index (DSI) was calculated as (Rpref –

Rnull)/(Rpref 1 Rnull), where R is the response amplitude,
and “pref” and “null” refer to stimuli in the preferred and
null directions.
Conductance was calculated using previously de-

scribed methods (Taylor and Vaney, 2002). Briefly, light
evoked synaptic currents are assumed to result from the
sum of linear excitatory and inhibitory synaptic conduc-
tances. Synaptic conductance was estimated from I-V re-
lations of net light-evoked currents measured from light-
responses during voltage steps from �90 to 150mV.
Conductances were estimated from least-square fits to the
I-V relations, assuming reversal potentials for excitation and
inhibition of 0 mV and �69mV, respectively. I-V relations
were constructed and fit at 10-ms intervals to reveal the
time course of the synaptic conductance.
Spontaneous EPSCs (sEPSCs) were quantified as fol-

lows. Intervals of current recordings were first differenti-
ated, which effectively removed the slow fluctuations and
emphasized larger, rapidly-activating events. Individual
event times were then detected by thresholding the deriv-
ative traces at 5 SDs of the noise. Sections of the record
were then excised around each event and averaged to-
gether to produce the average sEPSCs. For the het data,
38 s of recording were analyzed from five ON-SACs in
four animals. For the stg data, 46 s were analyzed from
five ON-SACs in three animals.

Statistical analysis
Unless noted otherwise, data are shown as mean6 SD.

Statistical comparisons were made using two-tailed,
paired or unpaired t tests or in the case of unpaired non-
parametric data with the Mann–Whitney U test using an a

level of 0.05. Normality testing was done with the Shapiro–
Wilk test. Welch’s correction was applied where necessary
to correct for unequal variances. Repeated measures
ANOVA was used to analyze results in Figures 10 and 11.
The Bonferroni correction was made to account for the
multiple comparisons made for data in Figure 4 (adjusted a
level of 0.05). Statistical comparisons were made using
Igor Pro 9 (Wavemetrics) or Prism 9 (GraphPad). A sum-
mary of all statistical comparisons is included in Extended
Data Table 2-1.

Results
TARPɣ2 is expressed in the synaptic layers of the
retina
Our first objective was to determine the identity and lo-

calization of the TARP subunits in mammalian retina. To
this end, we used two antibodies, one that recognizes
TARPɣ2, and another that recognizes an epitope common
to TARPɣ2, TARPɣ4, and TARPɣ8 (TARPɣ2/4/8). TARPɣ2
showed punctate labeling in both the outer and inner
plexiform layers (IPLs) in wild-type (wt) mouse retina (Fig.
1A). This staining was absent in stargazer mutant (stg)
mouse retinas (Fig. 1B). Labeling for TARPɣ2/4/8 was gener-
ally stronger but synaptic staining was absent in the stg
mouse (Fig. 1C,D) suggesting that ɣ4 and ɣ8 subunits are
not expressed at significant levels. To test whether TARP
expression was conserved in other mammalian species, we
immunolabeled for TARPɣ2 in rabbit, macaque, and human
retina (Fig. 1E–G). In all species, the expression of TARPɣ2
in the outer plexiform layer (OPL) was generally weak,
although the presence of intermittent clusters in this region
suggests staining associated with cone pedicles. As in the
mouse, strong staining was observed in the IPL. Overall, the
similarity in staining pattern across species suggests con-
served expression of TARPɣ2.

TARPɣ2 is enriched in starburst amacrine cells
Although TARPɣ2 was localized throughout the IPL, we

noted two more prominent “bands” of immunoreactive
puncta, that were particularly apparent in mouse, rabbit,
and human retina. To determine the stratification level of
these bands, we co-labeled with an antibody against chol-
ine acetyltransferase (ChAT), a marker of OFF-type and
ON-type starburst amacrine cells (SACs), which are often
used as fiducial markers of stratification in the IPL. The
OFF and ON-SAC dendrites stratify at ;28% and ;63%
depth of the IPL, respectively (where 0% is the border of
the inner nuclear layer and 100% the border of the ganglion
cell layer; Li et al., 2016). The two strongest bands of
TARPɣ2 staining were coincident with the OFF and ON-
SAC dendrites in mouse retina (Fig. 2A–C). The normalized
peak intensity of TARPɣ2 was ;321 9.6% (mean 1 SD)
lower in the OFF- compared with the ON ChAT band (Fig.
2C, p¼ 0.0039, paired t test, N¼ 6 mice). Similar to the
mouse, the strongest bands of TARPɣ2 in human retina co-
incided with the ChAT bands (Fig. 2D,E). In both species,
TARPɣ2 puncta appeared to colocalize with ChAT1 den-
drites, suggesting possible expression in SACs. However,
direction-selective ganglion cells (DSGCs) co-stratify with
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SACs and could also express TARPɣ2. To determine which
of these neurons expressed TARPɣ2, we mined existing
single-cell transcriptomic datasets frommouse and human
retina (GEO: GSE149715; GSE149715; Yan et al., 2020a,
b). In both species, SACs showed higher expression of
Cacng2, the gene that encodes TARPɣ2, compared with all
other amacrine cell types (Fig. 2F,G). In mouse, DSGCs
also express Cacng2, but transcript levels did not differ
markedly from other RGC types (data not shown, dataset
from (Tran et al., 2019; GEO: GSE133382). Overall, these
results suggest that TARPɣ2 is expressed at a variety of
amacrine and ganglion cell synapses in the IPL, but that
SACs have relatively higher levels of expression.

