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ON and OFF starburst amacrine cells are controlled
by distinct cholinergic pathways

Mie Gangi'®, Takuma Maruyama'@®, Toshiyuki Ishii*@®, and Makoto Kaneda'@®

Cholinergic signaling in the retina is mediated by acetylcholine (ACh) released from starburst amacrine cells (SACs), which are
key neurons for motion detection. SACs comprise ON and OFF subtypes, which morphologically show mirror symmetry to each
other. Although many physiological studies on SACs have targeted ON cells only, the synaptic computation of ON and OFF
SACs is assumed to be similar. Recent studies demonstrated that gene expression patterns and receptor types differed
between ON and OFF SACs, suggesting differences in their functions. Here, we compared cholinergic signaling pathways
between ON and OFF SACs in the mouse retina using the patch clamp technique. The application of ACh increased GABAergic
feedback, observed as postsynaptic currents to SACs, in both ON and OFF SACs; however, the mode of GABAergic feedback
differed. Nicotinic receptors mediated GABAergic feedback in both ON and OFF SACs, while muscarinic receptors mediated
GABAergic feedback in ON SACs only in adults. Neither tetrodotoxin, which blocked action potentials, nor LY354740, which
blocked neurotransmitter release from SACs, eliminated ACh-induced GABAergic feedback in SACs. These results suggest that
ACh-induced GABAergic feedback in ON and OFF SACs is regulated by different feedback mechanisms in adults and mediated by

non-spiking amacrine cells other than SACs.

Introduction

Visual signals in the retina are processed in parallel between the
ON and OFF pathways. Parallel processing starts at bipolar cells.
The signals of ON bipolar cells are passed to ON retinal ganglion
cells (RGCs) in sublamina b of the inner plexiform layer (IPL),
while those of OFF bipolar cells are passed to OFF RGCs in
sublamina a of the IPL (Famiglietti and Kolb, 1976; Famiglietti
et al., 1977; Nelson et al., 1978). These ON and OFF signals are
further processed individually by synaptic inputs from ama-
crine cells at each sublamina of the IPL. To achieve parallel
processing in the IPL, starburst amacrine cells (SACs), im-
portant cholinergic neurons in the retina (Taylor and Smith,
2012), have developed two subpopulations: ON and OFF SACs,
with similar morphological characteristics, except for their
histological localization in the retina (Fig. 1 A). The mirror
symmetry of their morphologies strongly suggests similarities
in their physiological properties. However, we previously
demonstrated that signal processing mechanisms between ON
and OFF SACs were not mirror images (P2X, receptors:
Kaneda et al., 2004, 2008; glycine receptors: Ishii and Kaneda,
2014; and choline transporter: Ishii et al., 2017). These find-
ings were supported by another study showing that ON and
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OFF SACs differed at the gene expression level (Peng et al.,
2020).

Since SACs play a key role in the formation of direction se-
lectivity, signal processing mechanisms at synapses between
SACs and DSGCs have been an attractive target as a model circuit
in neural computation (He and Masland, 1997; Yoshida et al.,
2001; Amthor et al., 2002; Fried et al., 2002; Lee et al., 2010;
Briggman et al., 2011). SACs function as the only cholinergic
neurons in the retina (Masland and Mills, 1979; Famiglietti, 1983;
Masland et al., 1984; Tauchi and Masland, 1984; Schmidt et al.,
1985; Voigt, 1986) and simultaneously work as GABAergic neu-
rons. Asymmetric GABAergic inputs from SACs to direction-
selective RGCs are currently recognized as the neural basis for
direction selectivity (Fried et al., 2002; Lee et al., 2010; Briggman
et al., 2011; Pei et al., 2015). On the other hand, the role of ace-
tylcholine (ACh) remains unclear. Previous studies reported that
ACh regulated the activity of RGCs by activating muscarinic
(Straschill and Perwein, 1973; Schmidt et al., 1987) and nicotinic
receptors (Ikeda and Sheardown, 1982; Schmidt et al., 1987),
whereas electrophysiological recordings from RGCs revealed the
presence of nicotinic receptors, but not muscarinic receptors
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Figure 1. Acetylcholine increased postsynaptic currents (PSCs) in star-
burst amacrine cells (SACs). (A) Schematic diagram showing a cross-section
of the retina. ON or OFF SACs labeled by GFP (green) were targeted. ON and
OFF SACs were identified by the location of their soma. BC, bipolar cell; HC,
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(Lipton et al., 1987; Yazejian and Fain, 1993; Kaneda et al., 1995).
Moreover, the contribution of cholinergic inputs to direction
selectivity remains controversial. Some studies reported no or a
weak impact of ACh on direction selectivity (Ariel and Daw,
1982; Cohen and Miller, 1995; He and Masland, 1997; Kittila
and Massey, 1997; Chiao and Masland, 2002; Reed et al., 2002;
Park et al., 2014), whereas others demonstrated the importance
of cholinergic inputs for direction selectivity (Grzywacz et al,
1998a, 1998b; Reed et al, 2004; Sethuramanujam et al, 2016;
Brombas et al, 2017). While the physiological contribution of
cholinergic inputs to the formation of direction selectivity has
been examined in detail in direction-selective RGCs, limited in-
formation is currently available at the amacrine cell level (Myhr
and McReynolds, 1996; Neal et al., 2001; Elgueta et al., 2015).
Furthermore, the effects of ACh on SACs remain unclear even
though reciprocal synapses have been detected between SACs
(Zheng et al., 2004). Therefore, a more detailed understanding of
the functional role of ACh in retinal circuits is needed.

