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ABSTRACT

Intrinsically  photosensitive retinal ganglion cells
(ipPRGCs) are a subtype of ganglion cell in the mamma-
lian retina that expresses the photopigment melanopsin
and drives non-image-forming visual functions. Three
morphological subtypes of ipRGCs (M1, M2, and M3)
have been described based on their dendritic stratifica-
tions in the inner plexiform layer (IPL), but the question
of their potential interactions via electrical coupling
remains unsettled. In this study, we have addressed
this question in the mouse retina by, injecting the
tracer Neurobiotin into ipRGCs that had been geneti-
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cally labelled with the fluorescent protein, tdTomato.
We confirmed the presence of the M1-M3 subtypes of
ipRGCs based on their distinct dendritic stratifications.
All three subtypes were tracer coupled to putative ama-
crine cells situated within the ganglion cell layer (GCL)
but not the inner nuclear layer (INL). The cells tracer
coupled to the M1 and M2 cells were shown to be
widefield GABA-immunoreactive amacrine cells. We
found no evidence of homologous tracer coupling of
ipRGCs or heterologous coupling to other types of gan-
glion cells. J. Comp. Neurol. 518:4813-4824, 2010.
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A subset of mammalian retinal ganglion cells (RGCs)
has been found to be intrinsically photosensitive (ipRGCs;
Berson et al., 2002) and to express the photopigment
melanopsin (Gooley et al., 2001; Hattar et al., 2002; Pro-
vencio et al., 2002). These ipRGCs constitute only 1-2%
of the total ganglion cell population in rodent (Hattar
et al., 2002). They project their axons to many brain tar-
gets, prominent among which are the hypothalamic
suprachiasmatic nucleus and thalamic intergeniculate
leaflet, for the regulation of circadian rhythms, and the ol-
ivary pretectal nucleus, for the pupillary light reflex (Goo-
ley et al., 2003; Hannibal and Fahrenkrug, 2004; Hattar
et al.,, 2002, 2006; Morin et al., 2003). Three different
morphological subtypes of ipRGCs have been described,
with certain functional differences between them; M1
cells have dendrites that ramify in sublamina a (OFF-sub-
lamina) of the inner plexiform layer (IPL), M2 cells have
dendrites in sublamina b (ON-sublamina), and the bistrati-
fied M3 cells have dendrites in both sublaminae a and b
(Baver et al., 2008; Dacey et al., 2005; Hattar et al.,
2006; Jusuf et al., 2007; Schmidt et al., 2008; Schmidt
and Kofuji, 2009; Viney et al., 2007).

© 2010 Wiley-Liss, Inc.

By using calcium-imaging and mice lacking rod and
cone photoreceptors (rd/rd cl), Sekaran et al. (2003,
2005) reported that the number of light-responsive cells
in the ganglion cell layer (GCL) was reduced in the pres-
ence of carbenoxolone, a gap-junction blocker, suggest-
ing that the light-triggered response in ipRGCs propa-
gates through gap junctions to non-ipRGCs in the GCL,
i.e., other RGCs and/or displaced amacrine cells.
Schmidt and Kofuji (2008) have also shown that the appli-
cation of the gap-junction blocker meclofenamic acid low-
ered the membrane capacitance of these cells, again con-
sistent with ipRGCs being coupled to other neurons via
gap junctions. On the other hand, in a multielectrode-
array (MEA) study of pharmacologically isolated ipRGCs
in rat retina, carbenoxolone did not reduce the number of
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TABLE 1.
Details of Antibodies Used for Immunohistochemistry

Antibody Immunogen Source and species Dilution
Anti-y-aminobutyric GABA conjugated with bovine serum albumin Sigma, A2052 Rabbit IgG, 1:500
acid (GABA) (GABA-BSA) polyclonal
Antimelanopsin Synthetic peptide corresponding to carboxy ABR Affinity Bioreagents, PA1-781 1:200

terminal of rat melanopsin, residues
E(455)-QKSKTPKTKRHLPSLDRRM-M(474)

Rabbit 1gG, polyclonal

light-responsive neurons, counter to what would be
expected if ipRGCs were electrically coupled to other
neurons in the GCL (Weng et al., 2009). Consequently, it
remains unclear whether ipRGCs are coupled to other
neurons and, if so, the identity of these neurons.