TARPɣ2 colocalizes with AMPAR subunits
To determine which AMPAR subunits were associated

with TARPɣ2 in SACs, we examined the transcript levels
of the genes encoding the AMPAR subunits GluA1–GluA4
(Gria1, Gria2, Gria3, Gria4) in mouse SACs. Consistent
with reports at the protein level in rabbit retina (Firth et al.,
2003), Gria1 is expressed at relatively low levels in SACs
compared with other amacrine cell types, whereas Gria2,
Gria3, Gria4 are present at higher levels (Fig. 2H). To con-
firm this result at the protein level, we compared the local-
ization of GluA1, GluA2, and GluA4 with TARPɣ2 (Fig. 3A–C).
GluA1 showed little colocalization with puncta in the stronger
TARPɣ2 bands and the GluA1 intensity profiles appeared to
dip where TARPɣ2 intensity was highest. Conversely, GluA2
and GluA4 puncta colocalized with TARPɣ2 at the level of the
stronger TARPɣ2 bands (Fig. 3D–F). These results suggest
that TARPɣ2 associates with specific AMPAR subunits in

SACs. We provide further quantitative evidence to support
this conclusion in the next section.

TARPɣ2 is required for normal synaptic expression of
GluA2, GluA3, and GluA4
In other brain regions, the absence of TARPɣ2 alters the

density and synaptic targeting of AMPAR subunits (Chen et
al., 2000). To determine whether the absence of TARPɣ2 al-
tered AMPAR expression in the retina, we examined AMPAR
expression in the stg mutant mouse. Since TARPɣ2 protein
expression was highest at the level of the SAC dendrites
(“ChAT bands”; Figs. 2, 3), we hypothesized that the ab-
sence of TARPɣ2 would have the most impact on the ex-
pression of GluA subunits in SACs. Moreover, GluA2 and
GluA4 expression should be altered more so than GluA1,
since there is little GluA1 expression in SACs (Figs. 2H, 3D).
To test these predictions, we quantified the average fluores-
cence intensity of each GluA subunit as a function of IPL
depth in wt and stg mutant retinas (Fig. 4, N¼ 6 mice). The
absence of TARPɣ2 did not alter dendritic stratification of
SACs and there was no obvious change in SAC cell density
(data not shown). In wt retina, GluA1 varied with IPL depth,
with intensity peaks at; 36% and 56%depth of the IPL and
two smaller peaks at ;17.5% and 70% depth (Fig. 4A, right
panel). GluA1 levels dipped at the level of the ChAT bands
consistent with the results shown in Figure 3. The intensity
profiles for GluA1 were comparable in the stgmutant and wt
mouse suggesting that TARPɣ2 is not required for normal
expression of GluA1 in the inner retina (Fig. 4A). In contrast,
there was a significant reduction in GluA2, GluA3, and GluA4
signal in stg compared with wt mice (Fig. 4B–D). Difference

Figure 1. TARPg2 localization is conserved across mammalian species. A, B, Synaptic localization of TARPg2 (A, B) and TARPg2/
4/8 (C, D) in wt and stg mutant mouse retina. Note that both TARPg2 and TARPg2/4/8 were absent in the IPL of the stg mutant
mouse. E–G, Localization of TARPg2 primarily in the OPL and IPL of the rabbit (E), macaque (F), and human (G) retina. Left side of
each panel shows a transmitted light image of the same field of view used to visualize retinal layers. Scale bar in G¼20mm and ap-
plies to all panels.
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plots (wt – stg) showed that although expression was re-
duced across the entire IPL, the largest reductions in GluA
signal intensity were at the level of the OFF-ChAT and ON-
ChAT bands (Fig. 4B–D, right panels, cyan). As a control, we
analyzed the postsynaptic density scaffold protein, PSD95,
which interacts with the TARPg2 PDZ-binding domain to
maintain AMPARs at the synapse (Chen et al., 2000; Schnell
et al., 2002; Dakoji et al., 2003). PSD95 expression was com-
parable in stg and wt retinas, indicating that loss of TARPɣ2
does not impact the overall expression of the postsynaptic
scaffold protein in the IPL (Fig. 4E). As an additional control,
we quantified the GABAAR b 2, b 3 subunit, which is targeted
to GABAergic synapses independently of TARPs. As ex-
pected, the absence of TARPɣ2 did not alter the intensity
profiles of the GABAAR subunit (Fig. 4E). Together, these re-
sults indicate that TARPɣ2 is required for normal inner retinal
expression of GluA2, GluA3, and GluA4, but not GluA1. The
largest reductions in AMPAR signal intensity were seen at
the level of the OFF-SACs and ON-SACs, corresponding to
the region of highest TARPɣ2 signal. Given the requirement

of TARPɣ2 for normal expression levels of GluA2, GluA3,
and GluA4 in SACs, we next tested the functional impact of
the loss of TARPɣ2 on the synaptic inputs to these cells.

Absence of TARPɣ2 reduces excitatory currents in on-
SACs
We targeted ON-type SACs, which have somas in the gan-

glion cell layer and can be identified based on dendritic mor-
phology and confirmed by physiological criteria. Morphology
was visualized by filling cells with fluorescent dye during the
recordings (Fig. 5A). To determine whether loss of TARPɣ2
affected excitatory input to ON-SACs, we recorded re-
sponses to light spots covering the center of the receptive
field at a range of holding potentials from �90 to 150mV
in 20-mV increments (Fig. 5B). The leak-current during volt-
age-steps was similar in the two groups, at least over the
expected physiological operating range between about
�60 and �40mV, indicating that the passive membrane
properties were largely unchanged in the mutant (Fig. 5B,C).