In the present study, we investigated the physiological prop-
erties of cholinergic circuits in ON and OFF SACs to elucidate the
neural basis for cholinergic circuits in direction selectivity. The
results obtained revealed that ACh increased GABAergic inputs
onto ON and OFF SACs. We also showed that these inputs were
regulated by muscarinic and nicotinic receptors in ON SACs,
but only by nicotinic receptors in OFF SACs. In the previous
model of direction selectivity, ACh was considered to function
at the level of direction-selective RGCs. The presence of
asymmetric neural circuits for ACh-mediated GABAergic reg-
ulation between ON and OFF SACs indicates that a more de-
tailed analysis of cholinergic inputs at multiple synapses is
needed to elucidate the mechanisms underlying the formation
of direction selectivity.

Materials and methods

Animals

The research protocol was approved by the Animal Experiments
Ethical Review Committee of Nippon Medical School. The IG-8
transgenic mouse line, which expresses GFP signals in SACs in
the retina (Watanabe et al., 1998; Yoshida et al., 2001), of both
sexes was used in the present study. P7-8 and adult mice (>4-
wk-old) were used in developmental experiments, and 2-3-wk-
old mice in the other experiments.

horizontal cell; GC, ganglion cell; INL, inner nuclear layer; IPL, inner plexiform
layer; a, sublamina a; b, sublamina b; GCL, ganglion cell layer. (B and D)
Effects of ACh in an ON SAC (B) and OFF SAC (D). The thick black bar above
the trace shows the timing of the ACh application. Thin black bars show the
analysis time windows (20 s) of PSCs. These analysis time windows were set
before (Ctrl) and during (ACh) the application of ACh. Bottom: Magnified
display of the current trace before (Ctrl: left) and during (ACh: right) the
application of ACh (highlighted in yellow). (C and E) Summary of ACh effects
on the frequency (left) mean amplitude (middle), and averaged charge
transfer (right) of PSCs in ON SACs (C: frequency, P = 2.09 x 10-8; mean amp.,
P = 0.000656; charge, P = 5.88 x 1078; n = 29 cells from 23 mice) and OFF
SACs (E: frequency, P =8.27 x 1078; mean amp., P = 0.00481; charge, P = 4.12
x 1076; n = 27 cells from 21 mice). Data represent means + SEM. A paired
t-test was used. **P < 0.01, ***P < 0.001.
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Preparations

We followed the methods described in our previous studies
(Ishii and Kaneda, 2014; Ishii et al., 2017). In brief, animals were
euthanized by cervical dislocation and both eyes were enucle-
ated. Eyes were hemisected and retinae were isolated from
sclera in Ringer’s solution, which contained (in mM): 115 NaCl, 5
K(l, 2 CaCl,, 1 MgSO,, 1.1 NaH,PO,, 26 NaHCO;, and 10 glucose;
pH 7.4, when bubbled with 95% O, and 5% CO,. Detached retinae
were placed on a membrane filter (Millipore GSWP04700;
Merck KGaA or ADVANTEC A045A013A; TOYO ROSHI KAISHA,
LTD.) with the photoreceptor side up and sliced at a thickness of
150 um with a slicer (ST-20; Narishige). Sliced retinae were
continuously perfused (3 ml/min) with oxygenated Ringer’s
solution during experiments. Temperature was maintained at
32-34°C. Slices were kept at room temperature in oxygenated
Ringer’s solution until used.

In some experiments (Figs. 3 and 4), recordings from ON
SACs were performed using whole-mount preparations. To ob-
tain whole-mount preparations, isolated retinae were cut into
quarters and mounted ganglion cell-side-up over a 1-mm? hole
in a filter paper. Data acquired from sliced retinae and whole-
mount retinae were analyzed together.

Current recordings

Membrane currents were recorded from SACs identified by a
GFP fluorescent signal when viewed under a fluorescent mi-
croscope (E600FN; Nikon or BX51WTI; Olympus). ON and OFF
SACs were identified from the location of their somas. Patch
pipettes were pulled from borosilicate glass (Hilgenberg GmbH)
using an electrode puller (P-97; Sutter Instrument or PP-83;
Narishige). In whole-cell recordings from SACs, we used patch
pipettes with a resistance of 8-12 MQ when filled with an intra-
pipette solution, which contained (in mM): 135 KCl, 0.5 CaCl,, 5
HEPES, 5 EGTA, 5 ATP-2Na, and 1 GTP-3Na. pH was adjusted to
7.2 with KOH. Under our experimental conditions, the equilibrium
potential of Cl- was +2.4 mV. Current signals were recorded with
an Axopatch 200B amplifier (Molecular Devices), low-pass filtered
at 5 kHz, and digitized at 10 kHz with a DigiData 1322A or 1550B
interface controlled by pCLAMP software (RRID:SCR_011323;
version 11). Drugs were applied to slices in the bath. Holding po-
tentials corrected for liquid junction potentials were -65 mV.

