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Vertebrate vision begins with light absorption by rod and cone photoreceptors, which transmit signals from their synaptic terminals to
second-order neurons: bipolar and horizontal cells. In mouse rods, there is a single presynaptic ribbon-type active zone at which the
release of glutamate occurs tonically in the dark. This tonic glutamatergic signaling requires continuous exo- and endocytosis of synaptic
vesicles. At conventional synapses, endocytosis commonly requires dynamins: GTPases encoded by three genes (Dnml-3), which per-
form membrane scission. Disrupting endocytosis by dynamin deletions impairs transmission at conventional synapses, but the impact
of disrupting endocytosis and the role(s) of specific dynamin isoforms at rod ribbon synapses are understood incompletely. Here, we used
cell-specific knock-outs (KOs) of the neuron-specific Dnml and Dnm3 to investigate the functional roles of dynamin isoforms in rod
photoreceptors in mice of either sex. Analysis of synaptic protein expression, synapse ultrastructure, and retinal function via electroret-
inograms (ERGs) showed that dynamins 1 and 3 act redundantly and are essential for supporting the structural and functional integrity of
rod ribbon synapses. Single Dnm3 KO showed no phenotype, and single Dnm1 KO only modestly reduced synaptic vesicle density without
affecting vesicle size and overall synapse integrity, whereas double Dnm1/Dnm3 KO impaired vesicle endocytosis profoundly, causing
enlarged vesicles, reduced vesicle density, reduced ERG responses, synaptic terminal degeneration, and disassembly and degeneration
of postsynaptic processes. Concurrently, cone function remained intact. These results show the fundamental redundancy of dynamins
1 and 3 in regulating the structure and function of rod ribbon synapses.
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The process of vision starts with the capturing of light by rod and cone photoreceptors within the retina. Photoreceptors com-
municate with downstream retinal neurons at specialized sites called ribbon synapses, where vesicles filled with the neuro-
transmitter glutamate are released and recycled. The synaptic vesicle recycling process at conventional synapses commonly
requires specialized proteins for membrane scission, typically dynamins 1 and 3. The role of dynamins in vesicle cycling at
photoreceptor ribbon synapses, however, is not fully understood. Here, we specifically deleted dynamins 1 and 3 in rod pho-
toreceptors using a conditional gene knock-out approach and demonstrated the redundant role of dynamins 1 and 3 in main-
taining rod photoreceptor ribbon synapse structure and function.
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Figure 1. Working model for synaptic vesicle cycling at the rod ribbon synapse.
Cytoplasmic vesicles attach and replenish vacant sites on the ribbon (1). As tethered vesicles
move down the ribbon (2), they are primed for release (3). At the base, the opening of L-type
calcium channels allows an influx of Ca* and triggers the fusion of vesicles with the plasma
membrane. Vesicle exocytosis releases glutamate into the synaptic cleft (4). Vesicular proteins
and lipids released into the membrane are removed via vesicle endocytosis. Membrane invag-
ination occurs (5) followed by scission of the formed vesicle from the plasma membrane by
dynamin (6). Reformed vesicles are refilled with glutamate (7) and returned to the large cyto-
plasmic pool of vesicles.

Photoreceptor presynaptic active zones are so-called ribbon
synapses owing to the platelike, electron-dense, proteinaceous
structures composed largely of the protein RIBEYE (Schmitz
et al., 2000) that tether glutamate-filled vesicles near presynaptic
Ca channels (Sterling and Matthews, 2005; Thoreson, 2021).
Despite their unique structure, photoreceptor synapses contain
much of the presynaptic cellular machinery that operates at con-
ventional synapses (Fig. 1; Schmitz et al., 2000; Dick et al., 2003;
tom Dieck et al., 2005; Johnson et al., 2007; Muller et al., 2019).
Ca®'-dependent exocytosis begins with the opening of
Cavl.4-containing Ca channels mediating L-type currents
(Haeseleer et al., 2004; Mercer et al., 2011; Pangrsic et al., 2018;
Waldner et al., 2018; Maddox et al.,, 2020) and is mediated by
conventional SNARE proteins (Burger et al.,, 2021) and com-
plexin 3 (Reim et al.,, 2009) with synaptotagmin-1 (Sytl) acting
as the primary Ca®* sensor; Syt7 plays a secondary role
(Grassmeyer et al., 2019; Mesnard et al., 2022).

Photoreceptor release rates are high in the dark when photo-
receptors are depolarized. For example, rods release ~10-20 ves-
icles/sec/synapse (Sheng et al., 2007; Hays et al., 2020). Light
hyperpolarizes the rod and suppresses vesicular release (Field
and Rieke, 2002; Hays et al.,, 2021). The high rate of exocytosis
in rods requires a similarly high rate of endocytosis (vesicle
retrieval) to sustain synaptic transmission (LoGiudice and
Matthews, 2007; Mercer and Thoreson, 2011). At a conventional
synapse, endocytosis includes the critical step of membrane scis-
sion—severing of a vesicle budding from the plasma membrane
—commonly performed by dynamin GTPases (Fig. 1; Ferguson
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etal., 2007,2009; Raimondi et al., 2011; Ferguson and De Camilli,
2012; Wu et al.,, 2014; Antonny et al., 2016; Fan et al.,, 2016).
Three dynamin isoforms, encoded by individual genes (DnmI-
3; Praefcke and McMahon, 2004), have distinct expression pat-
terns and functions (Ramachandran, 2011). Dynamin 1 is
expressed exclusively and dominantly in the brain; dynamin 3
is also expressed in the brain as well as the testis; and dynamin
2 plays a ubiquitous housekeeping role in cell function and its
deletion is embryonically lethal (Ferguson et al., 2007, 2009;
Ferguson and De Camilli, 2012).

Global deletion of dynamin 1 causes death within the first 2
postnatal weeks, whereas deletion of dynamin 3 lacks a pheno-
type (Ferguson et al, 2007; Raimondi et al, 2011).
Nevertheless, deletion of dynamin 3 can worsen the dynamin 1
knock-out (KO) phenotype in some experimental systems, sug-
gesting overlapping functions between the two isoforms
(Raimondi et al., 2011; Fan et al., 2016). Indeed, the combined
KO of both neuronal dynamins, Dnml and Dnm3, results in
depletion of synaptic vesicles and formation of clathrin-coated
pits budding from long invaginations of the plasma membrane
when assessed in cultured cortical neurons (Ferguson and De
Camilli, 2012).

The mechanism for endocytosis and the function of dynamins
at mammalian rod synapses are incompletely understood. Mouse
rods apparently express all three dynamin isoforms (Sherry and
Heidelberger, 2005; Xi et al., 2007; Grossman et al., 2013; Wahl
et al., 2013; Fuchs et al., 2014), and, in salamander rods, short-
term inhibition of dynamin impairs synaptic vesicle endocytosis
and synaptic transmission (Van Hook and Thoreson, 2012; Wen
et al., 2018). Here, using conditional KO of Dnml and Dnm3
from mouse rods, we reveal the roles of these isoforms at rod rib-
bon synapses and elucidate the impact of dynamin deletions on
photoreceptor synapses and the integrity of postsynaptic
neurons.

Materials and Methods

Generation of conditional dynamins 1 and 3 KO mice. Mice contain-
ing floxed alleles of dynamin 1 (Dnm1"%) and dynamin 3 (Dnm3Vf)
were kindly provided by Pietro De Camilli (Yale University). For
DnmI"™ mice, loxP sites flank exons 2-4 of Dnm1 (Ferguson et al.,
2009); and for Dnm3"" mice, loxP sites flank exon 2 of Dnm3
(Raimondi et al., 2011). These mice were crossed to transgenic iCre75
(Rhodopsin-iCre) mice (Li et al., 2005) to obtain conditional deletion
of Dnml and Dnm3 in rod photoreceptors (“Dnml™~ and
rdpyym3~! ) DnmI" or Dnm3%% littermate mice were used as controls
throughout this study. We confirmed the deletion of Dnm1I and Dnm3 in
rods by in-house PCR. Genomic DNA was isolated from mouse tails
using the Qiagen kit (#69506), and genotyping PCR was performed using
the following 5" end-primer set:

Dyn1cKO-AS2: TTGTGTATGTGAGTGCACCCATGCG;
Dyn1cKO-§2: CAGCTGGGTATAATGAGGCCTCATCG;
Dyn3cKO_LoxpS1: CAGTGCCTTCCAAGTTCAATTCCG;
Dyn3cKO_LoxpAS1: GACATGTTAACATAGGCTAAACCG;
iCre75-F: GGATGCCACCTCTGATGAAG;

iCre75-R: CACACCATTCTTTCTGACCCG.

