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Purrose. In the mammalian retina, cannabinoid type 1 receptors (CB1Rs) are well-
positioned to alter inhibitory synaptic function from amacrine cells and, thus, might
influence visual signal processing in the inner retina. However, it is not known if CB1R
modulates amacrine cells feedback inhibition at retinal bipolar cell (BC) terminals.

MerHoDs. Using whole-cell voltage-clamp recordings, we examined the pharmacological
effect of CB1R activation and inhibition on spontaneous inhibitory postsynaptic currents
(SIPSCs) and glutamate-evoked IPSCs (gIPSCs) from identified OFF BCs in light-adapted
rat retinal slices.

Resurrs. Activation of CB1R with WIN55212-2 selectively increased the frequency of
GABAergic, but not glycinergic sIPSC in types 2, 3a, and 3b OFF BCs, and had no effect on
inhibitory activity in type 4 OFF BCs. The increase in GABAergic activity was eliminated
in axotomized BCs and can be suppressed by blocking CB1R with AM251 or GABA, and
GABA, receptors with SR-95531 and TPMPA, respectively. In all OFF BC types tested,
a brief application of glutamate to the outer plexiform layer elicited gIPSCs compris-
ing GABAergic and glycinergic components that were unaffected by CB1R activation.
However, blocking CB1R selectively increased GABAergic gIPSCs, supporting a role for
endocannabinoid signaling in the regulation of glutamate-evoked GABAergic inhibitory
feedback to OFF BCs.

Concrusions. CB1R activation shape types 2, 3a, and 3b OFF BC responses by selectively
regulate GABAergic feedback inhibition at their axon terminals, thus cannabinoid signal-
ing might play an important role in the fine-tuning of visual signal processing in the
mammalian inner retina.
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ndocannabinoids (eCBs) are lipid-derived messengers

that, by activating primarily cannabinoid type 1 recep-
tors (CB1Rs), serve as regulators of excitatory and inhibitory
synaptic function throughout the brain.!”? In the retina,
expression of CBIR has been found in the inner and outer
synaptic and nuclear layers of several species, including rats
and humans.*~'? For instance, in salamander and goldfish
retinas,”1%:13:14 activation of CB1R reportedly inhibits differ-
ent voltage-gated Ca®>t and K' channels in photoreceptors
and bipolar cells (BCs) and might modulate glutamatergic
transmission in both the outer and inner retina. Activation
of CBIR has also been shown to increase the intrinsic
excitability of retinal ganglion cell in xenopus tadpoles,"
inhibit voltage-activated Ca*" channels in cultured rat
ganglion cells,'® modulate spontaneous transmitter release
in cultured amacrine cells from embryonic chick retina,!’
and, more recently, to reduce spontaneous excitatory and
inhibitory inputs onto rat and mouse retinal ganglion
cells.’®-20 Although this evidence suggests that CB1Rs are
well positioned to affect both excitatory and inhibitory
transmission within the inner retina, little is known about
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the role of CBIR in modulating feedback inhibition from
amacrine to retinal BCs.

BCs, responsible for transmitting, filtering, and sepa-
rating aspects of visual information on its way from
photoreceptors to ganglion cells,?! can be separated into
two main groups based on their response to light: ON and
OFF BCs.?>?3 Inhibitory inputs from diverse GABAergic and
glycinergic amacrine cells in the inner retina are known
to shape both ON and OFF BC responses.’* In the OFF
pathway, the classic view is that glycinergic inhibitory input
to OFF BCs stems mainly from AIl amacrine cells, a key
component in signal transmission within the rod path-
way.>>"?’ However, depending on the OFF BC type?!28-3!
and the degree of light adaptation, inhibitory input from
both glycinergic and GABAergic sources contributes to the
functional requirements of the retina.3>-3* Although little
is known regarding the exact localization and function of
CBI1R within the OFF pathway, the dense labeling of CB1R
in the inner plexiform layer (IPL),”-%%> the apparent localiza-
tion of CB1R at the cone-type 1 OFF BC synapse,® in some
recoverin-positive OFF BCs,' and in subsets of GABAergic®
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and putative glycinergic amacrine cells,’® suggest that
CB1Rs can control OFF BC function by regulating their
activity and/or inhibitory input in the inner retina, but this
remains currently unproven. Here, we sought to address
these issues by recording GABAergic and glycinergic post-
synaptic currents (IPSCs) from identified OFF BCs in acute
light-adapted rat retinal slices.