Current analysis
Recorded signals were analyzed offline. Postsynaptic currents
(PSCs) were automatically detected with a custom-written script
in IGOR Pro (RRID:SCR_000325) using the threshold of “PSC
amplitude,” set at fivefold the SD of the baseline. The whole trace
was then visualized to check for the over- or underdetection of
events. “Likely” events were carefully inspected for the manual
addition or deletion of the event. In the analysis of PSCs, 20-s
analysis time windows were placed before (control) and during
the application of pharmacological agents. The firing rate, av-
erage amplitude, and charge transfer within these windows
were computed. When we detected slow baseline fluctuations,
we excluded them and calculated the charge transfer.

To calculate the decay time constant (t) of PSCs, we selected
events that did not show any signs of multiple peaks (interevent
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interval >50 ms) within analysis time windows. Events with rise
times exceeding 1 ms were excluded because we were unable to
establish whether this was attributed to dendritic filtering or the
asynchronous overlap of events. Since the decay phase of indi-
vidual PSCs was better fitted with a double-exponential function
than a single-exponential function, we employed the former.
The weighted decay time constant (t,,) calculated from the
double-exponential curve fit was used in the analysis.

Statistical analysis

Statistical analyses were performed using Origin 2023 (RRID:
SCR_014212). The paired t-test was used for comparisons be-
tween two matched samples. A one-way ANOVA for repeated
measures followed by Tukey’s post hoc test was used for com-
parisons among three matched samples. In case of the violation
of the sphericity assumption, the Greenhouse-Geisser correction
was employed. P values < 0.05 were considered to be significant.
All bar graphs and error bars represent means and SEM.

Results

ACh increased PSCs in SACs

SACs were identified by GFP labeling, and whole-cell currents
were recorded from ON and OFF SACs. Unless otherwise spec-
ified, we used 2-3-wk-old mice because they are suitable for
slice preparation. Following the application of ACh (100 uM) to
the bath, the frequency of PSCs significantly increased in ON
(Fig.1, Band C, left; P < 0.001) and OFF SACs (Fig. 1, D and E, left;
P < 0.001). The average amplitude of PSCs was decreased by ACh
in some cells (5/29 cells in ON SACs, 7/27 cells in OFF SACs), but
significantly increased on average (ON SACs: Fig. 1 C, middle; P <
0.001; OFF SACs: Fig. 1 E, middle; P = 0.005). However, since
many overlapping events were detected, precise calculations of
the frequency and mean amplitude of PSCs were difficult.
Therefore, we herein calculated the charge transfer to make an
overall assessment of PSCs. The charge transfer was also sig-
nificantly increased by ACh in ON (Fig. 1 C, right; P < 0.001) and
OFF (Fig. 1 E, right; P < 0.001) SACs.

To compare the time course of PSCs before and after the
application of ACh, we selected well-separated events (see Ma-
terials and methods) and calculated t,,. The average t,, of indi-
vidual cells before and after the application of ACh was
calculated when the number of selected PSCs during each re-
cording condition was >3. In ON and OFF SACs, no significant
change was observed in average T, before and after the appli-
cation of ACh (ON SACs, P = 0.942; OFF SACs, P = 0.616, paired
t-test). The mean + SEM of t,, before and after the application of
ACh calculated from the pooled average were 13.78 + 0.80 and
13.86 + 0.86 ms, respectively, for ON SACs (n = 22 cells from 19
mice), and 11.95 + 0.83 ms and 12.39 + 1.08 ms, respectively, for
OFF SACs (n = 25 cells from 20 mice).

AcCh-induced currents were blocked by SR95531

Consistent with our previous findings (Kaneda et al., 2008), the
majority of spontaneous PSCs (sPSCs) were blocked by SR95531,
a GABA, receptor antagonist (30 uM), in ON (Fig. 2, A and C;
F(1.05, 7.34) = 18.83, P = 0.003, Ctrl versus SR, P < 0.001) and
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Figure 2. SR95531 blocked ACh-induced PSCs in SACs. (A and B) Effects
of SR95531 on ACh-induced PSCs in ON SACs (A) and OFF SACs (B). The open
bar above the trace shows the timing of the SR95531 application. Thick black
bars show the timing of the ACh application. The thin black bars show the
analysis time windows (20 s) of PSCs. (C and D) Summary of SR95531 effects
on charge transfer in ON SACs (C: Ctrl versus SR, P = 0.000324; Ctrl versus
SR + ACh, P = 0.000281; SR versus SR + ACh, P = 0.996; n = 8 cells from eight
mice) and OFF SACs (D: Ctrl versus SR, P = 0.00572; Ctrl versus SR + ACh, P =
0.00582; SR versus SR + ACh, P = 1.000; n = 7 cells from five mice). Ctrl,
before drug application; SR, during the SR95531 application; SR + ACh, during
the ACh application in the presence of SR95531. A one-way repeated mea-
sures ANOVA and Tukey’s post hoc test were used. **P < 0.01, ***P < 0.001.

