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Summary

Intrinsically photosensitive melanopsin-containing
retinal ganglion cells (ipRGCs) control important phys-
iological processes, including the circadian rhythm,
the pupillary reflex, and the suppression of locomotor
behavior (reviewedin [1]). ipRGCs are also activated by
classical photoreceptors, the rods and cones, through
local retinal circuits [2, 3]. ipRGCs can be transsyn-
aptically labeled through the pupillary-reflex circuit
with the derivatives of the Bartha strain of the alphaher-
pesvirus pseudorabies virus(PRV) [4, 5] that express
GFP [6-12]. Bartha-strain derivatives spread only in
the retrograde direction [13]. There is evidence that
infected cells function normally for a while during
GFP expression [7]. Here we combine transsynaptic
PRV labeling, two-photon laser microscopy, and
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electrophysiological techniques to trace the local cir-
cuit of different ipRGC subtypes in the mouse retina
and record light-evoked activity from the transsynapti-
cally labeled ganglion cells. First, we show thatipRGCs
are connected by monostratified amacrine cells that
provide strong inhibition from classical-photorecep-
tor-driven circuits. Second, we show evidence that
dopaminergic interplexiform cells are synaptically
connected to ipRGCs. The latter finding provides a cir-
cuitry link between light-dark adaptation and ipRGC
function.

Results and Discussion

PRV152 Labels Morphologically Distinct
Retinal-Ganglion-Cell Subtypes

To transneuronally label intrinsically photosensitive mel-
anopsin-containing retinal ganglion cells (ipRGCs) via
the autonomic circuits, we injected PRV152 into the an-
terior chamber (AntC) of the right eye of mice (Figure 1A)
[4, 13, 14]. After 3.5-4.5 days, we isolated the retina from
the left eye (n = 36 retinas), where several ganglion cells
were brightly labeled with GFP (Figure 1B).

Dendrites of mouse retinal ganglion cells of different
morphological and physiological classes [15-17] ramify
at different depths (strata) in the inner plexiform layer
(IPL) [18, 19]. All of 170 analyzed GFP-expressing gan-
glion cells in the left retina were found to have dendrites
in only two IPL strata at depths of 30% (*+4%) and 89%
(+6%). These dendritic strata were outside the two
outer strata labeled by the calretinin antibody (Figures
1C and 1D) [20] and in the same strata specifically la-
beled by the melanopsin antibody (Figures 1C and 1D).
In the brain, similar retinorecipient nuclei were labeled
bilaterally (Figure 1E) as described in hamsters and rats
[13, 21], including the suprachiasmatic nucleus (SCN),
the intergeniculate leaflet (IGL), and the olivary pretectal
nucleus (OPN). The dorsal lateral geniculate nucleus
(dLGN) and the superior colliculus (SC) were not labeled,
even at 5 days after infection (Figure 1E). Ganglion cells
in other retinal strata can be labeled from the superior
colliculus and the primary visual cortex (V1), ruling out
the possibility that only certain subtypes of ganglion
cells have receptors for pseudorabies virus (PRV) (Fig-
ure S1A in the Supplemental Data available online).
These experiments suggest that contralateral PRV152
infection into the AntC labels subclasses of mouse gan-
glion cells that project to the SCN, the IGL, and the OPN,
which are known targets of melanopsin-expressing gan-
glion cells [22, 23].

Three and a half to four days after virus infection, 99%
(79/80 cells counted from two infected retinas) of the la-
beled cells were melanopsin positive, whereas the frac-
tion among all ganglion cells is estimated at 1%-2% [24,
25], suggesting that during the first wave of infection,
almost all labeled ganglion cells are ipRGCs. However,
around 5 days after virus infection, only 50% of the GFP-
expressing ganglion cells were positive for melanopsin
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Figure 1. PRV152 Retrogradely Spreads from the Right Eye to Subtypes of Ganglion Cells in the Left Retina

(A) Simplified schematic of the PRV spread [7, 13]. Red arrows indicate the route of retrograde virus spread from the right eye to the contralateral
retinal ganglion cells (RGCs).

(B) Low-resolution (10x) confocal scan of the left retina 4 days after injection, showing several GFP-labeled ganglion cells. The scale bar
represents 100 pm.

