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All amacrine cells are essential interneurons of the primary rod pathway and transmit
rod-driven signals to ON cone bipolar cells to enable scotopic vision. Gap junctions
made of connexin36 (Cx36) mediate electrical coupling among All cells and between
All cells and ON cone bipolar cells. These gap junctions underlie a remarkable
degree of plasticity and are modulated by different signaling cascades. In particular,
Ca?t/calmodulin-dependent protein kinase Il (CaMKIl) has been characterized as an
important regulator of Cx36, capable of potentiating electrical coupling in All cells.
However, it is unclear which CaMKIl isoform mediates this effect. To obtain a more
detailed understanding of the isoform composition of CaMKII at retinal gap junctions, we
analyzed the retinal distribution of all four CaMKIl isoforms using confocal microscopy.
These experiments revealed a differential distribution of CaMKIl isoforms: CaMKIl-a
was strongly expressed in starburst amacrine cells, which are known to lack electrical
coupling. CaMKII-g was abundant in OFF bipolar cells, which form electrical synapses
in the outer and the inner retina. CaMKIl-y was diffusely distributed across the entire
retina and could not be assigned to a specific cell type. CaMKII-3 labeling was evident
in bipolar and All amacrine cells, which contain the majority of Cx36-immunoreactive
puncta in the inner retina. We double-labeled retinas for Cx36 and the four CaMKII
isoforms and revealed that the composition of the CaMKII enzyme differs between gap
junctions in the outer and the inner retina: in the outer retina, only CaMKII-g colocalized
with Cx36-containing gap junctions, whereas in the inner retina, CaMKII-g and -3
colocalized with Cx36. This finding suggests that gap junctions in the inner and the
outer retina may be regulated differently although they both contain the same connexin.
Taken together, our study identifies CaMKII-p and -8 as Cx36-specific regulators in the
mouse retina with CaMKII-§ regulating the primary rod pathway.
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INTRODUCTION

Electrical synaptic transmission allows fast propagation of
electrical impulses, cell synchronization and network oscillations
(Hormuzdi et al., 2001; Christie et al., 2005). It relies on
specialized cell-cell contacts called gap junctions, which are
formed by connexin proteins. Compared to chemical synapses,
electrical synapses have long been considered rather static.
However, recent evidence indicates that the efficacy of these
synapses is dynamically regulated by neuromodulators and
interaction with glutamatergic synapses (reviewed in Pereda
etal., 2013). Both regulatory pathways activate signaling cascades
that change the phosphorylation state of the underlying connexin
protein.

Connexin36 (Cx36) is the predominant isoform in the
central nervous system and is strongly expressed in the retina,
where it forms electrical synapses essential for visual signal
transmission (Bloomfield and Volgyi, 2009). The vast majority
of retinal Cx36 is expressed in AIl amacrine cells. These
interneurons act as relays and utilize gap junctions to transmit
rod-evoked signals into the cone pathway (Mills and Massey,
1995; Veruki and Hartveit, 2002). In the absence of Cx36,
this pathway is abolished and Cx36-deficient mice completely
lose rod-mediated ganglion cell responses (Deans et al., 2002)
and show severe defects in scotopic vision (Giildenagel et al.,
2001; Deans et al., 2002). The electrical synapses formed by the
ATl amacrine cells are highly dynamic and coupling changes
with different levels of background illumination (Bloomfield
and Volgyi, 2004), with low coupling in darkness and under
photopic conditions and strong coupling at higher scotopic
light levels. Photopic conditions lead to an increase in
dopamine levels and activate a signaling cascade in AII cells
by which protein phosphatase 2A (PP2A) dephosphorylates
serine 293 of Cx36, leading to a decrease in gap junction
coupling (Kothmann et al., 2009). At higher scotopic light levels,
in contrast, the same amino acid is phosphorylated, leading
to an increase in coupling. The phosphorylation is mediated
by Ca’*/calmodulin-dependent kinase II (CaMKII), which is
activated by Ca’" entering the AII cell through extrasynaptic
NMDA receptors (Kothmann et al.,, 2012). Thus, in AII cells,
CaMKII potentiates Cx36 coupling in an activity-dependent
manner.

