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NEUROSCIENCE

Resolving the molecular architecture of the
photoreceptor active zone with 3D-MINFLUX

Chad P. Grabner'?>3*#t, Isabelle Jansen’t, Jakob Neef'>**, Tobias Weihs®, Roman Schmidt®,

Dietmar Riedel®, Christian A. Wurm®*, Tobias Moser'"%34*

Cells assemble macromolecular complexes into scaffoldings that serve as substrates for catalytic processes. Years
of molecular neurobiology research indicate that neurotransmission depends on such optimization strategies.
However, the molecular topography of the presynaptic active zone (AZ), where transmitter is released upon
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synaptic vesicle (SV) fusion, remains to be visualized. Therefore, we implemented MINFLUX optical nanoscopy to
resolve the AZ of rod photoreceptors. This was facilitated by a novel sample immobilization technique that we name
heat-assisted rapid dehydration (HARD), wherein a thin layer of rod synaptic terminals (spherules) was transferred
onto glass coverslips from fresh retinal slices. Rod ribbon AZs were readily immunolabeled and imaged in 3D with a pre-
cision of a few nanometers. Our 3D-MINFLUX results indicate that the SV release site in rods is a molecular complex of
bassoon-RIM2-ubMunc13-2-Ca, 1.4, which repeats longitudinally on both sides of the ribbon.

INTRODUCTION

The combination of multiscale structural approaches with molecular
neurobiology and electrophysiology has given us a dynamic view of
the active zone (AZ). The classic electron microscopic (EM) experi-
ment that motivated intense interest in AZ structure arose from
images of freeze-fractured frog neuromuscular junctions (1). That
study resolved stimulation-dependent synaptic vesicle (SV) fusion
sites that appeared as small indentations in the plasma membrane
(PM). The fusion sites were arranged into two parallel rows that ran
for several micrometers. Proximal to the fusion sites were intram-
embrane particles (IMPs) that could also been seen in the absence
of stimulation, which suggested that they were residents of the
AZ. Inspection of this AZ in smaller volumes using high-resolution
EM tomography showed pairs of electron dense tethers connecting
each SV to the PM (via a “rib”) and to the presumed IMPs (via “pegs”)
(2, 3). The molecular identity of the tethers and IMPs has remained
unknown. Efforts to resolve the physical positions of AZ proteins
have involved the application of immuno-EM approaches to a vari-
ety of synapses (4, 5), which has put years of biochemical work into
two-dimensional (2D) maps of the AZ with a resolution between
10 and 20 nm (6). A limitation of immuno-EM approaches is that
labeling density is typically low, and imaging multiple proteins is
challenging—especially if distinct epitopes are colabeled in a sample.
For the last decade, superresolution light microscopy has offered a
complementary perspective, with the advantage being the ability
to image multiple proteins at a spatial resolution of ~25 nm in the
xy plane (7-11). However, neither immuno-EM nor superresolution
light microscopy offers suitable spatial resolution in 3D. Recent
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advances in fluorescence-based optical nanoscopy have overcome
these limitations. For instance, the MINFLUX (minimal photon fluxes)
method (12) combines single-molecule detection strategies used
in Stochastical Optical Reconstruction Microscopy (STORM) micros-
copy with precise and rapid illumination strategies used in Stimulated
Emission Depletion (STED) microscopy, which yields nanometer
resolution in 3D (13).

The complex morphology of the rod photoreceptor (PR) synapse
is an attractive target for high-resolution, 3D imaging. Rods send an
individual synaptic terminal to a thin synaptic layer in the outer
retina called the outer plexiform layer (OPL), creating the first
synapses in the visual system, along with cones. The rod’s synaptic
ending is spherical and fully envelopes the dendritic tips of post-
synaptic rod bipolar and horizontal cells (rbc and hc, respectively)
to create an extreme example of an “invaginating synapse” that is
often referred to as the “rod spherule.” In mice, and most mammals,
one very large n-shaped AZ is seated at the center of the rod
spherule, and it is conspicuously marked by a presynaptic, electron-
dense “synaptic ribbon” (see schematic in Fig. 1A). Synaptic ribbons
are expressed in a subset of sensory cells in eyes and ears of
mammals, and they differ in both their physical dimensions and the
molecular composition of their AZs. Generally, synaptic ribbons
emanate from the PM, they are covered in SVs, and the protein
“ribeye” is essential for their formation (14, 15). The ribbon projects
into the cytosol of the rod spherule and joins the PM where conven-
tional AZ proteins are enriched. This arrangement is proposed to
allow SVs to cycle through the ribbon by absorbing to and then
translocating down the ribbon (16), and eventually fusing at the AZ
ina Ca2+—dependent manner (for review see 17).

Whether the ribbon-type AZ can be divided into subregions is
debated. For instance, are certain AZ protein expressed on each side
of the ribbon (bilaterally), at or near the PM? In the case of voltage-
dependent Ca** channels (Ca,), they may not need to be expressed
bilaterally if release is mediated by a large Ca®>* domain that extends
well beyond the base of the ribbon. While studies on salamander
rods indicate global Ca?* (18, 19) and ribbon-independent re-
lease sites (20) support a substantial fraction of release, experiments
on mouse rods indicate that the readily releasable pool (RRP) of
SVs is ribbon dependent and mediated by a Ca** nanodomain
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Fig. 1. Heat-assisted rapid dehydration (HARD) captures a thin layer of rod synaptic ribbons on a glass coverslip. (A) Schematic of the rod ribbon synapse in two
perspectives: front and side views (left and right). The rod spherule (gray) contains the following structures: the synaptic ribbon (orange), arciform density (AD) (green),
synaptic vesicles (SVs) (gray spheres), and membrane proximal vesicles (cyan spheres); modified from (77). (B) Confocal image of a retinal slice processed forimmunostaining
with conventional fixation and permeabilization methods (see Materials and Methods). The anti-ctbp2 antibody was used to label the ribeye B domain. The intensely labeled
OPL demarcates where PR ribbons are deposited. Smaller puncta in the inner retina [inner plexiform layer (IPL)] represent retinal bipolar cell synaptic ribbons. The outer
and inner nuclear layers (ONL and INL, respectively) are also indicated with text, and although not purposefully targeted forimmunolabeling, nuclei in the INL do express
detectable levels of ctbp-2 (as a transcription factor) independent of ribeye. The image represents a maximal intensity Z projection summed over 40 optical sections,
taken at 320-nm steps. (C) OPL shows the n-shaped morphology of rod ribbons, prepared and imaged as described in (A), but only 20 optical sections were used (movie
S1). (D) A HARD sample stained for ribeye A domain (ribA; guinea pig polyclonal) and the active zone protein ubMunc13-2 (rabbit polyclonal). Only the OPL and IPL exhibit
immunolabeling (movie S2). (E) Close-up of the OPL imaged in a HARD sample [illustrated as in (D)]. Ribbons were within 2 um from the glass surface (10 sections at 200-nm
increments) (movie S3). (F) Zoomed-in view of rod ribbons in a HARD sample shows the arrangement of ribeye around ubMunc13-2, which matches a previous description