OFF (Fig. 2, B and D; F(1.00, 6.00) = 10.02, P = 0.019, Ctrl versus
SR, P = 0.006) SACs, indicating that they were GABAergic. In the
presence of SR95531, the application of ACh did not significantly
increase PSCs in ON (Fig. 2 C; SR versus SR + ACh, P = 0.996) or
OFF (Fig. 2 D; SR versus SR + ACh, P = 1.000) SACs. Under this
condition, we did not detect any apparent slow inward currents
in ON or OFF SACs, confirming previous findings showing that
SACs themselves did not respond to ACh after eye-opening
(Zheng et al., 2004). Therefore, ACh acted on ACh receptors
located on GABAergic neurons presynaptic to ON and OFF SACs.

Distinct ACh receptors mediate ACh-induced currents between
young and adult mice
To identify the subtypes of ACh receptors mediating ACh-
induced GABAergic PSCs in SACs, we examined the effects of
nicotine (100 WM), a nicotinic ACh receptor agonist, and oxo-
tremorine (100 M), a muscarinic ACh receptor agonist.

In P7-8 mice, nicotine significantly increased the charge
transfer of PSCs in ON (Fig. 3 A left, B left; P = 0.005) and OFF
(Fig. 3 C left, D left; P = 0.007) SACs, whereas oxotremorine did
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not in ON (Fig. 3 A right, B right; P = 0.276) or OFF (Fig. 3 C right,
D right; P = 0.604) SACs. The bath application of nicotine-
induced slow inward currents resulted in a baseline deflection
in ON SACs (Fig. 3 A left). Even when synaptic inputs were
blocked by 100 uM CdCl, or by a cocktail containing 10 uM 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX, an AMPA/kainate
receptor antagonist), 50 M D-(-)-2-amino-5-phosphonopenta-
noic acid (D-AP5, an NMDA receptor antagonist), 1 pM strych-
nine (a glycine receptor antagonist), and 2 uM SR95531, slow
inward currents were observed (average amplitude: 57.86 + 11.71
pA, n = 5 ON SACs), indicating the existence of ACh receptors on
SACs prior to eye-opening, as shown in a previous study (Zheng
et al., 2004). These inward currents were also observed in OFF
SACs (Fig. 3 C left) but were smaller than those in ON SACs. Even
under the condition where synaptic inputs were blocked, inward
currents were induced by nicotine in OFF SACs (average am-
plitude: 29.43 + 9.71 pA, n = 6 OFF SACs).

The effects of oxotremorine in adult mice (=P28) differed
from those in P7-8 mice. In adult mice, nicotine again increased
the charge transfer of PSCs in ON (Fig. 4 A left, B left; P = 0.018)
and OFF SACs (Fig. 4 C left, D left; P < 0.001). Unexpectedly,
oxotremorine increased the charge transfer of PSCs in ON SACs
(Fig. 4 A right, B right; P = 0.010), while it had no effect in OFF
SACs (Fig. 4 C right, D right; P = 0.740). These results suggested
the involvement of either a new set of receptors on the same
population of presynaptic GABAergic amacrine cells or a new
population of amacrine cells with GABAergic inputs to ON SACs.

Tetrodotoxin (TTX) did not block ACh-induced currents

in SACs

The GABAergic neurons making synaptic contacts in the IPL are
members of a heterogeneous population of amacrine cells
(Zhang and McCall, 2012). The present results showed that SACs
received GABAergic inputs from neighboring amacrine cells.
Since amacrine cells are classified into spiking cells (e.g., poly-
axonal amacrine cells, monkey [Greschner et al., 2014]; rabbit
[Volgyi et al., 2001]; mouse [Sabbah et al., 2017]) and non-
spiking cells (e.g., SACs, mouse [Ozaita et al., 2004; Kaneda
et al., 2007]; rabbit [Taylor and Wissle, 1995]), we investi-
gated whether the application of TTX (1 uM), a voltage-gated
Na* channel blocker, inhibited the effects of ACh. In ON SACs,
the application of TTX did not affect the charge transfer of sPSCs
(Fig. 5, A and C; F(1.09, 5.45) = 9.01, P = 0.026, Ctrl versus TTX, P
= 0.986), but decreased it in OFF SACs (Fig. 5, B and D; F(2, 10) =
11.81, P = 0.002, Ctrl versus TTX, P = 0.011). In the presence of
TTX, the application of ACh increased the charge transfer of
PSCs in ON (Fig. 5, A and C; TTX versus TTX + ACh, P = 0.010)
and OFF (Fig. 5, B and D; TTX versus TTX + ACh, P = 0.003)
SACs. These results indicate that ON and OFF SACs receive ACh-
mediated GABAergic inputs from non-spiking amacrine cells.