CaMKII is a well-described multifunctional enzyme complex,
capable of translating neuronal activity into changes in synaptic
efficiency. Its molecular structure is based on two hexagonal
rings which contain 12 subunits, each gaining catalytic activity
after binding of Ca**/calmodulin (Lisman et al., 2002). The
impact of CaMKII on electrical transmission just emerged in
the last 10 years, yet it became apparent that its interaction
with Cx36 is conserved across species (Alev et al, 2008;
Flores et al, 2010). However, most observations focused
on the physiological effects of the enzyme rather than the
contribution of its four isoforms: CaMKII-a, -f, -y and -8 (Del
Corsso et al.,, 2012; Kothmann et al., 2012). These variants
derive from four different genes and share a common protein
structure with an N-terminal catalytic domain, a calmodulin-
binding domain, and a C-terminal association domain, which

enables oligomerization of all subunits (Lisman et al., 2002).
Despite their strong degree of homology, CaMKII isoforms are
differentially expressed and serve distinct functions: CaMKII-a
and -P represent neuron-specific isoforms; CaMKII-f possesses
an actin-binding domain, providing essential functions for
synapse formation and dendritic morphology (Okamoto et al.,
2007; Kim et al., 2015). CaMKII-y and -8, however, are
ubiquitously expressed and have been characterized as important
regulators of Ca®"-homeostasis in the heart (Weinreuter et al.,
2014).

In order to obtain a more detailed view on CaMKII
signaling at Cx36-containing gap junctions in the vertebrate
retina, we analyzed the distribution of all four CaMKII
isoforms. We found that only CaMKII-B and -3 colocalized
with Cx36. This colocalization was cell type-specific: CaMKII-
d was expressed at All-amacrine cell gap junctions, whereas
CaMKII-B associated with Cx36 at the dendritic tips of OFF cone
bipolar cells. Thus, our results indicate that the CaMKII subunit
composition differs between electrical synapses in the outer and
inner retina, pointing to different local protein networks that
regulate the efficacy of Cx36-containing gap junctions in the
retina.

MATERIALS AND METHODS

Animals and Tissue Preparation

All procedures were approved by the local animal care committee
(Niedersaechsisches Landesamt fuer Verbraucherschutz und
Lebensmittelsicherheit) and were in compliance with the
guidelines for the welfare of experimental animals issued by
the European Communities Council Directive of 24 November
1986 (86/609/EEC) and the laws of the Federal Government
of Germany (Tierschutzgesetz; BGBL 1 S. 1206, 1313 and BGBL
I S. 1934). The experiments in this study were conducted
with C57BL/6], TH:GFP (Matsushita et al., 2002; Knop et al.,
2011) and Cx36-EGFP mice (Meyer et al, 2014) at the age
of 1-6 month. Mice were deeply anesthetized with CO, and
killed by cervical dislocation. Eyes were enucleated and dissected
in Ames medium, supplemented with 22 mM NaHCO3 and
bubbled with carbogen (95%/5% O,/CO,). The cornea was cut
along the ora serrata; thereafter lens and vitreous body were
removed. The eyecups were fixed in 2% paraformaldehyde (PFA)
in 0.1 M phosphate buffer (PB) for 2 x 10 min. To analyze
CaMKII expression in the outer retina, eyecups were dissected
and incubated for 30-45 min in Ames medium at 37°C in
darkness.

For AIl amacrine cell injections in retinal wholemounts,
eyes were enucleated, and cornea, lens and vitreous body were
removed in oxygenated Ringer’s solution (in mM: 110 NaCl,
2.5 KCl, 1 CaCly, 1.6 MgCl,, 10 glucose, 22 NaHCOs3, adjusted
to pH 7.4 with carbogen) at room temperature, as described
previously (Meyer et al., 2014). Retinas were isolated from the
eyecups and bisected. Each piece was then mounted, ganglion
cell side up, on black filter paper (MF, Millipore), which was
immersed in 0.0001% DAPI solution for 30-45 min prior to
intracellular dye injection.
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TABLE 1 | List of primary antibodies used in this study.

Antibody Host, type Dilution Source Cat. (No.)
Bassoon Mouse, monoclonal 1:500 Enzo Life Sciences, SAP7F405
Cacnals Mouse, monoclonal 1:500 Millipore, MAB427
CaMKIl-a Mouse, monoclonal 1:500/1:250 (WM) Invitrogen, MA1-048
CaMKIl-p Rabbit, polyclonal 1:1000/1:500 (WM) Abcam, AB34703
CaMKil-y Rabbit, polyclonal 1:1000 Abcam, PA5-22168
CaMKII-3 Rabbit, polyclonal 1:1000/1:500 (WM) Invitrogen, AB37999
ChAT Goat, polyclonal 1:100 Chemicon, AB144P
Cx36 Mouse, monoclonal 1:500/1:250 (WM) Invitrogen, 37-4600
Cx36 Rabbit, polyclonal 1:500 Invitrogen, 51-6300
Cx36 Rabbit, polyclonal 1:500 Invitrogen, 364600
EGFP Goat, polyclonal 1:500 Rockland, 600-101-215
GOa Mouse, monoclonal 1:500 Chemicon, MAB3073
PKC-a Mouse, monoclonal 1:1000 Sigma, Sc-80

PKARII-B Mouse, monoclonal 1:500 BD Biosciences, 554002
PSD-95 Mouse, monoclonal 1:10000 NeuroMab, 75-028
VGIUTH Guinea pig, polyclonal 1:1000 Millipore, AB5905

WM, concentration used for retinal whole-mounts.

