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Synaptic vesicle exocytosis at the dendritic lobules of an
inhibitory interneuron in the mammalian retina

Veeramuthu Balakrishnan!, Theresa Puthussery?, Mean-Hwan Kim?1, W. Rowland Taylor?,
and Henrique von Gersdorffl-2
1The Vollum Institute, Oregon Health & Science University, Portland, OR 97239, USA

?Department of Ophthalmology, Casey Eye Institute, Oregon Health and Sciences University,
Portland, OR, USA

Summary

Ribbon synapses convey sustained and phasic excitatory drive within retinal microcircuits.
However, the properties of retinal inhibitory synapses are less well known. All-amacrine cells are
interneurons in the retina that exhibit large glycinergic synapses at their dendritic lobular
appendages. Using membrane capacitance measurements we observe robust exocytosis elicited by
the opening of L-type Ca2* channels located on the lobular appendages. Two pools of synaptic
vesicles were detected: a small, rapidly releasable pool and a larger and more slowly releasable
pool. Depending on the stimulus, either paired-pulse depression or facilitation could be elicited.
During early postnatal maturation, the coupling of the exocytosis Ca2*-sensor to Ca2* channel
becomes tighter. Light-evoked depolarizations of the All-amacrine cell elicited exocytosis that
was graded to light intensity. Our results suggest that All-amacrine cell synapses are capable of
providing both phasic and sustained inhibitory input to their postsynaptic partners without the
benefit of synaptic ribbons.

Keywords

retina; exocytosis; amacrine cell; capacitance measurement; Ca2* channels; patch clamp
electrophysiology; synaptic vesicle pool size; light response; short-term plasticity

Introduction

Visual signals are detected by cone and rod photoreceptors and transferred to cone and rod
bipolar cells (RBCs) via ribbon synapses. Mammalian retinas contain a specialized, high
sensitivity pathway for scotopic (low light) vision. Under scotopic conditions, the RBCs

Corresponding author: Henrique von Gersdorff (vongersd@ohsu.edu).

Author contributions

V.B., T.P., and M.-H.K. conducted the experiments; V.B., T.P., M.-H.K., W.R.T., and H.v.G. designed the experiments, performed
data analysis, and wrote the paper.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Balakrishnan et al.

Page 2

drive the All amacrine cells (All-AC) through ribbon synapses (Tsukamoto et al., 2001).
The AII-AC, in turn, splits the incoming signals into ON and OFF channels by making
electrical, gap junction contacts at their arboreal dendrites with ON-type cone bipolar cell
terminals and glycinergic synapses at their lobular appendages with OFF-type cone bipolar
cell terminals and ganglion cells (Famiglietti & Kolb, 1975; Mills and Massey, 1991). The
narrow-field All-AC thus plays a pivotal role in the mammalian retina (MacNeil, et al.,
1999; Marc et al., 2014).

The visual system operates over a large range of temporal frequencies (Wéssle, 2004; Baden
et al., 2014), and there are 10 types of OFF and ON cone-bipolar cells (CBCs), which can be
further subdivided according to temporal bandwidth, broadly speaking sustained and
transient channels (Baden et al., 2013). Since the RBC to All-AC pathway is presynaptic to
these cone bipolar cells, it must be able to signal across a broader range of frequencies than
the individual CBC types. Transmission of low temporal frequencies poses particular
challenges for vesicular neurotransmission, as it requires sustained exocytosis. Sustained
release of glutamate from hair cells, photoreceptors and bipolar cells is thought to be
supported by synaptic ribbons (Matthews and Fuchs, 2010). However, synaptic ribbons are
not present at inhibitory synapses. Therefore, we focused our analysis on the properties of
synaptic transmission at the All-AC. Commensurate with sustained signaling, the All-AC
expresses a slowly inactivating L-type CaZ* channel, composed of the Cay1.3a1 subunit, at
its lobular appendages (Habermann et al., 2003). Moreover, the lobular appendages of the
All-AC contain large mitochondria, a dense cloud of synaptic vesicles, and several
conventional active zones with an extensive coterie of docked vesicles (Strettoi et al., 1992).
These unusual morphological features suggest a large readily releasable pool of vesicles
suitable for sustained signaling at low frequencies. However, the size of this pool of vesicles
and the rates of release are not known.

Here we report membrane capacitance changes (ACy,) from mouse All-AC that likely
originate from the fusion of glycinergic synaptic vesicles. Until now, time-resolved Cp,
measurements have been performed mostly at secretory cells and large nerve terminals that
release glutamate (Lindau and Neher, 1988; von Gersdorff and Mathews, 1994; Sun and
Wu, 2001; Hallerman et al., 2003). Our study shows that mature mouse All-AC are
specialized for both phasic and graded exocytosis mediated by two pools of synaptic
vesicles. The close proximity of the lobular appendages to the All-AC soma allowed us to
perform AC,, measurements with patch pipette tips located on the All-AC soma. We
observe robust Ca2*-dependent dendritic exocytosis monitored by AC,, which occurs only
after postnatal day 8 (P8) when Ca2*-current amplitudes become measurable and glycine
release is first observed (Schubert et al., 2008). We also find that variations in the intensity
of light stimuli onto the retinal slices can modulate the magnitude of All-AC exocytosis.
The fast and sustained exocytosis of the All-AC thus allows it to transfer inhibitory signals
over a broad range of temporal frequencies.
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Results

Calcium-dependent exocytosis from All amacrine cells

All-ACs were targeted based on their soma position at the border of the inner nuclear and
inner plexiform layers, their characteristic soma shape and their thick tapering primary
dendrite. All-AC identity was confirmed by inclusion of 100 uM Alexa Fluor-488 in the
patch pipette (Figure 1A and 1B). Imaged All-AC displayed a primary dendrite with lobular
appendages in sublamina-a and thin arboreal dendrites in sublamina-b of the inner plexiform
layer. We first studied the passive properties of the cell by measuring capacitive currents in
response to —10 mV hyperpolarizing voltage steps, immediately after break-in, with minimal
filtering (Figure 1C). The decay time-course of the capacitive current was analyzed by
fitting exponential functions (see Experimental Procedures). The capacitive current
transients were well-fit with the sum of two exponentials with average time constants: et =
291 + 25 ps and Ttgjqw = 1.66 + 0.14 ms (n=14; see Figure 1C). This suggests that the cell
contains at least two separate compartments. One compartment, that is charged quickly,
likely reflects the soma, its thick primary dendrite and the lobular appendages, whereas the
more slowly charging component may reflect the long and fine processes of the distal
dendrites. Integrating the capacitive current for the first 4 ms gives a membrane capacitance
Cm = 4.6 £ 0.4 pF (n=14) in good agreement with the average whole-cell capacitance C, =
4.7 £ 0.2 pF (n=48; see Experimental Procedures and Figure S1).