Figure 2. TARPg2 expression is concentrated in SACs. A, B, Localization of TARPg2 and ChAT in the IPL of the wild-type mouse
retina. C, Average normalized fluorescence intensity profiles of TARPg2 and ChAT in the mouse IPL (N¼ 6 mice). The peaks of
TARPg2 staining align with the dendrites of the OFF and ON-ChAT bands. Shading represents6 1 SEM 0% is the outer and 100%
is the inner border of the IPL, respectively. D, E, Localization of TARPg2 and ChAT in the IPL of a human retina shows a similar pat-
tern to mouse. Scale bar in E = 20 mm and applies to A,B,D,E. F, Relative expression of Cacng2 (TARPg2) transcript in different
mouse amacrine cell types. The ChAT-expressing amacrine cells (SACs, AC_17) show relatively higher levels of Cacng2 than other
amacrine cell types. Raw data from Yan et al. (2020a,b). G, Relative expression of Cacng2 transcript across different human ama-
crine cell types shows higher levels of CACNG2 expression in SACs (Gaba5). H, Expression of AMPAR subunits in SACs (AC_17)
relative to other mouse amacrine cell types (data not shown). Note that Gria1 levels are low in SACs, whereas transcript levels of
Gria2, Gria3, and Gria4 are higher. Dot size indicates % expressing, dot color indicates relative expression level across rows.
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However, the peak light-evoked excitatory conductance
was;36% smaller in the mutant SACs, evident as a reduc-
tion in the slope of the synaptic I-V relation (Fig. 5D) in the
stg mutant relative to the het control and quantified as a
suppression of the peak excitatory synaptic conduct-
ance (Fig. 5E, het control 1.756 0.82 nS, n¼ 54 cells,
stg 1.1260.27 nS, n¼ 23 cells, p¼ 2.6� 10�6). The ma-
genta trace in Figure 5E shows the excitatory conduct-
ance that is lost in the stg SACs. Note that this
component is more sustained than the excitation seen
in the het controls, suggesting the loss of a kinetically
distinct component of AMPAR-mediated excitatory in-
puts. The ON-SACs in the stg mutant also showed a
38% reduction of the peak inhibitory conductance compared
with the het control group (Fig. 5F, stg/1 peak¼ 1.366 1.16
nS, n¼ 54 cells, stg/stg peak¼ 0.856 0.67 nS, n¼ 23 cells,
p¼ 0.018), whereas a sustained component of the inhibitory

conductance, and the inhibition at the termination of the
light flash, were unaffected. The magenta trace in Figure
5F shows the inhibitory conductance that is lost in the
stg SACs.
SACs receive inhibitory inputs from neighboring SACs

(Lee and Zhou, 2006: Briggman et al., 2011; Ding et al.,
2016) and other ACs (Millar and Morgan, 1987; Münch
and Werblin, 2006; Briggman et al., 2011). Given the re-
duced excitatory input to SACs, we tested whether
GABAergic input to the SACs was affected in the stg
mutant by applying the GABAA receptor (GABAAR) an-
tagonist, SR 95531 (100 mM, SR; Fig. 6A). SR had little
effect on excitatory input to SACs in the het or stg animals
(Fig. 6B); however, it partially suppressed inhibitory inputs
(Fig. 6C,D, amplitude 130ms after flash onset significantly
suppressed, paired t test, het p¼ 7.7� 10�6, n¼ 17 cells,
stg p¼ 3.9� 10�4, n¼ 14 cells). The net GABAAR mediated

Figure 3. TARPg2 is associated with specific GluA receptor subunits in mouse retina. A–C, Confocal images of the mouse IPL
showing double labeling of GluA1 (A), GluA2 (B), and GluA4 (C) subunits (top panels) with TARPg2 (second row). Merge of GluA
subunits and TARPg2 in shown in third row. Square ROIs in merged images are shown enlarged below (inset). D–F, Normalized flu-
orescence intensity profiles of TARPg2 (green) and GluA1 (D), GluA2 (E), and GluA4 (F) subunits (magenta) from projected confocal
image stacks of the IPL. Scale bar in C merge applies to all main panels¼20mm. Inset scale bars¼5mm.
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Figure 4. Absence of TARPg2 reduces expression of specific AMPAR subunits in the mouse inner retina. A–D,
Immunolocalization and intensity profiles of GluA subunits (A–D), PSD95 (E), and GABAAR b2-b3 subunit (F), in the IPL of wt
(left) and stg mutant mouse (center). ChAT or calretinin were used as reference markers in A–D and are shown in magenta.
Right, Normalized average fluorescence intensity profiles from wt (black) and stg mice (red). The average values were ob-
tained from six retinas from six independent animals for each genotype. Shading shows6 1 SEM. Cyan lines are difference
plots showing wt - stg. Pink shading shows position of ChAT bands in A, B, D, and outer CalR bands in C. Statistical
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conductance is shown in Figure 6E and was calculated by
subtracting the inhibition in the presence of SR from the
control before application of SR. Relative to control, the
GABAAR conductance in stg SACs lacked a transient com-
ponent at the beginning of the response (Fig. 6E), reminis-
cent of the difference in the unidentified inhibition observed
in het and stg cells shown in Figure 5F. Therefore, we
sought to compare the inhibition lost in the stg animals (ma-
genta; Fig. 5F), with the GABAAR inhibition lost in the stg
animals (Fig. 6E). To do this, we subtracted the GABAAR
conductance in the stg animals from the GABAAR conduct-
ance in the hets (black trace minus red trace in Figure 6E
shown as the cyan trace in Fig. 6F). For comparison, we
have replotted the unidentified inhibition lost in the stg ani-
mals (magenta; Fig. 5F), as the magenta trace in Figure 6F.
The remarkable quantitative agreement in the amplitude
and time course of the traces in Figure 6F suggests that
the inhibition that is lost in the stg SACs is most likely
GABAergic. Note that there is no overlap in the cell samples
contributing to the data in Figures 5 and 6.
The ON-SACs also received a substantial SR-resistant