In this study, we have examined directly the tracer cou-
pling of ipRGCs in the mouse retina by intracellular injec-
tion of the tracer Neurobiotin. To target ipRGCs, we used
a BAC-transgenic mouse line that expresses the fluores-
cent dye tdTomato under the control of the melanopsin
promoter (Do et al., 2009).

MATERIALS AND METHODS

Animals and tissue preparation

For this study, we used a BAC-transgenic mouse line
expressing the fluorescent protein tdTomato under the
control of the melanopsin promoter (“melanopsin:tdTo-
mato mouse”; Do et al., 2009). The animals (>2 months
old and sometimes dark-adapted for several hours prior
to experimentation) were anesthetized and killed with so-
dium pentobarbital or Avertin in accord with the Dalhou-
sie University Committee on Laboratory Animals and the
Institutional Animal Care and Use Committee of the Johns
Hopkins University, respectively. The eyes were then
removed and the retinas dissected free. Pieces of retina
were mounted on cellulose filter paper (Millipore, Biller-
ica, MA) with the RGCs up. Alternatively, the entire retina
was used, after flattening with four cuts. The retina was
superfused at ~5 ml/minute with bicarbonate-buffered
Ames medium that was bubbled continuously with carbo-
gen (95% 0,/5% CO,). Experiments were done at room
temperature (~23°C) and near-physiological temperature
(35°C), with apparently identical results. Procedures
were performed near the middle of the daily 12-hour light
phase, in darkness or dim-red light (long-pass filter with
half-maximal transmission at ~640 nm, giving roughly
10> uW/um? at the preparation) that does not activate
ipRGCs substantially (Do et al., 2009; Tu et al., 2005).

Intracellular injections
TdTomato-expressing cells were visualized with a x40
water-immersion objective and conventional epifluores-

cence for Cy3/rhodamine. In some cases, images of
tdTomato-fluorescing cells were captured using a Sensi-
cam cooled CCD camera (PCO Computer Optics, Kel-
heim, Germany). Borosilicate glass electrodes were
pulled and filled at their tips with 1% Alexa 555 sodium
hydrazide (Invitrogen, Burlington, Ontario, Canada) and
4% N-(2-aminoethyl)-biotinamide hydrochloride (Neuro-
biotin; Vector, Burlingame, CA), back-filled with Tris
buffer, pH 7.4, and typically had resistances between 120
and 145 MQ. Under visual guidance provided by the tdTo-
mato fluorescence, cells were targeted for injection. First
Alexa 555 was iontophoresed (—2 to —3 nA). When the
morphology of the cell could be visualized, the polarity of
the current was reversed (+2 to +3 nA) and Neurobiotin
injected for 3 minutes.

Some cells were filled with the loose-patch technique
(Kanjhan and Vaney, 2008). Glass patch pipettes (3-5
MQ) were filled with (in mM) 115 K-methanesulfonate, 13
NaCl, 2 MgCl,, 0.1 CaCl,, 1 EGTA, 10 HEPES, 2% Neuro-
biotin, pH 7.2. with KOH. A tdTomato cell was identified
with several seconds of fluorescent light, after which it
was viewed with infrared illumination and Nomarski
optics. The inner limiting membrane overlying the cell
was mechanically removed, and a small portion of the cell
membrane was drawn into the tip of the patch pipette.
Voltage steps (1 Hz, 500-msec duration, +-20-100 mV
amplitude from a holding voltage of 0 mV) were applied
for 20 minutes, and the pipette was withdrawn after a 10-
minute recovery period.

Antibody characterization

Table 1 lists the antibodies used in this study. To
detect melanopsin, a polyclonal rabbit antibody raised
against a C-terminal peptide from rat melanopsin and
shown to be specific for mouse melanopsin was used
(PA1-781; Affinity Bioreagents, Golden, CO; Baver et al.,
2008; Hattar et al., 2002; Ingham et al., 2009). PA1-781
stained almost all tdTomato-positive cells in the melanop-
sin:tdTomato mouse retina and vice versa (Do et al,
2009). Nonetheless, this antibody has since been
reported to label only the M1 ipRGC subtype (Baver et al.,
2008), suggesting that only M1 ipRGCs are labeled in
the melanopsin:tdTomato mouse. Both melanopsin
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Tracer coupling of ipRGCs to amacrine cells

