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Brief Communications

Action Potential Generation at an Axon Initial Segment-Like
Process in the Axonless Retinal AIl Amacrine Cell

Chaowen Wu, Elena Ivanova, Jinjuan Cui, Qi Lu, and Zhuo-Hua Pan
Department of Anatomy and Cell Biology, Wayne State University School of Medicine, Detroit, Michigan 48201

In axon-bearing neurons, action potentials conventionally initiate at the axon initial segment (AIS) and are important for neuron
excitability and cell-to-cell communication. However in axonless neurons, spike origin has remained unclear. Here we report in the
axonless, spiking AIl amacrine cell of the mouse retina a dendritic process sharing organizational and functional similarities with the AIS.
This process was revealed through viral-mediated expression of channelrhodopsin-2-GFP with the AIS-targeting motif of sodium chan-
nels (Na,II-IIT). The AII processes showed clustering of voltage-gated Na ™ channel 1.1 (Na, 1.1) as well as AIS markers ankyrin-G and
neurofascin. Furthermore, Na II-III targeting disrupted Na, 1.1 clustering in the AII process, which drastically decreased Na " current
and abolished the ability of the AIl amacrine cell to generate spiking. Our findings indicate that, despite lacking an axon, spiking in the

axonless neuron can originate at a specialized AIS-like process.

Introduction

Sites of action potential generation have been implicated as im-
portant sources of neuronal plasticity and neuronal signaling op-
timization (Losonczy et al., 2008; Grubb and Burrone, 2010a;
Kuba et al., 2010). Although it is known that action potentials
typically initiate at the axon initial segment (AIS) in axon-bearing
neurons (Coombs et al., 1957; Palmer and Stuart, 2006; Kole et
al., 2008), the origin of action potentials in axonless neurons
remains poorly understood.

The AIIl amacrine cell is an axonless interneuron in the mam-
malian retina known for its crucial role in mediating scotopic
(nighttime) vision (Famiglietti and Kolb, 1975; Bloomfield and
Dacheux, 2001) and recently also for its involvement in photopic
(daytime) vision (Xin and Bloomfield, 1999; Manookin et al.,
2008; Miinch et al., 2009). The cell is conventionally depicted as a
bistratified neuron with the following two distinct dendritic trees:
the distal dendrites (arboreal dendrites) terminate in the retinal
inner plexiform layer (IPL) ON-sublamina, and the proximal
dendrites (lobular appendages) terminate in the OFF-sublamina.
All amacrine cells pass rod signals from rod bipolar cells received
through the arboreal dendrites to the ON cone pathway at the
arboreal dendrites, and to the OFF cone pathway at the lobular
appendages (Bloomfield and Dacheux, 2001) (see Fig. 1a). Al-
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though it is commonly believed that AIl amacrine cells primarily
use graded potentials for information processing, accumulating
evidence suggests that action potentials, or spikes, also play a role
(Boos et al., 1993; Veruki and Hartveit, 2002a; Veruki and Hart-
veit, 2002b; Tamalu and Watanabe, 2007; Tian et al., 2010). Na "
channel-dependent spiking in the AIl amacrine cell is well docu-
mented (Boos et al., 1993; Tamalu and Watanabe, 2007). A pre-
vious study suggested that Na * channels are mainly localized in
the soma and the proximal dendrites (Tamalu and Watanabe,
2007) (but see also Tian et al., 2010). The precise location and the
nature of spike origin, however, have remained elusive.

In this study, we took advantage of the cell’s own protein
trafficking machinery (Lai and Jan, 2006) and the high tropism of
adeno-associated virus serotype 2 (AAV2/2) for the AIl amacrine
cell (Ivanova and Pan, 2009) to investigate the spike initiation site
within this axonless neuron. Spike generation at the AIS requires
voltage-gated Na™ (Na,) channel clustering (Kole et al., 2008).
Na,l subunits share a conserved amino acid motif (Na,II-III)
shown to be necessary and sufficient to target proteins to the AIS
(Garrido et al., 2003; Lemaillet et al., 2003). By linking Na,II-IIT
to channelrhodopsin-2 (ChR2) for membrane anchoring, and
GFP for visualization (also see Grubb and Burrone, 2010b),
ChR2-GFP-Na,II-III expression in the AIl amacrine cell re-
vealed an AIS-like compartment within its dendritic trees.
This suggests that axonless neurons could possess similar
compartmental organization as axon-bearing neurons for ac-
tion potential generation.