for ribeye and ubMunc13-2 colocalization in the OPL that was achieved with conventional fixation and staining procedures (25).

(21). The latter implies a nanometer-scale proximity of Ca** chan-
nels and vesicular release sites (17). Despite recent progress (7, 11),
assessing the precise topography of Ca** channels and candidate
determinants of the vesicular release site such as Muncl3 has re-
mained difficult.

To address these questions, we imaged the positions of AZ
proteins within mouse rod spherules. This entailed development of
a method for immobilizing AZs on glass that we call heat-assisted
rapid dehydration (HARD). Confocal images of immuno-labeled
HARD samples exhibited the expected molecular morphology for a
ribbon-AZ; in addition, essential ultrastructural features (EM results)
were maintained. Evaluation of HARD samples with 3D-MINFLUX
nanoscopy yielded single-molecule localization precision of <6 nm
and in two colors. The results show that the AZ proteins bassoon,
Rab3 Interacting Molecule-2 (RIM2), Ca,1.4 channels, and ubMunc13-2
run along the length of the AZ and likely create two independent
rows of release sites on both sides of the ribbon. We discuss
the advantages of nanoscopic imaging of AZ structure in 3D, the

Grabner et al., Sci. Adv. 8, eabl7560 (2022) 15 July 2022

implications of our results to rod physiology, and, more generally,
the molecular architecture of SV release sites.

RESULTS

Immobilization of a thin layer of rod AZs through HARD

The initial attempt to implement MINFLUX for the study of rod
ribbons began with freshly made retinal slices, as typically used for
electrophysiological recordings (21). These slices were processed
for immunofluorescence (IF) imaging using conventional fixation
and permeabilization protocols (see Materials and Methods).
Figure 1B presents a confocal image made from a retinal slice in
which the protein ribeye was indirectly stained using an anti-ctbp2
primary antibody that targets the B domain of ribeye (see descrip-
tion of protein epitopes in fig. S1 and Table 1) (22, 23), followed by
staining with a secondary antibody conjugated to the Alexa Fluor 647
fluorophore. Inspection of the ctbp2-labeled slices with confocal
microscopy shows PR terminals in the OPL form ribeye-positive
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Table 1. Antibody list. aa, amino acids; Ms, mouse; ihcs, inner hair cells.

Catalog no. and source;

el el references to mouse

Primary antibody

(sequence database) ihc and rod ribbons
Rabbit anti- B. Cooper, MPI-NAT,
ubMunc13-2 aa 182-408 Goettlngen Ms rods (25)

SAP7F407, Abcam Ms
rods (57)

140 303 Synaptlc
Systems; Ms rods (32)
and Ms |hcs (52)

612044 BD Blosoences
Ms rods (75) and ihcs (74)

aa 756-1001 mouse
(CAA76598 1)
aa 909- 1076 rat

RIM2-4C (UniProt ID:
Q9JIS1 3)

aa 361 -445 rlbeye
(UniProt ID: 054855)
aa 1667-1985 mouse

Cay1.4 (UniProt ID:
Q7TNI3)

Mouse anti-bassoon
Rabbit anti-RIM2
Mouse anti-ctbp2

Rabbit anti-Ca, 1.4,
o1F subunit

365 003, Synaptic
Systems; Ms rods (53)

Guinea pig anti—
ribeye A-domain

Rabbit anti-CAST

aa 95 207 rat nbeye

(UniProt ID:

Q9EQH5-2)

aa 655-670 rat ERC2
(UniProt id: Q8K3M6)

Systems; Ms rods (53)

143 103, Synaptic
Systems; Ms rods (37)

192 104, Synaptic

and Ms ihcs (54)

aa 2012-2351 rat 142 104, Synaptic

Gu;?ﬁ?. pilcgc()Io piccolo (UniProt id: Systems; Ms rods (55)
P Q9JKS6) and Ms ihcs (56)
Secondary
antlbodles Source

A11008, Thermo Fisher
SC|ent|f|c

A21202 Thermo F|sher
S i t|f|c

A1 1073, Thermo F|sher

Goat anti- rabblt
AIexa 488

Donkey anti-mouse,
AIex

Goat anti-Guinea plg,

AIexa 488 Saentlflc

Goat anti-mouse, A1 1003 Thermo F|sher
AIexa 546 Saentlflc

Goat anti- rabblt A21244 Thermo F|sher
AIexa 647 SC|ent|f|c

Donkey anti-mouse, A31571 Thermo F|sher

Alexa 647 SC|ent|f|c

Dye Blotlum coupled

Anti-mouse, CF660C in-house (Abberior)