Immunhistochemistry

After cryoprotection (immersion in 30% sucrose in PB
overnight), the tissue was embedded in TissueTek and cut
into 20 pwm thick sections. Sections were blocked with 10%
normal goat (NGS) or normal donkey serum (NDS) in TBS-Tx
(TRIS-buffered saline with 0.3% TritonX-100, pH 7.6). Primary
antibodies were diluted in blocking solution and applied at 4°C
overnight (Table 1). Secondary antibodies were conjugated to
Alexa 488, Alexa 568 or Alexa 647 (1:500, Invitrogen) and applied
for 2 h at room temperature. All washing steps were performed
with TBS-Tx. Slices were mounted with Vectashield.

After intracellular dye injection, retinal whole-mounts were
fixed in 4% PFA in PB for 10 min. Retinas were then
incubated with primary antibodies (in PB containing 10%
NDS, 0.3% Triton X-100, 0.05% NaN3) for 2 days at room
temperature. After extensive washing, the retinas were incubated
with Alexa Fluor 647-conjugated donkey-anti-rabbit and Alexa
Fluor 488-conjugated donkey-anti-mouse secondary antibodies
for 1 day at room temperature.

Intracellular Dye Injections

Dye injections were performed as described previously (Meyer
et al., 2014). Briefly, borosilicate glass electrodes were pulled
with a Sutter P-97 puller (Sutter, Novato, CA, USA). Electrode
tips were filled with 5 mM Alexa Fluor 594 diluted in 0.2 M
KCIL. Electrodes were then backfilled with 0.2 M KCL. Electrodes
typically had resistances between 100 and 200 M€2. AIl amacrine
cells were targeted for injection under epifluorescence in the
DAPI-stained retina. The dye was iontophoresed with —0.5 nA
square pulses of 500 ms at 1 Hz for 5-10 min. The dye was
allowed to diffuse for at least 30 min prior to fixation.

Image Acquisition and Analysis

Images were acquired with a confocal laser scanning microscope
(Leica TCS SP8). Stacks of retinal cryosections and whole-
mounts were scanned with HC PL APO CS2 63x/1.4 and
HC PL APO CS2 40x/1.3 oil objectives, respectively. Pixel
size was adjusted for each data set and kept constant for one
set of experiments. Stacks were deconvolved, using theoretical

point spread functions in the Huygens Essential deconvolution
software and processed in Fiji (Schindelin et al., 2012)1.

Colocalization of Cx36 and different CaMKII isoforms
was analyzed with the colocalization highlighter plugin in Fiji
and global thresholds. The resulting 8-bit images displaying
colocalized puncta of both channels were maximum-projected
(6 slices, z-distance 200 nm) and number and area of puncta
were measured using the analyze particle function in Fiji. We
excluded particles with a size of <4 square pixels from analysis.
The degree of colocalization was expressed as the relative
amount of overlapping puncta to total Cx36, measured with the
same thresholds. As controls, we analyzed the colocalization in
images with one horizontally flipped channel. Per condition,
7-10 regions of interest from at least three different animals
were analyzed. All data sets showed normal distribution (tested
with a Pearson omnibus normality test in GraphPad Prism 5)
and were tested for significance with an unpaired, two-tailed
t-test. The relative amount of colocalization for all conditions
was plotted as bar graph. Similarly, we compared the amount of
Cx36, which colocalizes with either CaMKII-B or CaMKII-§ on
AITI and tyrosine hydroxylase type 2 (TH2) amacrine cells. Here,
we first determined the number of Cx36 puncta colocalizing
with the dendrites and then determined the number of puncta
colocalizing with the respective CaMKII isoform. These analyses
were performed in retinal whole-mounts.

Unless stated otherwise, images are presented as single
confocal scans adjusted for brightness and contrast for
presentation purposes.

RESULTS

Differential Distribution of Retinal CaMKII

Isoforms

To study the subunit composition of CaMKII at electrical
synapses, we first examined the overall distribution of its four
isoforms in the retina (Figure 1). Confocal images revealed

Uhttp://fiji.sc/
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A CaMKill-a

INL

C CaMKil-y

INL%*

confocal scans (20 optical sections, 0.2 wm thick). Scale: 20 pum.