Using whole-cell patch clamp recordings from the soma of mouse All-AC we studied
capacitance (Cy,) changes evoked by depolarizing stimuli with the ‘Sine+DC’ technique
(Lindau and Neher, 1988). The close proximity of lobular appendages to the soma allowed
time-resolved capacitance measurements with high frequency (2 kHz) sine waves (Oltedal
and Hartveit, 2010). To block Na* and ligand-gated ion channels, all recordings were done
in the presence of TTX (1 uM), strychnine (2 uM), SR95531 (3 pM), NBQX (10 uM) or
CNQX (10 uM), and DL-AP-5 (50 uM), unless indicated otherwise. Our standard internal
pipette solution contained 2 mM EGTA and the external Ringer solution contained 1.15 mM
calcium. Under these conditions, a 100 ms depolarizing step pulse from =80 mV to =10 mV
elicited a slowly inactivating Ca2* current followed by a capacitance jump AC, = 30.6 + 3.5
fF (n=6; Figure 1D; temperature at ~30°C). Note that there was little or no change in series
resistance (Rs) or membrane resistance (Ry,) after the depolarizing pulse, suggesting that
membrane conductance artifacts were not present in our AC,,, recordings. A small downward
shift in the R trace was sometimes observed as expected from a two-compartment model
(Hallerman et al. 2003; see Figure S1). Unlike the All-AC, other non-All narrow-field or
wide-field amacrine cells invariably failed to exhibit AC,, changes even after a 100 or 500
ms depolarizing pulse (n=10 cells; data not shown; but see Vigh and Lasater, 2004).

We next tested a range of voltage-clamp sine wave frequencies (0.5, 1 and 2 kHz) to
determine the ACp, with 0.1 mM internal EGTA (n=5) in the AlI-AC. A 100 ms
depolarizing pulse to =10 mV was used (Figure S1). The AC,, calculated with different sine
wave frequencies was very similar (81+3, 82+2, and 80+4 fF for 0.5, 1 and 2 kHz sine wave,
respectively). However, increasing the sine wave frequency significantly lowered the resting
Cn, from about 9 pF to about 5 pF for 0.5 and 2 kHz sine waves, respectively (Figure S1).

Neuron. Author manuscript; available in PMC 2016 August 05.
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This indicates that the cell area “sensed” by the sine wave increased for the lower sine wave
frequencies that penetrate further into the fine arboreal dendrites. This also suggests that the
AC, jumps originate from membrane compartments close to the soma. In all the
experimental results that follow we thus used 2 kHz sine wave frequencies, which produce
lower Cpy, noise levels (see Figure S1).

If the AC,,, are due to the exocytosis of synaptic vesicles they should be temperature
sensitive (Kushmerick et al, 2006). Indeed, the magnitude of AC,, significantly increased by
58% (n=5; p<0.01), when temperature was raised from 24°C to ~33°C, and an increase in
the Ca?* current amplitude was also observed (Figure S2). Therefore, we measured AC,
under near physiological temperatures with the standard internal solution containing 2 mM
EGTA, except as noted. To further confirm that AC,,, from AlIl-ACs were not due to
artifacts, we also recorded AC,,, from All cells in rabbit retina, where detailed electron
microscopy data indicate the lobules of All cells have large active zones (Strettoi et al.,
1992). Similar to mouse retina, depolarization evoked AC, in rabbit All-ACs (Figure S2).
The average resting capacitance was 5.75 + 1.03 pF (n=5) and AC,, = 149 £ 19 fF for a 500
ms depolarizing pulse with 2 mM EGTA in the patch pipette. This was nearly double the
AC, of mouse All-amacrine cells for a similar stimulus (79 + 13 fF; n=7; see Figure 4B).
This suggests that the larger rabbit All-AC has a bigger vesicle pool size than the mouse
All-AC.

Exocytosis in neuronal chemical synapses is triggered by voltage-gated Ca2*-channels.
Accordingly, AC,, could be elicited by depolarizing steps from —80 mV to various
membrane potentials. A Ca?*-current I-V curve was obtained by a ramp protocol from —60
to +30 mV for 100 ms from five cells (see Figure 1E). Note that AC,, correlated well with
the activation range of the Ca2*-current. This linear relationship between AC,, and Ca2*-
current suggests a relatively linear Ca2* sensor for exocytosis (Thoreson et al., 2004). With
a linear Ca2* sensor, release probability should decline in a linear fashion as Ca?* currents
decline at membrane potentials above the peak Ca2* current, where the decline in current is
due to a reduction in driving force and not to changes in open channel probability (Goutman
and Glowatzki, 2007).

To further examine the selectivity of the CaZ*-influx that triggers exocytosis, we tested the
putative role of selective blockers of the Cay1.3a1 subunit of the Ca?* channel, since it is
known that this Ca2* channel subunit is expressed in the All-AC (Habermann et al., 2003).
Bath application of the dihydropyridine CaZ* channel blockers, nitrendipine (10 uM) or
isradipine (1 uM), significantly reduced AC, to 7% (n=5; p=0.0005) and 12% (n=5;
p=0.0046) of control values, respectively (Figure 2A). This indicates that exocytosis is
mediated by L-type Ca2* channels. Moreover, we examined the effect of modulating Ca2*
influx on exocytosis by elevating external [Ca2*] and altering the internal Ca2*-buffering
levels (Figure 2B). Increasing external [Ca2*] from 1.15 mM to 5.15 mM almost tripled the
amount of exocytosis (for 1.15 mM: ACy, = 30.6 £ 3.5 fF, n=7; for 5.15 mM: AC, =83.8 =
16 fF; n=5; p=0.006). We also examined the effect of different Ca*-buffering conditions,
while keeping the external [Ca%*], = 1.15 mM. When intracellular EGTA concentration was
reduced from 2 mM to 0.2 mM, depolarization-induced AC,, increased significantly (for
2mM EGTA: AC, = 30.6 + 3.5 fF, n=7; for 0.2 mM EGTA: AC, = 75.2 + 8.5 fF, n=5;
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p=0.0006). Moreover, replacing internal EGTA with 10 mM BAPTA almost completely
suppressed depolarization-evoked ACp, (4.0 + 1.2 fF (n=4); p=0.0004) confirming the Ca2*-
dependency of exocytosis in the All-AC.