puncta that are larger and more intensely labeled than bipolar
ribbons in the inner plexiform layer (IPL) (Fig. 1B). Cone ribbons
are also deposited in the OPL, and they are readily distinguished from
rod ribbons. First, a rod ribbon has a contour length approximately
double that of a cone ribbon, 1.5 versus 0.8 um. Second, each rod
forms only a single ribbon (Fig. 1C and movie S1), while a cone
terminal is populated with a cluster of ~13 ribbons (Fig. 1C, open
arrow) (24). Our first attempts to image ribeye-labeled rod ribbons
in slices with 2D-MINFLUX vyielded an excessively high density of
photon emissions that prohibited single-fluorophore localizations.
Therefore, several approaches to reduce the density of photon emis-
sions from rod synapses were attempted as laid out in greater detail
in the Supplementary Materials.
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In short, what proved to be helpful was (i) a new approach for
decreasing photon emission from out of focus rod ribbons and (ii)
evaluating synaptic ribbon AZ proteins that were expressed at a
lower copy number than ribeye. The new approach entailed placing
a fresh, unfixed retinal slice on a glass coverslip warmed to 50°C
and retracting it after ~30 s (fig. S2; Supplementary Materials for
detailed method). A thin layer of retina remained on the glass and
appeared as a translucent film for ~1 s before transitioning to a
grayish color (dehydrated). After a few additional minutes of curing
on the thermal plate, coverslips were processed for immunostaining.
This involved rehydrating the sample in isotonic phosphate-buffered
saline (PBS) and then incubation in blocking buffer [2% bovine
serum albumin (BSA)] before applying primary antibodies, and
neither chemical fixation nor permeabilization was used (see Mate-
rials and Methods). The labeled sample was shown to yield a thin
layer of synaptic ribbons from the inner and outer retina (Fig. 1D), and
a normal organization for rod ribbons was apparent in the OPL
(Fig. 1D and movies S2 and S3). Furthermore, labeled ribbons were
tightly colocalized with the vesicle-priming protein ubMunc13-2
(Fig. 1, D to F), which is in agreement with a study that used
conventional fixation methods on mouse retinal slices (25).

We refer to this immobilization procedure as HARD, and we
(26) note the following advantages of this sample preparation: (i)
It does not require chemical fixation, (ii) does not require sur-
face functionalization of the glass, (iii) makes the AZs readily
accessible for immunolabeling without detergent permeabiliza-
tion, and (iv) delivers a thin layer of retina on the glass (Fig. 1, D to F,
and movies S2 and S3). Before further presenting the molecular
architecture of the rod AZ in HARD samples, the physical compo-
sition of retinal material that transferred to the glass coverslip is

described.

HARD samples maintain key structural features of rod PRs

To further investigate what structures transferred to the coverslip,
we made bright-field (BF) and IF images of HARD samples. To
outline rod terminals in the OPL, an antibody against the vesicular
glutamate transporter type 1 (vglutl) was used in combination with
antibodies targeting AZ proteins RIM2 and bassoon (Fig. 2, A to C).
Rod terminals could be found within ~1 to 2 um from the surface
of the glass coverslip (Fig. 2B). The corresponding IF image
shows vglutl signal in rod terminals, which surround the charac-
teristically large rod ribbon AZ profiles (Fig. 2B). A zoomed-in
view shows a cluster of vglutl-positive terminals along with their
AZ profiles (Fig. 2C and movies S4 and S5). In a separate region
of interest, the BF image shows PR nuclei accompanied by a thin
layer of rod ribbons in the OPL (Fig. 2D and movie S6). Next,
HARD samples that had been stored for a few days in a desiccat-
ed environment were rehydrated, then immersed in conventional
aldehyde fixatives, and processed for EM. Ultrastructural features
common to the OPL and outer PR segments were easily identi-
fied. First, PR nuclei positioned near large synaptic ribbons were
identified as OPL territory (Fig. 2E). Some of the synaptic ribbons
in the OPL were sectioned such that up to 1 um of ribbon was
visible, accompanied by a nearby mitochondrion, which is a char-
acteristic of a rod synaptic terminal (Fig. 2E). Upon closer inspec-
tion, the rod ribbons were seen to tether SVs, and a subset of SVs at
the base of the ribbon were docked at the presynaptic membrane
(Fig. 2F). In other micrographs, the boundary between the PR outer
and inner segments displayed organelles with ultrastructural
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Fig. 2. HARD samples preserve important ultrastructural features of rod synaptic terminals. (A) Overview of a HARD sample immuno-labeled for vglut1 (GP polyclonal;
green) and RIM2 (Rb polyclonal; red) shows staining of PR terminals in the OPL. The location of the outer segments (OS) and ONL is indicated with text yet not purposefully
labeled. (B) HARD sample visualized with BF optics shows rod terminals on the glass coverslip. IF signal for vglut1 (green) outlines rod terminals. Rod AZs are colabeled
with RIM2 (anti-Rb-CF680) and BSN (anti-Ms-Alexa647) and presented as an aggregate red signal (see Table 1 for antibodies). (C) Higher-resolution image of IF signals are
presented in (B) (movie S4: series of optical sections through terminals bounded by vglut1 in green, and in red bassoon + RIM2; movie S5: red channel alone with bassoon
+ RIM2). (D) Separate example of HARD sample labeled for bassoon + RIM2 (red) and combined with BF to show a thin layer of OPL on the glass (movie S6). (E to H) EM of
HARD samples derived from sections made within a micrometer of the glass coverslip. In (E), a pair of rod soma is indicated in the top portions of the image by their electron
dense, nuclear chromatin material (nmc). In the center of the image, several rod terminals are present, characterized by their synaptic ribbon (sr) paired closely to a single
mitochondrion (m). (F) Zoomed-in view of a rod ribbon, which captures the height of the ribbon and associated synaptic structures: horizontal cell dendrites (hc), ribbon
AD (ad), synaptic cleft (sc), and AZ docked synaptic vesicles (sv). (G) Other structures in the PRs at the juncture between PR ellipsoids and OS are indicated as follows:

kinocillium (k), and OS pigment membrane (pm). (H) Longitudinal section through a rod ribbon.

features that were comparable to conventionally fixed retinal
tissue. For example, PR substructures identified here include the
following: kinocilia, photopigment-membrane discs, mitochondria
in the ellipsoid body (Fig. 2H), and, lastly, a longitudinal section
through a rod ribbon (Fig. 2H).