The mGluR2 receptor agonist LY354740 did not block ACh-
induced currents in SACs

Since SACs are non-spiking amacrine cells (Ozaita et al., 2004;
Kaneda et al.,, 2007) and reciprocal GABAergic synapses are
formed between SACs (Zheng et al., 2004), we investigated
whether the release of GABA onto the dendrites of SACs was

Journal of General Physiology
https://doi.org/10.1085/jgp.202413550

620z JequiedeQ 10 uo 3senb Aq ypd-055eL+20z dbl/5268261/0SSE L ¥20Z8/8/95 | APd-alome/dBl/Bio0 sseidnu//:dny woy pepeojumoq

40f11


https://doi.org/10.1085/jgp.202413550

Nicotine Oxotremorine
_ == _ — 9 30
ON PTERTTR ST = :
[©)
eVt
_ 2 /Q
100 pA ) /
50 s 0 é
Ctrl Nicotine Ctrl  Oxo
C Nicotine Oxotremorine D * %k
5 30 15 \
2 .
&)
s
) 0
Ctrl Nicotine Ctrl  Oxo

Figure 3. A nicotinic agonist increased PSCs in SACs in young (P7-8) mice. (A and C) Responses to nicotine (left) and oxotremorine (right) in ON SACs (A)
and OFF SACs (C). The open bar above the trace shows the timing of the nicotine application. The thick black bar shows the timing of the oxotremorine
application. Thin black bars indicate the analysis time windows (20 s) of PSCs. (B and D) Summary of the effects of nicotine (left) and oxotremorine (Oxo, right)
on the charge transfer of ON SACs (B: nicotine, P = 0.00484; Oxo, P = 0.276, n = 9 cells [two from sliced retinae, 7 from whole-mount retinae] of six mice) and
OFF SACs (D: nicotine, P = 0.00733; Oxo, P = 0.604, n = 6 cells [all from the sliced retinae] of four mice). Ctrl, before drug application; nicotine, during the
nicotine application; Oxo, during the oxotremorine application. A paired t-test was used. **P < 0.01. Nicotine and oxotremorine were applied to the same cellin
the order of oxotremorine followed by nicotine. Recordings were performed on P7-8 mice.

mediated by the effects of ACh on neighboring SACs by blocking
reciprocal synapses with the mGluR2 agonist, LY354740.
mGlIuR2 agonists were previously reported to inhibit voltage-
gated calcium channels in SACs (Koren et al., 2017), abolish

neurotransmitter release from SACs (Sethuramanujam et al.,
2018), and reduce the directional selectivity of ganglion cells
by enhancing their null spiking response (Jensen, 2006). In ON
and OFF SACs, 1 uM LY354740 did not block ACh-induced PSCs
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Figure 4. In adult mice (2P28), not only a nicotinic agonist, but also a muscarinic agonist increased PSCs in ON SACs. (A and C) Responses to nicotine
(left) and oxotremorine (right) in ON SACs (A) and OFF SACs (C). The open bar above the trace shows the timing of the nicotine application. The thick black bar
shows the timing of the oxotremorine application. Thin black bars show the analysis time windows (20 s) of PSCs. (B and D) Summary of the effects of nicotine
(left) and oxotremorine (Oxo, right) on the charge transfer of ON SACs (B: nicotine, P = 0.0176, n = 6 cells [all from the whole-mount retinae] of five mice; Oxo,
P = 0.0101, n = 6 cells [all from the whole-mount retinae] of five mice) and OFF SACs (D: Nicotine, P = 0.000811; Oxo, P = 0.739, n = 7 cells [six from sliced, one
from whole-mount retinae] of five mice). Ctrl, before drug application; nicotine, during the nicotine application; Oxo, during the oxotremorine application. A
paired t-test was used. *P < 0.05, ***P < 0.001. Oxotremorine and nicotine were applied to different cells in ON SACs because the effects of oxotremorine
persisted for a long time. Nicotine and oxotremorine were applied to the same cell in OFF SACs in the order of oxotremorine followed by nicotine. Recordings
were performed on adult mice (=P28).
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Figure 5. ACh-induced PSCs were mediated by non-spiking amacrine
cells. (A and B) Effects of TTX on ACh-induced PSCs in an ON SAC (A) and an
OFF SAC (B). Open bars above the trace show the timing of the TTX appli-
cation. Thick black bars show the timing of the ACh application. Thin black
bars show the analysis time windows (20 s) of PSCs. (C and D) Summary of
the effects of TTX on the charge transfer of ON SACs (C: Ctrl versus TTX, P =
0.986; Ctrl versus TTX + ACh, P = 0.0124; TTX versus TTX + ACh, P = 0.0096,
n = 6 cells from six mice) and OFF SACs (D: Ctrl versus TTX, P = 0.0114; Ctrl
versus TTX + ACh, P = 0.615; TTX versus TTX + ACh, P = 0.00253, n = 6 cells
from five mice). Ctrl, before drug application; TTX, during the TTX application;
TTX + ACh, during the ACh application in the presence of TTX. A one-way
repeated measures ANOVA and Tukey'’s post hoc test were used. *P < 0.05,
**P < 0.01