Figure 1. IpRGCs labeled by tdTomato in mouse retina. A: Fluorescence of tdTomato-expressing ipRGCs within the GCL in living whole-
mount retina. B: The tdTomato signal was strongest in the somata but, on occasion, was detectable in the dendrites (arrows) and axons
(arrowhead) of ipRGCs. C: Fluorescence of a tdTomato-expressing ipRGC after fixation. D: Melanopsin immunofluorescence (Alexa 488 sec-
ondary) demonstrating colocalization with tdTomato. Scale bars = 40 pm in A (applies to A,B); 10 um in C (applies to C,D).

immunoreactivity (Baver et al., 2008; Pires et al., 2009)
and reporter-gene expression (Hattar et al., 2006;
Schmidt and Kofuji, 2009) are extremely low in M2 cells,
and M3 cells are rarely encountered (see Results), sug-
gesting that these subtypes were not detected in the ini-
tial characterization of the melanopsin:tdTomato mouse
(Do et al., 2009). Our results here suggest that M1, M2,
and M3 cells do express sufficient tdTomato fluorescence
for detection, particularly in the live retina and with imag-
ing set for high sensitivity.

The GABA antibody (Sigma, St. Louis, MO; A2052), pro-
duced in rabbit against synthetic GABA conjugated to bo-
vine serum albumin (BSA), was shown by dot blot assay
to bind to GABA. Hodgson et al. (1985) showed that this
antibody had little or no cross-reactivity with an extensive
list of amino acids. The antibody has been used exten-
sively for identifying GABAergic neurons in rodent CNS
(Ito et al., 2007; Panzanelli et al., 2007; Wolansky et al.,
2007), including the retina (Dedek et al., 2009; Haver-
kamp et al., 2009).

Immunostaining in whole-mount retina

After intracellular dye injection, retinas were fixed in
4% paraformaldehyde for 10 minutes and washed for at
least 30 minutes in 0.1 M phosphate buffer (PB), pH 7.4.
To visualize Neurobiotin, fixed retinas were incubated
overnight with streptavidin-FITC or streptavidin-Cy3
(1:500, Sigma Chemical Co., Oakville, Ontario, Canada),
in 0.1 M PB containing 0.3% Triton X-100. Some injected
retinas were incubated with antibodies against melanop-
sin or GABA (see Table 1). Briefly, retinas were blocked
with normal goat serum at 4°C overnight. Then, the reti-
nas were incubated with the primary antibody 5-7 days,
washed several times in PB 0.1 M and incubated over-
night at 4°C in the appropriate secondary antibody
(1:500, coupled to Alexa Fluor 488 or Cy3, Invitrogen). Af-
ter final washes with PB, retinas were mounted in Vecta-
shield mounting medium (Vector). Coverslips were sealed
with nail polish for prolonged storage. Slides were stored
at 4°C and protected from light. After fixation, the tdTo-
mato fluorescence tended to diminish. To control for
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Figure 2. Confocal micrographs illustrating localization of melanopsin immunofluorescence in Neurobiotin-filled ipRGCs in the GCL. A,C,E:
Melanopsin immunofluorescence (Alexa 488). B,D,F: Overlay of injected Neurobiotin revealed by fluorescent (Cy3) streptavidin. Scale bar

= 50 pm.

nonspecific binding of the secondary antibodies, experi-
ments were performed omitting the primary antibody, in
which case only labeling of some blood vessels was
observed. For the GABA antibody, a preadsorption control
with BSA was performed by incubating the diluted pri-
mary antibody (5 pg/ml) with 250 pg/ml BSA. Immuno-
staining with this antibody was unaffected by BSA
preabsorption.

Image analysis and statistics

Images were acquired using a Nikon Eclipse C1 confo-
cal microscope with x20 (0.50 N.A.), x40 (1.30 N.A),
and x60 (1.40 N.A.) Plan Fluor objectives. The intensity
and contrast of the final images were adjusted in Adobe
Photoshop 7.0 (Adobe, San Jose, CA).

The analysis of branching pattern of ipRGC dendrites
was by Sholl’s analysis (Sholl, 1953) in ImageJ software
(http:/ /rsb.info.nih.gov/ij/). Briefly, 15 concentric
circles spaced every 17 um were laid over the dendritic
field of each ipRGC, with the soma positioned centrally.
The numbers of dendrites intersecting each circle were
counted and plotted against the distance from the center

of the soma. The dendritic-field and soma-size measure-
ments reported here are for the long axis and were meas-
ured with EZ-C1 software (Nikon). All values are given as
mean * standard deviation and were compared for sta-
tistical difference by using the unpaired t-test (SigmaPlot;
Systat Software Inc., San Jose, CA).