MATERIALS AND METHODS

Sprague Dawley rats were raised in the animal facility of
the Universidad de Valparaiso and held at 20 to 25°C under
a 12-hour light/dark cycle with water and food ad libitum.
Retinal slices (200 pm thickness) were prepared from 25 to
30-day-old rats irrespective of sex and weight, as previously
described.??-3¢ Animal handling and use followed a protocol
approved by the bioethics committee of the Universidad de
Valparaiso, in accordance with the bioethics and biosafety
regulation of the Chilean Research Council (CONICYT).
Briefly, rats were anesthetized deeply by isoflurane inhala-
tion and euthanized by decapitation. Eyes were quickly
removed and the retinas were carefully separated from the
sclera and maintained in extracellular solution containing
(in mM): 119 NaCl, 23 NaHCO;, 1.25 NaH,POy, 2.5 KCl,
2.5 CaCl,, 1.5 MgSOy, 20 glucose, and 2 Na' pyruvate,
aerated with 95% O, and 5% CO,, reaching a pH of 7.4.
Retinas were embedded in type VII agarose (Sigma) and
cut with a vibratome (Leica VT1000S). To obtain viable
axotomized BCs?” (Supplementary Fig. S1), the angle of the
blade was adjusted to produce vertical or wedged slices. All
experiments were performed at room temperature under
conditions of low photopic background illumination (100
lux), in which OFF BCs display a significant amount of
spontaneous background activity.>

Spontaneous inhibitory postsynaptic currents (SIPSCs)
and glutamate-evoked IPSCs (gIPSCs) were recorded from
OFF BCs voltage clamped at 0 mV using borosilicate patch
electrodes (10-13 MQ, 1.5 mm OD, 0.84 mm ID, WPI) filled
with internal solution containing (in mM): 125 K* gluconate,
10 KCl, 10 HEPES, 2 EGTA, 2 Na,ATP, 2 NaGTP, and 1%
Lucifer yellow. The pH was adjusted to 7.4 with KOH. In
some experiments (Supplementary Fig. S3), nifedipine (30
pM) was added to the extracellular solution to isolated
voltage-gated K' currents, whereas an internal solution
containing (in mM): 90 Cs-methanesulfonate, 20 TEA-CI,
10 HEPES, 10 EGTA, 10 Na,-phosphocreatine, 2 MgATP,
and 0.2 NaGTP with pH adjusted to 7.4 with CsOH was
used to record voltage-activated Ca** currents. BC subtypes
were classified according to different parameters, including
their axonal morphology and stratification within the OFF
sublamina and by their electrophysiological response to
glutamate in the outer plexiform layer (OPL), as previously
described (Supplementary Fig. S1).2 The sIPSCs were
also recorded from different subtypes of amacrine cells
voltage-clamped at 0 mV with patch electrodes (7-8 MQ)
containing Kt gluconate internal solution. Although AII
amacrine cells were distinguished by their smaller somata,
a prominent primary dendrite protruding into the IPL, and
a narrowly distributed dendritic arbor, other subtypes of
amacrine cells were divided according to their dendritic
stratification within different portions of the IPL as ON,
OFF, or ON-OFF amacrine cells.

For gIPSC recordings, BCs were stimulated with L-
glutamate (500 pM), applied to the OPL from a single-barrel
glass pipette operated by a custom-made picospritzer oper-
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ating at 2 to 3 psi. SR-95531 (SR, 10 uM) to block GABA,
receptors, 1,2,5,6-tetrahydropyridin-4yl-methylphosphonic
acid (TPMPA; 50 uM) to block GABA,, receptors, and strych-
nine (5 pM) to block glycine receptors were added to the
bath solution as needed. To activate or inhibit CB1Rs, either
WIN 55,212-2 (WIN, 1 pM) or AM251 (5 pM) were added
to the bath solution. Except where indicated, the effects
of the CB1R agonist and antagonist on sIPSC and gIPSC
were recorded for at least 10 minutes after the establish-
ment of a stable baseline. Drug application was performed
using a pressurized superfusion system (Automate Scien-
tific). Reagents were obtained from Tocris Bioscience, except
for WIN and L-glutamate that were obtained from Sigma-
Aldrich.

All recordings were acquired using PClamp 10.4 (Molec-
ular Devices) and signals were filtered at 3 kHz on an
EPC7-plus patch clamp amplifier (HEKA Elektronik), digi-
tized, and sampled at 10 kHz (Digidata 1550; Molecular
Devices). The calculated liquid junction potential of 14 mV
was corrected before the recordings. The sIPSC frequency
and amplitude were analyzed using the event detection tool
of Clampfit (Molecular Devices), with a detection threshold
of twice the mean amplitude of the electrical noise. IPSCs
with a duration of <5 ms were considered electrical arti-
facts and were eliminated from the analysis. Of 173 intact
OFF BCs recorded, only 89 exhibited spontaneous activ-
ity with these characteristics and were considered for the
analysis. Cumulative plots were constructed by pooling 150
consecutive events sampled per cell. The gIPSCs charge was
calculated by integrating the area under the current trace
in Origin 8 Pro software (Origin Lab). Data used for statis-
tical analysis had a normal distribution according to the
Shapiro-Wilk test. Results are shown as the mean £+ SEM,
and, unless otherwise indicated, statistical comparisons were
made with a paired two-tailed Student’s t-test (P < 0.05).
Within the figures, asterisks indicate the following: *P < 0.05,
P < 0.01, and **P < 0.001.