FIGURE 1 | Distribution of all four Ca®*/calmodulin-dependent protein kinase Il (CaMKIl) isoforms in the retina. (A) CaMKil-a staining showed outlines of several

somata (inner nuclear layer, INL and ganglion cell layer, GCL) and two bands in the IPL. (B) CaMKII-g immunoreactivity revealed a punctate pattern in both plexiform
layers. CaMKII- also labeled outlines of neurons in the INL and GCL. (C) CaMKIl-y was diffusely distributed across the entire retina. (D) CaMKII-3 showed a similar
staining pattern as CaMKII-g but its labeling was more intense in the outer plexiform layer (OPL) and proximal IPL. All images are shown as maximum projections of

B CaMKIl-p

D CaMKII-5

INL

a quite distinct distribution for each isoform. Antibodies for
CaMKII-a labeled somata in the inner nuclear layer (INL) and
ganglion cell layer (GCL), and two prominent bands in the inner
plexiform layer (IPL), resembling the ramification pattern of
starburst amacrine cells (Figure 1A). A similar distribution has
already been described for CaMKII-a in the rat (Ochiishi et al.,
1994) and mouse retina (Liu et al., 2000).

Antibodies for CaMKII-f and -3 labeled many puncta in
both synaptic layers; however, CaMKII-§ immunoreactivity was
more intense than that for CaMKII-f in the outer plexiform
layer (OPL) and proximal IPL. Both antibodies also stained the
outlines of cells in the INL and GCL (Figures 1B,D). CaMKII-y
immunoreactivity was diffusely distributed across the entire
retina and visible in nuclei of neurons in the GCL and INL
(Figure 1C). In summary, we reveal a unique distribution pattern
for each CaMKII isoform, suggesting that different isoforms
may fulfill different functions within the retina. As CaMKII-y
expression appeared ubiquitous, we excluded this isoform as a
specific regulator of gap junctions and focused on the remaining
three variants in the course of this study.

CaMKIl-« Is Expressed in Starburst

Amacrine Cells
The staining pattern for CaMKII-a resembled the stratification
and soma distribution of starburst amacrine cells. These cells play
amajor role in direction selectivity and represent the almost only
retinal neurons immunoreactive for choline acetyltransferase
(ChAT). Double labeling for CaMKII-o and ChAT indeed
showed strong colocalization (Figures 2A,C-E,G,H), consistent
with a previous report from rat retina (Ochiishi et al.,
1994). CaMKII-o immunoreactivity was most prominent in
starburst cells, with stronger labeling in ON than OFF starburst
dendrites. However, in the INL and GCL, CaMKII-a-positive but
ChAT-negative cells were detected. We also tested for CaMKII-f
and -8 expression in starburst amacrine cells (Figures 2B,F)
but these two isoforms were absent and instead colocalized
with CaMKII-a in some large somata in the GCL (asterisk,
Figures 2A-H).

Taken together, these data show that CaMKII-a is the
dominant isoform in mouse starburst cells. We did not consider
this isoform as a major regulator of gap junctions because:
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better visualize cell bodies, the overlay shows DAPI labeling in blue. Scale: 10 um.

FIGURE 2 | CaMKII-a in starburst amacrine cells. (A-D) CaMKIl-a but not -8 is expressed in starburst amacrine cells (arrow). A ChAT-negative soma coexpressed
CaMKIl-a and - (asterisk). (E=H) CaMKII-§ was absent in starburst amacrine cells (arrow) but was coexpressed with CaMKIl-a in putative ganglion cells (asterisk). To

(1) starburst cells are not electrically coupled; (2) CaMKII-a
immunoreactivity was only found in a few other cell types; and
(3) labeling was not punctate (gap-junction-like).

Differential Distribution of CaMKII-g and -3

at Glutamatergic Synapses in the IPL

To analyze whether CaMKII-B and -8 are localized at retinal
gap junctions, we studied the expression of both isoforms
at bipolar cell terminals because these cell types express
different gap junction proteins (Han and Massey, 2005; Maxeiner
et al., 2005; Dedek et al., 2006; Hilgen et al., 2011). Double
staining for CaMKII and the vesicular glutamate transporter 1
(VGIuT1) showed that CaMKII-f immunoreactivity is nearly
absent from bipolar cell terminals of the OFF and ON layer.
Instead, the labeling closely surrounded bipolar cell terminals,
suggesting postsynaptic expression in ganglion and amacrine
cells (Figures 3A-I, arrows). This arrangement most likely
reflects CaMKIIs function as an effector of Ca*" signals at
glutamatergic postsynapses, where the enzyme is concentrated
in electron dense structures close to the plasma membrane
(reviewed in Lisman et al., 2012).

Unlike the PB-isoform, CaMKII-§ was strongly expressed
inside bipolar cell terminals of the OFF and ON layer but was
also found outside these structures (Figures 3J-R, arrows). Thus,
CaMKII-B and -3 are differentially expressed in the IPL.

CaMKIlI-3 but Not - Was Found in Rod
Bipolar Cells

To further characterize the differences in distribution of
CaMKII-B and -3, we compared the expression pattern of

both isoforms in rod bipolar cells. As suggested by the
VGIuT1 staining, PKC-a labeling confirmed that CaMKII-B
was not expressed in rod bipolar cells but surrounded the
terminals (Figures 4A-F). In contrast, CaMKII-3 showed strong
immunoreactivity in the somata and was concentrated inside the
terminals (Figures 4G-L). This confirms that rod bipolar cell
terminals express CaMKII-3 but lack CaMKII-f.