inhibitory input (Fig. 6G, cyan traces, replotted from Fig.
6C,D for comparison). The mean amplitude and time
course of this SR-resistant inhibition were essentially
identical in the het control and stg groups. It is noteworthy
that the OFF-inhibition, seen at the termination of the light
flash, was unaffected by SR (Fig. 6C,D) and was identical
in the het and stg animals (Fig. 6G), indicating that the in-
hibitory OFF-inputs to ON-SACs were unaffected in the
stg mutant. Given the presence of a SR-resistant inhibitory
input to the ON-SACs, we tested whether inhibitory inputs
to ON-SACs included a glycinergic component (Jain et al.,
2022) by applying the glycine receptor antagonist 1 mM
strychnine to a sample of 12 het ON-SACs (Fig. 6H).
Strychnine had no effect on the initial peak of the inhibitory
conductance but suppressed the conductance at later
times (compare black and green traces, Fig. 6H, paired
t test, p¼ 4.2� 10�3, n¼ 12). The strychnine-sensitive
conductance (control, strychnine; Fig. 6H, thick trace), had
a similar amplitude and time course as the SR-resistant
component (Fig. 6H). Note that the OFF-inhibition was
completely suppressed by strychnine (Fig. 6H, p¼ 2.3�
10�2). Overall, the results in Figures 5 and 6 demonstrate
that the loss of TARPɣ2 has selective effects on retinal cir-
cuits. The ON inhibitory inputs to ON-SACs are partially
suppressed, while OFF-inputs to ON-SACs, presumably
mediated by a narrow-field glycinergic amacrine cell (Jain
et al., 2022), are largely unaffected.
The results thus far show that loss of TARPɣ2 has ef-

fects on both the excitatory and inhibitory inputs to ON-
SACs. We recorded area-response functions to determine
whether the absence of TARPɣ2 also affected spatial tun-
ing of ON-SACs. The static area-response function for the
SACs could be described by a concentric difference-of-
Gaussians model (Fig. 7A–C, fitted lines; see Materials

and Methods). Similar to the results above, the peak light-
evoked EPSC for a spot diameter of 175mm was reduced
by ;28% in the mutant SACs (het ¼ �1286 49pA, stg ¼
�926 33pA, p¼ 0.0046; Fig. 7B). The extent of the cen-
ter and surround receptive field components, as esti-
mated from the widths of the fitted Gaussian functions,
were similar in het and stg SACs, however, the strength of
the surrounds differed. In het retinas, the surround sup-
pressed the peak EPSC by 576 20% (n¼ 28), compared
with 756 13% (n¼ 24, p¼ 3.7� 10�4) suppression in the
stg SACs. Interestingly, surround inhibition produced a
transient suppression of the EPSCs at the onset of the
light flash in the stgmutant that was not evident in het reti-
nas (Fig. 7A, arrows). These effects hint at subtle changes
presynaptic to the SAC, but were not examined further.
Overall, the data indicate a decrease in the excitatory
drive to SACs and subtle, circuit-specific effects on the in-
hibitory inputs.
A distinguishing feature of the excitatory input to SACs is

the presence of continuous spontaneous EPSCs (sEPSCs)
under background illumination (Taylor and Wässle, 1995;
Petit-Jacques et al., 2005; Petit-Jacques and Bloomfield,
2008; Stincic et al., 2016; Stincic et al., 2018). These exci-
tatory inputs are mediated primarily by AMPARs (Zhou
and Fain, 1995; Firth et al., 2003; Petit-Jacques and
Bloomfield, 2008). The continuous input arises from ON-
bipolar cells and can be suppressed by decreasing illumina-
tion, for example, at the end of a light flash (Taylor and
Wässle, 1995; Petit-Jacques et al., 2005; Petit-Jacques and
Bloomfield, 2008; Stincic et al., 2016; Stincic et al., 2018).
We tested whether the reduction in the light-evoked EPSCs
might be because of a lower postsynaptic response by
comparing the amplitude of spontaneous EPSCs in SACs
from stg and het control mice. Spontaneous EPSCs
(sEPSCs) were detected by differentiating the current record
(Fig. 8A, upper traces) and thresholding for the most rapid
events (see Materials and Methods). Individual events can
be discerned in the raw records (Fig. 8A, lower traces). The
frequency of the events was the same in het (14.8/s) and stg
(13.8/s) mice. Larger, rapid sEPSCs appear to be superim-
posed on slower fluctuations in the membrane current.
Average sEPSCs showed a complex time course with an ini-
tial slow increase in the inward current preceding the rapid
events detected by the threshold (Fig. 8B, top panel). The
decay-rate of the average sEPSCs was measured by fitting
a double exponential to the decay phase (Fig. 8B, lower
panel). The rate of the initial rapid decay was;35% faster in
cells from the stg mutants compared with hets (Fig. 8C;
Tauf ¼ 4646 72 ms het, 3056 75 ms stg, n¼ 5 cells, p¼
0.012), whereas the slow time-constant of the sEPSC decay
was unchanged (Taus ¼ 53.06 41.2ms het, 33.06 29.8ms
stg, n¼ 5 cells, p¼ 0.45). The amplitude of the fast decay
component of the sEPSCs was unchanged (p¼ 0.523),
while the slightly reduced amplitude of the slow component
was not statistically significant (p¼ 0.086; Fig. 8C). The