(C) Confocal reconstruction from a 200-um-thick vibratome section. Calretinin antibody (blue) labels three strata in the IPL (CR1, CR2, and CR3).
Cell nuclei are labeled with DAPI (red). Melanopsin antibody (yellow) labels two strata (MO1 and MO2).

(D) The depths of dendritic ramification of PRV152-labeled ganglion cells are plotted as green dots. Monostratified cells are presented as one
dot; bistratified ganglion cells are presented as two dots. The fluorescence as a function of depth is plotted for calretinin (blue), DAPI (red), and
melanopsin (yellow). The x axis shows the relative depth in the IPL; the y axis shows normalized fluorescence.

(E) Brain regions labeled 5 days after injection of PRV152 into the anterior chamber (AntC) of the right (R) eye and PRV614 (RFP-expressing
variant) to the left (L) visual cortex. PRV152 (green) labels the EWN, OPN, IGL, SCN, and hypothalamic paraventricular nucleus (PVN) but not
the SC or the dLGN. PRV614 (red) labels the dLGN. Diagrams are taken from [43].
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Figure 2. GFP-Labeled Local Circuits 5 Days after PRV152 Injection into the AntC of the Right Eye or the Right V1 Cortical Region

(A) GFP-positive amacrine and Miiller cells in the INL. The red circle indicates the position of the GFP-positive ganglion cell in the GCL. The scale
bar represents 100 um.

(B) Colocalization of the Miiller-cell marker glutamine synthetase (red) and GFP (green) for cells that are centrally GFP labeled near a GFP-
positive ganglion cell. The depth of the scan is in the middle of the IPL.

(C) Top views of a GFP-labeled type 2 ipRGC with corresponding side views of labeled Miller cells. GFP (green) colocalizes with melanopsin
(MO, red). The scale bar represents 15 um.

(D) A confocal scan in the INL near a labeled ganglion cell, 5 days after contralateral V1 injection, shows only GFP-labeled amacrine cells and no

Mdiller cells. The position of the ganglion-cell body in the GCL is indicated by the red circle. The scale bar represents 100 um.
(E) Proportion of the number of Miiller and amacrine cells in the INL after contralateral-eye and V1 injection at 5 days.

[4]. One explanation is that these non-ipRGC types also
project to the SCN, IGL, and OPN, because at 5 days, the
dLGN and the SC are not labeled (Figure 1E). An alterna-
tive explanation is that PRV spreads through gap junc-
tions to other types of ganglion cells [24].

The PRV-infected ipRGCs could be classified into
three classes based on their depth of dendritic ramifica-
tion. Figure 1F shows examples of melanopsin and GFP
double-stained ganglion types. Each type could be
found at all eccentricities (Figure S1B). Type 1 ipRGCs
(n = 66) have dendrites close to the inner nuclear layer
(INL), type 2 ipRGCs (n = 69) have dendrites close to the
ganglion-cell layer (GCL), and type 3 ipRGCs (n = 35) are
bistratified, having dendrites in the same strata as type 1
and type 2 cells (Figure 1F).

Common Properties of Local Circuits

of PRV152-Labeled Ganglion Cells

The local circuits of the PRV152-infected ganglion cells
can also be labeled. PRV152 was injected into the AntC
of the right eye (n = 32 retinas) as before, but, in order to
mark the cells in synaptic contact with the PRV152-
infected ipRGCs, we waited 5 days before dissecting the
left retina. At this time, a number of other cell types in
the INL became intensely GFP positive (Figure 2A). The
newly infected melanopsin-negative ganglion cells were
not yet surrounded by cells in the INL, suggesting that

the passage of PRV from non-ipRGCs has not yet hap-
pened at this stage of infection. Most of the labeled cells
in the INL were amacrine and Milller glia cells (Figure 2A).
Only occasionally have we seen labeled bipolar cells.
Miiller-cell labeling was consistently observed solely
near the cell bodies of infected ganglion cells, whereas
labeled amacrine cells were scattered concentrically
around them (Figure 2A). Miiller cells are easily identified
from confocal stacks because their processes span the
entire width of the retina. Their presence was further
confirmed by staining of the retina with an antibody
against glutamine synthetase, a marker specific to
Miiller cells (Figure 2B). Double labeling with melanopsin
and GFP showed that Milller cells were indeed in close
proximity to ipRGCs (Figure 2C). Surprisingly, however,
no Miiller-cell labeling was seen in the retina when
PRV152 was injected into the V1 (Figures 2D and 2E).
In the INL, only the amacrine cells were GFP positive.
This was true even at 5 days after injection into the V1,
at a time when large numbers of ganglion and amacrine
cells are labeled. These results suggest that Milller cells
make specialized contacts with ipRGCs but not with
ganglion cells that project to the dLGN and subse-
quently to the V1.