PCR for Dnm1 yields an amplicon of 230 bp for the wild-type allele
and 300 bp for the mutant allele. PCR for Dnm3 yields an amplicon of
200 bp for the wild-type allele and 300 bp for the mutant allele. We
also obtained germline Dnm3 KO mice (kindly provided by Ege
T. Kavalali, Vanderbilt University) for ultrastructural analysis of rod
synaptic terminals. Dnml/Dnm3 double conditional knock-out (cKO)
mice were crossed to GNAT2 KO mice (kindly provided by A.P.
Sampath, UCLA; Ronning et al., 2018) to isolate rod-specific function
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for electroretinography (ERG) experiments. In some cases, genotyping
was performed by Transnetyx using real-time PCR. We confirmed the
absence of rdl and rd8 mutations in end-use animals, as previously
described (Qiao et al., 2003; Mattapallil et al., 2012); the rd8 mutation
was bred out of the original floxed mice. Mouse colony maintenance
and experiments were performed in accordance with procedures
approved by the Institutional Animal Care and Use Committees of either
Duke University or Yale University. Mice were kept under a 12/12 h
light/dark cycle. Animals of either sex aged 1-6 months were included
in the study.

Retinal cross section and immunofluorescence. Retinal cross section-
ing was performed as previously described (Lobanova et al, 2010;
Spencer et al, 2019). Briefly, mice were killed, and eyecups were
placed in 4% paraformaldehyde in PBS for 1-2 h at room temperature.
After fixation, eyecups were rinsed twice in PBS and embedded in 2.5% low-
melting point agarose (Precisionary Instruments, SKU VE-AGT-VM). The
agarose-embedded eyecups were vibratome-sectioned into 100-pm-thick
slices (VT1200; Leica), which were blocked in PBS containing 5% donkey
serum and 0.5% Triton X-100 for 1 h at room temperature. In most cases,
sections were incubated with primary antibodies overnight at 4°C, washed
three times with PBS for 10 min, and incubated for 2 h at room temperature
with appropriate secondary antibodies. For anti-calbindin-1 staining, sec-
tions were incubated for 5 d with the primary antibody and 1-2 d with
the secondary antibody. Stained slices were washed three times in PBS for
10 min, mounted onto slides in Fluoromount-G (Electron Microscopy
Sciences), and coverslipped.

Retinal flat mounts. To prepare retinal flat mounts, we isolated the
retina from the eyecup, carefully removed the vitreous, and fixed the tis-
sue in 4% paraformaldehyde in PBS for 1 h at room temperature. Retinal
flat mounts were processed for immunostaining with a protocol similar
to that used for retinal cross sections (see above) and described elsewhere
(Vuong et al., 2015). In brief, retinas were incubated in a blocking solu-
tion overnight at 4°C, in a primary antibody solution for 5 d at 4°C, and
in a secondary solution for 2 d at 4°C. Retinas were washed three times in
PBS for 20 min each at room temperature after primary and secondary
antibodies were applied. For imaging, the retinas were mounted on slides
in Fluoromount-G (Electron Microscopy Sciences) with the retinal gan-
glion cell layer facing the coverslip. For both retinal sections and flat
mounts, images were taken with a Zeiss LSM800 confocal microscope.
Image analysis and processing was performed with Image] software
(Image]2 Version 2.3.0/1.53q).

Antibodies. The following primary antibodies were used: mouse
anti-bassoon (1:500, Enzo Life Technologies, SAP7F407), mouse
anti-calbindin-1 (1:500, Sigma-Aldrich, C9849), rabbit anti-calbindin-1
(1:500, Sigma-Aldrich, C2724), rabbit anti-complexin 3 (1:500,
Synaptic  Systems, 122-302), rabbit anti-cone arrestin (1:500,
Sigma-Aldrich, AB15282), mouse anti-C-terminal-binding protein 2
(CtBP2; 1:1,000, BD Biosciences, 612044), rabbit anti-dynamin 1
(1:250, Proteintech, 182505-1-AP), rabbit anti-dynamin 3 (1:250,
Synaptic Systems, 115302), rat anti-glial fibrillary acidic protein
(GFAP; 1:200, Millipore, 34580/2.2B10), sheep anti-mGluR6 (1:250,
gift from Dr. Kirill Martemyanov, UF Scripps Biomedical Research),
mouse anti-neurofilament NF-H (1:500, BioLegend, 801701), mouse
anti-PKCa (1:1,000, Abcam, AB11721), rabbit anti-PKCa (1:1,000,
Abcam, AB32376), mouse anti-PMCA-ATPase (1:250, Thermo Fisher
Scientific, MA3-914), mouse anti-rhodopsin 1D4 (1:1,000, Abcam,
AB5417), mouse anti-Sytl (1:500, Synaptic Systems, 105011C3), mouse
anti-synaptotagmin-2 (Syt2/ZNP-1; 1:200, Zebrafish International
Resource Center, University of Oregon, AB_10013783), and guinea pig
anti-VGIuT1 (1:1,000, Millipore, AB5905). Bound primary antibodies
were visualized with appropriate secondary antibodies conjugated with
Alexa Fluor 488, Alexa Fluor 647, Cy3, or Cy5 (1:500, Invitrogen, Life
Technologies, or Jackson ImmunoResearch Laboratories). Conjugated
Alexa Fluor 594 wheat germ agglutinin (WGA; 1:1,000, Thermo Fisher
Scientific, W11262) was used to label the interphotoreceptor matrix
below rod terminals and visualize neurites postsynaptic to rods
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(Ishikawa et al., 2015), and conjugated Alexa Fluor 488 peanut agglutinin
(PNA; 1:500, Thermo Fisher, L21409) was used to visualize cones
(Blanks and Johnson, 1984). Nuclei were stained with Hoechst
(1:1,000, Thermo Fisher Scientific, H3569).

Synaptic ribbon contour length quantification. Synaptic ribbon con-
tour length was quantified using confocal microscopy images, as previ-
ously described (Grabner et al.,, 2015). Synaptic ribbons were stained
for their structural protein RIBEYE/CtBP2 (Schmitz et al., 2000;
Schmitz, 2009). The ribbon contour length was measured by drawing a
line through the region of the highest signal intensity along the length
of the ribbon using the freehand line tool in Image] software (Image]2
Version 2.3.0/1.53q).

Transmission electron microscopy (TEM). TEM of the rod outer
segments was performed at Duke University. Mice were deeply anesthe-
tized and transcardially perfused with 2% paraformaldehyde, 2% glutar-
aldehyde, and 0.05% calcium chloride in 50 mM MOPS, pH 7.4, as
described in Ding et al. (2015). Eyes were enucleated and fixed for an
additional 2 h in the same buffer at room temperature. Fixed eyes were
washed twice in PBS, and eyecups were dissected for further tissue
processing using the following contrasting technique: eyecups were
embedded in PBS containing 2.5% low-melting point agarose
(Precisionary Instruments) and cut into 200-pum-thick slices on a vibra-
tome (Leica VT1200). Next, the slices were stained with 1% tannic acid
(Electron Microscopy Sciences) and 1% uranyl acetate (Electron
Microscopy Sciences), gradually dehydrated with ethanol, and infiltrated
and embedded in Spurr’s resin (Electron Microscopy Sciences; Ding
et al., 2015). Next, 70-nm-thin sections of the central retina were cut
from resin-embedded samples, placed on copper grids, counterstained
with 2% uranyl acetate and 3.5% lead citrate (Ted Pella), and imaged
on a JEM-1400 electron microscope (JEOL) with a digital camera
(BioSprint; AMT).

TEM of the rod synaptic terminals was performed at the University of
Maryland as previously described (Park et al., 2020). Briefly, an excised ret-
ina was fixed for 1 h at room temperature with 4% paraformaldehyde, 2%
glutaraldehyde, and 4 mM CaCl,, pH 7.4, in 0.2 M cacodylate buffer. After
fixation, the tissue was washed in four changes of 0.2 M cacodylate buffer
for 20 min each on ice, followed by immersion of the tissue in 0.2 M caco-
dylate buffer containing 20 mM glycine for 30 min on ice. Next, the tissue
was washed in five changes of 0.1 M cacodylate buffer for 10 min each on
ice and stored until further processing in 0.15 M cacodylate buffer at 4°C.
Ferrocyanide-reduced osmium tetroxide was used as a postfix followed
by an en bloc treatment in 2% uranyl acetate before ethanol dehydration
(35-100%). Next, infiltration in a propylene oxide:epoxy resin series
was followed by embedding and polymerization in epoxy resin (Spurr’s
low-viscosity formulation, #14300, Electron Microscopy Sciences). Thin
sections were cut on a Reichert-Jung UltraCut E ultramicrotome, stained
with 0.2% lead citrate before being viewed and photographed on a Hitachi
HT7700 transmission electron microscope.