continued
comparisons are taken at the position of the OFF and ON ChAT bands using unpaired t tests with the Bonferroni correction
for multiple comparisons (see also Extended Data Table 2-1). ns ¼ not significant, **p, 0.01, ***p, 0.001, ****p, 0.0001.
Scale bar in F¼ 20mm applies to all images.
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Figure 5. Absence of TARPg2 reduces excitatory input to ON-
SACs. A, Example of an ON-SAC filled with Alexa 488 hydrazide.
B, Total membrane current during depolarizing voltage steps to
holding potentials between �90 and 160mV. Timing of a 175mm
diameter positive contrast stimulus spot shown beneath traces.
Shading and error bars show 61 SD C, Average current–voltage
relations for the passive membrane conductance measured at
the time points shown by the square symbols in B. D, Average
net light-evoked EPSC amplitudes measured at the time points
indicated by the circle symbols in B. Lines show the linear fits
used to calculate the excitatory and inhibitory conductance
components shown in E. E–F, Excitatory and inhibitory conduc-
tances were calculated for the data in B. Circles indicate the
time points used to calculate peak conductances. The magenta
traces show the difference between the het and stg traces.
These show the net conductance that is lost in the stg retinas.
Error bars and shading are 61 s.d.

Figure 6. Loss of TARPg2 produces circuit-specific reductions
in inhibition. A, Total membrane current during depolarizing
voltage steps to holding potentials between �90 and 160mV
recorded in control (black) and in the presence of SR95531 (SR;
100 mM, cyan). Timing of the 175 mm diameter positive contrast
stimulus spot is shown beneath the traces. Shading and error
bars show 61 SD. B, Excitatory conductance calculated for the
data in A. C, D, Inhibitory conductance calculated for the data
in A. Left panels in A–D are from het SACs, right panels from
stg SACs. E, Net GABAAR-mediated conductance (control�SR)
in het (black) and stg (red) SACs. F, Comparison of the inhibi-
tory conductance missing in stg SACs (Fig. 5F, het - stg, ma-
genta) with the GABAAR-mediated conductance missing in stg
SACs (Fig. 6E, het - stg, cyan). G, The traces are replotted from
C, D (cyan traces) to compare the non-GABAergic (SR-resist-
ant) inhibition in the het and stg amacrine cells. H, Inhibitory
conductance averaged from 12 ON-SACs in het retinas in con-
trol (black) and after addition of 1 mM strychnine (strych, green).
The thick green trace shows the net conductance blocked by
strychnine (control minus strychnine). Error bars and shading
are 61 s.d.
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results indicate that the reduced amplitude of light-
evoked EPSCs in stg SACs shown above cannot be ex-
plained simply by a reduced postsynaptic conduct-
ance, although these experiments were underpowered
to detect a small effect size.

Absence of TARPɣ2 hasmodest effects on directional
tuning of direction-selective ganglion cells
SACs provide the asymmetric GABAergic input to direc-

tion-selective ganglion cells (DSGCs) that is critical for their
directional responses. We sought to determine whether
the reduced excitatory input to the SACs resulting from the
loss of TARPɣ2 might affect the strength of directional sig-
nals in the DSGCs. To this end, we identified ON-OFF
DSGCs by recording extracellular action potentials and
measured responses to bars drifting across the receptive
field in different directions. We calculated the peristimulus
spike-time histograms (PSTHs) from three to four stimulus
trials in each direction (Fig. 9A). The spike-rates, measured
from the PSTHs at a fixed time point near the peak during
preferred direction stimuli, were used to calculate direc-
tional tuning functions for the OFF (leading edge) and ON
(trailing edge) components of the responses (Fig. 9B). The
strength of the directional response was quantified as the
direction-selectivity index (DSI), which was measured as
the normalized length of the vector sum of the responses in
all 12 directions. As defined, the DSI varies between 0 and
1 (weakest to strongest).
Directional responses in DSGCs persisted in the TARPɣ2

mutant (Fig. 9A,B, red); however, examination of the tuning
indicated subtle effects (Fig. 9C,D). The average DSI for the

OFF-response was lower in the stgmutant retinas than in het
retinas (het: 0.386 0.12, n¼ 43; stg: 0.296 0.08, n¼ 20,
p¼ 1.81� 10�3), but the corresponding ON-responses were
unchanged (het: 0.356 0.13, stg: 0.336 0.10, p¼ 0.385).
Similarly, the amplitude of the OFF-responses tended to be
smaller in stg DSGCs (het: 726 33Hz, stg: 526 33Hz, p¼
0.028), while the ON responses were unchanged (het: 746
32Hz, stg: 636 25Hz, p¼ 0.192). Finally, the alignment of
the preferred-null axes for the ON and OFF components was
less precise in the stg mutant retinas. In DSGCs from het

Figure 7. Absence of TARPg2 does not affect ON-SAC recep-
tive field size. A, Average light-evoked EPSCs in ON-SACs from
het (n¼28 cells) and stg retinas (n¼24 cells). EPSCs were eli-
cited by centered light spots (diameters (mm) are shown above
traces). B, C, Amplitudes of EPSCs versus stimulus diameter
for the time points shown by the corresponding symbols in A.
Smooth lines show fits to a difference-of-Gaussians function.
Error bars and shading are 61 s.d.