Rod ribbon AZs in HARD samples maintain their molecular
architecture at the level of confocal microscopy

To compare immunolabeled HARD samples to published data that
used conventional aldehyde fixation-based methods, we tested a
variety of AZ protein antibodies. HARD samples imaged on an
inverted, spinning disc confocal microscope showed the typical IF
features for ribeye (using anti-ctbp2 to label the ribeye B domain or
an anti-ribeye A domain antibody; fig. S1) and additional AZ
proteins (Fig. 3, A to E, and fig. S3, A to F). Only the colabeling for
ribeye and scaffolding AZ protein piccolo showed complete overlap
at the confocal level (fig. S3E), in keeping with piccolo and ribeye
demarcating the body of the ribbon (4, 27-29). In contrast, bassoon,
another large AZ scaffolding protein, fills the inner face of the
ribeye-labeled ribbon (Fig. 3F and fig. S3F). The inner face of the
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ribbon profile also shows RIM2 (costained with ribeye; fig. S3A) or
piccolo (Fig. 3B and fig. S3D), which partially overlaps with bassoon
(Fig. 3A and fig. S3B). Next, costaining of the Ca,1.4 channel’s
pore-forming a1F subunit with ribeye (Fig. 3, D and E, and fig. S3F) and
bassoon (Fig. 3E and fig. S3F) shows that the IF from membrane-
bound olF subunit overlaps more with bassoon than ribeye. The
other AZ proteins examined here are CAST (also referred to as ERC2)
(30, 31) and ubMunc13-2 (25) that localize to the inner face of the
ribbon (CAST: fig. S3C; ubMunc13-2: Figs. 1E and 3C). Overall,
except for piccolo, the AZ proteins assessed in HARD samples with
confocal microscopy are localized to the inner half of the body of the
ribbon (see cartoon in Fig. 3F), which agrees with previous results
derived from traditional IF approaches carried out on retinal slices.

Survey of AZ proteins with 2D-MINLFUX nanoscopy

As stated earlier, our first approach using 2D-MINFLUX attempted
to image ribeye-labeled rod ribbons in slice, but this gave an over-
whelmingly high density of photon emissions. Therefore, labeling
against RIM2 was used, because it gives lower signal intensity
(presumably expressed at a lower copy number than ribeye), and
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Fig. 3. HARD samples preserve the molecular architecture of rod ribbons at the level of confocal microscopy. (A and B) RIM2 overlaps with the interior aspects of
bassoon and piccolo. (C and D) Costained for ribA (anti-GP-Alexa488) and active zone proteins (anti-Rb-Alexa647): ubMunc13-2 or o.1F (rabbit polyclonal). Here, the ribbon
(ribeye) surrounds these AZ proteins. Images in (E) represent a triple, colabeling of ribA (anti-GP-Alexa488) versus o/1F (anti-Rb-Alexa647) and bassoon (anti-Ms-Alexa546).
Here, both a1F and bassoon are interior to the body of the ribbon (ribA), but the a.1F signal overlaps less with ribeye than bassoon, which suggests that a1F is interior to
bassoon. (F) Summary of active zone protein localizations, all of which were interior to the body of the rod ribbon (ribeye and piccolo) and determined in this study with
HARD samples and confocal microscopy. Only RIM2 and a.1F were analyzed in combination with bassoon, and they overlap with bassoon. CAST and ubMunc13-2 were only
costained with ribeye; hence, their positions relative other AZ proteins were not assessed here.

HARD samples were used to reduce the density of photon emissions,
including out-of-focus signals. This approach readily gave favorable
results that showed that RIM2 localizations were composed of puncta
that appear to fall into linear arrays (Fig. 4, A and B). Moreover,
in some instances, the RIM2 patterns suggested an arrangement of
two parallel rows (Fig. 4A).

Localization patterns for piccolo and CAST were distinct from
RIM2. 2D-MINFLUX images of piccolo shows a broader and denser
labeling pattern than what was witnessed for RIM2 (fig. S4A). The
thick band of piccolo has a width of ~200 nm in certain places (fig.
S4A, 1 and ii), which is close to the height of the ribbon (fig. S5A),
consistent with published data (29) and our confocal images show-
ing that piccolo colocalizes with ribeye (figs. S3E and S4, A and B).
Colabeling of CAST and ribeye showed far less overlap than any
other AZ protein when examined with confocal microscopy (figs.
S3C and S4, C and D), which is in line with earlier studies that have
concluded CAST resides near or in the arciform density (AD) (30),
a territory below the base of the ribbon (fig. S5A and Fig. 2F). The
pattern of staining attained with 2D-MINFLUX reveals a subtle line
of localizations that run the length of the interior of the ribbon.
Occasional bright clusters of localizations appear within or outside
the interior region of the ribbon (fig. S4C, i and ii). These hotspots
may indicate a higher density of CAST, an artifactual aggregation of
secondary antibody or sites where blinking is preferentially activated
(hyperactive).

3D-MINFLUX: AZ proteins are expressed bilaterally along
the length of the ribbon

Confocal images of HARD samples show that rod ribbons are not
all lying flat in the xy plane, but, instead, they have a complex 3D
structure (Figs. 1E and 3, A to E, and movies S4 and S6). To over-
come the limitations of rendering these 3D structures in 2D, we
turned to 3D-MINFLUX nanoscopy. Figure 4 shows a field of view
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with multiple rod ribbon AZs, and, here, two parallel rows of
RIM2 or bassoon can be seen twisting in space (depth is indicated
on a color scale; Fig. 4, C and D). Examination of an individual
bassoon-labeled AZ (Fig. 5A), at specific orientations, revealed a
series of discrete localizations, which, on a small spatial scale, ap-
pear linearly arranged in single file (Fig. 5, B to D). This is most
apparent when watching the ribbon about a fixed axis (Fig. 5B and
movies S7 and S8). The same arrangement of two rows describes
the pattern of RIM2 localizations when viewed at fixed angles
(Fig. 5, E to H) or in rotation (movies S9 and S10). Quantitation
of the spacing between rows gave the following average distances
in nanometer (means + SD; N ribbons) for bassoon and RIM2: 83.0
(7.9; 6) and 89.6 (8.3; 5), respectively. The separation of the RIM2
rows tended to be greater than that found for bassoon, although
this did not reach statistical significance (P = 0.2100; Student’s ¢ test).
The localizations precision for each protein was between 4 and
6 nm (see Materials and Methods).