Differential Expression of CaMKII- and -3

in Different Bipolar Cell Types

We further analyzed the expression pattern of CaMKII-B- and -
3 in different cone bipolar cell types and double-labeled retinas
for both CaMKII isoforms and GO, a marker for all ON bipolar
cells, and PKARIIB, a marker for type 3b OFF bipolar cells.
These stainings revealed that somata of ON bipolar cells express
CaMKII-3 (Figures 5D-F) but lack CaMKII-f (Figures 5A-C).
In contrast, we found coexpression of both isoforms in type 3b
OFF bipolar cells (Figures 5G-L).

CaMKII-B and -3 Colocalized with Cx36 in
the IPL

Our next aim was to determine which CaMKII isoform is
located at Cx36-containing gap junctions in the inner retina.
We double-labeled cryosections with Cx36 and each CaMKII
subunit and evaluated the degree of colocalization. Confocal
images revealed several colocalized puncta for Cx36 and
CaMKII-B (Figures 6A-C). Our statistical analysis confirmed
a significant colocalization with approximately 50% colocalized
puncta (46 £ 13% of total Cx36 puncta). Horizontally flipped
images that were used as control showed only 36 + 12%
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FIGURE 3 | Differential localization of CaMKII-B and -3 at bipolar cell terminals. (A-C) Double staining of CaMKII-g and VGIUT1. (D-1) Magnified images of areas in
white boxes (A-C) reveal that CaMKII-p immunoreactivity closely surrounded bipolar cell terminals (arrows). (J-L) Double staining of CaMKII-§ and VGIuT1.
(M-R) Magnified images indicate strong CaMKII-§ immunoreactivity within proximal (M,0,Q, arrows) and distal bipolar cell terminals (N,P,R, arrows). Scale: 10 um.

Overlay

colocalization (Figures 6D-F), which was significantly less
(p < 0.01, t-test) and confirmed true colocalization. We further
examined the colocalization of Cx36 and CaMKII-3 and detected
several puncta that overlapped with Cx36 (Figures 6G-I).
Unfortunately, CaMKII-3 labeling in the IPL covered a very large
area, preventing us from statistical verification because flipped
images displayed a strong overlap as well. Finally, we analyzed
the overlap for Cx36 and CaMKII-a/y (Supplementary Figure
S1) and did not observe significant colocalization, suggesting
that CaMKII-B and -3 are the only subunits to associate with
retinal Cx36.

CaMKII-$ Predominantly Colocalized with
Cx36 in All Amacrine Cells

As outlined above, CaMKII-3 immunoreactivity in the IPL was
too dense for quantification and statistical verification although
colocalized puncta were clearly evident. To bypass this problem,
we dye-injected AIl amacrine cells (Figures 7A,D) in retinal
whole-mounts and compared the expression pattern of CaMKII-
B and -8 in these cells. We found that AII cell somata lacked
CaMKII-B but strongly expressed CaMKII-8 (Figures 7A-F).
Importantly, Cx36 puncta and CaMKII-§ often colocalized on
arboreal dendrites of injected AII cells (161/619 puncta = 26%

colocalization, from three injected AII cells, Figures 7K-N)
whereas Cx36 and CaMKII-B were only rarely colocalized
(63/787 puncta = 8% colocalization, from three injected AII
cells, Figures 7G-J). This finding identifies CaMKII-3 as a major
regulator of gap junctions in AIIl amacrine cells.

CaMKII-§ Colocalized with Cx36 in
TH2 Cells

Our next aim was to elucidate whether CaMKII-§ is expressed
in gap junction-coupled neurons other than AIl amacrine
cells. Previous observations described electrical coupling and
Cx36-containing gap junctions in TH2 amacrine cells (Briiggen
et al, 2015). In TH::GFP mice, TH2 cells can be visualized
easily because they express GFP under the tyrosine hydroxylase
promoter (Briiggen et al, 2015). We used these mice to
examine the localization of CaMKII-B and -3 at gap junctions
in TH2 cells. The expression patterns of both subunits were
comparable to the ones observed in AII cells: TH2 cell somata
lacked CaMKII-f but displayed strong CaMKII-§ labeling
(Figures 8A-D). Moreover, stainings in vertical sections revealed
that Cx36 and CaMKII-3 colocalized on the dendrites of
TH2 cells, which ramify in the third IPL layer (Figures 8E-P).
The degree of colocalization (85/414 = 21% of colocalization)
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A CaMKII-B

INL

G  CaMKIl-5
INL

which is confirmed by higher magnifications (J-L). Scale: 10 pm.