Exocytosis in Cx36 knockout mice

All-AC are coupled by gap junction proteins located in the distal dendrites (Veruki et al.,
2008). Therefore, to rule out the possibility of any artifacts or interference in our Cy,
measurements caused by conductance changes through gap junctions, we compared ACy,
from wild type mice (Cx36(+/+)) with Cx36 knockout (/=) mice, where the functional gap
junction coupling between All amacrine cells was impaired (Gildenagel et al. 2001, Deans
et al., 2002). We isolated the Ca?*-current and the associated AC, at different time points
after whole-cell break-in (before and after complete dialysis of the internal solution) in both
wild type and Cx36(~/-) mice as shown in Figure 3A. Ca2*-currents were evoked by 100 ms
depolarizing pulses from —80 to —10 mV. The net inward Ca2*-current was estimated by
subtracting the leak current, which was measured with a hyperpolarizing voltage-clamp step
of 10 mV or by the application of 1 uM isradipine. In wild-type animals, the Ca*-current
charge transfer evoked by the depolarization remained unchanged when we monitored over
several minutes after break-in (at 1 min.: 15.3 + 3.0 pC, and at 4 min.: 14.3 + 3.6pC; n=5;
p>0.05). Likewise, AC, also remained unchanged (at 1 min.: AC,, =35.1 + 6.0 fFand at 4
min. AC, = 33.9 + 6.9 fF; n=5; p>0.05). Similar results were obtained when we used Cx36
(-/-) mice: Ca2*-current charge at 1 min. was 11.6 + 1.1 pC, and at 4 min. 13.1 + 1.7 pC
(n=5; p>0.05) and AC,,, at 1 min. was 38.8 + 4.5 fF and at 4 min. it was 38.8 = 5.2 fF (n=5;
p>0.05). In summary, no significant rundown of the Ca*-current or of AC,,, was observed
within the first 4 minutes after break-in in the wild-type or mutant mice. We also used
meclofenamic acid (100 uM; MFA), a pharmacological blocker of gap junctions, to suppress
gap junction conductance between All-ACs (Veruki and Hartveit, 2009; Borowska et al.,
2011). The AC,, were evoked by 100 ms depolarizing pulses from —80 mV to -10 mV.
Similar to the Cx36 mutant mice results, the AC,,, obtained with and without bath
application of MFA were not significantly different from each other (control: 37.5 £ 6.7 fF
(n=7); MFA: 28.5 £ 5.9 fF (n=4); p=0.39). These results indicate that gap junction
conductance is unlikely to produce ACy, artifacts under our recording conditions.

Release rates from two distinct vesicle pools

To estimate the size of the readily releasable pool of vesicles we performed AC,,
measurements using depolarizing pulses of different durations. Figure 4A shows an example
of a typical recording from a single All-AC. The AC,, increased with increasing pulse
duration for the first 11 minutes after break-in to whole-cell mode, however, they began to
decrease after that, presumably due to a rundown of the exocytotic process. The rundown of
AC,, presumably reflects loss of vital intracellular constituents via diffusion into the
recording electrode. Therefore, we pooled AC,, data obtained from a given cell only during
the first 10 minutes after break-in to whole-cell mode. The magnitude of AC, increased
with the duration of the depolarizing pulse, following a double exponential function with
time constants of about 10 ms (1) and 280 ms (vp). This suggests that an initial pool of
vesicles undergoes rapid exocytosis, and is quickly depleted, while a second pool of vesicles
can undergo exocytosis albeit with much slower kinetics (Figure 4B). The first pool of
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vesicles appears to be completely depleted (saturation of AC,,) within about 30 to 50 ms
when the All-AC was strongly depolarized. The second pool emerged when we increased
pulse duration to greater than 100 ms and seems to saturate at about 200-300 ms. The
rapidly releasing pool appears to have a small size (AC,, = 34 fF) and the addition of the
slowly releasing pool made AC,, plateau at about 65 fF. This was estimated by averaging the
last four apparently saturating AC,, values in the first and second component of the
exponential fit to the data. Vesicle pool size was determined by dividing the saturating ACp,
value by the capacitance of a single vesicle. The capacitance of a single spherical vesicle c,
= md2cs, where d is the vesicle diameter and cs = 9-10 fF/um? (specific membrane
capacitance of bilayer membranes). Previous measurements of glycine-containing synaptic
vesicle diameters (Tatsuoka and Reese, 1989) revealed that d = 37 nm, so ¢, = 45 aF. The
first pool would then correspond to about 750 vesicles, and the sum of the first and second
pool would correspond to about 1400 vesicles. We suggest that the first pool may
correspond to those vesicles docked and primed for exocytosis at all the active zones of the
lobular appendages, whereas the second pool may constitute those vesicles clustered near
the active zones (Strettoi et al 1992), or vesicles docked further away from Ca2* channels.
Furthermore, longer depolarizing pulses of 700 ms and 900 ms evoked an average ACy, of
120 fF and 170 fF, respectively, suggesting that AC,,, does not saturate for prolonged
depolarizations (n=7; Figure 4B).

Short-term plasticity of exocytosis

Short-term changes in exocytosis may enhance the ability of synapses to transmit light-
evoked information within the neuronal networks of the inner plexiform layer of the retina
(Vickers et al., 2012). Therefore, to examine synaptic plasticity at the inhibitory synapse
formed by AlI-AC, we delivered paired-pulse depolarizing stimuli (from =80 mV to —-10
mV for 20 ms) and varied the inter-pulse interval (0.5, 1.0, 1.5, 2.0, 2.5 s) under whole-cell
voltage clamp recording conditions at near physiological temperature. The sine wave
delivered between the inter-pulse interval revealed the magnitude of exocytosis. Typical
responses from an All-AC for various inter-pulse intervals are shown in Figure 5A. Varying
the inter-pulse interval reveals both short-term depression and facilitation. To understand if
these short-term changes involve modulation of Ca2* influx and/or changes in the vesicle
pool size, we isolated the CaZ* currents evoked by the depolarizing pulses for two different
inter-pulse intervals (0.5 and 2.0 s) as shown in Figure 5B. The short-term plasticity of ACy,
was quantified as the paired-pulse ratio (PPR) of AC,, evoked by the second pulse divided
by AC, evoked by the first pulse (Figure 5C). AC,,, evoked with inter-pulse intervals <1.5 s,
displayed synaptic depression, whereas facilitation was observed with longer inter-pulse
intervals (>1.5 s). With inter-pulse intervals of 0.5, 1.0, 1.5, 2.0, 2.5 s, the PPRs were 0.54 +
0.04 (n=14), 0.62 + 0.06 (n=5), 0.90 £ 0.04 (n=5), 1.25 + 0.03 (n=10), 1.0 + 0.1 (n=3),
respectively. Depression was more pronounced when the inter-pulse interval was short (e.g.
0.5 s), whereas facilitation was only obvious when the inter-pulse interval was 2 s. This slow
time course of facilitation contrasts greatly with that found at hair cell synapses, which show
facilitation at inter-pulse intervals of 20 to 50 ms (Cho et al., 2011), and at other synapses
(Xu-Friedman and Regehr, (2004). However, no significant change in the Ca2* current was
observed at these inter-pulse intervals indicating that vesicle pool size depletion likely
underlies depression, while residual Ca2* decay may underlie the facilitation seen at 2 s
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inter-pulse intervals. A slow Ca2* removal process in the lobules may contribute to this
unusually lengthy facilitation (see Figure 7). Short-term plasticity is thus a prominent feature
of All-AC exocytosis and is likely to have significant functional implications for retinal
signal processing depending on the light stimulation frequency of the retina.

Developmental maturation of transmitter release

Maturation and stabilization of the molecular components of CNS synapses occurs during
the first few weeks of postnatal development (Fedchyshyn and Wang, 2005; Cnops et al,
2007; Renden and von Gersdorff 2007). Developmental studies indicate that mouse OFF-
cone bipolar cells receive glycinergic input at about postnatal day 10 (P10; Schubert et al.,
2008). This emergence of glycinergic input via spontaneous IPSCs (sIPSCs) onto OFF-cone
bipolar cells was assumed to occur because of an age-dependent synaptic maturation of the
All-ACs, which are presynaptic to OFF-cone bipolars (Schubert et al., 2008). We thus
investigated the properties of exocytosis in All-AC between P8 and P40. The AC,,, was
evoked by a depolarizing pulse of 100 ms from —80 to —10 mV. Typical AC, from three
different postnatal ages are shown in Figure 6A. AC,,, were negligible around P8 and P9 (P8:
3.8 £ 0.8 fF (n=18); P9: 7.3 = 1.9 fF (n=24), and started emerging at P10 (13.5 + 3.9 fF;
n=9) as shown in the summary plot of Figure 6C. Significant AC,, appeared after P10 and
stabilized around P15 (44.3 £ 6.3 fF; n=6). No further increase in AC,, was observed after
P15 when compared to the oldest age group we studied (>P30, 39 + 3.8 fF; n=13).