Figure 8. Spontaneous EPSCs (sEPSCs) are altered in the ab-
sence of TARPg2. A, Sample current records from a het (black)
and stg retina (red). Lighter traces at 0pA show the derivative of
the current records that were used to threshold and detect sponta-
neous events. Lower traces show detail for sample segments on
an expanded time-base. B, Average sEPSCs generated from 580
events in five het SACs and 638 events in five stg SACs. The de-
tection threshold was 5 SD (see Materials and Methods). Lower re-
cords show double exponential fits to the decay of the average
sEPSCs. C, The amplitude of the fast component of the sEPSCs
was unchanged. The amplitudes of the slow component for the
stg SACs was much less variable than in het SACs, but the differ-
ence in means was not statistically significant. The fast decay
component was significantly faster in stg SACs, but the slow
decay time-constant was unchanged. p-values for an unpaired t
test are shown above the parameters in the two panels (see also
Extended Data Table 2-1). Error bars and shading are 61 s.d.
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retinas the ON and OFF preferred directions differed by
7.86 6.8° (n¼ 43), whereas the misalignment in the stg
mutant retinas was almost 2-fold larger at 14.66 10.4°
(n¼ 20, p¼ 5.26� 10�3). Overall, these results indicate
relatively minor changes in ON-OFF DSGC tuning in stg
mice.

Directional, spatial and speed tuning of DSGCs is
preserved in stgmutants
ON-OFF DSGCs display selectivity for small objects by

virtue of surround inhibition mediated by SACs as well as
other AC types (Hoggarth et al., 2015). Since SACs in stg
retinas showed a reduced excitatory input, we tested
whether the absence of TARPɣ2 leads to changes in the
directional or spatial tuning of the DSGCs. Narrow (600� 100
mm) and wide (600� 600 mm) bright bars were drifted across
the receptive field of DSGCs in the preferred and null direc-
tions at a range of speeds (Fig. 10A,C). The direction-selectiv-
ity index (DSI; see Materials and Methods) was similar in stg
and het control retinas and was invariant to changes in speed
or bar width (Fig. 10B,D).
We examined how the loss of TARPɣ2 might affect spa-

tial tuning and speed tuning (Fig. 11). For narrow bars, re-
sponses in stg DSGCs were smaller than in het controls.
Overall, there was a significant effect of genotype on peak
spike rate (RM two-way ANOVA, genotype, p¼ 0.0086;
speed p � 0.0001, interaction p¼ 0.7433) and post hoc
comparisons showed significant differences between stg
and het DSGCs for the three lowest speeds tested (Fig.
11B). In contrast, no differences were observed between
stg and het DSGCs for wide bar stimuli (two-way ANOVA,
genotype p¼ 0.1685; speed p � 0.0001, interaction p¼
0.9031; Fig. 11D). These results indicate an overall reduc-
tion in the excitatory drive to DSGCs in the stgmutant.
Spatial tuning of DSGCs was altered in the stgmutants.

Whereas in het control retinas, responses to wide bars
were suppressed relative to narrow bars at higher speeds,
such surround-suppression was not evident in the stg ret-
inas (Fig. 11E). For the het cells, simple main effects anal-
ysis showed no overall effect of bar width on spike rate
(two-way ANOVA, bar width, p¼ 0.0526; speed p, 0.0001)
but there was a significant interaction between bar width
and speed (p, 0.0001). Post hoc comparisons showed that
bar width suppressed peak spike rate for the highest speed
but not at low speeds, indicating speed-dependent sur-
round suppression. In the stg mutant, bar width had no sig-
nificant effect on spike rate (two-way ANOVA, bar width,
p¼ 0.9402; speed p,0.0001) but there was a significant in-
teraction between bar width and speed (p,0.03). Post hoc
analysis showed wider bars did not suppress responses at
higher speeds in stg retinas. Together, these results indicate
that surround suppression in DSGCs is velocity dependent,
and suggest that surround suppression is weaker in the stg
mutants.
Speed tuning was quantified by plotting the peak response

during preferred direction stimulation versus stimulus speed
(Fig. 11B,D). In both het and stg retinas, half-maximal re-
sponses were reached at ;2-fold higher speeds for narrow
bars versus wide bars, indicative of broader dynamic range
but lower threshold sensitivity for narrow bars (Fig. 11E).
Overall, the data indicate that speed tuning is largely pre-
served in DSGCs in the stgmutants.

Discussion
AMPARs are expressed at most excitatory synapses in

the retina, yet little is known about which auxiliary subu-
nits are associated with which AMPAR subunits. Here, we

Figure 9. Direction selectivity is largely unaffected by the ab-
sence of TARPg2. Extracellular spikes were elicited by a
dark bar moving in 12 directions through the receptive fields
of ON-OFF direction-selective ganglion cells (DSGCs). The
stimulus bar was 1 mm long, 200 mm wide and moved at 1
mm/s. The approximate dimension of the DSGC receptive
field (blue circle) relative to the stimulus bar is shown in the
schematic. A, Sample extracellular spike recordings from
ON-OFF DSGCs in a het (black) and stg mutant retina (red)
for preferred and null direction stimuli. Lower panels show
peristimulus spike-time histograms (PSTHs) accumulated
from 40 trials in each cell. B, Directional tuning for the OFF
(leading edge) and ON (trailing edge) responses shown in A.
Distance from the origin represents the peak of the respec-
tive PSTHs. Solid lines show fits to the von Mises function
(see Materials and Methods). C, Distributions of the direc-
tion-selectivity index (DSI), here defined as the normalized
length of the vector sum of the tuning function illustrated in
B. D, Amplitude distributions for the tuning functions calcu-
lated from the von Mises fits to the data in B.
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show that TARPɣ2 is expressed at outer and inner retinal
synapses. Quantitative results in mice indicate highest ex-
pression at the level of stratification of the OFF-SACs and
ON-SACs. The relative enrichment of TARPɣ2 protein in
SACs is mirrored at the transcript level for mouse and human
retina. Expression of GluA2, GluA3 and GluA4 was signifi-
cantly reduced in the inner retina of mice lacking TARPɣ2,
whereas GluA1 expression was unchanged. Consistent with
our immunohistochemical data, functional studies re-
vealed reduced excitatory currents and altered mEPSCs
in ON-SACs. However, direction-selectivity was only
modestly affected for the stimulus conditions tested,
suggesting that the circuit mechanisms that mediate
direction selectivity are robust to modest changes in
AMPAR expression.