RESULTS

To analyze the morphology and tracer-coupling pat-
terns of ipRGCs, we injected tdTomato-positive cells in
the GCL with Neurobiotin (which crosses gap junctions in
the mammalian retina) and Alexa 555 hydrazide (which
typically does not cross most gap junctions but allowed
confirmation of successful impalement prior to injection
with Neurobiotin) or, in some cases, Neurobiotin alone
(see Materials and Methods). The tdTomato signal was
normally seen in the soma of a labeled cell (Fig. 1A) but
could occasionally be detected in dendrites and axons
(Fig. 1B). After histochemical processing, the tdTomato
signal was quite dim (Fig. 1C), but it was always colocal-
ized with the melanopsin immunostaining (Fig. 1D).
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Figure 3. Confocal micrographs illustrating the morphology of the three types of ipRGCs in the mouse retina. A: Flat-mount view of an M1
ipRGC. B: Orthogonal view illustrating stratification of the M1 cell in sublamina a of the IPL. C: Flat-mount view of the M2 ipRGC. D: Strati-
fication of M2 cells in the sublamina b of the IPL. Note that the dendrites are near both the M2 cell soma and coupled cells in the GCL,
indicating that they stratify in sublamina b. E: Confocal image of an M3 ipRGC in tangential view. F: Orthogonal view of the M3 cell, illus-
trating bistratification. G: An M1 cell (and coupled cells) with concentric circles superimposed for Sholl’s analysis. H: Sholl’s analysis sug-
gests a greater degree of dendritic branching by M2 cells (squares) than by M1 cells (circles; mean = SD). Scale bars = 40 pum in A

(applies to A,C,E); 40 pum in B (applies to B,D,F).

To verify the injection of melanopsin-containing
ipRGCs, we processed four retinas to test for colocaliza-
tion of injected Neurobiotin with melanopsin immunore-
activity. Figure 2 shows three examples of Neurobiotin-
injected cells (Fig. 2B,D,F; all M1 cells; see below) that
were confirmed to be melanopsin immunoreactive (Fig.
2A,C,E). In fact, we found the same for all injected ipRGCs
(n = 11) in these four retinas. These were all M1 cells
because of their dendritic stratification in sublamina a
(see below) and because the antibody used is selective
for M1 cells (see Materials and Methods).

IPRGC subtypes
In total, 40 ipRGCs from 10 adult mice were well filled
with Neurobiotin or Neurobiotin/Alexa 555 and analyzed

further. We identified the three subtypes of ipRGCs con-
sistent with the M1-M3 classification as reported previ-
ously for other mouse lines based on their dendritic strati-
fication in the IPL (Baver et al., 2008; Hattar et al., 2006;
Schmidt et al., 2008; Schmidt and Kofuji, 2009; Viney
etal., 2007).

M1 ipRGCs (Fig. 3A) had cell bodies that were 10-23
pm in size (16.7 = 3.6 um long axis diameter, mean *=
SD, n = 27), from which three or four primary dendrites
(3.3 £ 0.6) arose to stratify in sublamina a of the IPL (Fig.
3B) with a dendritic-field diameter that was 269-613 um
(377 = 81 um). M2 ipRGCs (Fig. 3C) had cell bodies that
were 12-21 pum in size (18.6 £ 3.8 um, n = 10), from
which three to five primary dendrites (4.8 = 0.8) ema-
nated to stratify in sublamina b of the IPL (Fig. 3D) with a
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dendritic-tree diameter that was 303-567 pum (403 =
109 um). Terminal dendrites of an M2 cells frequently
overlapped within a given cell and had hooked endings.
Although the somas and dendritic fields of M2 cells were,
on average, larger than those of M1 cells, these differ-
ences were not significant (P > 0.05). M3 ipRGCs were
rarely (n = 3 of 40 cells) encountered. The soma had an
average diameter of 16.7 = 3.2 um. The dendritic arbors
stratified in both sublamina a and sublamina b, with an
average dendritic-field diameter in both layers of 449 =
60 um (Fig. 3E,F). The average dendritic field diameter in
sublamina a was 423 * 23.5 um and in sublamina b 394
* 30.9 um. Figure 4 shows stacked confocal images of
the dendrites of an M3 cell in each of the two sublaminas.
The two stratified arborizations of the M3 cells [i.e., in
sublamina a (Fig. 4B) and b (Fig. 4C)] were distinctly dif-
ferent from the morphology of the corresponding mono-
stratified arborization of the M1 or M2 cell.

