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Neurons in the central nervous system (CNS) are distinguished by
the neurotransmitter types they release, their synaptic connec-
tions, morphology, and genetic profiles. To fully understand how
the CNS works, it is critical to identify all neuronal classes and
reveal their synaptic connections. The retina has been extensively
used to study neuronal development and circuit formation. Here,
we describe a previously unidentified interneuron in mammalian
retina. This interneuron shares some morphological, physiological,
and molecular features with retinal bipolar cells, such as receiving
input from photoreceptors and relaying visual signals to retinal
ganglion cells. It also shares some features with amacrine cells
(ACs), particularly Aii-ACs, such as their neurite morphology in the
inner plexiform layer, the expression of some AC-specific markers,
and possibly the release of the inhibitory neurotransmitter glycine.
Thus, we unveil an uncommon interneuron, which may play an
atypical role in vision.

retina cell class | glycinergic interneuron | bipolar cell | amacrine cell |
transsynaptic

hotons entering the eye are detected by photoreceptors and
processed through a set of function-specific synaptic path-
ways in the retina. The structural basis of these pathways are
the synaptic connections among five major classes of retinal
neurons: photoreceptors, horizontal cells (HCs), bipolar cells
(BCs), amacrine cells (ACs), and retinal ganglion cells (RGCs)
(1-3). Two fundamental features of the vertebrate retina’s visual
signal processing are the functional separation of scotopic and
photopic vision (4-6) and the segregation of increment and dec-
rement luminance signals into ON and OFF pathways (3, 7).
The functional separation of scotopic and photopic vision starts
at rod and cone photoreceptors and remains separated at BCs
through specific synaptic connections from rods to rod BCs and
cones to cone BCs (3, 5, 8, 9). The segregation of increment and
decrement luminance signals starts at BCs, where glutamate
released from cones activates ionotropic glutamate receptors on
the OFF cone BCs resulting in depolarization of the cell mem-
brane potential (10). In contrast, glutamate activates a metabo-
tropic glutamate receptor, mGluR6, on the rod BCs and ON
cone BCs resulting in hyperpolarization of these cells (11-16).
This sign reversing and nonreversing action of glutamate on the
ON and OFF BCs separates the increment and decrement lumi-
nance signals into ON and OFF pathways, which remain segre-
gated throughout the visual system (8, 17, 18). In the retina, BCs
are thought to be the only interneuron to relay visual signals from
photoreceptors to RGCs, and they are the primary excitatory
driver for RGCs (19-22). All BCs have a dendrite in the outer
plexiform layer (OPL) and axons in the inner plexiform layer
(IPL), except for a recently identified monopolar interneuron
(23). Additionally, it is commonly assumed that all BC types have
been identified in the mouse retina (7, 22, 24).
Another interneuron class, ACs, does not receive direct syn-
aptic input from photoreceptors but from BCs and other ACs
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(3, 25-28). In mice, there are roughly 60 different AC types.
Most ACs act as inhibitory interneurons by releasing GABA or
glycine onto BCs, ACs, and RGCs, except for a few glutamater-
gic and cholinergic AC types, which are also GABAergic cells
(3, 23, 29-36). Additionally, a small fraction of interplexiform
ACs release dopamine (37-39) and GABA (40) as their neuro-
transmitters, possibly onto BCs, HCs, and photoreceptors, to
conduct synaptic signals from the inner retina to the outer
retina.

Identifying each of the retinal cell classes and understanding
their synaptic connections is crucial for understanding how the
retina processes visual signals. While all the major retinal
classes are believed to be defined, we identified a previously
undescribed retinal interneuron. This interneuron shares fun-
damental morphological, physiological, and molecular features
with BCs, such as having neurites that ramify in the OPL to
receive synaptic inputs from photoreceptors and neurites that
project into the IPL to synapse with RGCs. Additionally, this
interneuron expresses several common AC markers, and its
neurites ramify throughout the entire IPL to synapse with
neurons in both ON and OFF IPL. This interneuron may also
release the inhibitory neurotransmitter glycine in both the inner
and outer retina, in addition to releasing glutamate in the IPL.
This atypical retinal interneuron opens the possibility of an
anomalous retinal neuron class.

Significance

Cell classes are the building blocks for the central nervous
system. It is widely believed that major neuronal classes
have been identified in the retina, although some types in
the amacrine cell class have not been fully characterized.
Here, we describe a retinal interneuron that does not fit into
any existing retinal cell class, and we name them Campana
cells. Although Campana cells relay visual signals from pho-
toreceptors to the retinal ganglion cells, they differ from
bipolar cells in many morphological, physiological, and
molecular features. They are also significantly different from
amacrine cells. Therefore, our results open the possibility for
an unconventional retinal cell class that plays unique roles in
visual processing.
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Results

A Transcellular Technique to Label Neurons Synaptically Connected
to RGCs. To identify the neurons synaptically connected to
RGCs, we developed a transgenic/viral approach to transcellu-
larly label presynaptic neurons of RGCs. This approach utilizes
a dual DNA recombinase strategy to express a WGA (wheat
germ agglutinin)-Flpo recombinase fused protein in Cre*
RGCs using a Cre-dependent AAV2-EFla-DIO-mCherry:
IRES-WGA-Flpo viral vector (WGA-Flpo vector, Fig. 1 A4 and
B) on Cre:FRT-EGFP double transgenic mice (see more details
in SI Appendix, Expanded Materials and Methods). We injected
the WGA-Flpo vector into the eyes of CreER-JamB:FRT-
EGFP mice. These mice express the Cre DNA recombinase in
J-RGCs (41). J-RGCs are OFF-RGCs that activate in response
to various light stimulation patterns (41-43). These mice also
harbor the R26R CAG-boosted EGFP reporter allele with an
FRT-lanked STOP cassette in all somatic cells (44). Occasion-
ally, we injected the WGA-Flpo vector into the eyes of CreER-
JamB:Thyl-loxP-YFP double transgenic mice to confirm the
selective expression of WGA-Flpo in the J-RGCs. The WGA-
Flpo vector transduces Cre* J-RGCs in these mice and
expresses both mCherry and WGA-Flpo-fused proteins (Fig. 1
B-D) without transducin§ retinal neurons in Cre-negative mice
at a low titer (4.6 x 10'° vg/mL) (SI Appendix, Fig. S1 shows
both high and low titers). WGA-Flpo expression in the trans-
duced Cre* J-RGCs further induces the expression of mEGFP
in these J-RGCs. When WGA-Flpo—fused protein is trans-
ported into neurons synaptically connected to the transduced
Cre* J-RGCs, mEGFP is expressed in these cells, illustrating
the cell morphology (Fig. 1 D-G).

Using this approach, we examined the types of BCs presyn-
aptic to J-RGCs. In addition to labeling rod BCs (Fig. 1E) and
OFF cone BCs (Fig. 1F), we unexpectedly observed an
mEGFP-expressing interneuron that has not been previously
described (Fig. 1G). Like BCs, this interneuron has neurites
that ramify in both the OPL and IPL. However, unlike BCs
that stratify their axonal terminals narrowly in either sublamina
a (OFF, Fig. 1F2) or sublamina b (ON) of the IPL (7, 30, 45),
the neurites of this interneuron form multiple branches
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ramified throughout the entire thickness of the IPL (Fig. 1G2).
Since this interneuron appears similar to a handbell, with a
long neurite that travels to the OPL through the inner nuclear
layer (INL; the handle) and broad neuronal ramifications
throughout the depth of the IPL (the bell), we call them
“Campana cells.” Campana being Latin for “bell.” To better
understand this cell, we investigated this interneuron’s morpho-
logical, biochemical, and physiological properties.