We also compared the AC,, with the corresponding Ca?* charge at different age groups
(Figure 6B). At P8, the Ca2* charge was significantly lower (2.6 + 0.9 pC; n=5) than at P9
(15.2 £ 3.9 pC; n=12; p=0.0678). However, AC, at P8 and P9 were not significantly
different, because although there was a sizable CaZ* current at some P9 cells these displayed
relatively small ACy, indicating the amount of exocytosis per Ca?* influx was quite low.
Calculating the efficiency of exocytosis (AC, divided by the corresponding Ca2* charge:
AC/Qca2™) revealed inefficient exocytosis at P9 (0.38 + 0.15 fF/pC; n=7) which was
significantly different from that at >P25 mice (1.93 + 0.44 fF/pC; n=5; p=0.003). Note that
in this analysis we included only cells that displayed >10 pC of Ca2* charge at P9 for a
better comparison with the more mature All-AC which always had sizable Ca2* charges. In
these developmental studies, we used 2 mM EGTA in the patch pipette. However, since
immature synapses could express a lower concentration of Ca2* binding proteins, we also
tested the effects of 0.2 mM EGTA in P8 and P9 mice. No AC,,, were detectable at P8, but at
P9 a significant AC,, was observed with 0.2 mM EGTA (Figure 6D). This suggests that
Ca?* channels may not be tightly colocalized with docked vesicles at P9 and, therefore, 2.0
mM EGTA is enough to significantly block exocytosis at P9.

Ca?* imaging in All-amacrine cells during postnatal development

To localize the sites of Ca?* influx and study the developmental emergence of ACy, with
levels of Ca%* influx, we performed Ca2* imaging in All-amacrine cells with 100 pM
Oregon Green BAPTA-1 along with a volume marker 100 uM Alexa Fluor 594. We
measured changes in [Ca2*]; evoked by a 100 ms step depolarization from =80 mV to —10
mV from different regions of interest (ROIs; marked with colored circles) at various ages.
Figure 7A—C shows typical CaZ* transients as changes in fluorescence (AF/F) of Oregon
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Green from the ROIs. Ca2* transients observed in different compartments of three different
age groups are summarized in Figures 7D and S3.

At P8, none of the compartments we examined displayed Ca2* influx upon depolarization
(Figure 6A). However, at P10, clear Ca2* transients appeared in all the compartments except
the distal arboreal dendrites (Figure 7B). Note the prominent [Ca2*]; change in the proximal
dendrite at P10. In more mature animals (P25), among the ROIs we analyzed, [Ca2*]; levels
increased sharply only in the lobular appendages, whereas the changes in the proximal
dendrites were very small and no changes were observed in the distal dendrites (Figure 7C;
see Habermann et al., 2003; Borghuis et al., 2011). The peak AF/F increase in 18 lobules
from 5 different cells was 0.457 £ 0.07, whereas the soma of 5 cells displayed a significantly
smaller AF/F = 0.12 + 0.04 AF/F (P=0.002), and in the distal dendrites an even smaller AF/F
=0.08 + 0.01 AF/F (p=0.0001; Figure S3). This suggests that Ca?* channel clusters are
located preferentially at the lobular appendages, the sites of specialized active zones with
docked synaptic vesicles (Strettoi et al 1992). These results indicate that under our space-
clamp and voltage-clamp conditions, we could elicit [Ca2*]; changes from all the lobular
appendages with patch pipettes located on the All-AC soma.

AC,, evoked by light pulses

We have shown that depolarization of the All-AC soma triggers exocytosis. However,
during physiological conditions, depending on the background illumination levels, rod
bipolar cells release glutamate onto the distal dendrites to evoke EPSPs, or the ON-cone
bipolar cells depolarize All-AC through their gap junctions (for cross-over inhibition of
OFF-bipolar cells), which can both trigger exocytosis of glycine at the lobular appendages
(Xin and Bloomfield, 1999; Pang et al., 2007). Therefore, we attempted to evoke exocytosis
in All-AC with more physiological stimuli, namely light flashes of various intensities. To
accomplish this, we used dark-adapted mouse retinal slices to activate the rod pathway and
we excluded Na* or ligand-gated ion channel blockers from the external solution.
Experiments were performed at 33-34°C with a K *-based pipette solution (Experimental
Procedures). The light stimulation was delivered during a current-clamp step, placed
between two voltage clamp steps with a 2 kHz sinusoidal voltage (30 mV peak-to-peak
amplitude on a =80 mV holding potential; Figure 8A).

We examined the magnitude of exocytosis for light intensities of 0.17, 0.67, 1.33, 10.67,
170.67 photons/um?. Light flashes evoked depolarizing responses during the current clamp
segment of the protocol as shown in Figure 8B. Note that small action potentials (spikelets)
are present in the AlI-AC light response and these are likely generated by the axon-initial-
segment-like process of All-AC (Wu et al., 2011; Cembrowski et al., 2012). As shown in
Figure 8C, the light stimuli produced AC, jumps that were correlated with light intensity.
For dim flashes (0.67 photons/um?) the average AC,,, was 44 + 10 fF (n=6), whereas at
10.67 photons/pm? the AC, was significantly higher (119 + 31 fF; n=6; p<0.05). However,
when we further increased the light intensity to 170.67 photons/um?2, no further increase in
AC,, was observed (108 + 22fF; n=4; p=0.8). To confirm these results obtained with K-
based internal solution we also performed experiments with a Cs-based internal pipette
solution that were done entirely in the voltage-clamp mode and used a bright light response
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as the voltage-clamp depolarizing protocol (green circles in Figure 8C; n=4; see also Figure
S4). In these Cs-based experiments the retina was light adapted and perfused with the
standard external solution with ion channel blockers. We found no significant difference in
AC, between the Cs-based and K-based experiments (p-value: 0.965).

The light responses of mouse All-AC may vary among the sub-types of these cells (Pang et
al., 2012). However, a depolarizing pulse from a holding potential of =80 mV to —10 mV for
500 ms elicited on average a ACy, change that was similar to those elicited by the light
response (see Figure S4). A strong correlation was observed between the light-evoked peak
membrane voltage of the All-AC and the corresponding ACy, after various light stimuli
(correlation coefficient: r=0.627; 127 trials from 17 cells). A plot of AC, as a function of the
peak value of the light response and as a function of the integral of the light response shows
a non-linear dependence of AC, on both of these parameters (see Figure S5). The All-AC
thus has the ability to recruit vesicles for exocytosis from a large reserve pool. In summary,
these results demonstrate that All-ACs are specialized for graded inhibition of their
postsynaptic contacts through their lobular appendages according to the level of light
intensity.