Materials and Methods

DNA and viral vector construction. AAV2/2 cassette carrying the ChR2-
GFP fusion construct (Bi et al., 2006) was modified by inserting the 27 aa
ankyrin binding domain from Na 1.6 (Na II-III: 5'-TVRVPIAVGESDFE
NLNTEDVSSESDP-3") (Garrido et al., 2003) at the 3’ end of GFP. Virus
vectors with CAG (a hybrid CMV early enhancer/chicken B-actin) pro-
moter were packaged and affinity purified at the Gene Transfer Vector
Core of the University of Iowa.
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Allamacrine cell circuits and ChR2-GFP-Na, lI-Il expression in the retina. a, In scotopic vision, rods sense light and excite rod bipolar cells (RBCs) (1); RBCs synapse onto All cell arboreal

dendrites that excite ON-cone bipolar cells (CBCs) through gap junctions (2-3); ON-CBCs excite ON-RGCs (4); at the same time, All cell lobular appendages inhibit OFF-CBC glutamate release onto
OFF-RGCs and receive synaptic feedback from OFF-CBCs (Anderson et al., 2011) (5-7); lobular appendages also directly inhibit OFF-RGCs with glycine (8); therefore, excitation of All cells leads to
excitation of ON-pathways and inhibition of OFF-pathways; in photopic vision, cones sense light and excite ON-CBC that may use gap junctions in reverse to excite Al cells at the arboreal dendrites
leading to inhibition of the OFF-pathway (9) (Manookin et al., 2008; Miinch et al., 2009); and finally, All cells are electrically coupled through arboreal dendrite gap junctions (10). ONL/OPL, Outer
nuclear/plexiform layer; GCL, ganglion cell layer; b, In retinal flat-mount, Na,II-Ill expression was concentrated in RGC AIS (arrowheads) and smaller processes (arrows) suspected to belong to All
cells. Collapsed z-stack image: 20X objective; 1 m z-sections. ¢, In retinal vertical section, each All cell was observed with one Na,|I-ll targeted process (arrows) of varying direction and
conformation originating from the lobular appendages and terminating in both IPL ON- and OFF-sublaminae and in the INL. Collapsed z-stack image: 63X objective; 0.6 pm z-sections.

Animals and AAV2/2 vector injection. All animal experiments and pro-
cedures were approved by the Institutional Animal Care Committee at
Wayne State University, and were in accord with the NIH Guide for the
Care and Use of Laboratory Animals. Adult C57BL/6] mice of either sex
aged 1-2 months were used for virus injections. The procedures for virus
injection were the same as previously described (Bi et al., 2006). Three
groups of animals were injected. The motif-targeted group received in-
jections of AAV2/2-ChR2-GFP-Na,II-III virus at low and high concen-
trations of 5 X 10'* and 3-13 X 10'* genomic particles (GP)/ml for
histology/immunohistochemistry and patch-clamp recordings, respec-
tively. The injected-control group received injections of AAV2/2-ChR2-
GFP virus at 4 X 10'> GP/ml. Animals were used for experiments at least
1 month after viral injection.