Campana Cells Have Unique Morphological Features. First, we
attempted to find a more direct and efficient method to label
Campana cells without relying on synaptic transfer. We found
that a previously published viral construct, AAV2-CAG-ChR2-
GFP-Nal.6 (AAV2-GFP; SI Appendix, Fig. S24) (46), can label
a variety of different retinal cell types (SI Appendix, Fig. S2 B
and C). These include ON cone BCs (type 5 cone BCs; Fig.
2A), Campana cells (Fig. 2B), and Aii-ACs (Fig. 2C).

Using this viral vector, we characterized the morphology of
Campana cells in more detail. The Campana cell is typified by
having a neural plexus that ramified the entire depth of the IPL
and an ascending neurite that reaches the OPL and has large
lobules on this ascending process. The OPL projecting neurite
is clearly a continuation of a cellular structure from the Cam-
pana cell based on the fluorescent labeling with no other
labeled cells nearby. This is evident when the image is rotated
90° (Fig. 2B3) or in a video showing a 360° rotation (Movie
S1). Furthermore, it is striking how similar the Campana cell’s
neurites in the IPL are to those of Aii-ACs. Therefore, we com-
pared the total length of the neurites of Campana cells with
those of Aii-ACs. The results show no significant difference in
the length of the neurites in the IPL between Campana cells
and Aii-ACs (OFF layer, P = 0.7456; ON layer, P = 0.8692,
unpaired Student’s ¢ test; Fig. 2D). However, Aii-ACs do not
have a neurite that projects to the OPL like the Campana cells
(Fig. 2 C and D).

Campana Cells Receive Synaptic Input from Both Rods and Cones.
Next, we determined the Campana cells’ synaptic inputs
by recording their light-evoked responses. Accordingly, we

Fig. 1. A transcellular technique to label
retinal neurons synaptically connected to
RGGs. (A) The WGA-Flpo vector. (B) Depic-
tion of the use of the WGA-Flpo vector for
intraocular injections (B7); WGA fused to
Flpo expressed by Cre* RGCs can be trans-
ported from RGCs (magenta) to presynaptic
neurons (green; B2). (C) An image from a
flat-mounted retina of a CreER-JamB:Thy1-
loxP-YFP double transgenic mouse treated
with the WGA-FIpo vector shows many
YFP-expressing J-RGCs, in which two of
them are mCherry* J-RGCs (yellow, indi-
cated by white arrows). These cells are
YFP* (green), and the dendrites project
asymmetrically to the OFF layer of the IPL
(90° rotation of C7 is shown in C2), indicat-
ing that they are J-RGCs. Two cells are also
mCherry positive (C3, magenta, white
arrows), showing that they express the
WGA-Flpo vector. (D) Anti-WGA staining
(D1, magenta) in a WGA-Flpo-treated
CreER-JamB:FRT-EGFP retina. GFP-positive
N cells (green) are also WGA-positive (D2). (E)
GTPgI‘::'I! A rod BC labeled through WGA-Flpo (ET)
and a masking of the GFP signal shows the
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morphology (E2). Background GFP is color coded in orange, and ChAT (magenta) marks the ON and OFF sublamina. (F) A type 2 cone BC labeled through
the WGA-Flpo (green) method and colabeled with anti-ChAT (magenta, F1) and a masking of the GFP signal from the same cell (F2). Background GFP is
color coded in orange. (G) A morphologically unigue cell with neurites that project to both the OPL and IPL labeled through WGA-FIpo (green) and cola-
beled with ChAT (magenta, G7) and a masking of the GFP signal from the same cell (G2). Background GFP is color coded in orange.
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Fig. 2. Campana cells have unique morphological features. (A) Image of a type 5 cone BC labeled by the AAV2-GFP vector in a thick (40 pm) retinal
cross-section (A7, green), and the GFP within the cell masked from the background (orange) to reveal the morphology (A2). (B) A Campana cell, labeled
by AAV2-GFP (B1, green) and the same cell (green) masked and isolated from the background (orange, B2). B3 shows the same cell with a 90° rotation
about the y-axis. (C) An Aii-AC labeled by AAV2-GFP. (D) A comparison of the mean neurite length of the Campana cell (light blue) and Aii-ACs (orange)
in the OFF (P = 0.7456, Student'’s t test) and ON (P = 0.8692, Student’s t test) sublamina of IPL shows no significant difference. The ascending neurite of
Campana cells has an average length of 88.8 = 11.9 pm within the OPL. Each dot represents the value of a cell. The number in each column indicates the

number of cells. NS: not significant. Error bar: +SE.

generated an AAV2-CAG-GCaMP6m (AAV2-GCaMP6m)
viral vector (SI Appendix, Fig. S3A4) to measure the light-evoked
changes in the intracellular calcium of Campana cells using a
two-photon imaging system (Movie S2 shows an example
recording). All recordings were done from the retina’s ventral
portion, where mice have a high density of ultraviolet
(UV)-sensitive s-opsin expressing cones (47). The ventral ret-
ina was identified by a higher density of GCaMP6m-labeled
cells since the virus vector was injected into the eye’s ventral
portion (SI Appendix, Fig. S3 B and C).

Fig. 34 shows a GCaMP6m-expressing Campana cell from a
dark-adapted retina that we used to record the calcium activity
of its soma and OPL neurites (Movie S3 shows the cell’s image
stack). First, we recorded cell responses to both a long (4-s)
and a short (10-ms) light flash (Fig. 3 B and C and reference S/
Appendix, Fig. S4 and Expanded Materials and Methods for
details on stimulation protocol). During the 4-s light stimula-
tion, the Campana cell increased its intracellular calcium con-
centration immediately after the light on, and this continued
until the end of the light stimulation (Fig. 3B). This result indi-
cates that the Campana cells have a depolarizing response to
light. To avoid the light-evoked photomultiplier tube response
overlapping with the cell response, we tested a 10-ms light flash
stimulation. Surprisingly, the 10-ms light flash also produced a
long-lasting response, which continued until slightly before the
end of the 30-s recording period (Fig. 3C). This lengthy
response is the case for 66% of Campana cells (21/32 cells).
Fig. 3D compares the peak time and amplitudes of light
responses evoked by 10-ms and 4-s light flashes from the same
group of Campana cells. The results show that the time to peak
of the responses to 10-ms light vary significantly among cells
while the peak amplitudes of light response to the 4-s light flash
vary significantly. Therefore, neither of these two stimuli
evoked more consistent results in both the time to peak and
amplitude. To minimize the artifact caused by the long light
stimulus and prevent photobleaching, we used the 10-ms flash
to stimulate the Campana cells in most of our recordings.

To determine the Campana cell’s scotopic and photopic
properties, we used dim green light and bright UV light flashes
(SI Appendix, Fig. S5 shows the wavelength distribution; refer-
ence SI Appendix, Expanded Materials and Methods for further
details) to stimulate rods and cones, respectively. Fig. 3E shows
a GCaMPo6m-expressing Campana cell from which we recorded
light responses from the OPL projecting neurite (box in Fig.
3E. Also, Movie S4 shows the cell’s image stack). The AF/F, of
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the fluorescent intensity of the Campana cell’s OPL projecting
neurites was plotted as a function of time under these two light
conditions (Fig. 3F). The data shows that the cell has an
increased calcium concentration following the light flash (indi-
cated by the black arrow), which peaks at 8.8/6.5 s (rod/cone)
and decays slowly over time. Surprisingly, the kinetics of the
Campana cells’ light-evoked calcium responses are much slower
than those of type 5 cone BCs (Fig. 3 G and H and Movie S5
shows the image stack). Type 5 cone BCs have a sharp increase
in GCaMP6m fluorescence immediately after a light flash
(arrow) and reached the peak response at 150 ms after the
flash. It returned to baseline in less than 3 s.