We evaluated the branching pattern of the ipRGCs den-
drites in a subset (n = 5 each) of M1 and M2 cells by
Sholl’s analysis (see Fig. 3G). Although the mean number
of dendritic crossings (a measure of the extent of dendri-
tic branching) at 100-200 pum from the soma was typi-
cally greater for M2 cells, the difference was not signifi-
cant (P > 0.05).

Cells coupled to ipRGCs

We found tracer coupling for all ipRGC subtypes (Fig.
5). All cells coupled to the ipRGCs had their cell bodies in
the GCL. Among the 27 injected M1 cells, 23 showed
tracer coupling, each to an average 5.3 = 1.9 cells with
small somata (6.9 = 1.8 um). All 10 injected M2 cells
showed tracer coupling, each to an average 10.3 = 4.2
cells with soma sizes of 7-12 um in diameter. From our
limited sample of three M3 cells, we found only one cell
that showed tracer coupling: to 10 cells in the GCL, with
a mean soma diameter of 8.9 = 1.3 um. Figure 5D shows
a histogram comparing the number of cells coupled to
each ipRGC type. There was no significant difference in
the number of cells coupled to M1 vs. M2 cells (P =
0.078). Unlike Neurobiotin, Alexa 555 hydrazide was
never seen in coupled cells, indicating that it was re-
stricted to the injected cells.

The soma size of the cells tracer coupled to the ipRGCs
suggested that they were either displaced amacrine cells
or ganglion cells with small somata. Because no study
has reported tracer coupling between two different types
of ganglion cells, we assumed that the coupled cells here
were displaced amacrine cells. In the mouse retina, dis-
placed amacrine cells comprise at least 17 different
types (Badea and Nathans, 2004; Gustincich et al., 1997;
Lin and Masland, 2006; Pérez de Sevilla Miller et al.,
2007) and probably all are GABAergic (Pérez de Sevilla

Figure 4. Confocal optical section of an M3 ipRGC at the level of
the GCL (A), sublamina b of the IPL (B), and sublamina a of the
IPL (C). Note that the dendritic arbors within each sublamina are
different from those of the M1 and M2 cells. See Figure 3F for
orthogonal image. Scale bar = 50 pum.

Miller et al., 2007). To be certain, we processed two Neu-
robiotin-injected retinas for immunohistochemistry with
an antibody against GABA (see Table 1). All cells tracer
coupled to the ipRGCs in these two retinas (n = 28) were
GABA immunoreactive (Fig. 6). Because these two retinas
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Figure 5. Tracer coupling of ipRGCs. A: Confocal image of a Neurobiotin-injected M1 cell. The cell shows tracer coupling to small cells in
the GCL (arrows). B: An injected M2 cell shows coupling to small cells located in the GCL (arrows). C: The injected M3 cell shows tracer
coupling to small cells in the GCL (arrows). Asterisks show the injected cells. D: Histogram indicating the mean (=SD) number of cells
coupled to each ipRGC. The number of cells coupled to M1 cells was not significantly different from the number coupled to M2 cells (P =

0.078). Scale bar = 50 pum.

did not contain injected M3 ipRGCs (which were rarely
encountered), we could not be certain that the cells
tracer coupled to the M3 cell type were also GABAergic,
but presumably they were so.

To study the nature of the coupled cells, we used the
loose-patch technique, which occasionally yielded better
staining of the coupled amacrine cells. For one very well-
injected (20-min duration) M2 cell, we were able to visu-
alize the proximal arbor of some of the coupled cells.
They had many short dendrites and several long axon-
like processes (Fig. 7). The appearance of these cells
was consistent with descriptions of “polyaxonal” ama-
crine cells (Famiglietti, 1992a,b; Volgyi et al., 2001,
2009; Wright and Vaney, 2004), possibly the PA-S5 poly-
axonal amacrine cell described for the mouse retina
(Pérez de Sevilla Miiller et al., 2007). Overall, M1 and M2
ipRGCs (and presumably M3 cells as well) appear to be
heterologously coupled to displaced widefield GABAergic
amacrine cells.