Amacrine-cell labeling is unlikely to be caused by are-
lease of PRV particles from Miiller cells, because infec-
tion of amacrine and Miiller cells is temporally and

(F) GFP-labeled ipRGC subtypes in the left retina 3.5-4 days after PRV152 injection into the AntC of the right eye. Colocalization with GFP (green)
and melanopsin (red) antibodies is shown. Arrows indicate soma. Side views are shown below top views and indicate dendritic stratification in
the IPL between the INL and the GCL (marked by DAPI, blue). Scale bars represent 20 um.
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spatially independent (Figure S2 and Movie S1). Further
support for the idea that amacrine labeling is caused by
transsynaptic release from ganglion cells comes from
the finding that retinal strata juxtaposed to the GFP-
positive thin strata were not labeled (Figure S3).

We find a clear difference between the number of in-
fected amacrine and bipolar cells in the retina because
very few bipolar cells become GFP-positive through PRV
spread from the contralateral eye. To show that this ob-
servation in our experiments was not due to the fact
that some of the labeled ganglion cells contain their
own photopigments and, therefore, might lack bipolar
input, we investigated retinas retrogradely labeled with
PRV152 from the SC or the V1. Similar to results of trac-
ing from the contralateral eye, very few bipolar cells
were detected after SC or V1 injection (data not shown).
Other studies have also shown that melanopsin-
expressing ganglion cells receive synaptic input from
bipolar cells [2, 3]. This suggests that PRV152 spreads
across unconventional, bipolar-to-ganglion ribbon syn-
apses with low efficiency. Interestingly, the bipolar and
amacrine-cell GFP-expression levels were the same,
suggesting that differential expression from the cyto-
megalovirus (CMV) promoter of PRV is not the cause
of inefficient bipolar labeling.

Monostratified Amacrine Cells Provide Inhibitory
Input to Type 2 ipRGCs
We investigated the structure and function of the local
circuit of type 2 ipRGCs. For this detailed circuit tracing,
we used low-titer virus injections (10® plaque-forming
units [PFUs]) that yielded sparse circuit labeling to avoid
confusion of circuits belonging to neighboring ganglion
cells. These ganglion cells have dendrites in the IPL
close to the ganglion-cell layer at 30% (%£4%, n = 57)
depth. We made 3D reconstructions of the processes
of amacrines that surrounded type 2 ipRGCs (Figures
3A-3C, Movie S2). For amacrine cells that were farther
away from the labeled ganglion cells, we made a number
of overlapping confocal stacks and stitched them to-
gether (Figures 3D and 3E). All labeled amacrine cells
studied this way (n = 20), independent of their distance
from the ganglion-cell body, were monostratified in the
same stratum as the type 2 ipRGCs. Although the GFP
labeling of bipolar cells was rare [2, 3], in some cases
(n = 3) we could reconstruct their morphology. As ex-
pected, these bipolar cells costratified with type 2ipRGC
dendrites (Figure 3F). The structure of a type 2 ipRGC
local circuit, based on the detailed confocal reconstruc-
tions, is summarized in a circuit drawing in Figure 3G.
The local circuit consists of three cell types: a type 2
ipRGC, a type 8 bipolar cell (based on [26]), and a mono-
stratified amacrine cell. In this detailed morphological
study, we could not use melanopsin colabeling because
the GFP-labeled fine amacrine dendrites were only
visible with rabbit anti-GFP, which was from the same
species as the melanopsin antibody. We relied on the
finding that at 5 days, non-ipRGCs were newly infected
(were not present at 4 days); therefore, the spread of the
virus to amacrines most probably had not yet happened.
This is supported by the finding that non-ipRGCs were
not surrounded by amacrine cells at 5 days (see above).
To show more direct evidence that the identified
monostratified amacrine cells are indeed connected to

ipRGCs, we isolated the retina at 3.5-4 days, at the time
when 99% of the labeled ganglion cells are melanopsin
positive. We determined the retinal coordinates of many
labeled ganglion cells with two-photon microscopy and
superfused the retina with oxygenated Ringers solution
for an additional day. In these experiments, we used
a new virus strain (see Experimental Procedures) that
expressed a membrane-bound GFP that more clearly la-
beled the dendrites and axons. One day after isolation
(5 days after infection), we fixed the retina and stained
the circuit with rabbit anti-GFP antibodies and analyzed
the circuits at the marked coordinates. The analyzed cir-
cuits are therefore, with 99% probability, local circuits of
ipRGCs. The morphology of the labeled amacrine cells
was identical to those described above (Figure 3H).