Comparing the peak calcium response from the cone BCs
and Campana cells demonstrated that most type 5 cone BCs
have little to no light response to the dim green light stimula-
tion. In type 5 cone BCs, the median response to the dim green
light was 21% of the UV light response (Fig. 3I; P = 0.0028,
Mood’s test). The median of the type 5 cone BCs responses to
rod stimulation is not statistically different from the baseline
noise (Fig. 3/; P = 0.67, Mood’s test). However, two type 5
cone BCs responded to the dim green light stimulation, which
is likely due to gap junction connections between the rod and
cone photoreceptors or between Aii-ACs and type 5 cone BCs
(48, 49). In contrast, Campana cells had an equally robust
response to both the dim green and UV light flashes with no
significant difference between the two (Fig. 31; P = 0.066,
Mood’s test). When we compared the time of the peak calcium
response of type 5 cone BCs and Campana cells, we found that
Campana cells reach their peak ~15 times slower than type 5
cone BCs (Fig. 37; P = 1.2 x 10~*, Mood’s test).

Campana Cells Primarily Receive Excitatory Synaptic Input through
mGluR6. In the vertebrate retina, RGCs and ACs, including
interplexiform cells, receive excitatory input from BCs through
AMPA/NMDA receptors in the IPL (3, 50). However, BCs
receive their primary input from photoreceptors in the OPL.
Both rod BCs and ON cone BCs express mGluR6 at their den-
dritic terminals (15, 16), while OFF cone BCs express both KA
(kainic acid) and AMPA (a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid) receptors at their dendritic terminals (10).
We sought to determine the primary source of the Campana
cells’ light-evoked synaptic inputs. Accordingly, we recorded
the light responses of Campana cells using calcium imaging
with bath application of agonists or antagonists of various gluta-
mate receptor subtypes. Similarly, the Campana cells were
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Fig. 3. Campana cells receive synaptic input from both rods and cones. (A) An AAV2-GCaMP6m-expressing Campana cell. Its light responses were
recorded at its neurites in the OPL and the soma (dashed boxes). (B) AF/F, measured at the OPL terminal (black) and soma (gray) of the Campana cell
before, during, and after a 4-s UV light stimulation (white bar above the light response). The response is an average of five traces. (C) AF/F, measured at
the OPL terminal (black) and soma (gray) of the Campana cell before, during, and after a 10-ms UV light flash stimulation (black arrow). The response is
an average of three traces. (D) Scatterplot showing the peak AF/Fy and the time to peak of Campana cell light responses evoked by a 10-ms (orange) and
4-s light stimulus (purple). On average, the light responses evoked by 4-s light have a faster time to peak and a greater amplitude (P = 0.0244 and P =
0.0017, respectively, paired Student'’s t test, n = 13). (E) An AAV2-GCaMP6m-expressing Campana cell. Its light responses were recorded at its neurites in
the OPL (dashed box). (F) AF/Fy measured at the OPL terminal of the Campana cell before, during, and after a 10-ms dim green (green) and UV light (pur-
ple) stimulation (black arrow). A 5/4 order polynomial (S/ Appendix, Expanded Materials and Methods) was used to fit the curves (orange) and measure
peak amplitude and time. Responses are averaged from three traces. (G) An AAV2-GCaMP6m-expressing type 5 cone BC. We recorded light responses
from the soma indicated by the dashed box. (H) AF/F, of the type 5 cone BC (CBC 5) before, during, and after a 10-ms dim green light (green) and UV
light (purple) stimulation (black arrow). A polynomial fitting (orange) was used to measure the peak amplitude and time; there was no light response to
the rod level light stimulation. (/) A comparison of the median peak light response under no light stimulus (noise, black), the dim green (green), and UV
(purple) light stimulation in type 5 cone BCs (CBC 5) and Campana cells. Type 5 cone BCs have little to no calcium response to the dim green light stimula-
tion, and it is not significantly greater than noise (P = 0.670, Mood’s test, n = 11). However, the UV light stimulation does generate a significant response
(P =0.0028, Mood'’s test, n = 11). In Campana cells, the peak amplitudes of light responses evoked by dim green and UV lights are not statistically differ-
ent (P = 0.066, Mood'’s test, n = 32). Values are shown as median with IQR or middle 50% of the data. (J) A comparison of the median time to peak of
light responses evoked by a UV light for type 5 cone BCs and Campana cells. A Mood'’s test showed a significantly longer time to peak for the light

response of Campana cells (P = 1.2 x 1074, n = 11 and 32). Values are shown as median (IQR). Cells in A, E, and G were masked from other cells for clarity

nxn

and rotated 90° from the imaging plane. Somas are indicated by

in these panels. Each dot in / and J represents the value of a cell. The number in

each column indicates the number of cells. NS: not significant, **P = 0.01 to 0.001, ***P < 0.001.

identified based on their morphology revealed by GCaMP6m
(Fig. 44). We initially found that bath application of an
mGluR6 agonist, AP4 (2-amino-4-phosphonobutyrate) (11,
51), wholly and reversibly blocked the light-evoked response of
Campana cells (SI Appendix, Fig. S6 A-E). To determine
whether AP4 blocks the light response of Campana cells
through other ON BCs indirectly, we further dissected the
source of excitatory synaptic inputs to Campana cells. Accord-
ingly, we bath-applied AMPA and NMDA receptor antagonists
CNQX (6-Cyano-7-nitroquinoxaline-2,3-dione) and APS5 (DL-
2-amino-5-phosphonopentanoic acid) after recording a control
response to light flashes (Fig. 4B). CNQX+AP5 reduced the
maximum AF/F, amplitude to 71% of the control response for
the dim green light stimulation and 53% of the control
response for the UV light stimulation. These are significant
decreases for both rod- and cone-mediated responses (P = 0.
028 and 0.00019, respectively; Fig. 4C), indicating that Cam-
pana cells receive excitatory synaptic inputs through AMPA
and NMDA receptors.

Since much of the light response could not be blocked by
AMPA/NMDA antagonists, we next determined the role that
the mGIuR6 played in the Campana cell’s light response by
bath application of AP4 with AP5 and CNQX. Like AP4 alone,
the combination of CNOX+APS5+AP4 “eliminated the light
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response of Campana cells for both the dim green and UV light
stimulation (Fig. 4C). A wash of 30 to 60 min showed a signifi-
cant recovery from the CNQX+AP5+AP4 application (Fig.
4C). Therefore, Campana cells receive about 71 and 53% of
the rod- and cone-mediated light response through mGIluR6,
respectively. When we compared the effects of CNQX+AP5 on
the time to the peak response of Campana cells during both
dim green and UV light stimulation, we found that there is no
significant change in the time to peak following blockade of
AMPA/NMDA receptors (rod, P = 0.55; cone, P = 0.42; Fig.
4D). Therefore, activation of AMPA/NMDA receptors triggers
a slow calcium increase in Campana cells, just as mGIuR6 does.