Histology/immunohistochemistry and data analysis. Animals were
killed by CO, asphyxiation followed by decapitation and enucleation.
Enucleated eyes were fixed in 4% paraformaldehyde in phosphate buffer
(PB) at room temperature (RT) for 20 min. GFP expression was exam-
ined in flat-mounted retinas and vertical sections. For vertical sections,
fixed retinas were cryoprotected in a sucrose gradient and cryosectioned
at 20 um thickness. Slides with cryosections were washed 3 X 20 min in
PB followed by a 40 min incubation in blocking solution that contained
5% Chemiblocker (Millipore Bioscience Research Reagents), 0.5% Tri-
ton X-100, and 0.05% sodium azide. For immunostaining, the following
primary antibodies were diluted in blocking solution and applied to
sections for overnight RT incubation: mouse anti-ankG (1:20,000; Neu-
romab), rabbit anti-pan-NF (1:2000; Abcam), mouse anti-Na 1.1 (1:
4000; Neuromab), rabbit anti-SPo (1:60,000; Synaptic Systems), and
mouse anti-GlyRa1 (1:4000; Synaptic Systems). The next day, slides were
washed 3 X 20 min in PB and secondary antibodies diluted in blocking
solution were applied for a 1 h RT incubation in the dark. Slides were
then washed 3 X 20 min in PB and mounted in Vectashield (Vector
Laboratories) for fluorescence microscopy. All z-stack images were ac-
quired using a Zeiss Axioplan 2 microscope with Apotome (Carl Zeiss)
with the AxioVision software. Images were processed using Adobe Pho-
toshop CS5.

The analysis of the relationship between ChR2-GFP-Na II-III expres-
sion and Na, 1.1 immunostaining was performed from collapsed images
of retinal vertical sections of retinas injected with low virus concentra-

tion. Two mean fluorescence intensities (FIs) were measured in each AIl
process using ImageJ (obtained from NIH) by applying a 5-pixel-wide
line tracing the AII process: one for GFP FI and the other for Na 1.1
immunostaining FI. Each collapsed image analyzed contained more than
three AIl processes, with at least one showing GFP labeling without
Na,1.1 immunostaining, at least one showing Na 1.1 immunostaining
without GFP labeling, and at least one that is both labeled by GFP and
immunostained for Na,1.1. The measured FIs for GFP and Nal.l after
background subtraction were normalized to the highest GFP FI and
Nal.1 FI, respectively. The normalized Na,1.1-FI was plotted against the
GFP-FI, and the relationship was analyzed using linear regression.

Electrophysiological recordings. Retinal slices were prepared as previ-
ously described (Ivanova and Pan, 2009). Whole-cell patch-clamp re-
cordings in control were performed in oxygenized HANKS solution (in
mMm), as follows: NaCl 136.8; KCI 5.4; KH,PO, 0.4; NaH,PO, 0.3; CaCl,
1.3; MgCl, 0.5; MgSO, 0.5; HEPES 5.0; p-glucose 22.0; phenol red 0.03;
pH 7.2. The recordings of current injection-evoked spike activity were
performed in HANKS with CNQX (15 um), strychnine (1 um), and
picrotoxinin (50 um). The recordings of voltage-gated Na ™ current were
performed in HANKS with CdCl, (100 um), tetraethylammonium chlo-
ride (TEA-CI; 10 mm), CNQX (15 um), strychnine (1 um), and picrotox-
inin (50 wm). The intracellular solution was as follows (in mm):
Cs-acetate 130.0; TEA-CI 10; EGTA 0.1; MgCl, 4.0; HEPES 10; NaATP
2.0; NaGTP 0.5; Alexa Fluor 568 hydrozide sodium salt (Invitrogen) 0.1;
pH 7.4. Tetrodotoxin (1 um) was applied to block Na ™ current. All
chemicals were purchased from Sigma-Aldrich. Liquid junction poten-
tial (3 mV) was corrected. The resistance of the electrode was ~8 M().
Pipette and cell capacitances were canceled. Data were analyzed off-line
using the ORIGIN (Microcal Software) program.