ERG. Animals were dark adapted overnight, and anesthesia was sub-
sequently delivered in the amount of ~100 mg/kg ketamine and ~10 mg/
kg xylazine solution per hour. Anesthetized animals were placed on a
stage with a heater to maintain appropriate body temperature. The pupils
were then dilated with one drop per eye of 1% tropicamide solution and
one drop of Gonak (Akorn) was applied along with careful placement of
the gold wire corneal electrodes (LKC Technologies, SKU: N30). For sco-
topic (i.e., dim-light level) ERGs, single-flash responses were recorded at
intensities of —4.0 to +2.7 log cd-s/m> For photopic (i.e., bright-light
level) ERGs, the mice were light adapted under a background light of
+1.48 log cd-s/m” for 5-10 min. Single-flash photopic responses were
recorded at intensities of —1.0 to +2.7 log cd-s/m> presented on the
+1.48log cd-s/m*> background. In these experiments, ERGs were
recorded from both eyes simultaneously (Ganzfeld BigShot, LKC
Technologies). ERG traces were analyzed as previously described
(Herrmann et al,, 2011) using programs written in MATLAB (version
R2021a, MathWorks). In brief, the ERG a-wave amplitude was calculated
as the negative deflection observed within the first 60 ms after the flash.
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The b-wave was calculated as the maximal amplitude of positive deflec-
tion following the a-wave after applying a 55 Hz Bessel filter to remove
oscillatory potentials. Scotopic ERG b-wave amplitudes were fit using
Equation 1, where Ry, 1 and R,.x, are the maximal response ampli-
tudes and Ins; and Iys5, are the half-saturating flash intensities; the
first term reflects pure rod responses, whereas the second term reflects
mixed rod/cone responses. For the scotopic a-wave, we fit the data
with a single term from Equation 1. Data were calculated individually,
and results are shown as mean + SD:

I
Rmax 27, 1 (1)

R=R ax
et I+ Iys2

S— +
I+ 15,

Intravitreal adeno-associated virus (AAV) injections for sparse retinal
cell labeling. Intravitreal injections in adult mice were performed under
continuous 1-2% isoflurane anesthesia. Using a 30 G needle, a small
scleral puncture was made at ~2 mm from the limbus, under an operat-
ing microscope. Next, 1.0yl of AAV (3.3x10" vgml™) particles
expressing GFP-channelrhodopsin-2 fusion protein under the control
of the CAG promoter (AAV2/1-CAG-ChR2-GFP; UNC Vector Core)
was delivered using an injection microsyringe with a blunt 33 G needle.
Afterward, a topical antibiotic ointment was applied to the cornea.
Thermal support was provided for the duration of the procedure and
during recovery. Animals were killed 3 weeks postinjection to achieve
maximal protein expression, and the retinal tissue was collected for
microscopic examination. AAV-mediated GFP expression was imaged
without further amplification by a primary antibody.

Statistical analyses. For statistical analysis of ERG data (Figs. 3, 4), we
focused on intensity ranges that approximate the maximal rod-only
response (—2 to —1 log cd-s/m”) and mixed rod/cone response (+2 to
+2.7 log cd-s/m?) based on the apparent saturation of each response level
according to the fit with Equation 1. Scotopic a-waves and photopic
b-waves were analyzed only at the higher intensity range (+2 to
+2.7 log cd-s/m®), where the signal-to-noise ratio was sufficient. In
Figure 3, where three genotypes were compared to control, we reduced
the « in unpaired ¢ tests by ten-fold to account for multiple comparisons
(from 0.05 to 0.005). In Figure 4, where one genotype was compared to
control, we reduced the « by five-old (from 0.05 to 0.01). All statistical
analyses were carried out in Prism 9 (GraphPad).

For the analysis of the outer nuclear layer (ONL) thickness (Fig. 5),
each genotype versus control typically included at least three measure-
ments quantified from three different animals per genotype (N=9 mea-
surements per genotype). In each age group, significance was defined by
one-way ANOVA and the Dunnett multiple comparisons test with o =
0.05. Significance is reported according to the multiplicity adjusted p-
value.

For the analysis of the synaptic ribbon contour length (Fig. 6), each
genotype versus control included five ribbons quantified from three
regions per animal (N=15 ribbons per genotype). Significance was
defined by one-way ANOVA and the Dunnett multiple comparisons
test with @ =0.05 (one-tailed). Significance is reported according to the
multiplicity adjusted p-value.

For the analysis of the synaptic vesicles (Figs. 9,10), we quantified the
densities of ribbon-associated and cytoplasmic vesicles and measured
the diameters of each. Ribbon-associated vesicles were taken as being
within a region of quantification extending 100 nm on either side of
the synaptic ribbon (Fig. 9A). To avoid artifacts of the tissue architecture,
we did not quantify any region where the plasma membrane was closer
than 100 nm to the ribbon (i.e., regions where vesicles could not
exist). We then calculated the ribbon-associated vesicle density as the
number of vesicles whose centroids fall within the quantification
regions on both sides of the ribbon divided by the length of the quantified
ribbon region.

For cytoplasmic vesicles, we identified regions of quantification that
were nonadjacent to the synaptic ribbon (Fig. 9A). Vesicles were counted
in 0.3 x 0.3 um regions, and the cytoplasmic vesicle density is reported as
the number of vesicles whose centroids fall within the quantification
region divided by the quantification area. For all measurements of vesicle
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density, a minimum of 10 regions/ribbons from two animals per geno-
type were quantified. To compare vesicle density between four genotypes
(Fig. 9), significance was defined by one-way ANOVA and the Dunnett
multiple comparisons test with « = 0.05. Significance is reported accord-
ing to the multiplicity adjusted p-value. To compare two genotypes
(Fig. 10), significance was defined by unpaired ¢ test with a = 0.05 in
two tails. N was defined as the number of regions or ribbons from which
vesicle densities were measured.

For the measurement of vesicle diameter, each vesicle, from either
ribbon-associated or cytoplasmic pools, was outlined with an ellipse.
The diameter of the vesicle was estimated as the diameter of a circle
with a circumference equal to that of the bounding ellipse. We included
a minimum of 200 vesicles for each genotype. For statistical analyses of
vesicle density, significance was defined by unpaired t test with «=0.05
in two tails. N was defined as the number of ribbons or regions quan-
tified. Statistical analyses for vesicle diameters were performed in
MATLAB (MathWorks R2020a).

Results

Generation of rod-specific dynamin KO mice

We crossed floxed Dnm1 and Dnm3 mice (DnmI1V® and Dnm3"%,;
Ferguson et al., 2009; Raimondi et al., 2011) with transgenic iCre75
mice expressing Cre recombinase under the control of the rhodop-
sin promoter (Li et al., 2005) to knock out dynamin specifically in
rods. Cre-loxP recombination in rods of these mice begins at post-
natal Day 7 (P7), and conditional rod-specific single (**Dnm1~"~
and ™Dnm3~'7) and double (***Dnmi~~/37") dynamin KOs
were evaluated between postnatal day 28 (P28) and P180 using
a combination of morphometric and functional assays.

We validated the conditional deletion of each dynamin iso-
form by immunostaining retinal cross sections (Fig. 2).
Photoreceptor synaptic terminals were labeled with an antibody
against the plasma membrane calcium ATPase (PMCA; Krizaj
and Copenhagen, 1998; Krizaj et al,, 2002). Cone terminals
were distinguished from rod terminals by their proximity to the
inner nuclear layer and their relatively larger size. Staining with anti-
dynamin 1 (Fig. 2A-D) and anti-dynamin 3 (Fig. 2E-H) antibodies
showed expression of both isoforms in rod and cone terminals.
The staining of rod terminals was substantially reduced in both
single and double cKOs analyzed at P28 (Fig. 2B,D for Dnml;
Fig. 2G,H for Dnm3), whereas dynamin staining in neighboring
cone synaptic terminals remained intact (indicated with aster-
isk). The staining intensity of dynamin 1 in ™Dnm3™'~ rods
(Fig. 2C) was comparable to that in control mice (Fig. 2A) as
was the staining intensity of dynamin 3 in ™%Dnm1™"" rods
(Fig. 2E,F). These results showed that dynamins 1 and 3 are pre-
sent in photoreceptor synaptic terminals and validated the con-
ditional deletion of each isoform in the corresponding cKO
lines. Furthermore, the absence of dynamin immunostaining in
the corresponding cKO lines validated the specificity of each
antibody.

Synaptic transmission from rod synapses depends on
dynamins 1 and 3

We tested the function of rods lacking dynamin isoforms using
ERG. Scotopic ERGs were performed with single and double
cKO mice at P28, P90, and P180 using their littermates as con-
trols (Fig. 3A). We quantified two components of the ERG: the
scotopic a-wave (Fig. 3B) and the scotopic b-wave (Fig. 3C).
The a-wave reflects the suppression of the circulating current
in photoreceptor outer segments, and the b-wave reflects the
excitatory postsynaptic current in ON-bipolar cells (Robson
and Frishman, 1998).
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A P28 control B  p2g rdpnm1-- C P28 °4Dnm3-- D p2g redpnm1--13--

Dnm1/Hoechst

PMCA /Hoechst

E P28 control P28 rdpnm1-- G p2g rdpnm3- H  p2g rdppm1--13+-

Dnm3/Hoechst

PMCA /Hoechst

Figure 2.  Conditional deletion of dynamins 1 and 3 in rod photoreceptors. Retinal cross sections were obtained at P28 and stained with antibodies against dynamin 1 (magenta; A-D) and
dynamin 3 (magenta; E-H). Rod and cone synapses were labeled with an antibody against PMCA (green). In control mice, dynamin 1 (4) and dynamin 3 (E) are highly abundant in synaptic
terminals of rod photoreceptors. Staining for dynamin 1 was absent in Dam1~/~ (B) and °*Dnm1~'=/3~'~ (D) mice but present in Dpm3~/~ mice (€). Staining for dynamin 3 was absent in
pnm3~"= (6) and **Dnm7~'~/3~"~ (H) mice but present in "Dnm 1~ mice (F). Cone synapses, indicated with an asterisk, have normal levels of dynamin 1 and dynamin 3 staining.