in SACs (ON SACs: Fig. 6, A and C; F(1.04, 7.29) = 7.10, P = 0.030,
LY versus LY + ACh, P = 0.007; OFF SACs: Fig. 6, Band D; F(2, 10)
= 50.57, P < 0.001, LY versus LY + ACh, P < 0.001), suggesting
that ON and OFF SACs receive ACh-mediated inputs from GA-
BAergic amacrine cells other than SACs. However, the charge
transfer of sPSCs was significantly reduced by LY354740 in OFF
SACs (Fig. 6 D; Ctrl versus LY, P = 0.016), indicating that
neighboring SACs release GABA, similar to the rabbit retina
(Zheng et al., 2004) at rest. In ON SACs, although the charge
transfer of sPSCs was decreased in all cells (8/8 cells) by
LY354740, the reduction was not significant (Fig. 6 C; Ctrl
versus LY, P = 0.665), which may have been due to the smaller
charge transfer of sPSCs in ON SACs than in OFF SACs.

Discussion
In the present study, we demonstrate that ACh increased GA-
BAergic PSCs in ON and OFF SACs. ACh acted on nicotinic ACh
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receptors in young (P7-8) and adult mice. In ON SACs, ACh also
acted on muscarinic ACh receptors in adult mice. ON and OFF
SACs both receive GABAergic inputs from TTX-insensitive cells.
The present results indicate that ACh activated the GABAergic
feedback system at the SAC level in the ON and OFF pathways.
In addition, this GABAergic inhibition was controlled by the
different subtypes of ACh receptors. SACs are currently known
to contribute to the formation of direction selectivity (Yoshida
et al., 2001; Amthor et al., 2002; Vlasits et al., 2014). GABAergic
inputs from SACs to direction-selective RGCs are important for
the formation of direction selectivity (Taylor et al., 2000; Fried
etal.,, 2002; Lee et al., 2010; Wei et al., 2011; Pei et al., 2015). On
the other hand, the functional role of ACh remains unclear.
Since SACs are the only ACh-releasing neurons in the retina,
these results imply a negative feedback loop in which ACh re-
leased by SACs activates pre-synaptic GABAergic neurons to
inhibit SACs. The significance of nicotinic versus nicotinic +

A LY354740:

ON

50 s

B LY354740¢
OFF -

ACH m—

O

~
(@]

Charge (pC)
Charge (pC)

Ctrl Ctrl

LY LY+ACh

Figure 6. ACh-induced PSCs were mediated by amacrine cells other
than SACs. (A and B) Effects of LY354740 on ACh-induced PSCs in an ON
SAC (A) and an OFF SAC (B). Open bars above the trace show the timing of
the LY354740 application. Thick black bars show the timing of the ACh ap-
plication. Thin black bars show the analysis time windows (20 s) of PSCs. (C
and D) Summary of the effects of LY354740 on the charge transfer of ON
SACs (C: Ctrl versus LY, P = 0.665; Ctrlversus LY + ACh, P = 0.0400; LY versus
LY + ACh, P = 0.00749, n = 8 cells from four mice) and OFF SACs (D: Ctrl
versus LY, P = 0.0156; Ctrl versus LY + ACh, P = 0.000196; LY versus LY +
ACh, P =4.68 x 1076, n = 6 cells from five mice). Ctrl, before drug application;
LY, during the LY354740 application; LY + ACh, during the ACh application in
the presence of LY354740. A one-way repeated measures ANOVA and Tu-
key’s post hoc test were used. *P < 0.05, **P < 0.01, ***P < 0.001.
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muscarinic feedback is more difficult to rationalize. We specu-
late that if the effects of ACh release are local, these receptors
may be located on the presynaptic terminals themselves.

Types of synaptic inputs to SACs

Consistent with previous findings (Kaneda et al., 2008), the
application of SR95531 abolished the majority of sPSCs in both
ON and OFF SACs. Furthermore, ACh did not induce any in-
crease in PSCs in the presence of SR95531, suggesting that the
majority of sPSCs and ACh-induced PSCs in SACs were GA-
BAergic. However, we noted that a few residual responses per-
sisted after the blockade of GABA, receptors. These residual
responses may be excitatory glutamatergic inputs, as indicated
by a previous study (Petit-Jacques et al., 2005). Bipolar cells
presynaptic to SACs have been reported to express nicotinic
receptors (Hall et al., 2019; Hellmer et al., 2021), implying that
ACh may increase glutamatergic inputs onto SACs. However,
this is not likely to be the case because ACh did not significantly
increase PSCs in the presence of SR95531. Nevertheless, the
possibility of ACh increasing glutamatergic inputs onto SACs
cannot be entirely ruled out. The smaller amplitudes and faster
decay kinetics than those of GABAergic PSCs (Frech et al., 2001)
posed challenges in distinguishing glutamatergic inputs from
baseline noise. In addition, we need to consider the shunting of
excitatory inputs toward the centripetal direction by the large
K* conductance at the proximal portion of the dendrites of SACs
(Ozaita et al., 2004).