The other two AZ proteins examined in 3D-MINFLUX were
ubMuncl3-2 (Fig. 6, A to D) and the Ca, 1.4 a1F subunit (Fig. 6, E to H).
The two rows of ubMunc13-2 are apparent at certain angles (Fig. 6B
and movies S11 and S12), and the same can be said for the alF
subunit (Fig. 6F and movies S13 and S14). The distance (in nanome-
ters) between the rows of ubMuncl3-2 and alF subunit were
(means + SD; N ribbons): 112.8 (12.7; 5) and 117.7 (11.0; 5), respec-
tively. The distances separating the ubMunc13-2 and o1F subunit
rows were statistically indistinguishable from each other (P =0.532),
but they were further apart than bassoon and RIM2. The two rows
of alF subunits are separated by 34.7 nm more than the rows of
bassoon (P = 0.001), and the rows of ubMunc13-2 are spaced apart
by 29.2 nm more than the rows of bassoon (P = 0.0002). The two
rows of alF are separated by 28.1 nm more than the rows of RIM2
(P =0.0091), and the rows of ubMunc13-2 are separated by 23.4 nm
more than the rows of RIM2 (P = 0.0019).
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Fig. 4. 3D-MINFLUX nanoscopy revolves the convoluted topography of the rod ribbon AZ. (A and B) confocal image on the left shows a rod ribbon indirectly la-
beled for RIM2 and ribeye. On the right, the 2D-MINFLUX image of RIM2 is presented. (C) Image of RIM2 derived from 3D-MINFLUX nanoscopy. The ribbon on the right
appears to have two parallel rows of RIM2 localizations. Color scale indicates distance in the z direction, and here, it ranges from +200 to —300 nm. X, y, and z axes are in-
dicated in the bottom left corner. (D) 3D-MINFLUX images of three rod ribbons were labeled for bassoon, and each shows parallel rows of bassoon. The two ribbons on
the left, in the top panel, are presented at higher magnification in the bottom panel, and the images have been flipped vertically and horizontally to illustrate the 3D
nature of the ribbons. Distance scales in top and bottom panels range from +170 to —150 nm and +150 to —150 nm, respectively.

Colabeling of bassoon and RIM2 reveals their overlapping
3D distributions

To better relate the 3D topographies of AZ proteins, we performed
two-color 3D-MINLFUX imaging on samples labeled for bassoon
with CF660c and RIM2 with Alexa647. Spectral unmixing of
emissions from single-molecule localizations placed RIM2 slightly
beneath the inner face of the bassoon profile (i.e., in the z dimension
using the concavity of rod AZs as a feature) within ~20 nm (Fig. 7B).
In addition, bassoon and RIM2 localizations overlapped with each
other within each row along the length of the ribbon, which is con-
sistent with the finding above that, on average, the distance between
the two rows of proteins is not statistically different. The clear
advantage of dual-probe versus single-probe 3D-MINFLUX is that
we were able to determine that bassoon sat above RIM2 rather than
below it and that the individual localizations overlap in the xy plane.

DISCUSSION

This 3D-MINFLUX study reports a highly efficient optical nanoscopy
approach for elucidating the molecular architecture of the pre-
synaptic AZ. The approach was enabled by the transfer of a thin
layer of retinal tissue to the coverslip by means of HARD. Confidence
in the structural preservation of synapses in the HARD samples was
supported by results from standard confocal and EM. Analyzing the
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AZ of rod PRs in HARD samples with 3D-MINFLUX allowed for the
localization of approximately a thousand single-molecule fluorescence
events in 3D space, with 4- to 6-nm localization precision in less than
30 min in many instances. The results indicate that AZ proteins are
organized in two parallel rows running on either side of the base of the
rod ribbon. The continuity of the AZ over a contour of 1.5 pm suggests
that SV release sites are formed with serial regularity, and these
findings offer novel insight into the structural basis of the func-
tional operation of the rod ribbon synapse. More generally, the
combination of 3D-MINFLUX and tissue transfer by the HARD
method provides a powerful approach for decipher the structure of
synapses and other nanoscale functional units of cells in a near-native
tissue context.

The 3D structure of the HARD immobilized rod synapses visualized
in confocal IF (Fig. 1 to 3) are consistent with published images of
immuno-labeled rod ribbons in slices (15, 21, 24, 26, 29). In addi-
tion, EM images of HARD samples demonstrated that synaptic
structures in rod terminals (Fig. 2, E to G) and subcellular structures
in the inner and outer segments of RPs were preserved (Fig. 2H).
HARD samples presented substantially less unwanted extraneous
signal than what is commonly encountered in conventionally fixed
retinal sections (32). Unwanted signal can come from autofluorescence,
uncoupled dye partitioning into membranes, or nonspecific ad-
sorption of primary and/or secondary antibodies onto sticky surfaces (33).
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Fig. 5. 3D-MINFLUX reveals parallel rows of RIM2 and bassoon at rod AZs. (A) Confocal image of a bassoon labeled rod ribbon. (B) Side view of the ribbon (z-projection),
which masks the two rows of bassoon (movies S7 and S8: rotating bassoon labeled ribbon). (C and D) Top-down view of the central and end regions of the ribbon, such
that the two rows of bassoon are apparent (C and D are y- and x-projections, respectively). Color distance scale (range: 0 to180 nm) presented in (B) indicates the height
of the ribbon (distance in the z direction) when the ribbon lies in the zx- and zy-plane as in (C) and (D), respectively. (E to H) RIM2-labeled ribbon presented in the same
manner as for bassoon in (A) to (C), and here, the color scale ranges from 0 to 300 nm (movies S9 and S10: rotating RIM2-labeled ribbon). White scale bars in (A), (B), (E),

and (F) are 200 nm in length.