The a- and b-wave amplitudes in single cKOs were indistin-  significantly reduced at P90 and P180 (Fig. 3B), whereas the
guishable from those of littermate controls, whereas ERGs of = b-wave was significantly reduced at all three time points
double ¢cKO mice were altered significantly: the a-wave was  (Fig. 3C). The early reduction of the b-wave amplitude in double
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Figure 3.  Scotopic ERG responses are reduced in Dnm double cKO mice. Average scotopic ERG responses (n = 3—7 animals per genotype) from control (black) and Dpm1~=/37'~ (red) mice
were recorded at P28, P90, and P180 at different single-flash intensities (A). The a-wave (B) and h-wave amplitudes (€) are plotted as a function of increasing flash intensity (mean + SD).
Scotopic ERG responses from single ckO mice (*“Dnm1~"=, blue; *Dnm3 /=, green) were comparable to their littermate controls (black). In *Dnm1~/=/3~'= mice (red), a significant decrease
in the scotopic b-wave at P28 (C) is followed by a reduction in the scotopic a-wave at P90 and P180 (B), indicating impaired synaptic transmission to rod bipolar cells, followed by impaired
photoreceptor function. D, Average photopic ERG responses (n = 3—9 animals per genotype) from control (black) and dynamin double cKO mice (red) are shown at P28, P90, and P180 at 2.0 log
cd-s/m”. Amplitudes of photopic h-waves (E) were plotted over increasing intensity of single-flash stimuli. Cone-driven ERG b-waves recorded from single and double ckO mice are normal at all
tested ages. Comparisons reflect average response over two flash intensities within the gray bars; *p < 0.005; **p < 0.001.
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cKO mice indicates impaired synaptic transmission in rods lack-
ing both dynamin isoforms at a time when phototransduction, as
reflected by the a-wave, remained intact. The subsequent
decrease in scotopic a-wave amplitude suggests either a possible
defect in phototransduction or a partial loss of rods.

As a control, we assessed cone photoreceptor function in rod-
specific cKO mice by measuring ERG responses in photopic condi-
tions under which rod output is saturated (Fig. 3D,E). We found no

A P28/40
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changes in the photopic ERG responses driven by cones in double
cKO animals at P28, P90, and P180 (Fig. 3D): photopic b-waves
were normal in both single and double cKO mice at all ages
(Fig. 3E). Thus, cone phototransduction and synaptic transmission
from cones to bipolar cells remains intact in the presence of the
severe rod dysfunction caused by combined Dnm1I/Dnm3 cKO.
The ERG recordings suggest that rods lacking dynamin 1/3
exhibit weak but measurable synaptic transmission with rod
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Figure 4. Scotopic ERG responses from Dnm double cKO mice lacking cone function (GNAT2~'~). Scotopic ERG responses (1 = 4-9 mice per genotype) from GNAT2 ™'~ (black) and ™*Dnm1~/
~/377;GNAT2 ™'~ (red) mice were recorded at P28/P40 and P90 at different single-flash intensities (4). The a-wave (B) and b-wave amplitudes (€) are plotted as a function of increasing flash
intensity (mean <+ SD). In pam1~=/37 ~,GNA 127/~ mice (red) at P28/P40, the scotopic a-wave is modestly reduced, whereas the scotopic b-wave is more severely decreased. At P90, the a-
wave shows a trend toward impairment (p = 0.024), while the b-wave is significantly diminished in Dnm double ckO mice. Photopic ERG responses are eliminated in GNAT2~/~ mice (D). Dashed
lines in (B) through (D) show comparable data with intact GNAT2 expression (from Fig. 3). For scotopic responses, comparisons reflect average response over two flash intensities within the gray

bars; *p < 0.01; **p < 0.005; ***p < 0.0001.
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bipolar cells (RBs), as reflected by the small but persistent b-wave
responses to low-intensity flashes below cone threshold (Robson
and Frishman, 1998, 2014; Herrmann et al., 2010). To confirm
that these weak responses are mediated by rods, we bred the
double cKO onto a Gnat2 (cone transducin) KO background
to eliminate cone function (Ronning et al, 2018). On the
Gnat2 KO background, weak scotopic b-wave responses per-
sisted in the double cKO at both early (P28/P40) and later ages
(P90), despite some impairment in the a-wave (Fig. 4A-C).
For both groups, the Gnat2 KO background completely elimi-
nated the photopic b-wave, as expected (Fig. 4D). These results
confirm that rods lacking dynamin 1/3 remain capable of weak
synaptic transmission, as reflected by a small, persistent scotopic
b-wave.

Dynamins 1 and 3 are not essential for rod survival and outer
segment formation

The gradual reduction in the a-wave of the ERG following double
cKO of Dnm1 and Dnm3 suggests either a loss of phototransduc-
tion machinery or a loss of rods. To investigate the functional
integrity of rods of ™Dnm1~7/37'~ mice, we first investigated
the localization of rhodopsin in the outer segments. Rhodopsin
immunostaining of retinal cross sections performed at P28,
P90, and P180 showed its normal localization to the outer seg-
ment in both single and double cKO mice (Fig. 5A,B; data for sin-
gle cKO mice are not shown), suggesting that processing of
proteins through the biosynthetic membranes (ER—Golgi) and
rhodopsin outer segment trafficking pathway persist in the
absence of dynamins 1 and 3. Further, the thickness of the
ONL, reflecting the number of intact photoreceptors, appeared
normal at P28 (Fig. 5C), but was reduced slightly in the double
cKO mice at P90 (Fig. 5D) and reduced further by P180
(Fig. 5E). Nevertheless, most (~80%) photoreceptor cells in the
double cKO mice survived until P180, and the ONL in single
cKO retinas appeared normal at all ages (Fig. 5C-E).

Next, we investigated the structure of rod outer segments in
single and double cKO mice using TEM at P90 (Fig. 5F-I). In
these experiments, we used tannic acid instead of osmium tetrox-
ide as a contrast agent to differentiate newly forming “open” discs
from mature discs fully enclosed inside the outer segment (Ding
etal,, 2015). We found that none of the morphological features of
outer segments, including the appearance of newly forming discs,
of either single or double cKO mice differed from those of control
mice (Fig. 5F-I). These results show that the outer segment for-
mation, including the process of disc enclosure, does not depend
on dynamins 1 and 3.

Dynamins 1 and 3 are essential for the integrity of the rod
synaptic ribbon

The reduced scotopic ERG b-wave in ™Dnm1~/37~ mice
prompted us to examine the status of their synapses with post-
synaptic neurons within the outer plexiform layer. Retinal cross
sections from single and double cKO animals were obtained at
P28, P90, and P180 and costained with CtBP2, which labels the
synaptic ribbon (Maxeiner et al., 2016). WGA, which binds spe-
cifically to the matrix surrounding rod photoreceptors, was used
to identify postsynaptic neurites from bipolar cells and HCs
(Tien et al., 1992; Fig. 6).

The presynaptic CtBP2-labeled ribbons exhibited a rainbow
shape in control rods (Fig. 6A,D,G), whereas the ribbons in
Dnmi17'7/37'~ rods had a reduced length at P28 (Fig. 6B) and
became punctate at P90 and P180 (Fig. 6E,H). We quantified
the synaptic ribbon contour length (Fig. 6C,FI) in single and
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double cKO mice and found a significant reduction in double
cKO mice compared with single cKO and control mice. This
indicates that dynamins 1 and 3 are essential for the maintenance
of the ribbon synapse in rods and that expression of either iso-
form is sufficient to preserve ribbon integrity.

In control retinas, WGA staining showed postsynaptic neur-
ites that resembled tree branches extending up to and apposing
the ribbons (Fig. 6A,D,G). These branches appeared shorter
and more weakly stained at P90 and P180 in double cKO retinas,
although they continued to appose the ribbons, even at P180
as the ribbons retracted into the ONL (Fig. 6B,E,H). No
changes in WGA staining were observed in single c<KO mice
at any age (data not shown). We also observed a sustained
reduction in the thickness of the outer plexiform layer of the dou-
ble cKO mice at P90 and P180, likely reflecting severe degenera-
tion of rod synaptic terminals and postsynaptic processes
(Fig. 6E,H).