Discussion

In the present study, we made time-resolved C,,, measurements from glycinergic All-AC
cells in the mouse retina. We found that exocytosis was evoked by activation of L-type Ca2*
channels, which we localized to dendritic lobular appendages. We also studied the
maturation of exocytosis and Ca2* influx during the first few weeks of postnatal
development. Our data revealed the presence of two large readily releasable pools of
vesicles in mature All-ACs. From the sensitivity of exocytosis to EGTA, we suggest that
Ca?* channels are more tightly colocalized with docked vesicles as the synapse matures. We
also revealed the presence of paired-pulse depression and facilitation of exocytosis.
Furthermore, we demonstrate that the magnitude of exocytosis is graded to the intensity of
the light stimulus. Although this is a specialized retinal synapse, some of the results may
share features with other inhibitory interneuron synapses and with dendritic exocytosis at
other CNS neurons (Jullié et al., 2014).

Capacitance measurements in cells with complex morphology

Membrane capacitance measurements have been extremely useful to study single cell
secretion and synaptic transmitter release (Neher and Marty, 1982), but they have been
performed mostly from neuroendocrine cells and large nerve terminals with relatively
simple morphologies and electrotonic structures (Kushmerick and von Gersdorff, 2003;
Kawaguchi and Sakaba, 2015). However, there are several examples of successful
measurements of AC,, from cells with complex geometry and multiple electrical
compartments (Hsu and Jackson, 1996; Mennerick et al. 1997; Hallermann et al., 2003;
Oltedal and Hartveit, 2010). Similarly, the results presented here indicate that conventional
lock-in sine wave methods applied to All-ACs produce reliable AC,,, measurements that
closely correlate with the duration and magnitude of the voltage-gated Ca2* current (Figure
1E and 4B). This success is likely due to the favorable morphology, including the location of
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large active zones in lobular appendages that are electrotonically close to the cell body
(Strettoi et al., 1992; Vardi and Smith, 1996). The proximity of the active zones to the patch
pipette (i.e. the voltage-clamp source) is further supported by the finding that reducing the
sine wave frequency from 2 kHz to 0.5 kHz had no influence on the magnitude of AC,, but
resulted in a larger resting cell capacitance, consistent with frequency-dependent attenuation
of the voltage-clamp signals, with the higher frequencies being more strongly attenuated
with distance from the soma, and hence resulting in progressively smaller overall estimates
of the total membrane capacitance (Figure S1).

Sustained exocytosis from dendritic lobular appendages

The magnitude of AC,, as a function of pulse-duration suggested the presence of two pools
of synaptic vesicles, a smaller pool that is released within the first 10-20 ms, and a second
pool that is recruited with a time-constant of about 280 ms (Figure 4B). Our study thus
indicates the existence of at least two distinct pools of vesicles at an inhibitory synapse
(Hablitz et al., 2009). Furthermore, depolarizing pulses with duration of 700 ms and 900 ms
evoked a further linear rise in ACy, that does not saturate. This suggests a sustained and
rapid supply of vesicles to the active zone, as is required for continuous glycine release by
AIll-AC under steady background light levels.

Overall, the results indicate that the All amacrine is capable of sustained exocytosis without
the benefit of a synaptic ribbon (Figure 4B and S5). This robust exocytosis suggests that the
All-AC is capable of prolonged release of glycine from its lobular appendages, which are
equipped with a compartment-specific molecular repertoire (Demb and Singer 2012).
Moreover, there is a tonic crossover inhibition to the OFF-alpha ganglion cell from the All-
AC and this implies that the All-AC must be capable of tonic exocytosis and a continuous
release of glycine (Murphy and Rieke, 2006; Miinch et al., 2009; van Wyk et al., 2009).
Accordingly, the lobular appendages of the All-AC have a high density of synaptic vesicles
that is similar to that of bipolar cell terminals (=~ 1500 vesicles/um?3; Marc et al., 2014).

The lobular appendages of the All-AC originate from the primary dendrite and are thus a
dendritic compartment of the All-AC. The mechanisms that control exocytosis from the
dendrites of CNS neurons are still not well understood (Kennedy and Ehlers, 2011). The
All-AC may thus provide a useful model system for dendritic exocytosis, although we
emphasize that it may have evolved highly specialized dendritic structures to carry out
complex signal processing in the mammalian retina.

Developmental changes in AC,,, and Ca2* influx

An elegant developmental study showed that spontaneous glycinergic IPSCs in mouse OFF-
cone bipolar cells first appear at P9 (Schubert et al., 2008). After this age the spontaneous
IPSCs become stable and robust. OFF-cone bipolar cells terminals are postsynaptic to All-
AC (Strettoi et al., 1992). Remarkably, our developmental study of ACy, indicated that both
the Ca?* current and AC,, are very small at P8, but the Ca2* current becomes larger at P9
and AC,,, become significantly larger at P10 (Figure 6B and 6C). Moreover, Ca2* imaging
experiments showed that depolarizing pulses did not alter [Ca%*]; at P8, suggesting that CaZ*
channels are non-functional or not yet inserted into the plasma membrane at this early stage
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(Figure 7A). However, clear [Ca2*]; changes occurred at P10, although these were not as
large as those in P25 (Figure 7B and 7C). In addition, the [Ca2*]; changes at P10 occurred
most strongly at the proximal dendrite and then in the lobules, whereas at P25 the reverse
was true (Figure 7C and S3). This suggests that the Ca2* channels are initially not well
localized to the lobular appendages at P10, but become highly localized to the lobules at
P25. Our Ca2* imaging results in mature AlI-ACs are in excellent agreement with previous
imaging studies in adult All-ACs (see Habermann et al., 2003 and Borghuis et al., 2011).
Moreover, our developmental studies, together with those of Schubert et al. (2008), strongly
suggest that glycine release from mature All-AC occurs mostly from conventional active
zones in the lobular appendages, which contain ~ 0.6 mM glycine (Marc et al., 2014). It
thus seems likely that AC,, reflects the fusion of glycine-containing synaptic vesicles.

Previous serial electron microscopy of mouse All-AC have indicated a wide spread in the
total number of conventional active zones: an early study indicated 19 synapses (Tsukamoto
etal., 2001) and a recent reconstruction of the output synapses of All-AC shows an average
of 92 + 15 synapses (n=3; Tsukamoto and Omi, 2013). About 8 of these are located on the
soma. So perhaps about 10% of the exocytosis may be occurring in the soma where we do
see rises in Ca2* influx (Figure 7D). Our observed heterogeneity of AC,, jumps (e.g. Figure
6C and 8C) may be attributable to differences in the number of synapses per lobule, or the
number of lobules, in different All-ACs.