Although glycinergic sPSCs have been detected in ON SACs
(Majumdar et al., 2009; Jain et al., 2022), we did not identify
distinct inhibitory PSCs following the application of SR95531 as
we have previously reported (Kaneda et al., 2008). This dis-
crepancy may be attributed to the slowest t value among retinal
amacrine cells (Majumdar et al., 2009), likely due to the prominent
expression of the glycine receptor a4 subunit in ON SACs
(Heinze et al., 2007; Majumdar et al., 2009; Jain et al., 2022),
smaller amplitudes than GABAergic sPSCs (Jain et al., 2022), or
tonic glycinergic inputs that ON SACs may receive (Majumdar
et al,, 2009). Therefore, further studies on the effects of ACh on
glycinergic inputs are needed.

Inputs from spiking amacrine cells

In OFF SACs, the application of TTX significantly decreased
sPSCs, indicating a constant GABAergic input from spiking
amacrine cells in a steady state. Alternatively, it is possible that
OFF SACs receive GABAergic inputs from amacrine cells, which
primarily receive glutamatergic inputs from bipolar cells ex-
pressing Na* channels (Hellmer et al., 2016). On the other hand,
TTX had no effect on sPSCs in ON SACs, indicating the absence
of constant input from those amacrine cells. These results sup-
port ON and OFF SACs being regulated by distinct networks of
amacrine cells.

In ON SACs, the application of ACh increased the charge
transfer of PSCs even in the presence of TTX, similar to the TTX-
free condition. This result strongly suggests the involvement of
non-spiking amacrine cells in ACh-induced GABAergic inputs to
ON SAGCs. Similarly, in OFF SACs, ACh increased the charge
transfer of PSCs in the presence of TTX, confirming the
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involvement of non-spiking amacrine cells in ACh-induced
GABAergic inputs to OFF SACs. However, as shown in Fig. 5 D,
the amount of charge transfer during the application of ACh
(TTX + ACh) was similar to that before the application of TTX
(Ctrl). Since an increase in the amount of charge transfer by ACh
has been observed in the absence of TTX in OFF SACs (Fig. 1 E),
the reduction in the amount of charge transfer by ACh recorded
in the presence of TTX may result from the loss of constant
GABAergic inputs from spiking amacrine cells and/or the loss of
ACh-induced GABAergic inputs from spiking amacrine cells. In
any case, further studies are needed to establish whether spiking
amacrine cells also contribute to ACh-induced GABAergic inputs
to OFF SACs.

Types of presynaptic amacrine cells to SACs

The present results showed that ON and OFF SACs received
GABAergic inputs driven by ACh receptors. These ACh-induced
GABAergic inputs persisted after spiking amacrine cells were
blocked by TTX. In addition, the blocking of reciprocal synapses
between SACs by LY354740 (Koren et al., 2017; Sethuramanujam
et al., 2018) did not inhibit ACh-induced GABAergic inputs onto
SACs. These results indicate that non-spiking amacrine cells
other than SACs formed GABAergic synaptic contacts on SACs
(Fig. 7). In the rabbit retina, SACs form GABAergic reciprocal
synapses between them but have no cholinergic reciprocal
synapses after eye opening (Zheng et al., 2004), which con-
firmed that GABAergic reciprocal synapses were not driven by
cholinergic inputs from SACs after eye-opening.

It currently remains unclear whether GABAergic amacrine
cells, presynaptic to SACs, directly receive ACh from SACs. Re-
cent studies highlighted the effects of ACh on bipolar cell ter-
minals (Hall et al., 2019; Hellmer et al., 2021; Matsumoto et al.,
2021). These findings suggest that ACh-induced GABAergic in-
puts in SACs may originate from amacrine cells indirectly acti-
vated by ACh via bipolar cells that express nicotinic receptors.

The classification of amacrine cells has been challenged by
many researchers and many subtypes are classified by their
morphological characteristics in the mouse retina (Gustincich
et al., 1997; Badea and Nathans, 2004; Lin and Masland, 2006;
Pérez De Sevilla Miiller et al., 2007; Majumdar et al., 2009; Pang
et al.,, 2012). Furthermore, a connectomic reconstruction re-
vealed the presence of 45 types of amacrine cells (Helmstaedter
et al., 2013). The high-level heterogeneity of amacrine cells has
been supported by findings obtained using high-throughput
single-cell RNA sequencing, which identified 63 types of ama-
crine cells, containing 43 types of GABAergic cells (Yan et al.,
2020). Since narrow-field amacrine cells are glycinergic
(Menger et al., 1998) and axon-bearing (polyaxonal) wide-field
amacrine cells displayed somatic action potentials (Vélgyi et al.,
2001), axonless medium- or wide-field amacrine cells with
dendrites in the same layer as SACs may be candidate amacrine
cells that provide ACh-induced GABAergic inputs to SACs.
Referencing the study conducted by Ding et al. (2016), which
showed several wide-field ACs presynaptic to SACs, and con-
sidering the comprehensive dataset presented by Helmstaedter
et al. (2013), the prospective amacrine cell candidates for OFF
SACs may be types 55-57, while those for ON SACs may be types

Journal of General Physiology
https://doi.org/10.1085/jgp.202413550

620z JequiedeQ 10 uo 3senb Aq ypd-055eL+20z dbl/5268261/0SSE L ¥20Z8/8/95 | APd-alome/dBl/Bio0 sseidnu//:dny woy pepeojumoq

70f11


https://doi.org/10.1085/jgp.202413550

JGP

ndﬁispiking
wide-field AC?