Degenerating synapses in **Dnm1~'~/37/~ rods show
reduced expression of ribbon-associated and synaptic vesicle
proteins

We made additional assessments of rod synapses of
4Dnm1~'~/37'~ mice by immunohistochemistry using antibod-
ies against ribbon-associated and synaptic vesicle proteins
(Fig. 7). First, we stained retinal cross sections of control and
double cKO mice for Sytl, a calcium sensor protein localized
in presynaptic vesicles (Brose et al, 1992; Chapman et al,
1995; Berntson and Morgans, 2003; Fox and Sanes, 2007).
Colabeling with a cone marker, PNA (Blanks and Johnson,
1984), distinguished cone synapses from rod synapses. In control
mice, Sytl is expressed in both rod and cone synaptic terminals
(Fig. 7A). In double cKO mice, Sytl labeling of rod synapses was
reduced at P28, with further reduction at P90 and P180 (Fig. 7B),
whereas no obvious changes were observed in single cKO mice
(Fig. 7C,D). We did not observe changes in the staining of Sytl
in cone synapses of any of the cKO mice. The reduced intensity
of Sytl staining in rods of double cKO mice indicates impaired
synaptic transmission in rod synaptic terminals.

Next, we immunostained retinal cross sections with antibod-
ies against bassoon, a scaffolding protein anchoring the ribbon to
the active zone (Dick et al., 2003; tom Dieck et al., 2005), and
VGIuT1, the primary vesicular glutamate transporter in photore-
ceptors (Johnson et al., 2007; Fig. 7E,F). Cones were labeled with
an antibody against cone arrestin to identify their synaptic termi-
nals and distinguish them from rod synapses. At P90, when rod
synapses degenerated in double cKO retinas, there were losses of
bassoon and VGIuT1, indicating ribbon disassembly and fewer
synaptic vesicles, respectively (Fig. 7F). Bassoon-labeled ribbon
synapses were rainbow shaped in control retinas (Fig. 7E), similar
to the staining observed for CtBP2 (Figs. 6, 7). In double cKO
mice, rod synaptic ribbons labeled with bassoon and CtBP2
appeared as puncta, and their number was substantially reduced
(Figs. 6, 7E-]). Lastly, degenerating rod synaptic terminals
showed reduced immunostaining of complexin-3, a SNARE
complex-associated protein (Reim et al., 2009; Fig. 71]), consis-
tent with reduced staining of synaptic vesicle markers Sytl
(Fig. 7B) and VGIuT1 (Fig. 7F). In summary, ribbon-associated
proteins and synaptic vesicle proteins were severely reduced in
rods lacking both dynamins 1 and 3, but neighboring cone syn-
apses remained intact. Deletions of either dynamin 1 or 3 alone in
rods displayed no synaptic phenotype (Fig. 7G,H,K,L), indicating
that either isoform alone is sufficient to maintain the overall
integrity of rod synapses.
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Figure 6. Reduced synaptic ribbon length in Dnm1/3 double cKO mice. Rod synaptic rib-
bons and postsynaptic neurites were colabeled with antibodies against CtBP2/RIBEYE
(magenta) and WGA (green), respectively. In retinal cross sections from control (4,D,G)
and ™Dpm1~'=/37'~ mice (B,E,H) at P28 (A-C), P90 (D—F), and P180 (G-1), rod synaptic
ribbons in double cKO mice are significantly shorter at P28 (C; control, 2.1+ 0.3 pm;
pam1~=, 2.0+ 02 pm; Dnm3~'", 1.9+02 pm; “Dam1 /377, 1.6+02 um;
mean + SD) and progressively reduce their length at P90 (F, control, 2.1+ 0.2 pm;
©Ppm 1=, 1.940.2 pm; “Dim3 /=, 2.0+0.3 pm; “Dam1~'=/37=, 1.1+0.2 ym)
and P180 (/; control, 2.1+ 0.3 pm; ™“Dnm71~'=, 2.0+ 0.3 pm; 0nm3 "=, 2.1+0.2 pm;
"ppm1~/=/37=, 11402 ym). This reduced length is accompanied by a reduction in
the number of identified ribbons in the OPL. The shape and number of synaptic ribbons
in rods from single Dnm KOs (G, F, I) are comparable to control animals. ****p < 0.0001.

Absence of dynamins 1 and 3 at the rod synapse impairs vesicle
endocytosis

We performed a more complete investigation of dysfunction of
rod synapses lacking dynamins 1 and 3 using TEM to assess syn-
apse ultrastructure (Figs. 8-10). First, we compared the ultra-
structure of rods with single and double KO of Dnml and
Dnm3 at P180 (Figs. 8, 9), when the degeneration in double
cKO rods should have been obvious and when abnormalities in
single cKO (Dnml) or single KO (Dnm3) rods, if any, should
have been apparent. The germline Dnm3 KO was used here
due to availability of experimental animals.

Hanke-Gogokhia et al. @ Role of Dynamins 1 and 3 at Rod Ribbon Synapses

Rod synapses (Fig. 8A) are structurally distinguishable from
cone synapses (Fig. 8B) based on the smaller size of their axon
terminals (Fig. 7E) and the presence of a single ribbon associated
with one site of invagination; whereas cone synapses have multi-
ple ribbons and sites of invagination as well as obvious basal con-
tacts of multiple bipolar cell dendrites (Mercer and Thoreson,
2011; Thoreson, 2021). The synaptic ribbon is normally intensely
stained (long electron-dense area) and anchored to the plasma
membrane at the vesicle release site (arciform density, curved
electron-dense area); the invaginating neurites from horizontal
and bipolar cells have a butterfly shape in cross section in rod
and cone terminals (Fig. 84,B). A rod terminal forms an invagi-
nating synapse with the axon terminals of HCs and dendrites of
rod bipolar cells (RBs), whereas a cone terminal makes an invag-
inating synapse with dendrites from HCs and cone bipolar cells
(CBs; Burger et al., 2021). In 4 Dym1~'7/37/" mice at P180, rod
synapses severely degenerated: the ribbons appear free floating
and disassembling, while the postsynaptic terminals from RBs
and HCs were largely absent (Fig. 8A, right panel).

Cone terminals in the rod-specific double cKO mice showed
well-formed synaptic ribbons that were properly attached to
the base, and the invaginating processes from secondary neurons,
the HCs and CBs, appeared as a butterfly shape in cross sections
at P180 (Fig. 8B, right panel). The lack of a phenotype in cones
was consistent with the cKO of dynamins 1 and 3 being restricted
to rods and shows that cones were not affected for at least
6 months, while nearby rod synapses degenerated, consistent
with observations described above (Figs. 3, 6, 7).

Next, we investigated the ultrastructure of the synaptic ribbon
in each genotype at higher magnification (Fig. 9). We performed
the analysis at P180, when the degeneration in double cKO is
advanced and should reveal any changes in single cKO or KO
mice as well. In control mice, normal-sized vesicles were located
along the ribbon (Fig. 9Aii) and filled the cytoplasm of the termi-
nal (Fig. 9Aiii-iv). In contrast, double cKO rods contain enlarged
endosome-like vesicles (evs) in the cytoplasm and an increased
density of Omega profiles (*) reflecting invaginations of the
plasma membrane caused by exo- and/or endocytosis (Fig. 9B)
(Imoto et al,, 2022). There was also a loss of the invaginations
and a corresponding disassembly of the arciform density. The
quantification of vesicle number and size (Fig. 9E-H) showed
that double cKO rod terminals contained a significantly reduced
number of ribbon-associated and cytoplasmic vesicles (Fig. 9E,G)
and that the ribbon-associated and cytoplasmic vesicles were het-
erogenous in size, with a larger than normal average diameter
(Fig. 9F,H). Unlike severely disrupted rod terminals, the neigh-
boring cone terminals in double cKO mice showed synaptic rib-
bons similar to those in control mice (Fig. 9C): in both cases, cone
terminals showed normal ribbons attached to the active site with
vesicles of normal size and lacked the large evs accumulated in
rods (Fig. 9B,C).

Single Dnm1 ¢KO and Dnm3 KO rod terminals were qualita-
tively normal in ultrastructure, with ribbons properly attached to
the base and synaptic vesicles appearing homogeneous in size
with average diameters similar to controls (Fig. 9D,F,H).
Quantification of the number of tethered and cytoplasmic vesi-
cles, however, revealed a slight reduction (~15-18%) in the ves-
icle pool number for Dnml1 cKO mice, but not for Dnm3 KO
mice (Fig. 9E,G). Thus, DnmI cKO rods apparently show a minor
phenotype: a slight reduction in synaptic vesicle density apparent
at the ultrastructural level.