To determine whether Campana cells relay their activity to
RGCs, we used the AAV2-CAG-ChR2-GFP-Nal.6 vector to
express ChR2-GFP in Campana cells and used the red calcium
indicator jJRGECO]a to record calcium changes (Fig. 4E) (46,
52). We activated a single Campana cell by focused laser stimu-
lation in the presence of AP4 to block light-evoked response
from rods and cones and recorded responses of the stimulated
Campana cells and jJRGECO-expressing RGCs (Fig. 4 E-G,
more than 97% of JRGECO1a positive cells were RGCs; refer-
ence SI Appendix, Fig. S9I for RGC identification and S/
Appendix, Expanded Materials and Methods for details on the
ChR2 experimental protocol). We show that 1-s laser stimulation
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Fig. 4. Campana cells primarily receive excitatory synaptic input through mGluR6 and relay this to the RGC layer. (A) An AAV2-GCaMP6m-expressing
Campana cell. Its light responses were recorded at its neurite in the OPL (dashed box). (B) The change in the light-evoked fluorescent intensity from the
Campana cell in A before, during, and after a 10-ms dim green light flash (green arrow) in the control condition (green), with bath application of 10 pM
CNQX and 35 pM APS5 (orange), and with bath application of 10 pM CNQX, 35 pM AP5, and 50 1M AP4 (purple). Traces are an average of three responses.
(C) Comparing the effects of CNQX+AP5 or CNQX+AP5+AP4 on the peak calcium light responses of Campana cells during both dim green (green) and UV
light (purple) stimulation. All responses were normalized to the maximum response of the control. Drugs were bath-applied in series, and statistical com-
parisons were made to the previous condition. Rod CNQX+AP5: P = 0.028; Rod CNQX+AP5+AP4: P = 0.00068; Rod Wash: P = 0.00047; Cone CNQX+AP5:
P = 0.00019; Cone CNQX+AP5+AP4: P = 0.00097; Cone Wash: P = 3.4 x 10°; paired Student’s t test. (n = 11 and 8.) (D) A comparison of the effects of
CNQX+APS5 on the time to the peak calcium light response of Campana cells during both dim green (green) and UV light (purple) stimulation shows that
there is no significant change in time to peak following drug application (Rod: P = 0.55; Cone: P = 0.42, paired Student’s t test, n = 11). (E) An AAV2-
ChR2-GFP-expressing Campana cell (green) in a field of jJRGECO-expressing cells (magenta). A 473-nm laser stimulation was focused on the soma (teal arrow-
heads), and the responses were recorded at its soma (E2 and E3). (F) Somas in the RGC layer expressing jRGECO (magenta) and ChR2-GFP (green). Only ChR2
negative cells were analyzed. Cells with an increase in calcium signal in response to Campana cell stimulation are colored in orange (L, R, or *) and those that
do not are labeled in blue. Corresponding traces for L and R can be seen in G and H. The dotted oval designates the axonal field area of the Campana cell.
(G) Response of the Campana cell (red) and two different cells in the RGC layer (black) after laser stimulation of the ChR2-expressing Campana cell. The retina
was bathed in Mouse Ringer’s containing 50 uM AP4. (H) After bath application of CNQX (10 uM)+AP5 (35 pM)+AP4 (50 pM), only the Campana cell still has
an increase in its calcium signal. Cells in A and E were masked from other cells for clarity and rotated 90° from the imaging plane. Each dot in the bar graphs
represents the value of a cell. The number in each column indicates the number of cells. NS: not significant, *P = 0.05 to 0.01, ***P < 0.001.
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transiently increased the intracellular calcium of the Campana
cell (Fig. 4G, red line). In addition, laser stimulation of the
Campana cell increased the intracellular calcium of several
jRGECO-expressing RGCs (Fig. 4 F and G and also reference
Movie S6 for the kinetics of laser-evoked calcium transients of
a Campana cell and RGCs). Bath application of CNQX+AP5+
AP4 blocked the laser-induced response of RGCs but not the
laser-induced calcium transient of the Campana cell (Fig. 4H),
indicating Campana cells relay their activity to RGCs through
AMPA/NMDA receptors (also reference SI Appendix, Fig. S9
for more examples).

Finally, we sought to determine if Campana cells receive their
light-evoked synaptic inputs through gap junctions because
Aii-ACs depend on gap junction electrical coupling with ON
cone BCs to receive light-evoked synaptic inputs (53-56). Our
results demonstrate that gap junction coupling has a minimal
effect on the light-evoked calcium response of Campana cells (S
Appendix, Fig. S6 F-I).

Campana Cells Have Close Synaptic Contact with Both Rods and
Cones. BCs are divided into rod BCs and cone BCs based on
whether they primarily receive synaptic inputs from rods or

Young et al.
An_uncommen neuronal class conveys visual signals,from rods and
cones to retinal ganglion cells

cones (7, 19, 30, 45). However, our physiological data suggest
that Campana cells receive a similar amount of synaptic input
from both rods and cones (Fig. 37). We further examined
whether Campana cells have direct synaptic connections with
rods and cones by examining the proximity of the Campana
cell’s OPL projecting neurites to rods’ and cones’ synaptic rib-
bons. We transfected Campana cells with the AAV2-GFP vec-
tor and colabeled the retina with anti-CtBP2 (ribbon protein)
(57) and either anti-REEP6 (rods) or anti-cone arrestin (cones)
antibodies (58, 59). Using a previously published technique for
identifying synaptic contacts (60), we identified the rod or cone
synapses that contacted a Campana cell’s OPL projecting neu-
rites. Our results showed that the OPL projecting neurites of
Campana cells are in proximity (<300 nm away) with both rod
(Fig. 5 A-D) and cone synapses (Fig. 5 E-H). We confirmed
that each cell that we analyzed was a Campana cell by the
morphology of its descending and ascending neurites (Fig. 5 C
and G). Statistically, the mean number of contacts between
Campana cells and cones is not different from that of rods (P =
0.38; Fig. 5I). These results support our physiological findings
and suggest that the Campana cells likely receive equal synaptic
inputs from rods and cones.
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Fig. 5. Campana cells have close synaptic
contact with both rods and cones. (A) An
AAV2-GFP-labeled Campana cell (green)
colabeled with anti-REEP6 (rods, red) and
anti-CtBP2 (white) antibodies. (B) A high-
resolution single optic section of the boxed
area in A shows that the ascending neurite
of the Campana cell (green, B1 and B2) is
in close contact with a ribbon synapse
(white, B7 and B2) in a rod (red, B2). (C) A
masked view of the same Campana cell
(green) shown in A confirms that it is a
Campana cell. (D) A surface rendering of
the boxed area of C shows the Campana
cell neurite and rod photoreceptor termi-
nals (red) with ribbon synapses inside
(white) that are in close contact with the
Campana cell neurite. Asterisks indicate
nearby rod terminals, and the arrowhead
indicates the neurite segment marked with
arrows in B1 and B2. (E) An AAV2-
GFP-labeled Campana cell (green) cola-
beled with anti-cone arrestin (cones, blue)
and anti-CtBP2 (white) antibodies. (F) A
high-resolution single optic section of the
boxed area in E shows that the neurite of
the Campana cell (green, F1 and F2) is in
close contact with a ribbon synapse (white,
F1 and F2) in a cone pedicle (blue, F2). (G)
A masked view of the same Campana cell
(green) shown in E confirms that it is a
Campana cell. (H) A surface rendering of
the neurite boxed in G shows cone photore-
ceptor terminals (blue) with ribbon synapses
inside (white) that are in close contact with

the Campana cell dendrite (green). Asterisks indicate individual cone terminals in close contact, and the arrow indicates the dendritic segment of the
Campana cell marked with arrows in F1 and F2. (/) A comparison of the number of contacts to Campana cell dendrites from cones and rods. The cone contacts
are not significantly different from that of rods. Dots represent individual cells, and numbers in each row are the number of cells. NS: not significant.