Afh/\ = e ON BC
OFF SAC GABA A
Glu

C
Glu ATP
— l GABA
R_/ N\

Miller cell? OFF BC

Narrow-field AC?

Glu

il GABA
t GABA o
Glu ACh Gly
AC___ ON SAC
/ U Wrachr
non-spiking nAChR//

wide-field AC?

Figure 7. ON and OFF SACs receive distinct synaptic inputs. Schematic drawing of synaptic wiring in ON and OFF SACs (green cells) in the adult mouse
retina. ON and OFF SACs both receive nicotinic receptor-mediated GABAergic inputs (blue) and only ON SACs receive additional muscarinic receptor-mediated
GABAergic inputs (blue). These cholinergic receptors presumably exist in non-spiking amacrine cells other than SACs (cells surrounded by dotted lines). OFF
SACs, but not ON SACs, have P2X, purinoceptors and respond to ATP (yellow) (Kaneda et al.,, 2008). ATP also activates P2X purinoceptors on amacrine cells
(OFF SACs are a likely candidate) and increases GABAergic inputs (light blue) to OFF SACs. ON SACs selectively receive glycinergic inputs (green), presumably
from narrow-field amacrine cells (Ishii and Kaneda, 2014). Canonical glutamatergic inputs (red) from bipolar cells (BC) are also shown. This glutamatergic circuit
drives GABAergic inputs (light blue) to both ON and OFF SACs from neighboring amacrine cells (Ishii and Kaneda, 2014). Glu, glutamate; Gly, glycine; BC, bipolar

cell; AC, amacrine cell; nAChR, nicotinic acetylcholine receptor; mAChR, muscarinic acetylcholine receptor.

28, 30, and 32 of Helmsteadter’s dataset. Regarding ON SACs, we
demonstrated that muscarinic receptors were involved in GA-
BAergic feedback to ON SACs in adults. Single-cell RNA se-
quencing showed that muscarinic receptors were selectively
expressed in some GABAergic amacrine cells (Yan et al., 2020).
If GABAergic amacrine cells directly receive ACh from SACs, we
will be able to narrow down candidate amacrine cells that pro-
vide ACh-induced GABAergic inputs to ON SACs when further
morphological information on muscarinic receptor-expressing
amacrine cells is available.

Distinctions between ON and OFF pathways

We showed that different ACh receptors regulated GABAergic
inputs to ON and OFF SACs in adults, indicating that synaptic
wiring is distinct between ON and OFF SACs. This concept is
further supported by TTX-sensitive GABAergic inhibition only
being observed in OFF SACs.

Different synaptic wiring between ON and OFF SACs has
been reported. We observed significantly larger responses to
glycine in ON SACs than in OFF SACs (Ishii and Kaneda, 2014)
and significantly larger responses to ATP in OFF SACs than in
ON SACs (Kaneda et al., 2004, 2008) (Fig. 7). The study inves-
tigating differences in light responses between ON and OFF
SACs revealed that the blockage of NMDA receptors significantly
shortened the duration of proximal excitation in OFF SACs but
not in ON SACs (Fransen and Borghuis, 2017). Regarding func-
tional differences in inhibitory inputs to ON and OFF SACs,
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inhibitory inputs from other amacrine cells were not necessary
for the direction selectivity of ON SACs, while feed-forward
inhibition from non-SAC amacrine cells contributed to the di-
rection selectivity of OFF SACs (Chen et al., 2016). Distinctions
between the ON and OFF pathways have also been reported at
the ganglion cell level. In direction-selective RGC, the directional
difference in the total inhibitory input was larger for ON re-
sponses than for OFF responses (Taylor and Vaney, 2002).
Moreover, Fried et al. (2005) reported that curare, a blocker of
nicotinic ACh receptors, reduced the directionality of inhibitory
inputs to direction-selective RGCs in a different manner be-
tween ON and OFF responses. The brain does not respond
equally to increments and decrements in light (Zemon et al.,
1988; Chubb et al, 2004). Therefore, even among mirror-
symmetric pairs, it is plausible that ON and OFF types un-
dergo distinct regulatory processes.

In the present study, we found that GABAergic inputs to SACs
were regulated by ACh. In rod bipolar cells, GABAergic inputs
from A17 amacrine cells were also regulated by ACh (Elgueta
et al., 2015). In the rabbit retina, nicotinic agonists were re-
ported to increase the release of GABA, consequently leading to
an indirect increase in dopamine release (Neal et al., 2001).
Collectively, the present results and these findings suggest that
ACh functions as an indirect inhibitory transmitter through
GABAergic systems in the retina. The functional role of ACh in
the retina needs to be reconsidered from both its direct effects
on RGCs and its indirect inhibition at multiple levels.
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