REsuULTS

OFF BCs Display Inhibitory Spontaneous Activity
With Low and High Frequency Activity Patterns

Voltage-clamp recordings from 89 intact and 11 axotomized
BCs were obtained to examine the functional consequences
of CB1R activation on the regulation of inhibitory feedback
to morphologically and physiologically identify OFF BCs
in light-adapted rat retinal slices. Fourteen cells, including
axotomized cells, were classified as type 2, 35 as type 3a, 22
as type 3b, and 29 as type 4 OFF BCs. As previously reported
in rat retinas,” type 1 OFF BCs was difficult to encounter,
and the two cells classified as type 1 were excluded from
our analysis. Type 4 OFF BCs displayed a pattern of sIPSCs
with significantly higher frequency compared to other
OFF BC types recorded (Figs. 1A,B; type 4: 11.08 £ 0.28
Hz, n = 21 vs. type 2: 2.21 + 0.41 Hz, n = 6, unpaired,
P < 0.0001; type 3a: 1.70 £ 0.33 Hz, n = 19, unpaired,
P < 0.0001; and type 3b: 1.84 £+ 0.18 Hz, n = 13; unpaired,
P < 0.0001). Likewise, the amplitude of sIPSCs was signif-
icantly higher in type 4 OFF BCs compared to other OFF
BC types (Fig. 1B; type 4: 20.5 £ 1.78 pA; n = 21 vs. type
2: 10.08 £ 1.69 pA, n = 6, unpaired, P = 0.0044; type 3a:
7.46 + 0.82 pA, n = 19, unpaired, P < 0.0001; and type 3b:
12.68 £+ 1.62 pA, n = 13, unpaired, P = 0.0025). Although
a significant difference in the amplitude of sIPSCs between
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Figure 1. Rat OFF BCs display different backgrounds of spontaneous inhibitory activity under light-adapted conditions. (A) Fluo-
rescence images (left) and sample traces (right) showing that type 2 and 3a/b OFF BCs display low background spontaneous inhibitory
activity compared to type 4 OFF BCs. Scale bars: 10 pm. (B) Summary plot showing the difference in the amplitude and frequency of sIPSCs
in the different OFF BC types recorded. Note that type 3a and 3b OFF BCs differ in their sSIPSC amplitude, but not in frequency, whereas
type 4 displays a comparatively higher amplitude and frequency compared to the other cell types. In all subsequent figures, types 2 and 3
OFF BCs are grouped as LFCs and type 4 OFF BC is referred to as HFCs. Summary data display mean £+ SEM and open circles represent a

single cell. *P < 0.01, **P < 0.001; ns, not significant.

types 3a (7.46 £+ 0.83 pA, n = 19) and 3b (12.68 + 1.62
PA, n = 13; unpaired, P = 0.0028; Fig. 1B) was observed,
likely due to differences in GABA/glycine receptor function,
for the purposes of this study, types 2, 3a, and 3b OFF
BCs were grouped and will be referred to as cells with a
low frequency of sIPSC (low frequency cell [LFC]; <5 Hz),
whereas type 4 OFF BCs will be referred to as cells with
high frequency cell (HFC) activity (>9 Hz).

OFF BCs Receive Differential GABAergic and
Glycinergic Inputs

OFF BCs receive both GABAergic and glycinergic inhibi-
tion,>*:3138 whose contribution depends on the BC type
and on the level of light adaptation.?® Under our experi-
mental conditions, the amplitude and frequency of sIPSCs
recorded in the LFC group were partially reduced by bath

application of the GABA, and GABA, receptor antago-
nists SR-95531 (10 pM) and TPMPA (50 pM), respectively
(Amplitude: from 4.39 £+ 0.73 to 3.82 + 0.66 pA, n = 6,
P = 0.009; Frequency: from 3.05 + 0.47 to 1.33 + 0.21
Hz, n = 6, P = 0.004; Fig. 2A). The remaining compo-
nent was eliminated by addition of the competitive glycine
receptor antagonist strychnine (5 pM; Fig. 2A), indicat-
ing that inhibition in the LFC group is mediated by both
GABAergic and glycinergic inputs. Both GABAergic and
glycinergic currents were abolished in axotomized LFC
OFF BCs (Supplementary Fig. S1), reflecting synaptic feed-
back inputs from amacrine cells to axons and synaptic
terminals in the inner retina. In contrast, spontaneous
feedback IPSCs recorded in the HFC group were unaf-
fected by bath application of GABA receptor antagonists
(Frequency control: 12.51 + 0.94 vs. SR/TPMPA: 10.82 +
0.57 Hz, n = 4, P = 0.088; Amplitude Control: 14.59 +
2.36 to 14.20 &+ 2.27 pA, n = 4, P = 0.095), but were elim-



Investigative Ophthalmology & Visual Science

Cannabinoid Signaling Modulates Feedback Inhibition IOVS | March 2020 | Vol. 61 | No.3 | Article3 | 4
A
* k% *%
LFC *% dok
5 1 8 1
- Q *k* *%
MMMMMWM‘ N J N < -
T4 S61 a0
Control - ~ ARSI
o 3 B N
5 R | Y
Aol S 2 g adll it
9 S :;55:53@ "N
+ SR/TPMPA s < 21 NN
\\\\ \‘\3
0 T T E 1
B ) N
S \ ol
+ SR/TPMPA/Strychnine 0{\(‘ QQQ ‘Q«\\Q
@) & L
10pA | %Qg XG)\«
1s x
B *kk **
HFC 207 —= 25 4 —=
* k%
s 215 g%
Control > 215
g 10 = 10
o
ARG 5 2
+ SRITPMPA L ° < 5
0 0
n.__LL L ot A