Lastly, we performed an additional EM analysis from control
versus double cKO mice at P40 (Fig. 10). At P40, the ribbons of



Hanke-Gogokhia et al. @ Role of Dynamins 1 and 3 at Rod Ribbon Synapses J. Neurosci., June 19, 2024 - 44(25):¢1379232024 - 11

A control Syt1/PNA/Hoechst redDpnm1--/3--

-]

N

o

[=]

o #

[

o

®

o

C rdDpm1+-  Syt1/PNA/Hoechst rodDpm3--

(=]

[-*]

o R i

E VGlut1 G Merge

g g

c

8 7

F H

& &

i 53

g )

: k-]

Q °H

2

| PNA/Complexin3/ IHoechst Merge Complexin3 K
o

— -~

g 3.

c Q ’

8 3

J L

b ol

£ =

c S

Q e

'g g

Figure 7. Synaptic proteins are absent in rods after Dnm1/3 k0. Immunostaining of retinal cross sections from control (4) and *“Dnm7~=/3~'~ mice (B) with an antibody against Syt1
(magenta) shows severe reduction in the Syt1 staining in double KO rods at P28, which is followed by severe degeneration of rod synapses at P90 and P180; cones, labeled with PNA (green),
show normal intensity of Syt1 staining in double cKO retinas. In "*Dnm1~'= (€) and ™*Dnm3~/~ (D) retinas at P180, Syt1 staining of rods and cones resembles the staining in control retinas (A).
At P90, retinal cross sections from control (E, 1), *“Dnm 1=/~ (G, K), *“Dnm3~'= (H, L), and "*Dnm1~'=/3~'~ mice (F, J) were stained for synaptic vesicle proteins (E~H, vesicular glutamate
transporter 1, VGIuT1, magenta; /-L, complexin 3, magenta) and ribbon-associated proteins (E-H, bassoon, yellow; I-L, CtBP2, yellow). Only in double KO retinas (F, J) the staining of these
marker proteins is significantly reduced, indicating impaired synaptic vesicle machinery in rods. Immunostaining of single cKO retinas resembles that in control mice. Cone synapses are labeled
with antibodies against cone arrestin (cArr, E=H) and PNA (/-L).
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Figure 8. Rod synapses severely degenerated in rods lacking Dnm7 and Dnm3.
Ultrastructural analysis of rod (4) and cone synaptic terminals (B) from control (left panels)
and "™Dnm1~'=/37' (right panels) mice at P180. 4, Rod synaptic terminals in control mice
have one ribbon (yellow arrow) and form an invaginating synapse with HC axon terminals and
RB dendrites; see enlargements for details. B, Cone synaptic terminals are generally larger,
contain multiple ribbons (yellow arrows) and invagination sites, and are formed with HC
and (B dendrites; see enlargements for details. In dynamin double cKO mice, the rod terminal
(two examples shown) contains a detached ribbon, and the invagination site is degenerating
(A), whereas the neighboring cone synapses remain intact and are structurally comparable to
those in control mice (B). C, Relative sizes of the example terminals shown in (4,().

double cKO rods were fully formed (Fig. 10B), as in control rods
(Fig. 10A), and attached near invaginating postsynaptic termi-
nals. The rod terminals in double cKO retinas, though, contained
enlarged evs in the cytoplasm (Fig. 10B). A defect in dynamin-
dependent endocytosis caused accumulation of Omega-shaped
profiles across the plasma membrane, and the arciform structure
at the base of the ribbon was nearly absent along with flattening
of the active zone. Further, the density of both ribbon-associated
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and cytoplasmic synaptic vesicles (Fig. 10C,E) was reduced, and
the vesicle pool was more heterogeneous in size with an increased
average diameter (Fig. 10D,F). These data show that, in the
absence of dynamins 1 and 3, synaptic vesicle endocytosis is
impaired leading to a reduced density of synaptic vesicles and
an increase in vesicle diameter, already by P40, along with a pro-
gressive degeneration of the rod synapse.

Rod bipolar cell dendrites degenerate in *Dnm1~'=/37/~
retinas

We investigated the impact of presynaptic degeneration on post-
synaptic neurons, starting with RB dendrites, in the *Dnm1~’
~/37'~ mice. RBs were labeled in retinal cross sections with an
antibody against protein kinase C-alpha (PKCa; Huh et al,
2015; Keeley et al., 2022). Glutamate receptors at the ON bipolar
cell dendrites, including those of RBs, were labeled with an
antibody against metabotropic glutamate receptor 6 (mGIuR6;
Masu et al, 1995; Cao et al,, 2009, 2011; Fig. 11). At P28,
mGluR6 was normally expressed at the tips of postsynaptic ter-
minals of bipolar cells of double cKO rods (Fig. 11A4). At P90,
when the rod synapse is progressively degenerating, we observed
a reduced expression of mGluR6 at the postsynaptic terminals
of RBs. While most of their dendrites degenerated, a few
extended into the ONL (Fig. 11B). At P180, expression
of mGluR6 was reduced further, and most RBs obviously
degenerated (Fig. 11C).

We next imaged retinal flat mounts from control and
double cKO retinas to evaluate overall sprouting of the RB
dendrites into the outer plexiform layer (Fig. 11D,E). Staining
double cKO retinas with an anti-PKCa antibody identified uni-
form sprouting of RBs’ postsynaptic terminals into the outer
plexiform layer at P28, which was substantially reduced at
P90 and almost absent at P180 (Fig. 11E). Despite the lack
of dendrites, the number of RBs at P180, quantified by the
density of PKCa-labeled somas in flat mounts, was similar in
control (14,006 + 1,963 cellsymm?) and double cKO retinas
(14,488 + 628 cellsymm?) and matched the reported density
(Hovhannisyan et al., 2015; Kautzman et al., 2018; Keeley et al.,
2022).

The effect of dynamin 1/3 deletion in rods on RB dendrites
was characterized additionally by costaining RBs for PKCa and
presynaptic sites for bassoon (Fig. 11F,G). Comparing control
and dynamin double cKO retinas, PKCa-labeled dendrites
sprouted toward the bassoon-labeled base of the photoreceptor
synaptic ribbon at P28, whereas these structures are reduced in
double cKO retinas at P90 and essentially absent at P180
(Fig. 11F,G). No phenotype was observed in single cKO mice
(data not shown). Notably, the reduction in bassoon staining
in the double cKO retina at P180 was more substantial than
the reduction in staining of the ribbon (CtBP2; Fig. 6H). Taken
together, these data indicate that the degeneration of the double
cKO rod synaptic terminal causes the subsequent degeneration of
RB dendrites.

HC axon terminals degenerate in "**Dnm1~'~/37'~ retinas

Because the degeneration of rod synapses in the Dnm1™'~/37"~
retina causes the loss of RB dendrites, we also investigated post-
synaptic processes of the HCs (Fig. 12). In retinal cross sections,
HCs were labeled with an antibody against calbindin-1 (Pasteels
et al., 1990; Peichl and Gonzalez-Soriano, 1994), and their axon
terminals were labeled with an antibody against Syt2/ZNP-1;
Syt2/ZNP-1 also labels Type 2 OFF CBs as well as the axon ter-
minals of Type 6 ON CBs (Fox and Sanes, 2007; Wassle et al.,
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Figure 9.  Lack of dynamin 1/3-dependent endocytosis in rod synaptic terminals causes formation of enlarged endosome-like vesicles and Omega profiles. The ultrastructure of rod (4, B, D)
and cone (€) synaptic ribbons was assessed by TEM in control (4, €), Dnm1/3 KO (B, €), and Dnm1 KO and Dnm3 KO mice (D) at P180. The synaptic ribbon (yellow arrow) is intensively stained
and attached to the membrane at its base (arciform density, dashed yellow line, Aii). Control synapses contain a homogeneous pool of tethered and cytoplasmic vesicles: the tethered pool (red
ellipses, Aii) are within 100 nm of the ribbon (shaded yellow area surrounding the yellow line, Aii), and the cytoplasmic pool (red ellipses within yellow shaded area, Aiv) are free floating in the
cytoplasm. B, In double cKO mice, vesicles are heterogenous in size and enlarged (evs); impaired vesicle endocytosis halts vesicle release from the plasma membrane resulting in the formation of
Omega profiles (*; Biiii). Ultrastructure from cone ribbon synapses appears similar in double cKO mice and control mice (€). The cone pedicles remain intact, with multiple ribbons attached to
invagination sites and a homogenous pool of normal-sized vesicles present in the cytoplasm, without signs of enlarged evs. Rod ribbon synapses from single cK0/KO mice (D) appear relatively
normal with a homogeneous pool of vesicles. E-H, Quantification of the number (E, G) and size (F, H) of the tethered (Aii, E, F) and cytoplasmic vesicle pools (Aiv, G, H) in control, single cKO/
KO, and double cKO mice at P180 (mean + SD). E-H, Double cKO mice have a significant reduction in the vesicle number and form larger vesicles, whereas Dnm3 KO (green) are indistinguishable
from controls (black); at this age, Dnm1 cKO (blue) show a moderate reduction in vesicle number for both tethered (18.1%) and cytoplasmic pools (15.2%), but no change in vesicle size. *p <
0.05; **p < 0.01; ****p < 0.0001.
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Figure 10.  Dynamin-dependent endocytosis is impaired in rod synapses lacking dynamin 1/3 at P40. Ultrastructure from control (4) and ™Dnm1~'=/3~/~ retinas (B) was performed at P40,
when the rod synaptic terminals start to degenerate in double cKO mice. Ultrastructure is shown from side (i-ii: upper panel) and top views (iii: lower panels). In the absence of dynamin-
dependent endocytosis, enlarged evs and Omega profiles (*) develop along the plasma membrane of double cKO rod synapses (B); see enlargements for details. The processes from the
invaginating horizontal axon terminals in control and double cKO rod synapses are indicated as HC. M, mitochondria. C~F, Quantification of tethered (G, D) and cytoplasmic (E, F) vesicle
pools in control (black) and double cKO (red) mice (mean + SD): in the absence of dynamin 1/3, the number of vesicles is significantly reduced in both pools (G, E), and the size of the tethered
and cytoplasmic vesicles is significantly enlarged (D, F). *p < 0.05; **p < 0.01; ****p < 0.0001.