The Campana Cells Express Some Proteins in Common with BCs. We
have shown that the Campana cell has a neurite like a BC den-
drite, receives excitatory input through an AP4-sensitive recep-
tor, and has close contact with rod and cone ribbons. We then
examined if Campana cells have any protein expression in com-
mon with BCs. First, we examined if Campana cells express
mGluR6 (61). However, due to the high density of this and
other synaptic proteins, we utilized stimulated emission deple-
tion (STED) microscopy to ensure proper colocalization. Fig.
64 shows a GFP-expressing Campana cell (green). Super-
resolution STED imaging Fig. 6B) of the area boxed in Fig.
642 shows proximity between a ribbon synapse in a cone pedi-
cle and mGluR6 in the Campana cell neurite in the OPL. A
three-dimensional colocalization analysis confirmed this prox-
imity (Fig. 6B4). Because the Campana cells’ neurites in the
OPL seem to be postsynaptic to photoreceptors with mGIluR6,
we refer to it as a dendrite.

One feature in common to all BCs is that they use glutamate
as their neurotransmitter and use vesicular glutamate transport
1 (VGIuT1) to transport glutamate from the cytosol into synap-
tic vesicles (62). Another feature BCs have in common is the
presence of ribbons at their axonal terminals to regulate gluta-
mate release (63, 64). Accordingly, we labeled VGIuT1 and
ribbons in the mouse retina with anti-VGIuT1 (62) and anti-
CtBP2 (ribbons) antibodies and determined the localization of
ribbons and VGIuT1 inside the Campana cell’s neurites in the
IPL using super-resolution STED imaging (Fig. 6 C-F). The
resolution of this STED imaging is at least 3 to 4 times higher
than the theoretical maximum resolution of standard confocal
microscopy (65), and it has been used to illustrate the colocali-
zation of synaptic proteins inside the dendritic and axonal

60f 12 | PNAS
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terminals at super-resolution (66—68). Nonetheless, standard
confocal microscopy produced similar ribbon colocalization
results seen in serial block-face EM (23). Therefore, we refer to
the Campana cell’s neurites in the IPL as axons and predict
that Campana cells may release glutamate through ribbon syn-
apses at their axonal terminals.

In addition, we tested if Campana cells express other com-
mon BC-specific antigens. The results show that Campana cells
do not express two pan-BC antigens, Vsx2 and Otx2 (SI
Appendix, Fig. ST A and B) (69, 70). Nor do they express the
rod BC antigen, PKC (SI Appendix, Fig. S7C), or the cone BC
antigen, CABPS (SI Appendix, Fig. STD) (71).

Campana Cells Express Proteins Commonly Expressed by ACs.
Because Campana cells showed substantial morphological simi-
larity to Aii-ACs, we further examined if Campana cells express
proteins generally expressed by ACs, especially by Aii-ACs.
Our results show that Campana cells are positive for Pax6 (SI
Appendix, Fig. S84), a paired homeobox gene expressed in
ACs, HCs, and RGCs in the mouse retina (70, 72). Addition-
ally, Campana cells are positive for calretinin (SI Appendix, Fig.
S8B), a calcium-binding protein primarily expressed in ACs
(73-75). They also express glycine transporter 1 (GlyT1; Fig.
74 and Movie S7 shows the cell’s image stack), a protein that
transports glycine from the extracellular space into cells and is
a known marker for Aii-ACs (76).

BCs are excitatory neurons and only release glutamate as
their neurotransmitter. However, Campana cells express
GlyT1, which would enable Campana cells to transport glycine
from the extracellular space into their cytosol. To further deter-
mine if Campana cells could load glycine into synaptic vesicles
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Fig. 6. The Campana cell expresses some
proteins in common with BGCs. (A) An
AAV2-GFP-labeled Campana cell (green,
AT) and a masked view of the same cell in
A1 for clarity (A2). (B) Three-channel
deconvolved STED imaging of the area
boxed in A2 shows a single section of a
Lk . Campana cell dendrite (green) colabeled
PR L o ¢ g5 by anti-CtBP2 (white) and anti-mGluR6
a4l . ; : ; (magenta) antibodies (B7-B4) with 52-nm
resolution. Additionally, anti-cone arrestin
(blue) was performed at standard confocal
resolution (B2 and B4). Anti-mGIuR6 anti-
body-stained puncta (magenta pointed by
a white arrow) are located inside the den-
dritic terminal of the Campana cell (green,
B1, B2, and B4) and are closely associated
with anti-CtBP2 labeling (white, B1-B4)
inside a cone terminal (blue, B2 and B4).
Three-dimensional (3D) colocalization anal-
ysis confirms that mGIuR6 is inside the
Campana cell dendrite and is closely associ-
ated with a cone ribbon synapse (B4). (C)
An AAV2-GFP-labeled Campana cell (green, C7). A masked view of the same cell is shown in C2. (D) Two-channel deconvolved STED imaging (at 56.4-nm
resolution) shows a single optic section view of the area indicated by the box in C2. Two ribbon synapses (anti-CtBP2, white, one indicated by a yellow
arrowhead) are inside the axonal terminal (green) in the IPL (D7-D4). A 3D surface rendering (D4) shows that the Campana cell’s axon envelops the rib-
bon synapse. (E) An AAV2-GFP-labeled Campana cell (green, ET7) colabeled with anti-VGIuT1 (magenta), and a masked view of the same cell is shown in
E2. (F) A two-channel deconvolved STED single optic section view of the area indicated by the box in E2 shows that VGIuT1 (anti-VGIuT1, magenta) is
colocalized inside the axonal terminal (green, indicated by white arrowheads) in the IPL (F1-F3, 126.7-nm resolution). A 3D surface rendering (F4) shows

that VGIuUT1 resides throughout the Campana cell’s axon.

for release, we examined whether Campana cells express the
vesicular inhibitory amino acid transporter (VIAAT/VGAT),
which is a membrane transport protein that transports both gly-
cine and GABA from the cytosol into synaptic vesicles (77).
When we colabeled AAV2-GFP-transfected Campana cells
with anti-VGAT and anti-SV2 antibodies (77-79), we found
that every GFP™ Campana cell was VGAT positive and VGAT
colocalized with synaptic vesicles labeled by the anti-SV2 anti-
body (Fig. 7 B and C). VGAT expression is primarily in the
dendritic and axonal terminals of Campana cells (Fig. 7B and

SI Appendix, Fig. S8C). While VGAT is always found to be
colocalized with SV2, SV2 is not always colocalized with VGAT
(Fig. 7C), implying that only some synaptic vesicles can load
glycine.