The labeled circuit gave very strong predictions about
the direct, amacrine-cell-mediated inhibitory input to
type 2 ipRGCs. In most vertebrates (except zebrafish
[27]) and in all mammalian species studied, the IPL is
divided into two major regions. Strata close to the GCL
(sublamina B) incorporate axon terminals of ON bipolar
cells; strata close to the INL (sublamina A) embody
axon terminals of OFF bipolar cells [26, 28]. Because
amacrine cells receive excitation from bipolar cells, the
reconstructed amacrines must receive excitation only
at light ON. Most amacrines are inhibitory cells. If the
type 2 ipRGCs receive inhibitory input only from the re-
constructed amacrines, inhibition should arrive at light
ON but not at light OFF. Inhibition at light OFF would
suggest a multistratified or bistratified amacrine cell, be-
cause OFF activity should travel vertically in the IPL from
sublamina A to sublamina B [29]. To test these predic-
tions, we recorded light-evoked inhibitory currents [29]
from PRV-infected, GFP-labeled, type 2 ipRGCs with
the whole-cell patch clamp method in the voltage clamp
configuration after 4 days of infection. As mentioned be-
fore, at that time, only ipRGCs were labeled. The resting
membrane voltage was —58 mV = 4 mV (n = 8). Inhibition
in type 2 ganglion cells was only evoked at light ON
(n = 10) when the retina was stimulated with a 1 mm
diameter white spot (Figure 3l), as predicted by the
structure of the PRV-labeled local-circuit elements.
This finding is in strong contrast with inhibitory currents
evoked in most other ON ganglion cells in the mamma-
lian retina (Figure 3J); in the rabbit retina, only one type
of ON ganglion cell receives inhibition only at light ON.
These results suggest that type 2 ipRGCs receive
a strong, fast inhibitory input at light onset from a single
morphological type of amacrine cell.

Dopaminergic Interplexiform Cells Are Synaptically
Connected to Type 1 ipRGCs

Similar to type 2 ipRGCs, type 1 ipRGCs were sur-
rounded by GFP-positive amacrine cells (Figure 4A).
These amacrine cells had processes in the same strata
as type 1 ipRGCs. Because the morphology and stratifi-
cation of the labeled INL cells were very similar to those
of awell-described cell subtype, the dopaminergic inter-
plexiform/amacrine cells [30], we triple-labeled retinas
for tyrosine hydroxylase (TH), GFP, and melanopsin.
Figures 4B-4E show that a number of amacrine cells
around a melanopsin- and GFP-positive type 1 ipRGC
(Figure 4E) were both GFP and TH positive. Figures
4C and 4D show that TH-positive processes and
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Figure 3. Local Circuit and Physiology of Type 2 ipRGCs

(A) Confocal scan in the proximal part of the IPL in the left retina at 5 days after PRV152 injection into the right eye. A GFP-labeled (green) type 2
ipRGC is shown.

(B) Confocal scan of the same area as in (A) but in the INL. The GFP-labeled cells are amacrine cells. Cell nuclei labeled by DAPI are shown in red.
(C) An x-z projection of a high-resolution scan of the yellow box shown in (A) and (B). An amacrine cell (AC) in contact with the dendrites (indicated
by “D”) of the type 2 ipRGC is shown. The 3D confocal scan is shown in Movie S2.

(D) Five confocal scans were stitched together to show the dendritic arbor of two amacrine cells (ACs) and of a type 2 ipRGC (GC2). A type 1
ipRGC is also shown (GC1), although its dendrites are not visible because they are in a different depth.

(E) An x-z projection of the stack shown in (D). Here the dendrites of the two amacrines, as well as the type 1 ipRGC, are shown. Red arrows point
to the two amacrine cell bodies.

(F) An x-z projection of a high-resolution scan from another type 2 ipRGC shows a type 8 cone bipolar cell (CB 8).