DISCUSSION

We have analyzed the morphology and tracer coupling
of mouse ipRGCs identified in a transgenic mouse line by
their specific expression of fluorescent tdTomato protein
(Do et al.,, 2009). The three morphological subtypes of
ipRGCs that we found conform to those previously
described based on similar or different methods (Baver
et al., 2008; Berson et al., 2010; Hattar et al., 2006),
including an Opn4-EGFP transgenic mouse line (Schmidt
et al., 2008; Schmidt and Kofuji, 2009) and transsynaptic
viral tracing (Viney et al., 2007). However, we have found
a much greater proportion of injected ipRGCs cells being
M1 cells (67.5%) than M2 (25%) or M3 (7.5%) cells, com-
pared with the corresponding 22%, 52%, and 26%
reported for the Opn4-EGFP line by Schmidt et al. (2008).
Possibly, this discrepancy arose from our using >2-
month-old animals vs. the P17-P24 animals used by
Schmidt et al. (2008). However, Viney et al. (2007) used
animals 6-8 weeks of age and reported a distribution of
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Figure 6. Cells coupled to ipRGCs are GABAergic. The neurons to which the M1 (A) and M2 (C) ipRGCs are tracer coupled were GABA im-
munoreactive (B,D, arrows). A and C show the Neurobiotin-injected ipRGCs visualized by streptavidin-FITC. B and D show GABA immuno-
staining revealed using a Cy3-conjugated secondary antibody. Note that the somata (asterisk) and some portions of the dendrites of the
injected cells can be seen in the fluorescence channel used to visualize GABA, because Alexa 555 hydrazide was coinjected with Neuro-
biotin to visualize the electrode during the injection process and to verify cell impalement. Scale bar = 50 um.

39%, 41%, and 20% for M1-M3, respectively, likewise dis-
tinct from the other two studies. Perhaps these differen-
ces simply reflect random sampling. Cells with strong
BAC-driven EGFP fluorescence tend to be M1 cells
(Schmidt and Kofuji, 2009). The same likely applies to our
BAC-driven tdTomato reporter, so we might have been bi-
ased toward this subtype.

Schmidt and Kofuji (2009) and Berson et al. (2010)
reported that the soma and dendritic field of M2 cells
were larger than those of M1 cells. Although we found
the mean soma and dendritic field of M2 cells to be larger
than those of M1 cells, this difference was not statisti-
cally significant in our sample. Schmidt and Kofuji (2009)
and Berson et al. (2010) also reported that the dendritic
field of M2 cells was more complex than in M1 cells. This
conclusion was derived from Sholl’s analysis, which dem-
onstrated significantly greater numbers of dendritic
branches at 100-200 um from the soma in M2 cells com-
pared with M1 cells. We also used Sholl’s analysis to
compare M1 and M2 cells but did not find a significant

difference between these two cell types in our sample.
The major difference between our evaluation and that of
Schmidt and Kofuji (2009) concerns the M1 cells:
whereas Schmidt and Kofuji (2009) found that the num-
ber of dendritic branches of M1 cells did not, on average,
exceed 8, we found M1 cells to have up to 12 branches
(100-200 pm from the soma). Consistently with our
results, Berson et al. (2010) found up to 11 branches
(about 100 pm from the soma), and Li et al. (2006)
reported a similar result for M1 cells in rat retina. With
respect to M2 cells, our analysis and that of Schmidt and
Kofuji (2009) are similar, with up to 15 and 17 dendritic
branches (at 100-200 pum from the soma), respectively;
Berson et al. (2010) reported even greater dendritic
branching (>20 at around 100 um from the soma).
Existing RGC classification schemes (Badea and
Nathans, 2004; Kong et al., 2005; Sun et al., 2002; Volgyi
et al., 2009) do not account for the three morphological
types of ipRGCs, although both M1 and M2 ipRGCs are
included as part of a single cluster (Mé) of the
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Figure 7. Morphology and tracer coupling pattern of an M2
ipRGC. A: Confocal (negative) images showing an M2 cell (aster-
isk) filled with the loose-patch technique. This very well-filled M2
cell exhibited intense tracer coupling to displaced amacrine cells.
Two types of coupled amacrine cells can be seen (large cells,
arrows; smaller cells, arrowheads). B: High-power photomicro-
graph (boxed area from A) showing the detailed morphology of
one of the coupled cells of A. Arrows show axon-like processes.
C: Drawings of two displaced amacrine cells coupled to the M2
cell shown in A. These amacrine cells have short dendrites and
axon-like processes (arrows). Note that the staining of the ama-
crine cells drawn is incomplete because of limited tracer diffusion
into coupled cells. Scale bars = 50 pm in A; 12.5 pm in B; 100
um in C.