+ SR/TPMPA/Strychnine

25pA__
1s

FiGURE 2. Spontaneous activity in LFC comprises GABAergic and glycinergic inputs, whereas spontaneous activity in HFC is mainly
mediated by glycinergic inputs. (A) sIPSC sample traces (left) and summary plot of frequency (middle) and amplitude (right) from the LFC
group showing that sIPSC are partially reduced by GABA receptors antagonists (TPMPA, 50 uM/SR 10 uM) and the remaining component
is eliminated by blocking glycine receptors with strychnine (5 uM). (B) The sIPSCs in HFC are mainly mediated by glycine receptors, as
GABA receptors antagonists (TPMPA, 50 uM/SR 10 uM) had no significant effect on the frequency and amplitude of sIPSCs. Blocking glycine
receptors with strychnine completely eliminated sIPSC in the HFC group. Summary data show mean + SEM and open circles represent a

single cell. *P < 0.01, **P < 0.001; ns, not significant.

inated by strychnine (Frequency; P = 0.0010; Amplitude;
P = 0.0061; Fig. 2B) or in axotomized HFC OFF BC (Supple-
mentary Fig. S1), indicating that inhibitory activity in this
population is mainly mediated by glycinergic amacrine cells
in the inner retina.

Activation of CB1R Selectively Modified
GABAergic, But Not Glycinergic IPSCs in OFF BCs

In rat retina, CB1Rs seem to be expressed throughout the
entire inner retina and in a subset of amacrine cells,>!!
suggesting that CB1Rs participated in the control of
GABAergic and glycinergic signaling to OFF BCs. In order
to examine whether under light-adapted conditions retinal
eCBs could be released to regulate feedback activity, a CB1R
antagonist (AM251, 5 pM) was applied, whereas sIPSC were
recorded in both OFF BC groups. Bath application of
AM251 for 10 minutes, however, did not produce any signif-
icant change in the frequency of sIPSC in the LFC group
(n = 7, P = 0.9413, Fig. 3A) nor in the HFC group (n = 4,

P = 0.4748, Fig. 4A). Likewise, no changes in the amplitude
of sIPSC in both OFF BC groups were observed (LFC:
n = 7, P = 0.0622; Fig. 3A; HFC: n = 4, P = 0.7632;
Fig. 4A). This result argues against a basal tone of eCBs in
rat retina that regulates spontaneous inhibitory activity at
OFF BCs. Conversely, in the LFC group, bath application of
the specific CB1 receptor agonist WIN (1 uM) significantly
increased sIPSC frequency in intact OFF BCs (1.28 + 0.27
to 2.89 £ 0.47 Hz, n = 8, P < 0.0006) but not their ampli-
tude (11.26 + 2.53 to 9.8 + 2.32 pA, n = 8, P = 0.0604;
Fig. 3B). Importantly, this increase in the frequency of sIPSC
was absent in axotomized LFC OFF BCs (Supplementary
Fig. S10), reflecting a direct effect of CB1R on inhibitory
feedback to the axon and synaptic terminals of LFC BCs.
Moreover, this effect was mediated by activation of CBI1R,
as in the continuous presence of the CB1R antagonist
AM251 (5 pM), WIN no longer increased the frequency
of sIPSCs (n = 6, P = 0.053; Fig. 3C). In contrast, in the
HFC group, activation of CB1R did not exert any effect on
sIPSC frequency (10.6 + 0.61 to 10.49 + 0.65 Hz, n = 4,
P = 0.484) nor on their amplitude (18.8 £+ 4.06 to 18.5 +
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Ficure 3. Activation of CB1R increases GABAergic sIPSCs in OFF BCs. (A) Sample traces and cumulative probability plots, including
summary bar graphs (inset), showing that blockage of CB1R with AM251 (5 pM) had no effect on spontaneous activity in LFC OFF BCs. (B),
Bath application of 1 tM WIN produced a leftward shift consistent with an increase in sIPSC frequency, but no changes in the amplitude of
spontaneous activity in types 2 and 3 OFF BCs were observed. (C) The CBIR inverse agonist (AM251, 5 uM) eliminated the effect of WIN
on sIPSC frequency in LFC OFF BCs. Summary data display mean £ SEM and open circles in summary bar graphs represent a single cell.

#+P < 0.001; ns, not significant.

4.31 pA; n = 4, P = 0.6840; Fig. 4B), indicating that CB1Rs
selectively influence spontaneous inhibitory feedback to
LFC but not HFC. Moreover, when GABAergic activity was
blocked with SR-95531 and TPMPA, bath application of WIN
had no effects on the frequency of LFC sIPSCs (Control:
0.87 + 0.24 vs. WIN: 0.81 + 0.21 Hz, n = 6, P = 0.4911;
Fig. 5A), nor on HFC sIPSCs (10.01 £ 0.45 to 9.93 £ 0.53,
n = 4, P = 0.5993; Supplementary Fig. S2). Similarly, block-
age of GABA,Rs alone with SR-95531 also eliminated the
effect of WIN in the frequency of LFC sIPSCs (Control: 1.72
=+ 0.57 vs. WIN: 1.69 + 0.53 Hz, n = 6, P = 0.9248; Fig. 5B),
indicating that GABAergic, but not glycinergic feedback inhi-
bition in OFF BCs is modulated by the activation of CB1Rs.