Results

Viral-mediated Na II-III-targeted expression in the retina

In vivo expression of ChR2-GFP-Na,II-IIT in the mouse retina
was achieved through AAV2/2-mediated gene delivery by intra-
vitreal injection (Bi et al., 2006). As expected, ChR2-GFP-Na,II-
III expression in the retinal ganglion cell (RGC) was concentrated
in the AIS (Fig. 1b, arrowheads). In addition, GFP fluorescence
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[HC characterization of AIS markersin Na, |I-Ill-targeted All processes. a, b, In All cells expressing ChR2-GFP-Na, II- I, All processes colocalized with the AlS markers ankG (a) and pan-NF

(b). ¢, In weakly targeted All processes, Na, 1.1 colocalization was observed. d, In strongly targeted All processes, Na, 1.1 colocalization was not seen. BV, Blood vessel. e, Scatter plot with linear
regression line summarizing the inverse relationship between the normalized Fls of ChR2-GFP-Na,|I-ll expression and Na, 1.1immunostaining in ChR2-GFP-Na,I-ll targeted All processes. f, Na, 1.1
immunostaining also colocalized at an elongated process in nontargeted ChR2-GFP-expressing All cells. All images are collapsed z-stack image: 63X objective; 0.6 m z-sections.

was brightly concentrated in smaller processes throughout the
IPL (Fig. 1b, arrows). We suspected these processes belonged to
All'amacrine cells due to the high tropism of AAV2/2 for AlI cells
(Ivanova and Pan, 2009). Indeed, in vertical section each process
(hereafter referred to as the All process) was found to originate
from one AlI cell at the lobular appendages. AII processes were
varied in orientation and conformation, and terminated in both
ON- and OFF-sublaminae of the IPL and occasionally in the
inner nuclear layer (INL) (Fig. 1¢).

Immunohistochemical staining of AIS-associated proteins in
AlII processes

Because Na, II-IIT is an AIS-targeting motif, we first examined the AII
processes with immunohistochemical (IHC) staining for proteins
typically enriched at the AIS. Na II-III contains an ankyrin binding
domain, which binds the cytoskeletal scaffold protein ankyrin-G
(ankG) at the AIS (Garrido et al., 2003; Lemaillet et al., 2003). In
vertical sections, ankG immunostaining colocalized with All pro-
cesses (Fig. 2a). Similarly, pan-neurofascin (pan-NF) immunostain-
ing against an axonal cell adhesion molecule that functions in the
organization of the AIS (Sherman et al., 2005; Hedstrom et al., 2007),
also colocalized with AII processes (Fig. 2b).

Since voltage-gated sodium channels cluster at the AIS and in situ
hybridization studies have shown AII amacrine cells to express the
Na, 1.1 subunit (Kaneko and Watanabe, 2007), we anticipated every
Al process to immunostain positively for Na,1.1. However, Na,1.1
immunostaining produced a spectrum of results in retinas infected
with a low virus concentration (see Materials and Methods). Certain
AII processes stained positively for Na, 1.1 (Fig. 2¢), while others

appeared virtually unstained (Fig. 2d). The Na, 1.1 staining appeared
to be inversely related to the FI of GFP. To quantitatively examine
this effect, we measured the FIs of Na,1.1 staining and GFP from
each individual All process (n = 31). The plot of the normalized
Na, 1.1-FI against the normalized GFP-FI indeed display an inverse
relationship (B = —0.90, F,; 5o, = 121.3,R* = 0.81, p < 0.001) (Fig.
2e). The results suggest that the targeted expression of ChR2-GFP-
Na,II-IT is in competition with endogenous Na, 1.1 for ankG bind-
ing at the AII processes.

Since it might be possible that the expression of ChR2-GFP-
Na,II-I1T also competes with Na, 1.1 in other processes of All cells, to
further assess the distribution of Na,1.1 we examined the Na,1.1
staining in GFP-labeled AII cells from eyes injected with virus carry-
ing ChR2-GFP (without the Na II-ITI motif). Na, 1.1 immunostain-
ing was only observed in a single elongated process (presumably the
AII process) in All cells, while staining in other processes of All cells
was indistinguishable from the background (Fig. 2f), similar to the
background staining in Al cells expressing ChR2-GFP-Na,II-1II
(Fig. 2¢,d). These results suggest that Na, 1.1 channels in the AII cells
are predominantly, if not exclusively, localized at the AII process.
The competition between ChR2-GFP-Na,II-IIT and Na, 1.1 is there-
fore likely to be limited to the AII process.