Aldehyde can exacerbate nonspecific signals (e.g., autofluorescence)
and impair the binding of antibodies to their target epitopes (33),
which has the effect of lowering the signal of interest while enhancing
unwanted background noise. In addition, we did not use detergents,
because they can cause protein extraction and thus lower the density
of available epitopes (33). We posit that the high degree of labeling
witnessed in the 3D images benefited from preservation of the AZ
proteins and their epitopes (for instance, see Fig. 5, B to D). An
additional source of unwanted signal arises from out-of-focus
emissions that can interfere with single-molecule localization rou-
tines. It does not matter if the out-of-focus signal originates from
specific labeling of AZ targets or nonspecific background, because
when photon emissions reach excessively high rates, single-molecule
localization is no longer possible (13). The thin layer of HARD sample
greatly reduced signal redundancy in the z direction.

The AZ proteins that we studied in 3D were localized to two
rows that ran continually for the length of the rod ribbon AZ. The
separation of the two rows fits well with our general understanding
of the physical dimensions at the base of the ribbon (fig. S5A). From
EM studies, there are estimated to be ~40 SVs docked on either side
of the ribbon, at its base, and running the length (~1.5 um) of the
ribbon (25, 32). Assuming that the upper estimate of the distance
separating SV release sites on either side of the ribbon is approxi-
mated by the sum of the following components: (i) width of a rod
ribbon, (ii) lengths of filaments attaching SVs to the ribbon body
(“tethers”), and (iii) diameters of two SVs, and then a distance of
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132 nm separates the release sites (fig. S5A). The epitopes of the AZ
proteins that we studied fit within this upper estimate (fig. S5B).
Rows of scaffolding protein epitopes for bassoon and RIM2 are
separated by ~87 nm, and rows of Ca,1.4 channel, (a1F subunit)
and ubMunc13-2 are separated by distances of ~116 nm. The spac-
ing of the rows of epitopes exceeds the width of the AD, which is
a subregion that sits beneath the base of the ribbon. Assuming that
RIM2 and bassoon extend tens of nanometers beyond where the
antibody epitopes are localized (34), they may interact with proteins
at the base of the ribbon or AD and, in addition, interact with laterally
displaced release site partners at the PM (fig. S5C). In contrast,
because ubMunc13-2 is a globular, well-structured protein (~180 kDa),
its location is comparatively better approximated by the localizations
of its epitope. In the case of the alF subunit, it is the only trans-
membrane membrane protein (~230 kDa) that we studied. The
antibody used here was directed against the cytosolic C terminus of
01F, which may extend only a few nanometers from the channel’s
pore; thus, the epitope therein is likely a good estimate of the channel
location. Notably, the spacing between the two rows of Ca, channels
and ubMunc13-2 is close to our upper estimate of the distances
between release sites on either side of the ribbon, differing by 14 nm
(118 nm versus 132 nm, respectively). Half of the 14-nm difference
is what we suggest as the spacing between Ca, channels and SV
release site within an AZ on one side of the ribbon.

Functional estimates of the spatial coupling between vesicular
release sites and Ca, channels suggest that release from mouse rods
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Fig. 6. Ca,1.4 channels and ubMunc13-2 are bilaterally distributed about the rod ribbon AZ. (A) Confocal image of ubMunc13-2 and, in (B), the corresponding
3D-MINFLUX image presented as a z-projection (movies S11 and S12: rotating ubMunc13-2-labeled rod ribbon). The same ribbon in (B) is presented as y- and x-projections in
(C) and (D), respectively, partially revealing the two tracks of ubMunc13-2 in the central and end regions of the ribbon. (E to H) A ribbon labeled for Ca,1.4 a1F subunits is
presented in the same manner as ubMunc13-2 (movies S13 and S14: rotating o 1F-labeled ribbon). Z direction, color scale bars in (B) and (F) range from 450 to 370 nm,
respectively. White scale bars in (A), (B), (E), and (F) are 200 nm in length.
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Fig. 7. Simultaneous imaging of bassoon and RIM2 with 3D-MINFLUX shows that they are intimately colocalized. (A) Confocal image of a rod ribbon AZ stained for
bassoon (CF660C) and RIM2 (Alexa 647), without spectral unmixing. (B) The corresponding two-color 3D-MINFLUX image, viewed from the side (z-projection) shows RIM2
slightly interior to bassoon. Scale bars in (A) and (B): 200 nm. Additional images of this ribbon are presented in (C) and (D) as y- and x-projections, respectively. In (E) the
image is tilted to better reveal the arrangement of RIM2 and bassoon into two rows. The gray square box in each panel (C to E) has an edge with a length of 100 nm.
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is controlled by a Ca** nanodomain about the open channel (21).
From electrophysiological results, nearly 90 SVs (45 SVs per side)
are readily released from the mouse rod ribbon within 1 ms of the
onset of a strong stimulation. This RRP of SVs was similar in size
when low (0.5 mM EGTA) and high (10 mM EGTA) concentra-
tions of intracellular Ca®* buffering were used, suggesting that the
releasable SVs were within ~10 nm of the Ca, channel(s) (in other
words, a Ca** nanodomain rather than a microdomain or global Ca**)
(21). This result is consistent with other studies carried out on
auditory hair cells (35-37) and rbcs (15, 38) that also concluded a
Ca** nanodomain controls release. Furthermore, the RRP of SVs at
mouse rods was highly dependent on the presence of the ribbon, as
ribbonless rods showed a 75% reduction in the size of their RRP
(21), which is consistent with studies on ribbonless mouse rbcs (15).
Incorporating the physiological results from mouse rods with our
3D-MINFLUX results suggests that the ~115-nm spacing between
rows of AZ proteins (average of ubMunc13-2 and Ca,1.4 spacings)
is our best estimate of where SV's are primed and released of each
side of the base of the ribbon (fig. S5B). Our 3D imaging results
argue against the possibility that Ca,1.4 channels are restricted to
the recesses of the AD as previously suggested (31), because (i)
the AD is too narrow and (ii) a Ca®" nanodomain formed within
the AD would be too far from the SV release sites to control release.
Why would the rod ribbon create two parallel AZs?