Finally, we used an anti-glycine antibody (80) to colabel
GFP-expressing Campana cells to determine whether Campana
cells contain the neurotransmitter glycine. Our results show
that every Campana cell contained glycine. Super-resolution
imaging shows that the glycine is concentrated at the dendritic
terminals, particularly the varicosity-like structure of Campana

SEm GFP SV

Fig. 7. Campana cells express proteins
commonly expressed by ACs. (A) An AAV2-
GFP-transfected Campana cell (green cell,
the right side of A7) and Aii-AC (green cell,
left side of A7) colabeled with anti-GlyT1
antibody (white, A7 and A3-A5). A mask of
the Campana cell is shown in A2. A3 shows
a mask of the anti-GlyT1 staining within the
Campana cell. A single optical frame from
the boxed area in A7 shows that the den-
drites (teal arrows), soma (asterisk), and
axons (yellow arrows) are GlyT1 positive
(white, A4 and A5). (B) A Campana cell
(green, BT) labeled by AAV2-GFP and cola-
beled with anti-VGAT (red) and anti-SV2
(white) antibodies. B2 shows a masked view
of the same cell in BT with GFP and anti-
VGAT labeling. (C) A single super-resolution
optic section of the area boxed in B2 shows
that Campana cell dendrites are positive for
SV2 and VGAT (C7-C4). (C1) GFP and anti-
VGAT staining. (C2) Anti-SV2 and anti-VGAT.
(C3) GFP, anti-SV2, and anti-VGAT. (C(4) A

three-dimensional (3D) model of the dendrite

shows that VGAT inside the Campana cell terminals colocalizes with SV2 (white arrowheads), however, occasionally SV2 is not colocalized with VGAT
(yellow arrowhead). (D) A Campana cell (green, D7) labeled by AAV2-GFP and colabeled with anti-glycine antibody (magenta, D7). (D2) A masked view of
the Campana cell in D1. (D3) A deconvolved super-resolution single optic section of the area boxed in D2 shows that Campana cell dendrites are positive
for glycine. (D4) A 3D model of the glycine contained within the Campana cell dendrites. Arrowheads indicate the same processes in D3 and D4.
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cells (Fig. 7D). Additionally, glycine is present in portions of
the axon (SI Appendix, Fig. S9K). These results demonstrated
that not only do Campana cells express GlyT1 to transport gly-
cine from the extracellular space into cells and VGAT to trans-
port glycine from the cytosol of the cells into synaptic vesicles,
but they also accumulate glycine at their dendritic and axonal
terminals. In addition, we found that optogenetic laser activa-
tion of Campana cells in the presence of glutamate receptor
antagonists induced a decrease of intracellular calcium in some
RGCs (SI Appendix, Fig. S9). These results support the possi-
bility that Campana cells might release glycine on RGCs. How-
ever, BCs do not express VGAT (SI Appendix, Fig. S8E) or
release inhibitory neurotransmitters (30).

Campana cells might also release glycine in the OPL, and
the presence of GlyR-a in the OPL has been previously shown
(81). Therefore, we used antibody staining to determine what
cells express glycine receptor o (GlyR-a) in the OPL. We found
that GlyR-a was localized throughout the OPL, including in the
dendrites of rod BCs in the OPL, as shown by the colocaliza-
tion of anti-PKC and anti-GlyRal + 2 staining and other loca-
tions in OPL (SI Appendix, Fig. S8E). Therefore, Campana
cells could inhibit rod BCs through the activation of their den-
dritic glycine receptors.

Campana Cells Have a Sparse Retinal Pattern. To determine if
Campana cells cover the retina in a uniform pattern, we mea-
sured the dendritic and axonal field areas and the Campana
cells’ density. We obtained dendritic and axonal field area
measurements from Campana cells in noncompressed flat-
mount retinas from mice labeled with AAV2-GFP. The average
dendritic field area is 822 = 80 um? and the average axonal
field area is measured as 598 + 33 um? (Fig. 84). While the
dendritic field size has a large variance, the axonal field size is
much more consistent (Fig. 8 A and B). On average, the Cam-
pana cell’s dendritic field size is ~5 times larger than that of
rod BCs (33), ~4 times larger than type 5 cone BCs (P =
0.00136, unpaired Student’s ¢ test), ~7 times larger than type 6
cone BCs, and ~4 times larger than type 7 cone BCs but
roughly equivalent to that of the type 8 cone BCs (82). How-
ever, most other studies’ measurements were performed on
compressed retinal preparations, causing the results to likely be
biased to a larger value. Therefore, Campana cells have a much
larger dendritic field area than most ON BCs.

50 um

Because every AAV2-GFP transduced Campana cell
expresses GlyT1 throughout the cell (Fig. 74), and the den-
dritic field areas of AAV2-GFP transduced Campana cells are
not statistically different from the neurite field areas observed
in the OPL with anti-GlyT1 labeling (P = 0.708, Mood’s test;
Fig. 84), we concluded that these GlyT1* neurites in the OPL
belong to Campana cells. Accordingly, we used anti-GlyT1
labeling to estimate Campana cells’ density in a noncompressed
flat-mount retina of adult mice (Fig. 8C). We found that Cam-
pana cells have a density of 132 + 5 cells/mm? (mean = SEM,
953 Campana cells, n = 4 mice).

To determine if the Campana cells have regular spacing, we
measured the nearest neighbor (N-N) distance between somas
labeled by anti-GlyT1 antibody (Fig. 8C, green dots). The mean
N-N distance is 55.2 = 2.91 pm, and the median is 53.2 pm.
The N-N probability distribution fits with a Gaussian curve but
not a random distribution, indicating nonrandom spacing (Fig.
8D) (83). The conformity ratio/regularity index (mean/SD) also
supports this conclusion (83, 84). The calculated conformity
ratio for Campana cells is 3.35, indicating that Campana cells
have a nonrandom distribution in the retina (P < 0.001) (84).
However, it has been shown that well-known cell types, such as
Aii-ACs, have a random spacing distribution, but Campana
cells are spaced much farther apart than a random spacing
simulation and have a low density similar to dopaminergic
ACs (895).