TARPc2 is required for normal GluA expression levels
We found evidence for reduced expression of GluA2,

GluA3 and GluA4 in the IPL of stargazer mice whereas

there was no effect on GluA1 expression. Early studies in
this mouse line showed near complete loss of AMPARs in
cerebellar granule cells (Chen et al., 2000). However, in
most other neurons, knock-out of a single TARP only par-
tially reduced AMPAR levels (Rouach et al., 2005; Menuz
and Nicoll, 2008; Menuz et al., 2008; Barad et al., 2012;
Shevtsova and Leitch, 2012; Adotevi and Leitch, 2017),
similar to our findings. These modest effects of TARPɣ2
knock-out have been explained by functional redundancy.
For example, in cerebellar Golgi cells, single knock-out of
-ɣ2 or -ɣ3 had no effect on AMPAR currents, whereas cur-
rents were abolished in a -ɣ2/3 double mutant (Menuz et
al., 2008). Such functional redundancy prevents the se-
vere phenotypes and early postnatal lethality associated
with the double knock-outs (Menuz et al., 2008). The pres-
ence of residual GluA protein throughout the inner retina
and residual AMPAR currents in ON-SACs and ON-OFF
DSGCs suggests that other TARPs, or AMPAR auxiliary
proteins such as CKAMPs or cornichons, may be present

Figure 10. Directional tuning as a function of speed is unaffected by the absence of TARPg2. PSTHs calculated for spikes elicited
by narrow and wide bright bars moving through the receptive fields of ON-OFF direction-selective ganglion cells (DSGCs) in the preferred
and null directions. The approximate dimension of the DSGC receptive field (blue circle) relative to the stimulus bars is shown in the sche-
matic. The bars move, stop, and then disappear. A, PSTHs of extracellular spike recordings from ON-OFF DSGCs elicited by a narrow
bar moving at a range of stimulus speeds (mm/s, shown in the legend) for both preferred (pref) and null (null) directions. A transient OFF-
response is seen when the bar disappears at the end of the motion. B, DSIs, (Pref-Null)/(Pref+Null), as a function of stimulus speed for
the data in A. C, D, Same format as A, B but for a wide-bar stimulus. Error bars and error shading indicate 61 s.d.
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(Hansen et al., 2021). We did not detect TARPɣ4 or
TARPɣ8 in the stg mouse, but single-cell transcriptomic
data points to TARPɣ3, TARPɣ5, or TARPɣ7 as possible
candidates for such compensation (Yan et al., 2020a,
GEO GSE149715, data not shown). An alternate possibil-
ity is that a proportion of retinal AMPARs are TARPless as
has been shown in other brain regions (Bats et al., 2012).

AMPAR distribution in mouse inner retina
Prior studies have shown that GluA1–GluA4 are ex-

pressed in the mouse IPL (Haverkamp et al., 2000). Our re-
sults provide a quantitative assessment of how AMPAR
subunit expression varies with IPL depth. We found that the
levels of GluA1 and GluA2 are relatively low in s5 of the IPL
(80–100% depth; Fig. 4), the region where rod bipolar cells
stratify. In accordance with this finding, the major postsy-
naptic partners of the rod bipolar cells, the AII ACs and
A17 ACs, are known to express calcium-permeable
AMPARs, which typically lack the GluA2 subunit
(Chávez et al., 2006; Osswald et al., 2007; Diamond,
2011). GluA1 and GluA2 are also expressed at low levels in
S5 of the macaque IPL (Ghosh et al., 2001) suggesting that

the basic patterns of AMPAR expression may be conserved
across species, at least for neurons associated with the rod
pathway.

AMPAR composition and function in starburst
amacrine cells
The reduction in AMPAR expression in the stargazer

mutant was nonuniform across IPL depth, with the largest
reductions seen at the level of the SAC dendrites. These
data align with findings at the transcript level showing en-
richment of Cacng2 in SACs relative to other amacrine
cell types in both mouse and human retina. The reduction
in light-evoked EPSC amplitude in stg SACs further sup-
ports a role for TARPɣ2 in normal synaptic AMPAR ex-
pression in these cells. What is the expected functional
impact of TARPɣ2 on excitatory inputs to SACs? In addi-
tion to its involvement in increasing synaptic trafficking
and localization, TARPɣ2 can decrease the rate of channel
deactivation and desensitization, increase rate of recov-
ery from desensitization, and increase single channel con-
ductance and glutamate affinity (Yamazaki et al., 2004;
Priel et al., 2005; Turetsky et al., 2005; Jacobi and von