AMPA receptor-bearing hc spines are positioned within 30 nm
of the release sites (Fig. 2, F and G) (39), on either side of the ribbon
(see schematic in Figs. 1A and 2, G and H). In mouse, an elongated,
individual hc spine is assigned to one side of the ribbon [see sche-
matic in Fig. 1A; (26)]. It is possible that an AZ on one side of the
ribbon communicates independently with the spine it abuts. This is
likely under circumstances that favor Ca** nanodomain control of
release. The functional value of a one-to-one pairing of an AZ-to-spine
may be that this allows an hc spine to specifically direct inhibitory
feedback to the rod AZ that it is paired to. For example, in an indi-
vidual cone terminal that expresses several synaptic ribbons, inhibito-
ry feedback from an hc is circumscribed to the synaptic ribbon that
it contacts (40). An entirely different scenario describes communi-
cation between rods and their postsynaptic rbcs. Each rod spherule
contains a pair of rbc dendrites (26). They are thought to receive
their glutamatergic input from the same rod AZ release sites as hcs
(41), but the rbc dendrites are centrally located, displaced 200 nm
from the rod ribbon AZs (26). This is assumed to allow rbc
dendrites to monitor release from both sides of the ribbon, which
doubles the number of release sites over which the release rate is
averaged. In theory, this should enhance the ability of the synapse to
signal single-photon events (41, 42).

Our 3D-MINFLUX results build on earlier studies that investi-
gated the molecular architecture of mouse rod AZs and mechanisms
of release. Previous studies using immuno-EM techniques deter-
mined the location of AZ proteins by analyzing 2D cross sections
through the large, curved rod AZ(s). They reported that the AZ
proteins (i.e., ubMuncl3-2 and Cayl.4 channels) were positioned
around the base of the ribbon, either in or near the AD, or laterally
displaced from the ribbon where SVs are docked (4, 17, 25, 31). We
find that these AZ proteins are positioned laterally, rather than in
the AD, which we propose positions them in proximity (<10 nm) to
SV docking sites (see fig. S5, A and B). We view this as a refinement
of earlier models, which was facilitated by 3D imaging with a localiza-
tion precision under 6 nm. Furthermore, the positioning of the AZ
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proteins concurs with our recent physiological study on wild-type
and ribbonless mouse rods that suggested that a Ca** nanodomain
controls the fusion of SVs docked at the base, and on both sides, of the
ribbon (21). In that study, we also found that a fraction (25%) of
release persisted in ribbonless rods, yet the coupling of Cay channels
and SVs remained on a nanoscale. This is in contrast to measure-
ments of evoked release from salamander rods, which represents
the bulk of literature on this topic, that have reported Ca** nano-
domain control of release in addition to a larger portion of release
that is under the control of global Ca** (18, 19) and possibly inde-
pendent of the ribbon (20). To explain the differences in the physi-
ological behavior of mouse and salamander rods, with reference to
Cay channel topographies, two divergent scenarios are given. First,
the Cay channels in salamander terminals may be arranged into
arrays distinct from the two rows of AZ proteins that we report for
mouse rod ribbons. Alternatively, the same two rows of AZs may be
formed about each salamander ribbon, but because salamander rods
express five to seven ribbons per terminal (18), their ribbons may be
positioned close enough to one another to combine Ca** domains
(18). Applying 3D-MINFLUX to study Ca, channels in salamander
rods and other ribbon expressing cells will provide new structural
and functional insight.

Our findings are consistent with several detailed descriptions
of the molecular topography of AZ formed by other ribbon and
conventional synapses. Several STED imaging studies on mouse
cochlear inner hair cells (ihcs) have resolved highly ordered pre- and
postsynaptic arrangements of synaptic proteins. In particular, linear
strips of AZ proteins accurately describe the ihc ribbon-AZ (28, 43),
and here, a nanodomain of Ca®" has been imaged in living ihcs (8).
A potential difference to rod AZs could be that the Ca,1.3 channels
of the ihc AZ cluster underneath the presynaptic density and feature
a variable set of channels at the perimeter of the cluster that are
tightly linked to SV release sites (44, 45). However, proper elucida-
tion of Cay1.3 channel topography, in combination with RIM-binding
protein (46), will require MINFLUX analysis or freeze-fracture
immunolabeling EM (47, 48). Additional high-resolution detail
comes from work at the fly neuromuscular junction where different
forms of Uncl3 are differentially localized at the AZ, to carry out
unique functional roles (11). Similarly, Munc13-1 clusters have
been indicated to form SV release sites at AZs of cultured hippo-
campal neurons (7) Some of the approaches used in those studies
can be implemented to better elucidate the structural and functional
organization of mouse rod ribbons. For instance, by using addi-
tional epitopes for a given protein, we should be able to better
understand the orientation of AZ proteins about a release site. Even
in the absence of such information in the current study, we were
able to gain useful insight into mechanisms of release.

MATERIALS AND METHODS

Retinal slices and HARD

Animals were handled in accordance with the Max Planck Institute
and German national animal care guidelines. Retinal slices freshly
prepared from wild-type C57BL/6 mice were made with the same
procedure used for electrophysiological recordings (26). Briefly,
dissected portions of retina were absorbed onto pieces of nitro-
cellulose membrane, vitreal side down, and then sectioned with a
tissue chopper (custom-made). Slicing was carried out in normal
mouse extracellular solution (MES) with a low Ca?" concentration
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that had the following composition: 135 mM NacCl, 2.5 mM KCl,
0.5 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 15 mM Hepes,
pH adjusted to 7.35, with NaOH and an osmolarity of 295 mOsmol.
Five minutes after slicing, the extracellular solution was exchanged
to an MES with 2 mM CaCl, at 20°C and incubated for 10 min
before fixation. Glass coverslips used in these experiments were
cleaned as follows: sonicated in deionized water for 20 min and then
heat-dried in an oven at 50°C. To preserve retinal tissue for confocal,
EM, and MINFLUX, we used HARD; see the Supplementary Mate-
rials for details on preparing HARD samples. Briefly, this entailed
momentarily placing a 150- to 200-pm-thick fresh retinal slices (still
attached to nitrocellulose membrane) directly onto glass coverslips
that rested on a histological heat plate maintained at a temperature
of 50°C. HARD samples were not treated with chemical fixatives or
permeabilizing agents before or during immunostaining. The HARD
samples could be stored in a desiccated chamber at 23°C for 2 weeks
until needed, although, in most instances, the samples were immu-
nostained immediately after preparation.