Campana Cells Are Evolutionarily Conserved in Mammals. Finally,
we determined if Campana cells are preserved in other mam-
mals by labeling the retinas of marmosets and macaques with
an anti-GlyT1 antibody. Fig. 94 shows a macaque retina cola-
beled by anti-GlyT1 and anti-CtBP2 antibodies. Like mice, the
macaque retina contains GlyT1" cells with dendrites projecting
to the OPL and an axonal plexus ramified in both the ON and
OFF sublamina of the IPL (Fig. 9B). Additionally, the den-
drites of the GlyT1" cell appear to be near the ribbon synapses
of both rods and cones (Fig. 9B). Similarly, colabeling a mar-
moset retina using anti-GlyT1 and anti-CtBP2 antibodies
revealed GIlyT1" cells with a morphology resembling what we
observed in the macaque and mouse retina (Fig. 9 C and D).
We then used peanut agglutinin (PNA) fused to Alexa 555
to identify cone pedicles in the marmoset retina (Fig. 9E) (86).
With this approach, we characterized the number of rod
and cone ribbon synapses near Campana-like cells’ dendrites
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Fig. 8. Campana cells have a sparse retinal pattern. (A) The average areas of the dendritic and axonal fields of Campana cells. The dendritic field area
measurements were taken from Campana cells in noncompressed flat-mount retinas labeled with anti-GlyT1 antibody (three mice) or AAV2-GFP (six
mice). Axonal field area measurements were taken from Campana cells in noncompressed flat-mount retinas labeled with AAV2-GFP (eight mice). Com-
paring the GFP-labeled dendrites and the GlyT1-labeled dendrites shows no significant difference (P = 0.708, Mood's test). Each dot represents an individ-
ual cell. The numbers in each column are the number of cells. Data are represented as median (IQR). NS: not significant. (B) A composite view of several
different GFP-labeled Campana cell dendrites in the OPL shows the dendritic field area variation. The field area is indicated with a white outline. Cells
are ordered from the smallest (top left) to the largest field area (bottom right). (C) A view of the OPL of a flat-mount mouse retina shows several Cam-
pana cells’ dendrites. The field area is indicated with a white outline, and green dots indicate each soma’s approximate location. (D) A probability distri-
bution functionrforthe N=NdistancerofieachiCampanalcell soma. The solid black line is the actual observations in bin widths of 10 um, the solid red line is
a normal Gaussian distribution, and the dashed line is a random simulation based on cell density.
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Fig. 9. Campana cells are evolutionarily conserved in mammals. (A) A macaque retina labeled with anti-GlyT1 (green) and anti-CtBP2 (white) antibodies.
(B) The same view in A but with the Campana cell masked and isolated (green) from the Aii-ACs (orange). The dendrites show close contact with two
cone ribbons (purple, yellow arrowheads) and one rod ribbon (teal, white arrowhead). (C) A marmoset retina colabeled with anti-GlyT1 (green) and anti-
CtBP2 (white) antibodies shows two Campana cell dendrites (arrowheads). (D) The same area in C with the leftmost Campana cell (green) masked from
the background (orange). (E) The same cell on the left in C but with CtBP2 (white) to label ribbons and PNA-Alexa555 (red) to label cone terminals. (F) A
single frame view of the area boxed in E and artificially colored shows that the dendrites of the Campana cell have close contacts with both cone ribbons
(purple, arrows) and a rod ribbon (teal, arrowhead). (G) A comparison of the density of close contacts between the dendrites of Campana cells to rods or
cones. A Mood'’s test shows that the median density of cone contacts is significantly higher than rod contacts (P = 3.4 x 1074, 10 cells, two marmosets).
Data are displayed as median (IQR). Dots represent individual cells, and numbers in each column are the number of cells. ***P < 0.001. (H) A view of the
OPL of a noncompressed flat-mount marmoset retina shows several Campana cells’ dendrites. The dendritic field area is outlined with white boundaries.

(Fig. 9F). We found that there is a significantly higher density
of synaptic contacts with cone ribbons in the primate retina
than with rod ribbons (P = 3.4 x 10~*, Mood’s test; Fig. 9G),
likely due to the much higher cone density in the marmoset ret-
ina than the mouse retina (87-89). Additionally, marmosets’
Campana-like cells have a low density and wide variation in
their dendritic field areas, similar to mice (Fig. 9H). Collec-
tively, our results demonstrate that Campana cells are pre-
served across species from mice to primates.

Discussion

What Cell Class Do Campana Cells Belong to? The fundamental
findings of this study revealed a previously undescribed retinal
interneuron, the Campana cell. This cell shares some essential
anatomical, physiological, and biochemical features with BCs,
including that the Campana cells ramify dendrites in OPL and
axonal terminals in the IPL. Additionally, they express mGluR6
at their dendritic terminals as other ON BCs (15, 16). Also,
Campana cells receive light-evoked synaptic inputs directly from
photoreceptors and respond to a light stimulus with an increase
in intracellular calcium, just as other ON cone BCs and rod BCs
do (11, 30, 51). In addition, optogenetic stimulation of Campana
cells increases the intracellular calcium concentration of RGCs
through glutamate receptors as other BCs (24, 30, 62, 64).
Therefore, they primarily function as BCs by relaying visual
signals from photoreceptors to RGCs. Furthermore, Campana
cells express BC-specific synaptic proteins, such as VGIuT1 and
CtBP2, at their axonal terminals (30, 57, 62).

However, Campana cells express several unique structural,
functional, and biochemical features, which are not present in
any BCs and do not follow several principles of the current par-
adigm of how BCs process visual signals (3). First, BCs are
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divided into two major groups in all vertebrates based on their
synaptic inputs, the rod BCs and cone BCs (30, 90). Under nor-
mal conditions, rod BCs predominately synapse with rods,
while cone BCs primarily synapse with cones with rare excep-
tions (3, 19, 23, 30, 91). In contrast, Campana cells synapse
with a similar number of rods and cones in the mouse retina.
Even in a species with a high cone density, such as marmosets,
Campana cells appear to synapse with both rods and cones.
Second, BCs stratify their axonal terminals in either the ON or
OFF sublamina of the IPL to selectively synapse with either
ON or OFF ACs and RGCs (3, 30). However, all Campana
cells ramify their axonal terminals throughout the entire IPL to
form synapses in both the ON and OFF sublamina, thus cross-
ing the ON-OFF pathway. It has been reported that light-
evoked ON responses can be transmitted to OFF pathways as
both excitatory and inhibitory synaptic inputs through a “cross-
talk” circuit (92, 93). This “cross-talk” is believed to only occur
through Aii-ACs and is involved in the rod BC integration into
the retinal circuit (27). However, Campana cells may also play
a role in this “cross-talk.” Third, all BCs are considered
excitatory neurons and only release glutamate as their neuro-
transmitter (24, 30, 62, 64), while Campana cells express trans-
porters for both glutamate (VGIuT1) and glycine (VGAT)
transvesicular transportation and likely release both glutamate
and glycine on RGCs. However, they are not unique in this
aspect because VGIuT3 ACs and starburst ACs release both
excitatory and inhibitory neurotransmitters in a calcium-
dependent manner (35, 94, 95). This dual release is achieved
through an intracellular system involving synaptic and calcium-
dependent regulation for modulating transmitter release (35,
95). Finally, Campana cells do not express several pan-BC
markers or BC type-specific markers. Therefore, Campana cells
are significantly different from any BC type in many aspects.

PNAS | 90of12
https://doi.org/10.1073/pnas.2104884118

www.manaraa.com

NEUROSCIENCE



Downloaded at Palestinian Territory, occupied on November 23, 2021

Are Campana cells a type of AC? Although Campana cells
express several AC-specific markers, such as Pax6, Calretinin,
GlyT1, and VGAT, and their axons resemble the morphology
of Aii-AC neurites, they are different from ACs in several fun-
damental aspects. First, Campana cells directly receive synaptic
inputs from photoreceptors and relay visual signals to RGCs.
Although some ACs, such as dopaminergic interplexiform ACs,
project to the OPL from the INL and synapse with HCs and
BCs in the OPL, they do not receive direct synaptic input from
photoreceptors (50). Indeed, a cell with similar morphology to
the Campana cell has been previously observed at least twice in
mice and was described as an interplexiform cell (76, 96). How-
ever, neither of these studies thoroughly examined the cell’s
morphological and physiological properties. Second, Campana
cells express mGluR6 at their dendritic terminals to relay gluta-
matergic signals from photoreceptors to the inner retina, while
no AC expresses this synaptic receptor in any vertebrate retina.
Our physiological and pharmacological results further support
this point. Third, Campana cells express synaptic proteins, such
as CtBP2 and VGIuTl, for glutamate release at their axonal
terminals, while no AC, including the group of glutamatergic
ACs, expresses these synaptic proteins in any vertebrate retina.