(G) The identified cell types, based on the viral tracing, in the local circuit of type 2 ipRGCs.

(H) The same as (C), except that this amacrine cell was from an experiment where the retina was isolated at 4 days and kept in a perfusion cham-
ber for 1 day (see main text). Scale bars represent 10 um for all figures.

() Light-evoked inhibitory currents from three different type 2 ipRGCs. Inhibition cannot be detected after light OFF. The currents were measured
in voltage clamp at OmV holding potential [29]. The stimulus was a 1-mm-diameter bright spot. The timing of the stimulus is indicated by black bars.
(J) Light-evoked inhibitory currents from five different types of ON ganglion cells in the rabbit retina. Light evokes inhibition at both light ON and
light OFF in four out of the five cell types (names shown to the right of each). The OFF response is indicated by arrows. The stimulus is the same as
in (A). Scale bars represent 100 pA.

melanopsin-positive dendrites of ipRGCs cofasciculate (Figure 4F). The PRV labeling of horizontal cells sug-
in the IPL. These results suggest that dopaminergic cells gests that these cells are not only postsynaptic targets
provide synaptic input to type 1 cells. [34] of but also presynaptic to dopaminergic interplexi-

Dopaminergic amacrine cells in the mouse retina are form cells. Our previous finding that PRV152 very ineffi-
interplexiform cells that have processes in the IPL and ciently passes to bipolar cells and the fact that no bipo-
in the outer plexiform layer (OPL) [30-33]. Five and a lar cells were detected in the vicinity of the labeled
half to six days after contralateral virus infection, a num- horizontal cells (data not shown) indicate that the virus

ber of horizontal cells become labeled with GFP spread from interplexiform cells to horizontal cells.
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Figure 4. Type 1 ipRGCs Are Synaptically Connected to Dopaminergic Amacrine/Interplexiform Cells

(A) Confocal scan of a region in the INL-IPL border around a GFP-positive type 1 ipRGC. A descending dendrite of the ipRGC is shown by the
white arrow. Red arrows point to a number of GFP-positive cell bodies in the INL.

(B) Colocalization of GFP (green) and TH (red) in amacrine cells around a type 1 ipRGC in the INL. Arrows point to double-labeled cells.

(C) Triple staining for TH (red), melanopsin (green), and GFP (blue) at the IPL-INL border. The arrow points to the TH- and GFP-positive

amacrine cell.

(D) Higher magnification of a region in (C). Arrows point to cofasciculating TH- and melanopsin-positive processes.

(E) Triple staining for TH (red), melanopsin (green), and GFP (blue) labels a type 1 ipRGC (cell labeled as “1”) and two dopaminergic amacrines
(two cells labeled as “2”) in close proximity. Top views are on the left and side views are on the right.

(F) Top: A confocal scan of a region in the IPL-ONL border shows a labeled horizontal cell body (left) and axon terminal (right). Bottom: A Z axis

view of the yellow-window region from the upper panels.
Scale bars represent 15 um for all panels.

Interestingly, even after 7 days of infection, we could not
detect rods or cones; this reinforced our conclusion that
PRV152 very inefficiently crosses ribbon synapses.
Dopamine is a neurotransmitter that is in the retina
and controls light adaptation [35]. Dopaminergic cells
of the mouse retina are GABAergic [30]. These cells
make conventional synapses and also release neuro-
transmitters extrasynaptically [35-37]. Our study sug-
gests that dopaminergic cells are in synaptic contact
with type 1 ipRGCs. The synapse between dopaminer-
gic cells and ipRGCs are GABAergic, dopaminergic, or
both. It is possible that, similar to the synapse between
dopaminergic cells and All amacrine cells [37], both
GABA and dopamine are released, but the postsynaptic
receptors are positioned at different distances from

the release site. In either case, however, the synaptic
contact between interplexiform cells and ipRGCs sug-
gests that the activity of dopaminergic cells synaptically
influences the activity of and/or gene expression in
ipRGCs.

Recent studies suggested that the dopaminergic
system, which controls light-dark adaptation, strongly
influences the circadian rhythm [38-42]. Our results sug-
gest a circuitry link between light-dark adaptation and
ipRGC function.

Supplemental Data

Experimental Procedures, three figures, and two movies are
available at  http://www.current-biology.com/cgi/content/full/
17/11/981/DC1/.
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