Immunohistochemistry

Immunohistochemistry of fixed retinal slices was performed as
described (32). For indirect immunolabeling, HARD samples were
first blocked for 60 min at 23°C with 2% BSA dissolved in PBS and
then incubated with primary antibodies at a dilution of 1:1000 in
2% BSA-PBS for 12 to 16 hours at 4°C. Following incubation in the
primary antibody, the HARD sample coverslips were washed on a
rotating table for 2 to 4 hours, starting with 2% BSA-PBS for 30 min
at 4°C, followed by three exchanges in 1x PBS for 30 min of wash
time per exchange. Next, the HARD samples were incubated 1 hour
with the secondary antibody at 23°C in 2% BSA-PBS. Samples were
then washed two times in 2% BSA-PBS for 30 min at 23°C. In most
instances, the ribbon was also labeled after labeling AZ proteins.
This entailed a 1- to 2-hour incubation with 1:2000 dilution of
anti-ctbp2 (mouse) or anti-ribeye A (guinea pig) at 23°C.

A list of primary and secondary antibodies is provided in
Table 1, and references to published works using these antibodies
can also be found therein. The epitopes used to make the antibodies
are summarized in fig. S1. The Alexa Fluor 647 dye was used for
MINFLUX. In addition, an anti-mouse secondary antibody coupled
to the CF660C dye (Biotium), made in-house (Abberior Instruments),
was used for two-color 3D-MINFLUX imaging in combination with
an anti-rabbit Alexa 647 as the second fluorophore (Fig. 7). Stained
samples were kept in PBS at 4°C until time of use (within 5 days of
rehydration). For initial evaluation and documentation of the HARD
sample procedure, immunolabeled samples were imaged with a
spinning disc confocal Visiscope (Visitron Systems) at the Live-Cell
Imaging Facility (Max Planck Institute for Multidisciplinary Sciences).
Images were processed with ImageJ-Fiji software. Imaging results
were derived from immunolabeling experiments that were per-
formed in duplicate or triplicate, and multiple preparations were used
to assess each primary antibody.

Sample mounting for MINFLUX microscopy

To enable sample stabilization during MINFLUX measurements,
gold nanorods (Nanopartz Inc., A12-40-980-CTAB-DIH-1-25) were
added as fiducials before mounting the samples in imaging buffer as
described before (12). In brief, an undiluted dispersion of the nanorods
was applied to the ready-made samples for 5 to 10 min. For MINFLUX
imaging, samples were mounted in GLOX buffer [50 mM tris-HCI,
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10 mM NaCl, 10% (w/v) glucose, and catalase (64 pg/ml), glucose
oxidase (0.4 mg/ml), and 10 to 25 mM mercaptoethylamine (pH 8.0)]
(12,49). After mounting, samples were sealed with twinsil (picodent).

MINFLUX nanoscopy

For confocal and MINFLUX microscopy, an Abberior Instruments
MINFLUX microscope equipped with a 642-nm (continuous wave)
excitation laser, a 405-nm (continuous wave) activation laser, an
spatial light modulator-based beam shaping module, and an electro-
optical detector-based MINFLUX scanner was applied (13). Fluo-
rescence photons emitted from the sample were counted using two
avalanche photodiodes together with fluorescence filters (650 to
750 nm). In addition to the MINFLUX channels, the microscope
has epifluorescence and 488-nm confocal imaging beam paths,
which allow to identify structures based on ribeye—Alexa Fluor 488
IF-labeled structures. To enable measurements with molecular
precision, the Abberior MINFLUX microscope is equipped with a
reflection-based stabilization unit, based on a 980-nm laser. The
MINFLUX microscope was calibrated daily as described previously
(13). The precision of 3D-MINFLUX localizations is as follows
[range of precision (nm), and the range of number of localizations]:
Cayl.4 alF: 5.01 to 5.53 nm, and 423 to 1550; bassoon: 4.29 to
4.34 nm and 359 to 614; ubMunc13-2: 4.65 to 5.58 nm, and 423 to
1283; RIM2: 4.94 to 5.27 nm, and 417 to 3751. The precision of the
2D-MINFLUX localizations is as follows [range of precision (nm) and
number of localizations (N)]: CAST: 3.30 to 7.17 nm and 319 to
2776 localizations; piccolo: 3.34 to 3.91 nm and 2476 to 7809 N. To
measure the distances between rows of AZ proteins, we used the
ruler in ParaView (50) while rotating the image in the 3D viewer as
shown in Fig. 5 (C and D). Five measurements of distance between
rows were from each rod ribbon AZ, including the ends and central
region. Data are presented as means + SD. The measurements were
from five to six rod AZs, and the unpaired Student’s ¢ test was used
to make statistical comparisons between AZ datasets.

Electron microscopy

HARD samples were rehydrated and subsequently immersed in
freshly prepared and prewarmed 2% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.0) for 1 hour at room temperature. Samples
were then kept in a cold room for 2 days. Subsequently, they were
washed with double distilled water three times for 5 min each. The
samples were dehydrated in a graded series of ethanol (30, 50, 75,
and 100%, 5 min each) with a final dehydration in propylene oxide
for 5 min at room temperature before resin infiltration with a 1:1
mixture of propylene oxide and EPON (EMbed 812; 14121, Elec-
tron Microscopy Sciences, Hatfield, PA, USA) for 1 hour and two
fresh replacements of 100% EPON (first for 1 hour, and second
overnight at 4°C). For the final embedding, the samples were
covered with BEEM capsules (70,000; Electron Microscopy Sciences,
Hatfield, PA, USA) filled with fresh EPON resin and cured in an
oven at 60°C for 48 hours. Ultrathin (100-nm) sections were cut
perpendicular to the coverslip and collected onto grids for trans-
mission EM using a Thermo Fisher Scientific Talos L120C equipped
with a Ceta 4K CMOS camera.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl7560

View/request a protocol for this paper from Bio-protocol.
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