2009; Fig. 12A-F). In control retinas, HCs were stained for
calbindin-1, and their axon terminals, which sprout into
the outer plexiform player, were stained for Syt2/ZNP-1
(Fig. 12A-C). In double cKO retinas, HCs displayed a normal
pattern of calbindin-1 staining at P28, but their Syt2-labeled
axon terminals showed a mild degeneration (Fig. 12D). This
degeneration progressed, such that most of the Syt2-labeled ter-
minals were gone at P90 (Fig. 12E), and they were nearly elimi-
nated at P180 (Fig. 12F). The calbindin-1 staining was also
reduced at the later ages.

We confirmed these findings in retinal flat mounts and found
no change in the density of calbindin-1-stained HCs in control
and double cKO at P28, P90, and P180 (Fig. 12G-L, left panels).
Calbindin-1-labeled somas had similar density in control (1,010
+ 86 cells/mm?) and double cKO retinas (1,101 + 111 cells/mm?)
at P180 and matched the reported density (Jeon et al., 1998;
Hovhannisyan et al., 2015). In contrast, we found progressive
reduction in neurite sprouting of Syt2-labeled HC axon terminals
in the double cKO, as early as P28 (Fig. 12G-L, right panels); the
staining for Syt2/ZNP-1 reduced further at P90 and P180
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Figure 11.  RB dendrites disassemble in dynamin double cKO mice. RB dendrites in retinal cross sections obtained at P28 (4), P90 (B), and P180 (C) were costained with antibodies against
PKCa (magenta) and mGluR6 (green). In control mice (A—C; left panels), RB dendrites sprout normally into the outer plexiform layer expressing mGIuR6 at their postsynaptic terminals. After
Dnm1/3 KO in rods, RB dendrites sprout with normal mGIuR6 expression at P28 (4; right panels), indistinguishable from control mice, but later undergo progressive degeneration at P90 and
P180 with some dendrites extending into the ONL (indicated with white arrowheads; B, C; right panels). This degeneration of RB dendrites is accompanied by reduced staining of mGIuR6 at their
postsynaptic terminals. Enlarged images are shown to the right of each panel. Progressive degeneration of RB dendrites is also shown in retinal flat mounts, in which the dendrites are stained
with anti-PKCa antibody (magenta). PNA marking cone terminals (green) was used to identify normal Z-projections of RB dendrites between the ONL and the outer plexiform layer (D, E).
Enlarged images are shown to the right of each panel. Staining of retinal cross sections for the presynaptic protein bassoon (yellow) and the RB marker, PKCa (magenta), shows progressive loss of
RB dendrites in "Dnm1~/=/3~'~ retinas and the disintegration of their synaptic connections with rods (F, G). Staining intensity for bassoon becomes progressively reduced at P90 and P180 in
the double cKO retina (G) compared with the control (F), indicating dynamin is required for the maintenance of the rod synaptic terminal.
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Figure 12.  Horizontal cell axon terminals degenerate in dynamin double cKO retinas. The structure of HCs in control and 4Dam1~/=/3~' retina was evaluated in retinal cross sections (A—F)
and flat mounts (6-L) at P28, P90, and P180. HCs were stained for their marker calbindin-1 (green), and their axon terminals were labeled with an antibody against Syt2/ZNP-1 (magenta). In
cross sections, HC bodies are visible at all ages; however, their axon terminals progressively degenerate: reduced staining for Syt2/ZNP-1 indicates that the degeneration starts at P28 (D) and
progresses at P90 (E) and P180 (F); at P180, most axon terminals are gone. The remaining staining in (F) most likely originates from synaptic connections between cones and HC dendrites.
Retinal flat mounts, stained for calbindin-1 (green; i: left panels) and Syt1/ZNP-1 (magenta; ii: right panels), confirmed that HC axon terminals start to degenerate at P28 (G, J) and continue
degenerating at P90 (H, K) and P180 (I, L). PNA colabeling (green) in the right panels (ii) identified the layer connecting cone photoreceptor synapses with HCs. Enlargements are shown for
details.
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for their marker calbindin-1 (magenta; A-F). Representative images from control (4, B, E) and double cKO mice (C, D, F) are shown at P180: somas with dendrites appear normal in both cases
(A, €), whereas the axon in double cKO severely degenerated and is barely visible. Whole AAV-transfected HC from control and double cKO mice are shown in E and F, respectively. Staining of
retinal cross sections from control (G) and double cKO (H) mice with an antibody against a neurofilament (NF-H) shows the progressive degeneration of the axon terminal (H). The axon
colocalizes with calbindin-1 staining at P28 (H, upper panel), but the staining intensity of both markers progressively decreases with age; only calbindin-1-labeled somas are intensively stained

in double cKO mice at P180 (H, lower panel). bv, blood vessel.

(Fig. 12]-L, right panels). Taken together, the axon terminals of
HCs degenerate simultaneously with rod synapses, but the HCs
survive and maintain dendritic contacts with cone terminals. It
also appears that the HC axon terminals degenerate faster than
the RBs (Fig. 12).

Two additional experiments suggested that HC axon termi-
nals degenerate in the double cKO retina. First, we labeled HCs
sparsely using AAV-mediated infection (AAV2/1-CAG-ChR2-
GFP; see Materials and Methods) and analyzed them at P180.
In control retinas, both dendritic and axonal compartments

were intact (Fig. 13A-C), whereas in double cKO retinas, the axo-
nal compartment showed severe signs of degeneration (Fig. 134,
B,D). Second, we stained axon terminals of HCs with an antibody
against a neurofilament (NF-H) protein (Peichl and Gonzalez-
Soriano, 1993, 1994). We found a progressive and severe reduc-
tion in the staining intensity for the neurofilament in the double
cKO retina (Fig. 13F) compared with control (Fig. 13E).
Collectively, our results show that, whereas deletion of dynamins
1 and 3 from rods does not affect the ability of HCs to survive and
maintain dendritic connections to cone terminals, their axon
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confined to astrocytes on the retinal surface. Staining of this area was more extensive in
the double cKO retina at P28 (4) and spread toward the ONL at P90 (B) and P180 (C), indi-
cating activation of Miiller glia.
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terminals progressively degenerate along with the rod terminals
(Figs. 12, 13).

Degeneration of rod terminals stresses the retina

To evaluate the presence of increased stress in the double cKO
retina, we immunostained for GFAP, which labels astrocytes
and activated Miiller glial cells (Eisenfeld et al., 1984; Paisley
and Kay, 2021; Fig. 14). Control retinas displayed characteristic
staining on the vitreous surface of the retina at all ages, which
reflects the normal labeling of astrocytes. By contrast, double
cKO retinas displayed enhanced staining around the ganglion
cell layer at P28, which extended to the ONL at P90 and P180
(Fig. 14B,C). This staining pattern reflects progressive labeling
of Miiller cells and indicates increased stress and inflammation
over time (Yang et al., 2015).

Hanke-Gogokhia et al. @ Role of Dynamins 1 and 3 at Rod Ribbon Synapses

Discussion

Conditional deletion of the neuronal dynamins 1 and 3 in rod
photoreceptors showed that the two isoforms act redundantly
to maintain the function of rod synapses. Indeed, no obvious
phenotype was observed after deleting Dnm3, and only a modest
(~15-18%) reduction in synaptic vesicle density was observed
after deleting Dnm1, with no detectable functional deficiency.
By contrast, deleting both isoforms caused progressive degenera-
tion of rod synapses and severely impaired synaptic transmission
between rods and RBs. Structural degeneration of rod terminals
—including reduced ribbon length, synaptic vesicle density, and
enlarged vesicles—was evident at P28, when rod phototransduc-
tion remained intact, and progressed until P180. As rods degen-
erated, RBs retracted most dendrites while extending others
toward the ONL, particularly at P90 and P180. HC axon termi-
nals started retracting at P28, yet their dendrites retained connec-
tions with cone terminals. Miiller glial cells became reactive by
P90, presumably in response to the degeneration of rod terminals
and postsynaptic processes. Interestingly, rods did not degener-
ate entirely, and they continued to express rhodopsin in their
outer segments. Cones remained intact and functional despite
their gap junction coupling to rods (Ishibashi et al., 2022).
Collectively, our results establish dynamins 1 and 3 as essential
components of synaptic vesicle endocytosis at rod synaptic ter-
minals and illustrate the importance of intact endocytosis for
the structural and functional integrity of rod ribbon synapses
and their downstream circuits (Fig. 15).