classification scheme of Coombs et al. (2006). On the ba-
sis of somata and dendritic field size, Berson et al. (2010)
compared M2 cells with existing ganglion cell subtypes to
classify them as RGc3 cells of Sun et al. (2002), the clus-
ter 8 cells of Kong et al. (2005), and the cluster 9 cells of
Badea and Nathans (2004). Compared with the measure-

Tracer coupling of ipRGCs to amacrine cells

ments of Berson et al. (2010), our measurements and
those of Schmidt and Kofuji (2009) suggest a larger aver-
age somata and dendritic field for M2 cells (Table 2).
However, the measurements of somata size by us and by
Schmidt and Kofuji (2009) are likely overestimates
because of fluorescence imaging, and the extent to which
dendritic field size is a useful means to classify RGCs is
not clear.

The presence of tracer coupling adds another useful
criterion for classifying RGC types (Volgyi et al. 2009).
Our study shows that all of the cells tracer coupled to the
ipRGCs have relatively small cell bodies situated in the
GCL. The small somas suggest that they are displaced
amacrine cells, which make up 60% of the neurons in the
GCL (Jeon et al., 1998). We confirmed, for M1 and M2
cells, that the coupled cells were amacrine cells by dem-
onstrating that they were GABA immunoreactive. One
type of displaced amacrine cell coupled to the M2 cells
appears to be a polyaxonal amacrine cell, possibly the
PA-S5 amacrine cell described for the mouse retina
(Pérez de Sevilla Miiller et al., 2007). Insofar as RG¢5 cells
are not tracer coupled (G, in Volgyi et al., 2009), it is
unlikely that M2 cells belong to this ganglion cell group.
RGC types with dendrites that ramify in sublamina b and
couple to polyaxonal amacrine cells in the GCL include
the Gy, G4, and Gyq types of Volgyi et al. (2009). Consid-
ering the coupling pattern, as well as general morphology
and dendritic field size, we suggest that M2 cells corre-
spond to the Gy RGC type of Volgyi et al. (2009), the
RGAa1 RGC type described by Sun et al. (2002), and the
cluster 11 of Kong et al. (2005; see Table 2). However,
each of these types likely also contains other kinds of
RGCs (e.g., a-ganglion cells; Schubert et al., 2005a; Vol-
gyi et al., 2005), potentially explaining why the average
dendritic field of the G cell type is much smaller than the
measurements of M2 cell dendritic field size (Table 2)
and that RGA; cells are likely to be more abundant than
M2 cells (Berson et al., 2010; Hattar et al., 2002, 2006;
Sun et al., 2002).

Interestingly, the Gi-type cells, which resemble M2
ipRGCs (Table 2), are known to be tracer coupled to at

TABLE 2.
Comparison of M2 Cells With Corresponding RGC Types Described in Other Studies'

Ganglion Dendritic field Soma Tracer coupled to
Study cell type diameter (um) diameter (um) displaced amacrine cells
This study M2 cells 403 = 109 18.6 = 3.8 Yes
Schmidt and Kofuji, 2009 M2 cells 423 + 85 21.8 £ 29 -
Berson et al., 2010 M2 cells 314 £ 76 14.8 £ 1.5 —
Sun et al., 2002 RGa; cells 318 = 74 22 = 4 -
Kong et al., 2005 Cluster 11 380 - -
Vélgyi et al., 2009 Gy cells 245 + 30 20.3 £ 3.4 Yes

'Measurements are mean = SD.
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least two different types of polyaxonal amacrine cells
(Volgyi et al., 2009), with one considered equivalent to
the PA-S5 amacrine cell. Tracer coupling to two popula-
tions of displaced amacrine cells would explain the
observed variation in the somata size of cells tracer
coupled to M2 cells (7-12 pm in diameter) and would
suggest one population with larger cell bodies and
another population with smaller cell bodies.