Inhibitory Inputs to ON-OFF Amacrine Cell
Subtypes are Reduced by CB1R Activation

Typically, CB1R activation reduces inhibitory transmission
throughout the brain!? and in the retinas.'®'® However, our
observation that activation of CB1R increases rather than
decreases spontaneous GABA release onto LFC OFF BCs
suggests that other mechanism could be involved. To test
whether CB1Rs regulates disinhibition between amacrine
cells in the inner retina and, thus, modifies spontaneous
feedback to OFF BCs, we recorded spontaneous inhibitory

inputs from different amacrine cell subtypes, including the
well-characterized glycinergic AIl amacrine cells.>~4! Unlike
inhibitory inputs to OFF BCs (Fig. 3), we found that activa-
tion of CBIR with WIN reduced rather than increased the
frequency of sIPSC onto one ON-OFF amacrine cell subtype
(Control: 2.84 4+ 0.54 Hz vs. WIN: 1.98 + 0.38 Hz, n = 5,
P = 0.0129; Fig. 6A), whereas no significant effects
were found in other amacrine cells subtypes, including
AIl amacrine cells (Figs. 6B—D). Although these results
suggest that inhibitory interactions between amacrine cells
in the inner retina is modulated by CBI1R activation, it
remains to be determined whether or not these ON-OFF
amacrine cells are involved in the regulation of LFC BCs
output.

Depolarization of BCs Elicits GABAergic and
Glycinergic IPSCs in OFF BCs

To mimic a local decrement of light intensity, a brief puff
of glutamate was applied to the OPL close to the recorded
cell (~10 pm). The gIPSCs were observed in both LFC
(Fig. 7A) and HFC (Fig. 7B). In LFC OFF BCs, gIPSCs
were partially reduced by bath application of GABA recep-
tor antagonists (SR/TPMPA to 55.91 + 4.93% of control;
n = 6; P = 0.002; Fig. 7A), and the remaining component
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was eliminated by strychnine to 2.56 £ 0.32% of control,
n = 6, P < 0.0001; Fig. 7A). Similarly, gIPSC elicited in
the HFC group were partially reduced by blocking glycine
receptors (to 62.19 + 6.83% of control, n = 3, P = 0.0311;
Fig. 7B) and GABA antagonists eliminated the strychnine-
insensitive component (to 3.41 £ 1.07% of control, n = 3,
P = 0.0001; Fig. 7B), indicating that in both the LFC and HFC
groups, OFF BC depolarization elicited gIPSCs comprising
GABAergic and glycinergic inhibitory inputs. Interestingly,
during the brief application of glutamate to the OPL, we
also found that sIPSCs observed in LFC were significantly

increased (Frequency from 0.88 + 0.30 to 8.33 £+ 1.33 Hz,
n =6, P < 0.0007; Amplitude from 3.45 + 0.62 to 9.86 + 1.50
PA, n =6, P =0.0154; Fig. 7A), an effect that was maintained
for up to 20 seconds after the stimulus onset. In contrast,
in the HFC group, the frequency and amplitude of sIPSC
decreased significantly during the stimulus (Frequency from
11.33 £ 0.55 to 2.63 & 0.32 Hz, n = 3, P = 0.0084; Amplitude
from 16.47 + 2.47 to 3.81 + 1.80 pA, n = 3, P = 0.0120),
and returned to the original values 20 seconds poststimulus
(Fig. 7B).
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Ficure 6. CBI1R activation reduces spontaneous inhibitory activity in ON-OFF amacrine cell subtypes. (A) Activation of CB1R with
WIN significantly reduces the frequency, but not the amplitude of spontaneous inhibitory activity recorded from morphologically identified
ON-OFF subtypes of amacrine cells. (B), Inhibitory activity from morphological identified AIl amacrine cells is unaffected by bath application
of 1 uM WIN. (C,D) Bath application of WIN has no effect on the inhibitory activity in both morphological identified ON C and OFF D
subtypes of amacrine cell recorded. All panels display representative fluorescence images of recorded amacrine cells (left), samples traces
(middle), and cumulative probability plots (right), including summary bar graphs (inset). Images scale bars: 10 pm. Bars indicate mean +
SEM and open circles represent a single cell. *P < 0.05. ns, not significant.