Development changes the Ca2* channel to exocytosis Ca2* sensor coupling

We found that the AC,,, jumps at the immature postnatal ages of P9 and P10 were
particularly sensitive to the slow calcium chelator EGTA, reflecting a long coupling distance
between the CaZ* channels and Ca2* sensors for exocytosis. Indeed, 2 MM EGTA
effectively blocked AC,,, in P9 but not in P25 animals (Figure 6C). However, changing the
buffer concentration from 2.0 mM to 0.2 mM EGTA allowed sizable AC,, to occur at P9.
Note that AC,, in P25 also were larger in 0.2 mM EGTA than in 2.0 mM EGTA (Figure
2Bii), although this difference was not as large as in P9 mice. We thus propose that the
coupling distance between the Ca2* channels and the exocytosis sensor becomes shorter as
the AlI-AC matures (Kim et al., 2013; Vaithianathan and Matthews, 2014). However, the
residual sensitivity of the mature All-AC to different amounts of EGTA indicates that the
lobular synapses use Ca2* microdomain type signaling for transmitter release, instead of the
tighter Ca2* nanodomain coupling seen at other inhibitory synapses (Eggermann et al.,
2012). In summary, although the mature lobular appendages have conventional synapses,
they have specialized features such as two large pools of vesicles, expression of L-type Ca2*
channels, and a microdomain type of colocalization of Ca2* channels and exocytosis
sensors, which support their ability to sustain high vesicle release rates in both a fast, phasic
manner and a slower, graded and sustained manner without the benefit of synaptic ribbons.

Functional implications for retinal microcircuits

Glycinergic All-AC are bistratified neurons with dendrites located in both the OFF and ON
sublaminae of the IPL (Figure 1A and 1B). They can thus create cross-talk between the
parallel ON and OFF pathways (Liang and Freed, 2012). Indeed, although the AlI-AC
receives its major excitatory input from rod bipolar cells, an important role of the All-AC is
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driving OFF-alpha ganglion cells via the shutoff of a tonic inhibitory input (Murphy and
Rieke, 2006; Arman and Sampath, 2012). The strong inhibitory output of the All-AC to the
OFF layer of the retina, thus, shapes the light responses of OFF-cone bipolar cells and
ganglion cells. Indeed, the terminals of OFF cone bipolar cells express fast al glycine
receptors (Sassoé-Pognetto et al., 1994; Wassle et al., 2009). This inhibition has been
proposed to act in concert with excitation to linearize retinal signaling (Taylor and Smith,
2011; Werblin, 2011). Our study further supports the capacity of the All-AC to rapidly
invert sustained depolarizing signals correlated with different light levels into inhibition in
the OFF layer of the IPL. Further, we also observed short-term plasticity of exocytosis
(Figure 5). This plasticity may be relevant for some types of synaptic adaptation where the
retina adjusts its visual information processing dynamically to changes in image statistics
(Hosoya et al., 2005). Inhibitory microcircuits are also involved in fast and slow contrast
adaptation and the time scales of short-term plasticity we uncover here may be relevant for
some forms of fast retinal adaptation (Baccus and Meister, 2002). Moreover, inhibitory
microcircuits also play a crucial role in the modulation of the dynamic range of ganglion cell
output (Wassle, 2004; Sagdullaev et al., 2006). Thus, the specialized dendritic structure of
AIllI-AC can support the diverse patterns of retinal activity under different ambient light
levels with both fast and sustained inhibition to its postsynaptic partners.

Experimental Procedures

Retinal slice preparation

All procedures followed IACUC approved OHSU protocols. Experiments were performed
on retinae isolated from 1 to 8 week old wild-type mice (C57BL6), ~5 week old pigmented
rabbits, and from Cx36 knockout mice (generated using heterozygous crossing; Hormuzdi et
al., 2001). Young mice were used only during developmental studies. The mice were deeply
anaesthetized with isoflurane (Novplus) and retinae were dissected free of the eye-cup in
carbogen-bubbled (95% O, and 5% CO,) Ames’ medium (US biologicals) at room
temperature. Rabbits were sedated by intramuscular injection of ketamine (50 mg/kg) and
xylazine (10 mg/kg), followed by surgical anesthesia using intravenous sodium
pentobarbital (100 mg/kg). After enucleation, the animal was euthanized by sodium
pentobarbital and potassium chloride injection. Slices (200 pm) were made from retina
embedded in low melting temperature agarose (Sigma type VIIA, 3% in Ames medium).
The cells were viewed by differential interference contrast with a water immersion objective
(40x, Zeiss) on a fixed stage, upright microscope (AxoExaminer A1, Zeiss). Slice recordings
were performed at room temperature (21-23°C) or near physiological tempera ture (30—
34°C). The All-AC were visually targeted by the location of their cell body at the border
between the inner nuclear layer and the inner plexiform layer (IPL) and by their relatively
thick primary dendrite that tapers as it descends into the IPL. After electrophysiological
recordings, cells were imaged at different focal planes with a CCD camera (QIClick)
controlled by a QCapture suite of imaging software (Qimaging). Alexa Fluor 488 (100 pM)
was included in the intracellular pipette solution as a morphological marker.
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Electrophysiology

Whole-cell voltage clamp recordings were obtained using 8—-10 M€ patch pipettes pulled
from thick-walled borosilicate glass (1B150F-4, World Precision Instruments) using a
Narishige puller-PP830. Pipettes were pressure polished and coated with dental wax (Cavex)
to reduce stray capacitance and electrical noise and filled with solution comprising the
following (in mM): 40 CsCl, 60 Cs-gluconate, 10 TEA-CI, 28 HEPES, 3 Mg-ATP, 1 Na-
GTP, 2 EGTA, and pH=7.3 with CsOH. Data acquisition was controlled by Pulse software
(HEKA Elektronik), and signals were recorded via a double EPC-9 or EPC-10 (HEKA
Elektronik) patch-clamp amplifier. Sampling rates and low-pass filter settings were 10 and 2
kHz, respectively. When indicated P/4 leak subtraction was performed by applying four leak
pulses starting with a 10 ms delay after the termination of the test depolarization.
Capacitance measurements were performed by the “sine+DC” method, in which a 2 kHz
sinusoidal voltage command (30 mV peak to peak) was added to the holding potential of
—-80 mV, and the resulting current was analyzed at two orthogonal phase angles by a
software emulator of a lock-in amplifier (Gillis, 2000). The average series resistance Rq =
33.0 + 1.4 MQ, membrane resistance Ry, = 0.62 + 0.06 G2 and baseline capacitance Cy, =
4.7 £ 0.2 pF (n=48) in the whole cell mode. The voltage-clamp time constant was ~150 ps
for AlI-AC. To avoid voltage-clamp errors and artifacts in calculating Cy, all cells with high
Rs > 40 MQ were excluded from any analysis (Gillis, 2000). Series resistances were
compensated by 40-50%. To measure the passive membrane properties currents elicited by
10 mV hyperpolarizing voltage steps were filtered at 15.6 kHz.