The majority of mouse RGCs that ramify within subla-
mina a are coupled to displaced amacrine cells, whereas
RGCs that ramify within sublamina b are coupled to ama-
crine cells in the INL (Volgyi et al., 2009). Our results indi-
cate that these generalizations apply in the case of the
M2 but not for the M1 ipRGCs, because we found both to
be tracer coupled to displaced amacrine cells. In the few
types of RGCs with dendrites in sublamina a but coupling
to displaced amacrine cells (the G35 and G4 types of Vol-
gyi et al., 2009), there is also homologous coupling to
RGCs. This is not the case for M1 cells, which showed
only tracer coupling to displaced amacrine cells. This
makes the M1 ipRGCs, as far as we know, the only RGCs
ramifying within sublamina a that are coupled exclusively
to displaced amacrine cells.

Connexins that mediate coupling between
ipRGCs and displaced amacrine cells

Connexins (Cxs) are expressed in all major types of ret-
inal neurons (Bloomfield and Volgyi, 2009). Thus far, only
two connexins have been reported in mouse RGCs, Cx36
and Cx45 (Schubert et al., 2005a,b; Volgyi et al., 2005).
Cx36 is expressed in o-ganglion cells (Schubert et al.,
2005a; Volgyi et al., 2005) but not RGp; cells (Pan et al.,
2010; Schubert et al., 2005a), making it unlikely that
Cx36 is involved in the coupling between M2 ipRGCs and
displaced amacrine cells. Cx45 has been described only
in bistratified ganglion cells (Schubert et al., 2005b). It is
possible, therefore, that M3 cells express Cx45. Recently,
two other connexins have been described in the retina,
Cx40 (Kihara et al., 2006) and Cx30.2 (Kreuzberg et al.,
2008; Pérez de Sevilla Miiller et al., 2010), with the latter
likely expressed by RGCs. Thus, Cx30.2 may be
expressed by ipRGCs.

Functional consequences of
ipRGC-amacrine cell coupling

Calcium-imaging experiments showed that, in mice
lacking rod and cone photoreceptors (rd/rd cl), the num-
ber of light-responsive cells in the GCL was reduced by
treatment with the gap-junction blocker carbenoxolone
(Sekaran et al.,, 2003, 2005). These results suggested
that ipRGCs are coupled to other (not intrinsically photo-
sensitive) neurons in the GCL. In contrast, neither carbe-

noxolone nor another gap-junction blocker, meclofenamic
acid, reduced the number of intrinsically photoresponsive
cells in the GCL recorded with a multielectrode array
(MEA) in rat retina (Weng et al., 2010). Our finding that
ipRGCs are tracer coupled to displaced amacrine cells
may explain the discrepancy between the calcium-imag-
ing and MEA results. If the displaced amacrine cells
coupled to ipRGCs are nonspiking cells, they would not
be detected by MEA but could still show elevations of in-
tracellular calcium. It remains to be determined whether
the amacrine cells coupled to ipRGCs are spiking neu-
rons. Both spiking and nonspiking displaced amacrine
cells have been described for ferret retina (Aboelela and
Robinson, 2004), and in rabbits all types of polyaxonal
amacrine cells, one of which we have identified as being
tracer coupled to M2 ipRGCs, are spiking (Volgyi et al.,
2001). An alternative explanation for the effect of carbe-
noxolone on the number of light-responsive cells in the
GCL as assessed by calcium imaging (Sekaran et al,
2003, 2005) is that it involved an action of carbenoxolone
on voltage-gated calcium channels (Vessey et al., 2004),
which have been shown to be important for light-evoked
elevations in intracellular calcium in ipRGCs (Hartwick
etal.,, 2007).

Electrical coupling between RGCs has been proposed
to increase correlated activity, which enhances informa-
tion transmission (Meister and Berry, 1999; Gollisch and
Meister, 2010). Direct electrical coupling between RGCs
would subserve correlations with short latency, but corre-
lations of broader timing may be achieved by indirect
RGC coupling via amacrine cells (Brivanlou et al., 1988;
DeVries, 1999; Hu and Bloomfield, 2003). Insofar as
nearly two-thirds of mouse RGCs show heterologous cou-
pling to amacrine cells (Volgyi et al., 2009), indirect RGC
coupling could be common. Correlated activity of ipRGCs
has been detected in postnatal (P8-P10) mouse retina
but not in the adult (Tu et al., 2005), although in the latter
case the number of cells sampled might have been insuf-
ficient. Therefore, it remains to be demonstrated defini-
tively whether ipRGCs in adult retina show correlated ac-
tivity and whether this is a consequence of ipRGC
coupling to displaced amacrine cells.
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