IHC of lobular appendage-associated elements in

AlI processes

AII processes have AIS features, yet they still resemble lobular
appendages, particularly at the distal ends where lobules are often
formed. To explore this relationship, we immunostained for the
major synaptic vesicle protein found in lobular appendages, syn-
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Patch-clamp recordings of Na ™ channel-mediated action potentials and Na * currentin All cells. a, b, Depolarizing current injections from ~ —80 mV elicited spikes in an All cellin

the control group (a), butnotin the Na,II-IIl targeted group (b). Injection currents relative to the holding current are shown. ¢, d, Na * currents activated by membrane depolarization of All cells from
the holding potential of —80 mV. ¢, Top, A representative recording from a cell in the control group. Bottom, The current in the same cell was blocked by 1 um TTX. d, Recordings from the Na,|I-Ill
targeted group of a cell with no Na ™ current (cell 1, top) and a cell with the largest Na ™ current (cell 2, bottom).

aptoporin (SPo) (Brandstitter et al., 1996). In vertical sections,
97% (n = 58) of AII processes examined colocalized with SPo
immunostaining (Fig. 3a). To investigate whether AII processes
potentially had a postsynaptic partner, we immunostained vertical
sections with antibodies against the glycine receptor a1 subunit
(GlyRal) postsynaptic to lobular appendages (Sassoe-Pognetto et
al., 1994; Griinert and Wissle, 1996). When Na, II-III expressing AIl
processes were examined, 84% (n = 45) appeared to colocalize with
GlyRal puncta (Fig. 3b) (GlyRal). These results suggest that AIl
processes likely contain the sites of presynaptic glycine release.

Patch-clamp characterization of Na,II-III-targeting on AII
cell spiking

Because the expression of ChR2-GFP-Na, II-III disrupts endoge-
nous Na,1.1 clustering in AII processes, we examined this effect
on the spiking ability of AIl amacrine cells by performing whole-
cell patch-clamp recordings in retinal slices. We first examined
action potentials evoked by current injection in current-clamp
with the suppression of all synaptic inputs. As a control, we re-
corded GFP-labeled Al cells from eyes injected with virus carry-
ing ChR2-GFP without the NaII-IIT motif. Consistent with
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previous reports (Boos et al., 1993; Tamalu and Watanabe, 2007),
spike-like potentials were evoked in the majority of recorded All
cells (11 of 13) (Fig. 4a). In contrast to the control, no spike-like
potential was observed with current injection in any of the re-
corded AII cells in the Na,II-III targeted group (n = 7) (Fig. 4b).
For every cell recorded in both groups, the functional expression
of ChR2 was confirmed by the ChR2-mediated light responses
(data not shown). Thus, AIl amacrine cells with Na II-IIT motif-
targeted expression of ChR2-GFP lost their spike firing ability.
We next compared the voltage-gated Na™ current between
control and Na,II-III targeted groups. The recordings were made
under the condition that other voltage-gated currents and
neurotransmitter-activated receptors were blocked to isolate
Na™ currents. Na™ currents were observed in the majority of
recorded AlI cells in the control group (5 of 7) (Fig. 4c) but were
barely detected in the majority of the Na,II-III-targeted group
(Fig. 4d, top). Only in a few cells (3 of 13) were small or moderate
Na ™" currents observed (Fig. 4d, bottom). The current observed
in these few cells is likely due to the variable disruption of Na,1.1
at the AII process. The average (£SEM) peak current for the
control group (84.3 * 24.7; n = 7) was significantly different
from that of the Na II-III targeted group (6.4 = 4.3 SEM; n = 13;
p < 0.001, two-tailed £ test). Together, these results indicate that
targeted ChR2-GFP-Na,II-III expression largely abolished Na ™
currents along with the spiking ability of AIl amacrine cells.