Taken together, Campana cells share some fundamental fea-
tures with both BCs and ACs but differ significantly from both
in many other critical aspects. Because Campana cells have
properties that prevent them from being neatly placed into any
currently known cell classes in the retina, they are likely to
belong to their own unique retinal class. However, one might
argue that the dendritic coverage of retinal cells needs to be
close or greater than 1 to be defined a cell type, and the den-
dritic coverage of Campana cells is too low Although Campana

cells have a low density (132 cells/mm?), they are not unique
since several other neuronal types in the retina have a similar
or lower density. These include dopaminergic interplexiform
ACs (~29 cells/mm?) (97), GABAergic 1nterplex1f0rm cells (69
cells/mm?) (40) HCs (135 to 225 cells/mm?) (83), alpha RGCs
(174 cells/mm?) (83), type 5d/X BC (~800 cells/mm?), and type
8 BC (~333 cells/mm?) (9). Accordingly, several identified reti-
nal cell types have their dendritic coverage much smaller than
1. For instance, the estimated sizes of the dendrmc field of
Type 5d/X and Type 8 cone BCs are 321.55 um?” and 804 pm
and their densmes in the mouse retina are ~800 cells/mm? and
333 cells/mm?, respectively (9, 23). Based on this data, the esti-
mated coverage factors of the dendritic field of these two BC
types are ~26% (0.26). Therefore, not all retinal cell types have
coverage factors close to 1. In our study, the average dendrltlc
field size of Campana cells and density are 822 = 80 ym?* and
132 = 5 cells/mm?, respectively. This results in an 11% den-
dritic coverage of the retina, which is close to that of Type 5d/X
and Type 8 cone BCs.

What Role Might Campana Cells Play in Vision? The fundamental
question is, what might be the functional role of the Campana
cells in visual signal processing? In the vertebrate retina, neuro-
nal circuits process scotopic and photopic vision through rod-
and cone-mediated synaptic pathways. Accordingly, rods and
cones form synapses with distinct BC types, either rod BCs or
cone BCs (7, 19, 30, 45), to process visual signals under scoto-
pic and photopic conditions, respectively (4, 5), and conduct
the visual signals to RGCs. Therefore, the first question is
whether Campana cells relay their activity to RGCs. Our opto-
genetic experiments demonstrate that Campana cells relay their
activity to RGCs through glutamate receptors. However, Cam-
pana cells synapse with both rods and cones. These dual rod/
cone inputs enable the Campana cells to transmit light responses
of both rods and cones to RGCs but prevents Campana cells
from distinguishing these signals. It is unclear how this capability
would benefit visual signal processing.
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In addition, the slow kinetics of the light-evoked response of
Campana cells will limit their temporal resolution for image-
forming vision. These kinetics are similar to those of ipRGCs,
which have light responses that can last for tens of seconds
after the end of light stimulation (98). Similarly, persistent fir-
ing neurons have been found in the postsubiculum, amygdala,
entorhinal cortex, piriform cortex, and prefrontal cortex in
mice, rats, and primates (99-104). Mechanistically, ipRGCs
and other persistent firing neurons have been found to rely on
metabotropic glutamate receptors to receive synaptic inputs,
with ipRGCs expressing the group III receptor mGIluR7 and
neurons in the central nervous system (CNS) expressing group I
mGluRs 1/5 (101, 103, 105). Additionally, hyperpolarization-
activated cyclic nucleotide-gated channels (HCN) have also been
shown to play a role in generating persistent firing (104).

In the retina, mGIuR7 causes a sustained depolarization in
ipRGCs by providing positive feedback after the end of gluta-
mate release from cone BCs (105). In the CNS, mGluR1/5
works through the second messenger IP3 to release internal
calcium stores and possibly activate HCN channels (106, 107).
However, ON BCs express mGIuR6, a group III receptor (15),
which responds to glutamate release from photoreceptors
within milliseconds (14). mGluR6 works through the G protein
complex Gog to ultimately open the nonselective cation channel
transient receptor potential melanoma-related 1 (TRPMI1)
(108-110). Nevertheless, this molecular pathway has not been
reported to cause a persistent increase in intracellular calcium
concentration.

Our results strongly support that Campana cells rely on
mGluR6 for their light-evoked intracellular calcium responses.
Additionally, the molecular pathways to relay the mGluR®6 sig-
naling to the intracellular calcium release in Campana cells
seem different from those found in ON BCs. Interestingly,
pharmacological blockade of AMPA and NMDA receptors
reduced the amplitude of light-evoked intracellular calcium
responses of Campana cells without changing the kinetics. This
result indicates that activation of AMPA/NMDA receptors also
triggers a slow calcium increase in Campana cells like mGluR6,
although both AMPA and NMDA receptors have fast channel
kinetics. Therefore, Campana cells are more likely to have a
unique activity-dependent mechanism for intracellular calcium
regulation. This mechanism requires further investigation.

What can the role of persistent firing neurons reveal about
the function of Campana cells? In the retina, ipRGCs are
involved in various non-image-forming processes such as pupil
dilation and circadian photoentrainment (111). In the CNS,
persistent firing cells in the entorhinal cortex are believed to be
involved in memory and learning (112) and ones in the postsu-
biculum are thought to maintain head position information
over time (102). Therefore, it would be interesting to investi-
gate whether Campana cells play a role in non-image-forming
vision, such as acting as a low-pass frequency filter or maintain-
ing a temporally regulated “memory” of a recent stimulation.

Materials and Methods

For a more detailed description of materials and methods, reference S/
Appendix.

Animals. Adult wild-type C57BL/6 mice, CreER-JamB:FRT-EGFP double trans-
genic, and CreER-JamB:Thy1-loxP-YFP double transgenic mice with a C57BL/6
background of either sex were used in this study. All animal procedures and
care were performed following protocols approved by the Institutional Ani-
mal Care and Use Committee of the University of Utah in compliance with
Public Health Service guidelines.

Virus Injections. Four AAV viral vectors were used in this study, AAV2-EF1a-
DIO-mCherry:IRES-WGA-FIpo, AAV2-CAG-ChR2-GFP-Na1.6, AAV2-CAG-GCaMP6m,
and AAV1-Syn-jRGECO1a. All injections were performed under anesthesia.
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WGA-Flpo Technique. CreER-JamB:FRT-EGFP mice were injected with tamoxi-
fen at a young age (P7-P14) and then the WGA-Flpo virus was injected 1 wk
later. Mice were euthanized 8 to 12 wk following virus injection.

Immunohistochemistry. A detailed antibody staining procedure and the anti-
bodies used can be found in S/ Appendix.

Image Acquisition and Analysis. Noncompressed, flat-mount retinas were
imaged using a two-photon (Bruker) or a Zeiss LSM 700 or 800 microscope.
Super-resolution microscopy was performed using Zeiss Airyscan or Leica
SP8 X.

Two-Photon Calcium Imaging and Light Stimulation. Calcium imaging was
performed on retinas that had been injected with AAV2-GCaMP6m or AAV1-
JjRGECO1a on the ventral side. Ex vivo recordings were performed while the
retina was perfused with Mouse Ringer’s bubbled with carbogen (95% O,
5% CO,). An array of light-emitting diodes provided light stimulation, and a
focused 473-nm laser was used for ChR2 excitation. Curve fitting was per-
formed on the calcium responses as described in S/ Appendix. In AF/Fq, Fy is the
initial fluorescent intensity, and AF is the difference between the fluorescence
intensity from each time point and Fo.

Statistical Analysis. All data were tested for normal distribution using the
Shapiro-Wilk test. Nonparametric tests were used for data that were not nor-
mally distributed. The statistical test performed is stated in the figure legends.
Data are reported as mean = SEM or median (interquartile range [IQR]), and
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