Figure 11. Spatial tuning is reduced in the absence of TARPg2. Spike-responses from DSGCs. Error bars and trace shading show SDs.
A, PSTHs from Figure 10A, narrow bar, plotted against stimulus position. B, Peak spike-rate as a function of stimulus speed for the data
in A. The smooth lines show fits to the Hill equation with n fixed at 1 (see Materials and Methods). The vertical lines show the half-maximal
speeds from the fits. C, D, Same format as A, B but for the wide-bar stimulus. E, Narrow bar and wide bar data re-plotted from B, D on
log-log coordinates. *p,0.05, **p, 0.01, ***p, 0.001 with Sidak’s multiple comparisons test (see also Extended Data Table 2-1).
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Engelhardt, 2021). Indeed, the rapid phase of the sEPSC
decay was significantly faster in stg SACs compared
with het controls (Fig. 8), consistent with the idea that
TARPɣ2 has a role in slowing the rate of channel deacti-
vation. Moreover, the average amplitude of the slow
phase of the spontaneous EPSCs was smaller in SACs
from stg mice (Fig. 8C), and although this effect did not
reach significance, it is consistent with the immunohisto-
chemical evidence for reduced AMPAR expression in the
stgmouse.
Excitatory inputs to mouse SACs are mediated pri-

marily by AMPARs (Firth et al., 2003; Petit-Jacques and
Bloomfield, 2008). However, there are apparently two
pharmacologically distinct excitatory current compo-
nents in rabbit ON-SACs: a noisy, sustained component
that is sensitive to low concentrations of NBQX (750 nM),
and a more transient component that persists in the
same concentration of NBQX (Oesch and Taylor, 2010).
One interpretation of this finding is that SACs express
different populations of AMPARs with distinct pharma-
cology because of the presence or absence of TARPs.
Indeed, NBQX has been shown to be less effective at
blocking AMPARs that are in complex with TARPɣ2
compared to those without it (MacLean et al., 2014; Devi
et al., 2016). Our analysis of ON-SAC sEPSCs lend
further support for AMPAR heterogeneity in ON-SACs.
Average sEPSCs exhibited complex kinetics, with a
slow rise preceding a rapid event, followed by a dual ex-
ponential decay. Events were detected by thresholding the
differential of the current signal (dI/dt), which will favor fast
events, and will tend to select for larger events. Two lines
of evidence suggest the presence of a heterogeneous pop-
ulation of postsynaptic receptors. (1) The initial slow rise in
current preceding the fast sEPSC is inconsistent with syn-
chronous activation of a single population of receptors ex-
posed to the same rapid vesicular transmitter release. A
possible explanation is that fast sEPSCs are temporally
correlated with other release processes that produce slow-
er sEPSCs. (2) The time constant of the fast decay compo-
nent was faster in the stg mutant whereas the slow decay
component was unchanged. This result is inconsistent with
the EPSCs arising from a homogeneous population of re-
ceptors that are affected in the mutant. Altogether, the cur-
rent results and previous pharmacological findings point to
two EPSC components in SACs that arise from AMPARs
with distinct kinetic properties that are temporally corre-
lated by presynaptic release. The functional contribu-
tions of these two AMPAR components remains to be
determined.

AMPAR composition and function in DSGCs
Excitatory input to ON-SACs was reduced and it is pos-

sible that excitatory inputs to DSGCs were also affected
by the loss of TARPɣ2. Reduced spiking is evident for the
OFF-inputs but interpretation of such effects is con-
founded by potential effects on inhibitory circuits. Despite
the reduced excitatory input to ON-SACs in stargazer
mice, directional responses were preserved in ON-OFF
DSGCs. Consistent with this finding, persistence of direc-
tion-selectivity has been shown in a mouse model where

SACs have reduced and less asymmetric GABA release
between preferred and null direction stimulation (Pei et
al., 2015). Furthermore, inhibitory outputs from SACs
are saturated at relatively low contrasts and thus the
high contrast stimuli used here presumably produced suffi-
cient GABA release to maintain normal DS responses
(Lipin et al., 2015). In this light, further studies may be
needed to determine whether the effects of TARPɣ2 on di-
rection-selectivity vary with stimulus contrast. Interestingly,
the alignment of the preferred directions for the ON and
OFF responses was less precise in stargazer mice com-
pared with het controls suggesting some mild perturbation
of circuit wiring in the stargazer mutant mouse during
development.
The absence of TARPɣ2 had specific effects on select

retinal circuits. The loss of TARPɣ2 resulted in the loss of
a transient GABAergic input to ON-SACs at the onset of a
light-flash, leaving more sustained GABAergic and glyci-
nergic inputs unaffected (Fig. 6E–H). Similarly, glycinergic
inhibition at the termination of a light flash was unaffected.
The glycinergic inputs appeared to be similar to those de-
scribed previously (Jain et al., 2022) and are thought to
arise from narrow-field amacrine cells. Thus, our results in-
dicate a selective effect on the ON-pathway-driven input to
ON-SACs. Finally, spatial tuning in stg mutants was af-
fected. The results align with previous work showing that
DSGCs are tuned to respond more strongly to smaller ob-
jects because of surround inhibition (Hoggarth et al., 2015);
however, a novel finding is that such spatial selectivity is
velocity-dependent because at low speeds the wide bar
produced larger responses than the narrow bar, consistent
with a weaker surround. This result might be explained if
the surround inhibition were relatively transient compared
with excitation. Conversely, at higher speeds the wide bar
suppressed responses more strongly than the narrow bar,
but most importantly for the present purposes, this sur-
round-suppression was not seen in the stg mutants (Fig.
11E). Overall, the loss of TARPɣ2 produced subtle func-
tional effects that appeared to be confined to specific reti-
nal circuits, presumably reflecting selective expression
within retinal neurons. Our analysis necessarily focuses on
the ON-pathway, as the ON-SACs are displaced to the
ganglion cell layer and thus are accessible for record-
ing. Although OFF inputs remain directional in the ab-
sence of TARPɣ2, it remains to be seen whether there
are other effects on directional-responses in the OFF-
pathway. Similarly, TARPɣ2 is not expressed exclu-
sively in direction-selective circuits, thus further studies
are needed to determine the impact of the loss of
TARPɣ2 on other retinal neurons.
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