FIGURE 4 | CaMKII-§ expression in rod bipolar cells. (A-C) Double staining of CaMKII-g and PKC-a confirmed the absence of the B-subunit in rod bipolar cells
(arrows). (D-F) Magnified images suggest CaMKII-B expression in neurons postsynaptic to rod bipolar cells. (G-I) CaMKII-3 is expressed in rod bipolar cells (arrows)

C Overlay

I Overlay

was similar to the colocalization found for Cx36 and CaMKII-3§
on AII cell processes (26%). This was quantified from retinal
whole-mounts (Figures 8Q-T). Our finding suggests that
TH2 cell coupling may underlie activity-dependent potentiation
by CaMKII as well.

CaMKII-g Colocalized with Cx36 at OFF

Cone Bipolar Cells Dendrites

Our data so far show that CaMKII-f and -3 colocalize with
Cx36 in inner retina. However, in AIl and TH2 amacrine cells,
we only found association with the 3 subunit, suggesting that the
interaction of Cx36 with certain subunits varies with different cell
types.

To find out whether this is also the case in the outer retina,
we further analyzed the localization of the B- and 3-isoforms
and Cx36 in the OPL where most Cx36-immunoreactive
puncta originate from OFF cone bipolar cells (Feigenspan
et al., 2004). We first compared the overall distribution of
CaMKII-B and -8. Counterstaining with PSD-95, which labels
photoreceptor terminals (Koulen et al., 1998), revealed that
both isoforms are localized underneath photoreceptor terminals
(Figures 9A,B). Additionally, CaMKII-3 puncta were detected
inside photoreceptor terminals (Figure 9B). This localization

most likely reflects CaMKII-8 expression at ON bipolar cell
dendrites invaginating the photoreceptor terminal because
CaMKII-§ and immunolabeling for Cacnals (belonging to the
signaling cascade in ON bipolar cells, which is located at
the dendritic tips, Hasan et al, 2016) strongly overlapped
(Supplementary Figure S2).

Next, we aimed to determine whether Cx36 colocalizes with
CaMKII-B and CaMKII-§ in the OPL. As immunoreactivity
for Cx36 was often weak in the outer retina, we used
Cx36-EGFP mice to analyze this. In these mice, which
express a fusion protein of Cx36 and EGFP, Cx36 puncta
can be detected without antibodies. We found that Cx36-EGFP
colocalized with both isoforms (Figures 9C-H). Nevertheless,
overlap with CaMKII-p was much more prominent
than overlap with CaMKII-§ (compare Figures 9G,H),
indicating that CaMKII-f is the predominant CaMKII
subunit at Cx36-containing electrical synapses in the outer
retina.

DISCUSSION

We investigated the subunit composition of CaMKII at retinal
gap junctions and revealed that - and 3- isoforms colocalize
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FIGURE 5 | CaMKII-B and -8 expression in different types of cone biplar cells. (A-C) Most ON cone bipolar cells labeled with GOa (arrows) lacked CaMKII-g but
expressed CaMKII-§ (D-F). Type 3b OFF cone bipolar cells labeled with PKARIIB (arrows) expressed both CaMKII-g (G-1I) and -8 (J-L). Scale: 10 um; insets: 5 pm.

verlay
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with Cx36. Interestingly, our data point to a variable subunit
composition, as CaMKII-p predominated at electrical synapses
in the outer retina whereas CaMKII-8 was the predominant
subunit to associate with Cx36 in AIl and TH2 amacrine

cells in the inner retina. Thus, although gap junctions
of several retinal neurons require the same enzyme, they
may recruit different variants of it in a cell type-specific
manner.
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FIGURE 6 | CaMKII-B and -8 colocalized with Cx36 in the IPL. (A—C) CaMKII-B puncta colocalized with Cx36 at individual gap junction plaques (arrows).
(D-F) Colocalization analysis revealed significant colocalization compared to flipped control conditions (**p < 0.01, 7-10 regions of interest from three different
animals, data is shown as mean =+ standard deviation of the mean). (G-I) CaMKII-8 showed abundant overlap with Cx36 (arrows). Scale: 10 um; insets: 5 pm.
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As shown before in many different brain regions (Lisman
etal., 2002), CaMKII-B is located in the retina at the postsynaptic
side of glutamatergic synapses; in contrast, we detected
CaMKII-3 inside the glutamatergic bipolar cell terminals,
suggesting that the different isoforms fulfill different functions
in the retina.