Discussion

In this study, we revealed the clustering of Na * channels at an
AIS-like process in the AIl amacrine cell. We also demon-
strated that the clustering of Na™ channels in the process is
essential for spike generation in this axonless neuron. These
AIS-like processes are likely the morphologically distinct pro-
cesses immunolabeled by Na,1.1, ankyrin-G and neurofascin
reported in the rat retina (Van Wart et al., 2005), but the
previous study was unable to link these processes to their cells
of origin. Our results thus show an advantage of motif-
targeted fluorescent protein expression in identifying this elu-
sive compartment in the AIl amacrine cell.

In several aspects, the AII processes resemble the lobular
appendages because they originate at the primary dendrite and
terminate with lobular appearance where lobular appendage-
associated elements are expressed. However, unlike the classic
lobular appendages, the processes were found to terminate
throughout the IPL and even in the INL. In addition, the All
processes are generally longer and more slender than the typical
lobular appendages. Therefore, the AIl process appears to be
morphologically distinct from conventional lobular appendages.

What might be the functional role of Na™ channel clustering
at this unconventional AIS-like process in the AIl amacrine cell?
First, as in the case of AIS in the axon-bearing neurons, the AIS-
like process could facilitate spiking by lowering the threshold of
spike generation in AlI cells (Kole et al., 2008). Second, since the
terminal of AII processes appear to contain functional synapses,
the clustering of Na * channels would be expected to elicit strong
neurotransmitter release from this particular site and, thus, pro-
vide fast inhibitory signaling, possibly to both ON and OFF
downstream pathways. Furthermore, the AII process is likely to
be electrotonically closer to the lobular appendages than the ar-
boreal dendrites. Therefore, the AIS-like process may serve to
differentially amplify and accelerate rod signals (Boos et al., 1993;
Smith and Vardi, 1995) to downstream ON and OFF pathways.
However, a recent study reported that although AII cell action
potentials accelerated the light response of RGCs, blocking
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voltage-gated Na ™ channels did not differentially affect ON and
OFF responses or attenuate the response amplitudes of RGCs in
scotopic vision (Tian etal., 2010). The latter is surprising because
action potentials in AII cells have been shown to be able to trans-
mit through electrical synapses between AlI cells and to down-
stream cone bipolar cells (Veruki and Hartveit, 2002a,b). Since
the spiking ability of AII cells is dependent on their membrane
potentials and possibly modulated by other factors (Boos et al.,
1993; Tian et al., 2010), the functional role of voltage-gated Na *
channels and the clustering of the Na * channels of AII cells in rod
signal processing needs to be further investigated. Finally, with
extensive synaptic connectivity with at least 12 different classes of
retinal neurons (Anderson et al., 2011) and the recent findings of
new roles of AlI cells in photopic vision (Manookin et al., 2008;
Miinch et al., 2009), it also remains to be studied whether AII cell
action potentials generated at this AIS-like process could play a
role in other information pathways.

Amacrine cells are the most morphologically and functionally
diverse cell class in the retina (Masland, 1988). Action potentials
mediated by voltage-gated Na ™ channels in amacrine cells have
also been reported to contribute to the receptive field size and
directional selectivity of RGCs (Bloomfield, 1996; Oesch and
Taylor, 2010). Dendritic spiking was proposed to play a role in
the information processing of amacrine cells by computer mod-
eling (Royer and Miller, 2007). The discovery of the AIS-like
process in Al cells may offer new insights into the localization
and function of voltage-gated Na™ channels in other spiking
amacrine cells.

It remains to be seen whether the presence of AIS-like pro-
cesses in axonless neurons could be a general feature in the CNS.
Supporting such possibility, patch-like segments with AIS-
characteristics have been reported in the dendritic processes of
olfactory bulb granule cells (Kosaka et al., 2008), a population of
axonless spiking interneurons that play a role in odor discrimi-
nation (Abraham et al., 2010). The same methods could be used
to visualize possible AIS-like processes and assess their functional
roles in axonless neurons in other regions of the nervous system.
The approach of motif targeting could be a valuable tool for
studying the structure and function of the CNS.
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