Light stimulation experiments

For recordings of light-evoked responses, animals were dark-adapted for at least 12 hours
and all subsequent manipulations were performed under dim red or infrared illumination.
Mice were anesthetized by intraperitoneal injection of sodium pentobarbital (0.1 ml, 100
mg/ml) and euthanized by cervical dislocation. The eye was enucleated, the anterior eye
removed, and the retina isolated from the posterior eyecup in Ames’ medium. The retina
was mounted ganglion cell side down on 0.8 um cellulose membrane filter paper (Millipore,
Bedford, MA) and vertically sliced at 250-300 um using a Vibratome 600 tissue chopper.
Slices were mounted vertically, transferred to the recording chamber, and viewed with an
Olympus BX51 microscope with a 40x water-immersion objective (NA 0.8) using infrared
gradient contrast optics and a CCD camera system. Slices were perfused at a rate of ~3
ml/min with bicarbonate-buffered Ames’ medium (US Biologicals, Swampscott, MA)
bubbled with 95% O, and 5% CO,. The internal solution contained (in mM): 60 KCI, 55 K-
gluconate, 28 HEPES, 3 Mg-ATP, 1 Na-GTP, 2 EGTA, 10 Tris-phosphocreatine and
pH=7.3 with KOH. The average Rs = 28.5 £+ 1.8 M2, membrane resistance R, = 0.92 = 0.08
G and baseline capacitance C, = 6.0 + 0.3 pF (n=19) in the whole cell mode. Full-field
light stimuli were applied with a light-emitting diode (LED, peak emission at 525nm) that
illuminated the back of a white plastic diffuser. The light was projected through the
microscope objective and was collimated to generate uniform illumination at the retinal
preparation. Flash intensity was controlled by altering the duration of the flash from 0.01 to
20 ms, which is within the integration time of mouse rod photoreceptors (~200 ms, Burns et
al., 2002). Light intensity was calibrated using a UDT photometer (UDT Instruments, San
Diego, CA) and converted to photons/um2. An EPC10 amplifier controlled by Patchmaster

Neuron. Author manuscript; available in PMC 2016 August 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Balakrishnan et al. Page 14

software was used to rapidly switch between voltage-clamp and current-clamp recording
modes.

Calcium imaging
For Ca2* imaging experiments, 100 uM Oregon Green BAPTA1, a Ca2*-sensitive
fluorescent dye, was added to the internal solution, which also contained 2 MM EGTA. In
addition, 100 uM Alexa 594 was included in the patch pipette solution to visualize amacrine
cell morphology. Fluorescence from retinal neurons was visualized with a 60x water-
immersion objective combined with a spinning disk confocal microscope (CSU-X1,
Yokogawa). We used 488 nm and 561 nm laser lines, which were modulated by acousto-
optic tunable filters. Data were acquired and analyzed using Slidebook (3i) as described in
Kim et al. (2012). The fluorescence signals from different region of interests (ROIs) such as
soma, lobular appendages, proximal and distal dendrites were analyzed and expressed as
AF/F, which should be indicative of the changes in calcium levels.

Drug perfusion

Drugs were bath applied in the external Ames’ medium solution, which was obtained from
US Biologicals. NBQX (10 pM), CNQX (10 pM), SR95531 (3 uM), and DL-AP-5 (50 uM)
were obtained from Ascent scientific (Bristol, UK). All other chemicals and salts were
obtained from Sigma (St. Louis, MO). Drugs were dissolved in extracellular solution. In
some cases, drugs were first dissolved in DMSO (final DMSO concentration of 0.01%, vol/
vol).

Data analysis

Off-line data analysis was performed with IgorPro software (Wavemetrics, Lake Oswego,
OR) and SAS 9.3 (SAS Institute Inc, Cary, NC). The increase in membrane capacitance
(Cyn) was measured as ACy, = Cry(response) — Cy,, (baseline), where Cp,(baseline) was the
average Cy, value during the 100 ms before the depolarizing step, and Cy,(response) was the
average Cy, value measured during the 100 ms after the step, starting 350-400 ms after
repolarization to allow time for all evoked conductances to have decayed (Palmer et al.,
2003; Vigh and von Gersdorff, 2005). The decay of C,, (endocytosis) after a ACy, jump was
very slow for the first 500 ms and thus does not cause a significant under-estimate of
exocytosis. All values are given as mean + S.E.M. Significant difference was estimated by
Student’s unpaired or paired t- test. Statistical significance are denoted by asterisks, *
p<0.05, ** p < 0.01, ns = p>0.05. Box-and-whisker plots were generated by SAS 9.3
software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Capacitance measurements from mouse All amacrine cells
A: Schematic diagram of an All amacrine cell (All-AC) showing the thick primary dendrite,

its lobular appendages (site of glycinergic active zones) and the distal arboreal dendrites
(site of rod bipolar cell input and gap junctions). B: Fluorescence image of an All-AC in a
mouse retinal slice. The cell was filled with Alexa fluor-488 (100 uM) via a patch pipette on
the soma. The dashed lines demarcate the boundaries of different retinal layers. Scale bar =
10 um. C: The AlI-AC shows a bi-exponential capacitative current decay (fit = blue curve)
and a steady-state current during a 10 mV hyperpolarizing voltage step. The time constants
are shown as well as the input resistance (R;), which is calculated from the steady-state
current. D: Depolarization-evoked exocytosis from a mouse All-AC. A membrane
capacitance (Cy,) change was evoked by a depolarizing step. Experiments were conducted at
near physiological temperature (~30°C). The stimulus protocol was composed of three
segments: a 2 kHz sinusoidal voltage of 30 mV peak-to-peak in amplitude superposed on the
holding potential of —80 mV before and after a 100 ms depolarizing step from —-80 mV to
-10 mV, which evoked a Ca%* current. The 2 kHz sine wave was used to measure changes
in C, that reflect the exocytosis of synaptic vesicles. Note the absence of significant
changes in series resistance (Rs) and membrane resistance (Ry,). E: Voltage dependence of
Ca?* current and membrane capacitance change (ACp,) in All-ACs. The AC,, was evoked by
single depolarizing pulse of 200 ms duration, from —80 mV to various membrane potentials
(n=5; with temperature at ~28°C). Mean and SEM values are mark ed in solid red circles,
whereas open red circles denote individual values. The Ca2* current was evoked by a
voltage ramp from —60 to +30 mV for 100 ms (blue trace; average of 5 cells). The Ca2*
currents and ACy, are highly correlated for the different membrane potentials.
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Figure 2. L-type Ca2* current evokes exocytosis in All amacrine cells
Ai: Capacitance changes in All-amacrine cells are inhibited by nitrendipine (10 pM) and

isradepine (1 uM). Typical depolarization-evoked (500 ms; from —80 to —10 mV) exocytosis
(AC,y) from an All-amacrine cell under control conditions (black) and after bath application
of nitrendipine or isradepine (red). Aii: Bar graph summarizing AC,, under control
conditions and after drug application. Individual cells are represented by open circles.
Experiments were performed at 31°C. Statistical significance (paired t-test) is denoted by
asterisks. Bi: Top: Average AC, traces evoked by depolarization (100 ms pulse from —80 to
-10 mV) from All-AC under different external Ca2* concentrations (1.15mM: n=6;
5.15mM: n=5). Bottom: Average AC,, traces evoked by depolarization (100 ms pulse from
-80 to —10 mV) from AlI-AC for various internal Ca2* buffer concentrations (10 mM
BAPTA: n=4; 2 mM EGTA: n=6; 0.2 MM EGTA: n=5). Bii: Summary plot of AC,,, from
individual All-AC in various external calcium concentrations and internal calcium-buffers.
Experiments were conducted at room temperature. Bar graphs denote mean + SEM.
Statistical significance (unpaired-t test) is denoted by asterisks.
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Figure 3. ACyy, in wildtype and Cx36(—/—) knockout mice
Ai & Aii: Sample recordings of depolarization evoked Ca2* currents (Ic,) and resultant