CaMKII-$ Regulates Cx36-containing Gap

Junctions on All and TH2 Amacrine Cells

Several previous reports demonstrated the interaction of
CaMKII and Cx36 in neurons (Alev et al., 2008; Kothmann
et al., 2012; Turecek et al, 2014). In the inferior olive,

electrical coupling is strengthened by activation of NMDA
receptors and CaMKII-mediated phosphorylation of Cx36
(Turecek et al, 2014). In the retina, a similar pathway
is active in AIl amacrine cells, the key interneurons of
the most sensitive rod pathway. Kothmann et al. (2012)
localized activated CaMKII at Cx36-containing gap junctions
in AIl amacrine cells and demonstrated that Ca?" influx via
NMDA receptors leads to CaMKII-mediated phosphorylation
of Cx36 and to an increase in gap junctional coupling
between AII cells. However, for both brain regions, it
remained unclear which CaMKII isoform mediates the synaptic
potentiation. Our data indicate now that in Al cells, activity-
dependent phosphorylation of Cx36 is predominantly mediated
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FIGURE 7 | CaMKII-§ colocalized with Cx36 in All amacrine cells. (A-F) Dye-injected All amacrine cells (A,D, xz rotation) were labeled for CaMKII-g (B) and -3 (E),
however, only CaMKII-§ was detected in the injected cell's soma (F). (G-N) Whole-mount view on the arboreal dendrites of the same dye-injected All amacrine cells
labeled for either CaMKII-g (G-J) and CaMKII-§ (K-N) and Cx36. Magnified images of selected areas revealed no overlap of Cx36 and CaMKII-p (H=J"”") but
revealed strong overlap of Cx36 and CaMKII-3 puncta (arrows) on the dye-filled dendrites of the All cell (L=N""). In (A,D), maximum projections of confocal stacks
are shown with 84 and 80 optical sections (0.3 wm), respectively. Magnified images (H-J,L-N) show single confocal scans. Scale: A-G,K, 10 wm; H=J,L-N, 2.5 pm.

by CaMKII-3. Immunolabeling in sections and intracellular  plasticity and interaction with NMDA receptors (Sanhueza
dye injections into individual AII cells showed considerable et al, 2011), only CaMKII-p was weakly expressed at AIl gap
overlap between CaMKII-§ and Cx36. Although CaMKII-o  junctions (Figure 7, Supplementary Figure S3). As NMDA
and -p are well characterized for their function in synaptic  receptor/Cx36 complexes may exist in many other brain
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FIGURE 8 | CaMKII-§ and Cx36 colocalized in tyrosine hydroxylase type 2 (TH2) cells. (A-D) TH2 cell somata lack CaMKII-8 (A,B) but express CaMKII-§ (arrows,
C,D). Triple stainings in vertical slices reveal colocalization (N-P) of CaMKII-3 (E-G) and Cx36 (H-J) inside dendrites of TH2 cells (arrows, K-M). Similarly,
colocalization was also detected in retinal whole-mounts (Q-T). Areas marked by squares are shown in higher magnification in the insets. Scale: A-E,H,K,N,Q-T:

regions (Kothmann et al, 2012), it will be interesting to
see whether it is always CaMKII-8 and maybe -f that link
glutamate-mediated excitation to potentiation of electrical
coupling.

Interestingly, CaMKII-8 was not found at all Cx36-containing
gap junctions in the AIl cell. Many Cx36 puncta were
unlabeled. This may suggest that CaMKII-3 regulates only
a subset of AIl gap junctions, most likely the AII-AIl gap

junctions, which were shown to depend on NMDA receptor
activity (Kothmann et al, 2012). This adds to the previous
notion that the two sets of AIl gap junctions (homocellullar
AII-AIl and heterocellular AII-ON cone bipolar cell gap
junctions) are fundamentally different (Mills and Massey, 1995;
Anderson et al., 2011; Meyer et al., 2014, 2016). Evidence
was provided for example that AII-ON bipolar cell gap
junctions are modulated by NO and cGMP whereas AII-AII gap
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FIGURE 9 | CaMKII-B colocalized with Cx36 at OFF cone bipolar cell dendrites. (A) CaMKII-B immunoreactivity is located underneath photoreceptor terminals.

(B) CaMKII-8 puncta were found inside and beneath photoreceptor terminals. (C,E,G) CaMKII-p labeled the margin of putative OFF cone bipolar cells and
colocalized with Cx36 at their dendrites (arrows). (D,F,H) CaMKII-$ staining showed only a few colocalized puncta with Cx36 (arrows). Images (C-H) show maximum
projections of confocal stacks (8 optical sections, 0.2 wm thick); insets show single scans. Scale: 10 um, insets: 5 wm.

CaMKII-6

junctions are not (Mills and Massey, 1995; Xin and Bloomfield,
1999).

We detected CaMKII-§ expression not only in AII cells
but also at Cx36-containing gap junctions in TH2 cells of the
TH::GFP retina. TH2 cells are GABAergic wide-field amacrine
cells which depolarize in response to light ON and OFF (Knop
et al,, 2011) and are weakly coupled by Cx36 (Briiggen et al,,
2015). It is tempting to speculate that these cells may also regulate
their gap junctional network in an activity-dependent manner.
Indeed, Kalloniatis et al. (2016) showed NMDA activation in
calretinin-positive amacrine cells stratifying in the middle of the

IPL that may well represent TH2 cells (see Figure 1E in Knop
etal., 2011).