Depolarization of BCs Induces Endocannabinoid WIN did not cause changes in the total charge of gIPSC
Release That Regulates Evoked GABAergic (Control: 41.38 + 2.38 vs. WIN: 41.15 + 3.39 pC, n = 5,
Inhibitory Feedback to OFF BCs P =0.9018; Fig. 8A). However, in the same cells, WIN signif-

icantly increased the sIPSC frequency (pre gIPSC from 1.60
In order to determine whether gIPSCs could also be influ- + 0.37 to 3.84 £ 0.87 Hz, P = 0.011, » = 5; Fig. 8A),
enced by the activation of CB1Rs, we compared the charge indicating that different types of amacrine cells are respon-
transfer of the gIPSC before and after bath application of the sible for spontaneous and evoked inhibitory inputs onto
CBIR agonist WIN (1 pM). Surprisingly, in the LFC group, OFF BCs in the LFC group, and that CBIR signaling might
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Ficure 7. Brief application of glutamate to the OPL depolarizes OFF BCs and elicits IPSCs comprising GABAergic and glycinergic
activity. (A) Sample traces (left panel) and summary plot (middle panel) showing that glutamate(Glu)-evoked inhibitory activity in the
LFC group was partially reduced by GABA receptor antagonists (TPMPA, 50 uM/SR 10 uM) and the remaining component was eliminated
by the glycine receptor antagonist strychnine (5 uM). Note that during glutamate-induced IPSCs, a significant increase in the frequency
and amplitude of inhibitory activity was observed (right panels). (B) Glutamate-elicited IPSCs in HFC cells (left panel) were reduced by
strychnine application and eliminated by GABA receptor antagonists (middle panel). Unlike LFC A, glycinergic spontaneous activity in the
HFC decreases during the glutamate-evoked response (right panel). Summary data consists of mean £ SEM and open circles represent a
single cell. The charge transfer is indicated as percentage of control; *P < 0.05, **P < 0.01, **P < 0.001. ns, not significant.

differentially regulate them. Likewise, in the HFC group, the
charge transfer of gIPSCs also remained unchanged after
bath application of WIN (P = 0.955) and no differences in
sIPSC frequency were observed (Fig. 8B), suggesting that the
amacrine cells providing inhibitory inputs to the HFC group
are not regulated by CBI1R signaling. However, the effect of
WIN on sIPSC but not on gIPSC in the LFC group opens the
possibility that depolarization of BCs and/or amacrine cell
activation by the application of glutamate to the OPL could
engage eCB release, which, in turn, activates CB1Rs located
in OFF BCs and/or amacrine cells to regulate gIPSCs. If this
were the case, blocking CB1Rs should increase the charge
of gIPSCs. To test this possibility, we evaluated the effect of
bath application of AM251 on gIPSCs and found a signifi-
cant increase in the total charge in both LFC and HFC (LFC
control: 43.91 + 2.93 vs. AM251: 60.57 =243 pC,n =6, P =
0.0032; HFC control: 44.98 + 4.19 vs. AM251: 68.55 + 10.34
pC, n = 3, P = 0.0363; Figs. 9A,B). No further difference in
the frequency of sIPSCs recorded in the presence of AM251,
pre- and post-glutamate-evoked IPSCs, was observed in both
the LCF (pre: P = 0.813; post: P = 0.358; Fig. 9A), and the

HFC groups (pre: P = 0.8075; post: P = 0.364; Fig. 9B), which
is consistent with an absence of an eCB tone in regulat-
ing inhibitory spontaneous activity under our experimental
conditions (Fig. 3A).

Moreover, in the presence of GABA receptor antag-
onists (SR/TPMPA) to eliminate fast GABAergic inputs,
blockage of CBI1R with AM251 did not affect the charge
transfer of isolated glycinergic gIPSC in the LFC group
(Control: 26.34 £ 3.14 vs. in AM251: 28.58 & 3.79, n = 5,
P = 0.097; Fig. 9C) nor the frequency (P = 0.08) or ampli-
tude of sIPSCs (P = 0.223), consistent with the idea that
cannabinoid signaling selectively regulates GABAergic but
not glycinergic evoked inhibitory transmission onto OFF BCs
in the LFC group. Moreover, these results support the idea
that during the depolarization of BCs by glutamate applica-
tion to the OPL, eCBs are produced and released to modu-
late either glutamate release directly from OFF BC terminals
or GABA release from amacrine cells. To further evaluate
whether CB1R controls glutamate release and/or OFF BC
activity directly, voltage-activated Ca*" and K* currents were
recorded from LFC OFF BCs. CB1R activation, however, had
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Ficure 8. Activation of CB1Rs does not alter exogenous glutamate-evoked IPSCs, but increases the frequency of spontaneous
GABAergic IPSCs. (A) Sample traces (left panel) and summary plot (middle panel) showing that bath application of 1 uM WIN did not
exert any effect on the glutamate-evoked IPSC charge transfer, but in the same cell WIN significantly increased the frequency, but not the
amplitude of GABAergic sIPSCs even after the exogenous application of glutamate (right panel). (B) Glutamate-elicited IPSCs in HFC cells
(left panel) were unaffected by bath application of 1 pM WIN (middle panel). Summary data display mean + SEM and open circles represent

a single cell. *P < 0.05. ns, not significant.

no significant effects on Ca®>* (P = 0.0976) and K™ currents in
BCs (P = 0.1117; Supplementary Fig. S3), whereas it signif-
icantly reduced voltage-activated Ca*" and K* currents in
a subset of retinal ganglion cells (Ca**: P = 0.0182; K*:
P = 0.0025; Supplementary Fig. S3), suggesting that LFC
OFF BCs do not express functional CB1Rs to alter gluta-
mate release, and leaving open the possibility that CB1Rs
located downstream of OFF BC might be responsible for the
increase in the gIPSCs.