A redundant role for dynamin isoforms in rod ribbon synapse
function

In conventional neurons, the function of dynamins 1 and
3 partially (cortical cells) or totally (globular bushy cells) over-
laps, such that deleting both isoforms is required to severely
disrupt synaptic transmission (Ferguson et al, 2007;
Raimondi et al., 2011) and synaptic development (Fan et al.,
2016). Our results support similar redundancy in dynamin 1
and 3 function at rod ribbon synapses, at which either isoform
alone supported rod synaptic function in dark-adapted condi-
tions when the release rate should be maximal. This is surpris-
ing, as vesicle cycling in support of high release rates can
depend strongly on dynamin 1 at conventional synapses
(Ferguson et al., 2007; Lou et al., 2008; Ferguson and De
Camilli, 2012; Shi et al., 2022).

Surprisingly, the only deficit we found in the Dnm1 KO was a
modest (~15-18%) reduction in synaptic vesicle density, which
was not associated with a reduced scotopic b-wave. The scotopic
ERG may lack sufficient sensitivity to measure functional
changes associated with a small change in presynaptic vesicle
density, due to postsynaptic saturation of the mGluR6-mediated
signaling cascade in RBs (van Rossum and Smith, 1998; Field and
Rieke, 2002; Sampath and Rieke, 2004). More refined measures of
synapse function may be required to detect a functional defect
following Dnml deletion from rods (Sheng et al, 2007;
Grabner et al., 2016, 2023; Grabner and Moser, 2021).

Just as surprising was our finding of continued, albeit
severely reduced, functionality of the rod synapse in double
cKO mice. Despite the conditional deletion of dynamins 1 and
3, and the apparent lack of protein expression by P28, the
rod synapse continued to function at a reduced level, as
reflected by a weak but persistent scotopic b-wave at flash inten-
sities below ~0.05 (—1.3 log;o) cd/s/m?* at which cones do not
contribute to ERG responses (Robson and Frishman, 1998,
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Dnm1/Dnm3 deletion in rods impairs synaptic vesicle endocytosis and causes progressive degeneration of ribbon synapses. A normal rod synapse is filled with synaptic vesicles

homogeneous in size; it has a single synaptic ribbon tethered with vesicles attached; and it forms one invagination site for the synaptic vesicle release of the neurotransmitter glutamate to HC
axon terminals and RB dendrites (left illustration). In the absence of dynamins 1 and 3 at P40, enlarged evs in the cytoplasm and Omega profiles along the plasma membrane start forming;
processes from HCs and rod bipolar cells retract from the invagination site; and the ribbon attached to the slowly disappearing vesicle release site becomes shorter (middle illustration). A more
severe phenotype is observed by P180: enlarged evs accumulate in the cytoplasm, the synaptic ribbon detaches from the active site, HC axon terminals degenerate, and RB dendrites either retract

or extend into the ONL (right illustration).

2014; Herrmann et al., 2010). At P180, there is major degenera-
tion of the rod terminal as well as postsynaptic RB dendrites. Still,
these dendrites extend toward retracting rod terminals and must
continue to make synapses, albeit with reduced expression of
mGluR6. This weak synaptic transmission would apparently
require a dynamin 1/3-independent mechanism for recycling
the remaining synaptic vesicles. This could be mediated by dyna-
min 2, although it is expressed only minimally in neurons, and its
overexpression did not compensate for dynamin 1/3 KO in cor-
tical neurons (Ferguson et al., 2007; Raimondi et al., 2011) or hip-
pocampal neurons (Imoto et al, 2022). There may be
dynamin-independent mechanisms that operate at the rod syn-
apse, involving a stage of bulk endocytosis, prior to the formation
of synaptic vesicles, consistent with endosomes observed in
degenerating rod terminals (Xu et al., 2008; Wahl et al., 2013;
Wu et al., 2014). This would imply at least two modes of endocy-
tosis at the rod synapse (Jockusch et al.,, 2005; LoGiudice and
Matthews, 2007; Logiudice et al., 2009; Fuchs et al., 2014;
Kesharwani et al., 2021).

Time course of impaired endocytosis and synapse
degeneration following loss of dynamin

Disrupted synaptic vesicle endocytosis at P28 in rod terminals
was followed by more severe degeneration at P90 and P180, sug-
gesting that impaired endocytosis precedes—and may cause—
synapse degeneration. Impaired endocytosis also could disrupt
the active zone, which otherwise would remove extraneous
synaptic proteins through routine membrane recycling (Neher,
2010). The lack of recycling could disperse voltage-gated Ca**
channels, which could perturb exocytosis further (Wen et al,
2018).

Impact of dynamin deletion on the rod photoresponse

Despite the degeneration of rod synapses following Dnm1/3 cKO,
the rods mostly survived, retained outer segments, and exhibited
normal rhodopsin localization. The scotopic a-wave, however,

declined at P90/P180, possibly owing to the ~20% reduction in
rods. The degeneration of rod terminals in the double cKO could
reduce the circulating current that underlies the a-wave, although
this would presumably be a modest effect (Robson and Frishman,
2014), and retraction of rod terminals may not reduce the a-wave
(Sanuki et al., 2015). A mild impairment of the a-wave, accompa-
nied by a more severe disruption of the b-wave, occurred after
perturbing L-type Ca®* channel signaling (Haeseleer et al.,
2004; Mansergh et al., 2005; Kerov et al., 2018). Thus, the reduced
a-wave shown here might be explained by some combination of
cell loss, disrupting Ca>* channels and altered phototransduction.

Disassembly of postsynaptic processes following degeneration
of rod synapses

Deletion of proteins necessary for synaptic transmission usually
causes retraction of rod terminals and extension of both RB den-
drites and HC axon terminals into the ONL (Burger et al., 2021).
Examples include KO of the Ca channel subunit Cacnalf
(Mansergh et al., 2005; Chang et al., 2006), the auxiliary Ca chan-
nel subunit Cacna284 (Wang et al., 2017; Kerov et al,, 2018),
Ca2+-binding protein 4 (CaBP4; Haeseleer et al., 2004), and the
scaffolding proteins bassoon (Dick et al., 2003; tom Dieck et
al., 2005; Specht et al., 2007), CAST (tom Dieck et al., 2012),
and 4.1G (Sanuki et al.,, 2015). A similar phenotype was observed
after knocking out either the serine/threonine kinase LKB1 or
one of its targets, AMPK (Samuel et al., 2014), and it occurred
in aged wild-type mice, too (Samuel et al., 2011).

In other cases, rod terminals and RB dendrites remain intact,
and HC axon terminals alone extend into the ONL: for example,
following KO of the ribbon scaffolding protein RIBEYE
(Maxeiner et al, 2016) and the cell adhesion molecule
SynCAMI (Ribic et al., 2014). However, in none of these cases
did RB dendrites extend into the ONL while HC axons degener-
ated, as we observed (Fig. 15). Thus, impaired endocytosis fol-
lowing dynamin 1/3 deletion in rods apparently prevents
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maintenance of HC connections to rods, leading to HC axon ter-
minal degeneration.

Potential role of dynamin at other ribbon synapses in the
retina

We found that dynamins 1 and 3 together are required to main-
tain the function of mouse rod synapses, which is consistent with
the apparent dynamin dependence of endocytosis in salamander
(Van Hook and Thoreson, 2012) and mouse rods (Wahl et al,,
2013) revealed in pharmacological studies using the dynamin
inhibitor dynasore and a nonhydrolyzable GTP analog
(GTPyS). Endocytosis and the role(s) of dynamins at other reti-
nal ribbon synapses, however, may differ: endocytosis in sala-
mander cones appears to be unaffected by dynasore and
intracellular injections of GTPYyS, suggesting a distinct
dynamin-independent mechanism for endocytosis (Van Hook
and Thoreson, 2012).

Further, studies of bipolar cell synapses have yielded inconsis-
tent findings of dynamin function: endocytosis at goldfish Mb1
synapses depends on GTP hydrolysis and is antagonized by a
dynamin-interfering peptide (Jockusch et al., 2005), but addi-
tional evidence indicates a role for an ATP-dependent process
that presumably is independent from dynamin (Heidelberger,
2001). Dynasore does not block endocytosis in mouse RB axon
terminals, but it does switch the mode of vesicle recycling to favor
bulk endocytosis (Logiudice et al., 2009).

Conclusion: dynamin deletion in rods as a model for ribbon
synapse degeneration

The conditional deletion of dynamins 1 and 3 in rods induces a
synapse degeneration of the rod with negative consequences for
postsynaptic neurons. These features resemble some disease
states, including retinal detachment (Wang et al, 2016;
Townes-Anderson et al., 2021), age-related macular degenera-
tion (Sullivan et al., 2007), and multiple sclerosis (Kesharwani
et al., 2021) as well as normal aging (Samuel et al., 2011).
Treatments for eye disease by cell transplantation can also dis-
rupt photoreceptor synapses (Zarbin et al, 2019). The rod-
specific deletion of dynamins 1/3 represents a model for studying
synaptic degeneration that could be used to evaluate strategies for
synapse repair and cell replacement therapies.
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