CaMKII-B Regulates Cx36-containing Gap

Junctions on OFF Bipolar Cells

In the outer retina, CaMKII-B seems to be the predominant
isoform at Cx36-containing gap junctions. Its overlap with
Cx36 was stronger than that of the §-subunit. A previous
study localized GluAl clusters in close proximity to Cx36 at
flat contacts of mouse OFF bipolar cells (Feigenspan et al,
2004). Also, the juxtaposition of GluA4 and Cx36 in the
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human outer retina was reported (Kantor et al., 2016). This
arrangement resembles the organization of mixed synapses,
at which glutamatergic activity modulates the strength of the
electrical synapse (Pereda, 2014). GluA1 receptors, which are also
a target of CaMKII (Barria et al., 1997; Mammen et al., 1997),
may provide the Ca?* source that leads to CaMKII activation
and subsequent phosphorylation of Cx36. This pathway would
tie the extent of OFF bipolar cell coupling to photoreceptor
depolarization. Although the function of gap junctional coupling
of OFF bipolar cells is not entirely clear yet, it was suggested
that coupling decreases the dispersion of signals (Umino et al,,
1994) and increases the signal-to-noise ratio (Volgyi et al., 2013),
similar to AII-AII coupling (Dunn et al., 2006). Our data now
suggest that the extent of OFF bipolar cell coupling may show a
similar light dependence.

Functional Implications for Gap Junction

Regulation

The presence of distinct CaMKII subunits at retinal gap
junctions raises the question whether this localization has
a physiological significance for the regulation of Cx36. The
four CaMKII isoforms differ in actin (Hoffman et al., 2013)
and Ca?*/calmodulin binding affinity (Gaertner et al., 2004),
and Ca’*/calmodulin dependence for autophosphorylation
(Gaertner et al., 2004). For instance, CaMKII-B shows a higher
Ca’"/calmodulin binding affinity than CaMKII-$ and may thus
respond to smaller changes in intracellular Ca** levels. In this
way, the differential expression of the CaMKII-f and -8 isoforms
may reflect the unique properties and demands of the gap
junctional network they regulate.

However, one may also argue that the differential expression
of CaMKII isoforms may not represent an adaptation for the
regulation of electrical synapses but may be necessary for other
cellular processes, like overall Ca?* homoeostasis in the cell. In
this case, the subunit composition of CaMKII at the gap junction
may simply depend on the cell type and its role in the retinal
circuitry. Yet, the finding that individual OFF bipolar cell types
express both CaMKII isoforms and target them into different
compartments argues against this hypothesis. Therefore, it seems
reasonable to assume that CaMKII expression differs between cell
types to regulate gap junctional networks differentially even if
they employ the same connexin.

Differential Expression of CaMKII-3 and -g

at Glutamatergic Synapses

CaMKII-3 and -B also showed a differential expression at
glutamatergic synapses in the retina. CaMKII-3 was found
presynaptically, in photoreceptor and bipolar cell terminals,
whereas CaMKII-B was detected postsynaptically, in bipolar cell
dendrites (see above) and putative amacrine and ganglion cell
processes. The abundance of CaMKII-8 in terminals containing
ribbon synapses suggests a role in neurotransmitter release.
Indeed, CaMKII was found to be associated with synaptic ribbons
(Uthaiah and Hudspeth, 2010) and to phosphorylate syntaxin
3B, a protein important for synaptic vesicle exocytosis at ribbon
synapses (Liu et al., 2014).

In contrast, we identified CaMKII-3 mainly at the
postsynaptic side of glutamatergic synapses in the retina.
This localization most likely reflects its function in enhancing
transmission by phosphorylation or recruitment of AMPA
receptors (reviewed in Lisman et al., 2002).

Potential Function of CaMKIl-« in

Starburst Amacrine Cells

Strong expression of CaMKII-a was found in starburst amacrine
cells. This is in line with a previous report from rat retina
(Ochiishi et al.,, 1994). We can only speculate on CaMKII-a
activation and function in starburst cells, which are involved
in computing direction selectivity and release both GABA
and acetylcholine as neurotransmitters. Calcium, necessary to
activate CaMKII, may enter the starburst cells through AMPA
receptors (Firth et al., 2003) and in turn CaMKII-a may play
a role in neurotransmitter release. However, given the strong
expression in starburst somata and dendrites, it seems likely
that CaMKII-a fulfills many different roles in these cells. Yet,
as starburst cells are not coupled by gap junctions, modulating
electrical synapses is not one of them.

In summary, our results show that the distribution of CaMKII
isoforms in the retina is more complex than previously realized,
indicating that Ca?"-dependent signaling pathways are tightly
controlled in the vertebrate retina.
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