DIScUSSION

The present study identifies CB1R as a regulator of visual
signaling in the inner retina, exerting differential effects
on amacrine cells that mediate spontaneous and evoked
inhibitory feedback onto different types of OFF BCs. We
report that activation of CB1Rs selectively increases spon-
taneous GABAergic, but not glycinergic feedback inhibition
onto types 2, 3a, and 3b OFF BCs. Moreover, we provide
evidence that OFF BC depolarization induced eCB-mediated
effects on evoked feedback IPSCs, a phenomenon that was
also cell- and synapse-specific, affecting GABAergic but not
glycinergic inhibitory signaling. Although our study does
not directly identify the amacrine cell subtypes regulated
by CBIR in the OFF pathway, it suggests a specialization
of cannabinoid signaling to selectively regulate GABAergic
feedback inhibition onto a subset of BCs and inhibitory
inputs to ON-OFF amacrine cells, supporting the notion that

cannabinoid signaling plays an important role in the fine-
tuning of visual processing in the inner retina.

Different Amacrine Cell Types Provide Inhibitory
Input to OFF BCs

The relative contribution of GABA and glycine receptors to
the regulation of OFF BC output depends on the degree of
light adaptation and the OFF BC subtype.*® Under our exper-
imental conditions, we found that types 2, 3a, and 3b OFF
BCs in rat retinal slices receive both GABAergic and glycin-
ergic inputs, whereas type 4 OFF BCs receive mainly glycin-
ergic inputs (Fig. 2). Although the glycinergic input observed
in type 4 OFF BCs could reflect AIl amacrine cell signaling
via ON pathway activation, we cannot rule out other sources
of glycinergic input, because at least eight different types
of glycinergic amacrine cells can be distinguished in rat
retina.”? Potential candidates are glycinergic amacrine cell
type 7, which has a sustained light response and its arboriza-
tion stratifies in the ON-OFF sublayer of the IPL,** and type
8, which receives input from ON cone BCs through gap
junctions, and provide inhibitory input via glycine receptor
to OFF cone BCs. Regarding types 2, 3a, and 3b OFF BCs,
potential candidates for glycinergic inputs are types 2 and 6
amacrine cells, due to their transient OFF light response.*?
For the GABAergic amacrine cells, the picture is
more complex due to the lack of morphological and
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FIGURE 9.

Inhibition of CB1R enhances exogenous glutamate-evoked IPSCs, but not spontaneous IPSCs. (A) Sample traces (left panel)

and summary plot (right panel) showing glutamate-evoked IPSCs in LFC OFF BCs before and after bath application of the CBIR inverse
agonist AM251. Although an increase in the charge transfer of evoked IPSCs was observed (middle panel) in the same cell sIPSC frequency
and amplitude remained unchanged (right panel). (B) Charge transfer of glutamate-elicited IPSCs in type 4 OFF BCs (HFC; left panel) was
also significantly increased by bath application of 5 pM AM251 (middle panel). No further effect of AM251 on sIPSC frequency was observed
(right panel). (C) In the continuous presence of GABA receptor antagonists (SR/TPMPA), the charge transfer of glutamate-elicited IPSCs in
types 2 and 3 OFF BCs (HFC; left panel) remained unchanged (middle panel), indicating that AM251 affected GABAergic but not glycinergic
evoked transmission. Summary data display mean £ SEM and open circles represent a single cell. *P < 0.05, **P<0.01. ns, not significant.

physiological characterization of most wide-field GABAergic
amacrine cells that make synaptic contact with OFF BCs. The
low frequency of sIPSC in types 2, 3a, and 3b OFF BCs (Fig.
1) could reflect a low rate of spontaneous GABA release arise
from subtypes of GABAergic amacrine cells!” or the contri-
bution of serial inhibition between GABAergic amacrine
cells, which has been shown to operate under light-adapted
conditions.*® In contrast, the contribution of GABAergic
inputs to glutamate-evoked IPSCs (Fig. 7A), suggests that
additional GABAergic amacrine cells activated by the OFF
cone pathway are involved in the inhibitory inputs to these
OFF BCs. Further studies are required to determine the
specific subtype of glycinergic and GABAergic amacrine
cells that make synaptic contact with different OFF BCs
subtypes.