changes in membrane capacitance (C,) from All amacrine cells of a wild type (Cx36 +/+,
Ai) and connexin 36 knockout (Cx36 —/—, Aii) mouse. Top traces show the Ca2* current
elicited by a 100 ms depolarizing pulse from =80 to —10 mV at 1 min (red) and 4 min (blue)
after break-in. The AC, jumps are shown below. The bottom panels show summary graphs
of 142" charge and corresponding AC,, from several cells at each condition. Bar graphs
denote mean + SEM.
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Figure 4. Distinct vesicle pools in All amacrine cells
A: An example of an All-AC stimulated with depolarizing pulses (from —80 to —10 mV) of

various durations (=50, =100, =200, —250, —300, —400 ms) at ~30 °C. Note that the
associated series and membrane resistances are shown below. The average resting Cy, for
this cell was 4.12 pF, average Rg was 25 M2 and average Ry, was 0.23 GS2. Rundown of the
responses was not evident in the first 10 minutes after break-in. B: The AC, increase with
increasing stimulus-duration revealed distinct pools of vesicles. The plot shows the ACy,
evoked by various durations of depolarizing pulses. The AC,, for each duration of
depolarization is shown as mean = SEM. The solid line is a double exponential fit to the data
points with time constants of 9 ms and 286 ms. The green and red dashed lines are the
average of the last four saturating AC,, values, which suggests the existence of two distinct
pools of vesicles. The ACy, values for 700 and 900 ms pulses suggest a further linear
increase in ACy, with pulse duration.
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Figure 5. Paired-pulse depression and facilitation at All amacrine cell synapses
A: Schematic diagram of the voltage-clamp protocol. All-ACs were depolarized from —80

mV to —10 mV for 20 ms. The stimulation consisted of paired-pulses with various inter-
pulse intervals. The bottom traces show examples of C,,, changes evoked by two identical 20
ms depolarizing pulses at several inter-pulse intervals starting at 0.5 seconds apart and then
with increments of 0.5 seconds. Note the paired-pulse depression for an inter-pulse interval
of 0.5 s and paired-pulse facilitation for interpulse interval of 2.0 s. Bi, Bii: Typical example
of Ic,2* evoked during paired-pulse stimulation at two different inter-pulse intervals: 0.5
and 2.0 s. The first AC, was denoted ACm? and the second was denoted ACmZ. Note that
the Ca?* current did not change from the first to the second pulse. C: The averaged ratio of
AC, (ACm2/ACmY) evoked by a pair of 20 ms depolarizing steps with inter-pulse interval of
0.5, 1.0, 1.5, 2.0, 2.5 s. The mean values are shown by the filled circles, whereas individual
values are denoted by open circles. For inter-pulse intervals less than 1.5 s the responses
exhibit short-term depression (AC2/AC,! <1), whereas for inter-pulse intervals of 2.0 s
they show facilitation (AC.,2/ACy,! >1).
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Figure 6. Developmental changes in exocytosis at All amacrine cell synapses
A: Typical examples of average depolarization-evoked AC, for a 100 ms pulse from —80 to

-10 mV (given at the arrow) from All-AC at three different postnatal ages (P9, P11, and
P15; average of 2 to 3 traces). B: The graph shows AC, against calcium influx (as Ca?*
charge) at three different age groups (P8, P9 and >P25) indicated in different colors. Filled
circles denote the mean £ SEM and open circles denote individual cells. C: Graph of
individual AC, from different cells from postnatal day P8 to >P25 animals. Filled circles
denote the mean £ SEM and open circles denote individual cells. This experiment was
performed at ~33°C with 1.15 mM external Ca2*. Recordings with 2 mM EGTA in the
pipette solution are shown in black, whereas recordings with 0.2 mM EGTA in red. D: Bar
graph showing AC,,, as mean + SEM from P8 and P9 animals with 2.0 and 0.2 mM EGTA.
Statistical significance was tested with an unpaired t-test denoted by asterisks.
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Figure 7. Calcium imaging in developing All amacrine cells
A, B, C: The z-projection of All cells (P8, P10 & P25) imaged with a two-laser spinning

disc confocal microscope. The cell was filled with Alexa Fluor-594. Ca2* transients were
computed as the change in green fluorescence of the dye Oregon Green 488 BAPTA-1 (100
uM) from the region of interests (ROIs) marked in circles of different colors. Scale bar: 10
um. Traces showing AF/F from the ROIs outlined in the z-projection for a single
depolarizing pulse (from =80 mV to —10 mV for 100 ms). Vertical dashed lines represent
the stimulus onset. At P8, no calcium influx was observed at any of the ROIs. At P10, small
Ca?* transients were observed in the soma (s), proximal dendrites (PD), and lobular
appendages (L), but not the distal dendrites (D). At P25, large Ca2* transients were observed
in the lobular appendages (L), and small Ca2* transients were observed in the soma (s) and
proximal dendrites (PD). D: A 3-D bar graph showing the mean of AF/F from ROIs of the
soma, proximal dendrites (PD), distal dendrites (DD), and lobules (Lob). Other analyzed
parameters are shown in Supplementary Figure S3.
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Figure 8. Light-evoked exocytosis in All-amacrine cells
A: Schematic diagram showing the convergence of the rod circuitry and the experimental

setup. Several rod photoreceptors synapse onto one rod bipolar cell (RBC) and several
RBCs synapse onto one All-AC. The All-AC was patched at the soma and held at -60 mV
in the whole-cell voltage-clamp configuration. The stimulus protocol was composed of three
segments: 1) a 2 kHz sinusoidal voltage of 15 mV peak-to-peak in amplitude superposed on
the holding potential (—-60 mV), 2) a current-clamp segment (1.5 s duration) during which a
light flash of varying intensity was delivered (0.17, 0.67, 1.33, 10.67,170.67 photons/um?,
respectively), and 3) a 2 kHz sinusoidal voltage of 15 mV peak-to-peak in amplitude
superposed on the holding potential (—-60 mV) to measure C, changes.

B: Retinal slices from dark-adapted mice were used to record light responses and the C,
was measured before and after the light response. Top traces: Example of a light-evoked
voltage response of an All-AC to a dim and bright light flash (0.67 and 170.67
photons/um?2). The red bar indicates the timing of the light stimulus onset. Bottom traces:
The C,, traces are responses to a single light stimulus (dim or bright) yielding AC,,, of 88 fF
and 158 fF, respectively. The superimposed black trace is the average value of the C,,, data
points.

C: Summary of AC, evoked by various light intensities from 17 All-ACs. Black circles
with error bars represent the mean £ SEM. The open circles are individual data points. The
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data was fit with a sigmoid function: base + max/(1 + exp((Xp — X)/rate)). The amount of
exocytosis varies as a graded function of the light intensity and saturates at bright light
intensities. Green circles are AC, changes from experiments conducted with a Cs-based
internal solution in the pipette and evoked by the voltage response from a light-stimulus of
170.7 photons/um? (bright flash). There was no significant difference in AC,, changes
between Cs-based and K-based experiments (p value: 0.965).
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