Cannabinoid Signaling Selectively Modulates
GABAergic Inhibition in OFF BCs

Typically, CB1R activation inhibits neurotransmitter release
at synapses using two main mechanisms, inhibition of presy-
naptic Ca*" influx through voltage-gated Ca** channels and
inhibition of adenylyl cyclase, and downregulation of the
cAMP/PKA pathway.!'> Consistent with this idea and the
extensive expression of CBIR in the IPL, including BC
terminals and amacrine cells processes,” %123 it has been
reported that CB1R activation reduces L-type VGCC currents
in goldfish BCs,” and also reduces GABAergic and glyciner-
gic inputs to rat and mouse ganglion cells.!®1° However, our
observation that activation of CB1R increases rather than
decreases spontaneous GABA release onto types 2 and 3
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Figure 10. Potential mechanisms underlying CB1R-mediated effects in the OFF BCs. (A) Under light-adapted conditions, CB1R acti-
vation selectively increases GABAergic sIPSCs by a direct regulation of GABA release from a subset of amacrine cells (question mark) or
indirectly by regulating serial lateral inhibition between GABAergic amacrine cells that mediates inhibitory inputs to types 2 and 3 OFF BCs,
rather than by regulating glutamate release from OFF BCs. By shutting down inhibitory inputs between GABAergic amacrine cells (disinhi-
bition), CB1Rs could influence the intrinsic excitability and, thus, produce an increase in the GABA release probability onto OFF BCs. (B),
Depolarization of OFF BCs by brief application of glutamate in the OPL boosts amacrine cell activity, thus engaging the release of eCBs,
which likely activates CB1Rs localized in a subtype of GABAergic amacrine cells that regulate evoked feedback IPSCs. Alternatively, a strong
activation of GABAergic amacrine cells might produce a CB1R-dependent self-inhibition that inhibits neuronal firing,%> thereby reducing
GABA release onto OFF BCs. AC, amacrine cell; Gly, glycine; ON and OFF BC, ON and OFF bipolar cell; (+), glutamate; (-), GABA/glycine.

OFF BCs (Fig. 3), without affecting the Ca®>* and K* conduc-
tances in OFF BCs (Supplementary Fig. S3), suggest that
additional mechanism could be involved. For instance, in
cultured amacrine cells from chicken embryos,!” amacrine
cells showing a low initial rate of spontaneous GABA release
responded to CB1R agonists with an increase in release,
caused by a Gj,-mediated reduction in cAMP. Alternatively,
CB1Rs activation in the amacrine cells connect to types 2 and
3 OFF BCs might lead to phospholipase C-dependent Ca**
mobilization from internal stores,** which, in turn, stimulates
GABA release onto OFF BCs. Moreover, our observation that
inhibitory inputs onto ON-OFF amacrine cells are reduced
rather than increased upon CB1R activation (Fig. 6), opens
the possibility that cannabinoid signaling regulates serial
inhibition between amacrine cells in the inner retina, and
thereby also feedback inhibition onto OFF BCs (Fig. 10A).
However, further experiments are required to determine the
exact mechanism(s) by which CB1R increase spontaneous
feedback activity onto OFF BCs.

The observation that activation of CB1Rs did not exert
any effect on glycinergic spontaneous and evoked IPSCs
suggests a selective expression of CBIR in GABAergic, but
not at glycinergic amacrine cells that signal onto types 2,
3a, and 4 OFF BCs. Recent evidence, however, suggests that
CB1Rs are present in glycinergic AIl amacrine cells and that
their activation reduces spontaneous glycinergic signaling to
ganglion cells.!”® If this were the case, our pharmacological
and electrophysiological data could reflect a spatial segrega-
tion of CB1R within a single glycinergic amacrine cell across
multiple sublaminas within the IPL to differentially regu-
late inhibitory inputs to ganglion cells,' but not OFF BC
output.

Unlike sIPSCs, we found that inhibition rather than
activation of CBIR enhanced glutamate-evoked IPSCs

(Fig. 9). These observations suggest that during OFF BC
depolarization elicited by glutamate stimulation, eCBs are
produced in the inner retina to regulate evoked inhibitory
inputs (Fig. 10B). In the mouse retina, type 1 OFF BC is
a unique BC type defined by diacylglycerol lipase alpha
(DLGa) expression,®® an enzyme implicated in the produc-
tion of the eCB 2-Arachidonoylglycerol (2-AG). DGLx is
also widely and diffusely distributed throughout the IPL
likely in a subset of amacrine and ganglion cells.?® Similarly,
fatty acid amide hydrolase (FAAH), an enzyme known
to hydrolyze the eCB anandamide (AEA), has also been
found in dendrites of ganglion cells that project to the
OFF sublayer of the IPL’ and in some amacrine cells.®®
Although the exact identity of the eCB involved in the
regulation of evoked IPSCs and the localization of CB1R
within the OFF pathway remains elusive, different scenarios
could explain the increase in evoked transmission. In one
scenario, activation of amacrine and/or ganglion cells by
glutamate release from OFF BCs could induce 2-AG or
AFEA release that acts retrogradely on CB1Rs located in
OFF BC synaptic terminals to decrease glutamate release
onto the amacrine cells that mediate evoked inhibitory
transmission. However, this possibility is unlikely as CB1R
activation had no significant effect on voltage-activated Ca*"
and K channels in rat OFF BCs (Supplementary Fig. S3).
Alternatively, activation of amacrine cells could produce
a CB1R-dependent self-inhibition that decreases neuronal
firing, thereby reducing GABA release onto OFF BCs.
Such eCB-mediated nonretrograde self-inhibition has been
reported in some neocortical GABAergic interneurons®
and a fraction of pyramidal neurons.® Whether activation
of CB1Rs can trigger similar forms of nonretrograde self-
inhibition at GABAergic amacrine cells in mammalian retina
remains to be determined.
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