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Epitope-preserving magnified analysis

of proteome (eMAP)
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Synthetic tissue-hydrogel methods have enabled superresolution investigation of biological systems using
diffraction-limited microscopy. However, chemical modification by fixatives can cause loss of antigenicity, limiting
molecular interrogation of the tissue gel. Here, we present epitope-preserving magnified analysis of proteome
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(eMAP) that uses purely physical tissue-gel hybridization to minimize the loss of antigenicity while allowing per-
manent anchoring of biomolecules. We achieved success rates of 96% and 94% with synaptic antibodies for
mouse and marmoset brains, respectively. Maximal preservation of antigenicity allows imaging of nanoscopic
architectures in 1000-fold expanded tissues without additional signal amplification. eMAP-processed tissue gel
can endure repeated staining and destaining without epitope loss or structural damage, enabling highly multi-
plexed proteomic analysis. We demonstrated the utility of eMAP as a nanoscopic proteomic interrogation tool by
investigating molecular heterogeneity in inhibitory synapses in the mouse brain neocortex and characterizing
the spatial distributions of synaptic proteins within synapses in mouse and marmoset brains.

INTRODUCTION

Over the past decade, hydrogel-tissue hybridization techniques have
enabled new approaches in molecular imaging and phenotyping of
biological systems (1-5). These methods synthesize acrylic polymer
networks inside the tissue specimen to mechanically support tissue
architecture and anchor endogenous biomolecules at their physio-
logical location. To prevent loss of biomolecules during subsequent
tissue clearing or expansion, chemical fixatives have been used to co-
valently link individual biomolecules to the acrylic polymer mesh. In this
process, formaldehyde, the most commonly used tissue fixative, forms
highly reactive methylols with amine groups in the endogenous bio-
molecules. We and others have used acrylamide as a major building
block of polymeric networks because acrylamide can readily react
with methylol to form an irreversible methylene bridge (I, 2, 6, 7).
The high concentrations (4 to 30%) of acrylamide used in these meth-
ods ensure that most of the methylol-carrying molecules are cova-
lently anchored to the polymer mesh, effectively preventing their loss
in the subsequent delipidation, physical tissue expansion, and even
harsh destaining steps.

This covalent hydrogel-tissue fusion strategy has been widely
adopted to enable interrogation of a broad range of biological sys-
tems, including mammalian organs, human clinical samples, plants,
and invertebrates (2, 6-11). However, all the methods based on this
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strategy suffer from a fundamental side effect of the covalent anchoring:
chemical modification of biomolecules. Endogenous proteins have
many amine-containing amino acids on their surface, which can react
with formaldehyde and subsequently with acrylamide. The chemi-
cal modification of these surface moieties can cause epitope damage.
In addition, long acrylic polymer chains linked to epitopes or nearby
the epitope sites can physically block antibody-epitope interactions.
These undesirable effects of the covalent tissue-hydrogel fusion cause
the loss of a wide range of epitopes, substantially limiting the pool of
commercially available antibodies that can be used to interrogate bi-
ological systems.

This drawback becomes particularly problematic when studying
complex biomolecular machinery, such as chemical synapses. Each
synapse (less than 0.5 um’ in volume) contains hundreds of unique
protein species highly organized in three dimensions (3D). The com-
positions and the nanoscopic organization of the synaptic proteins
(SyPs) determine the function of individual synapses within a specific
neural circuit. Synthetic gel-based superresolution imaging techniques,
such as magnified analysis of proteome (MAP) (6) and expansion mi-
croscopy (ExM) (2), provide the opportunity to interrogate the molec-
ular diversity and heterogeneity in synapses at nanoscopic resolution
with diffraction-limited microscopy. However, our limited ability to
recognize specific molecules has hampered this investigation.

Here, we present epitope-preserving MAP (eMAP) technology
that enables exceptional preservation of epitopes in an expandable
tissue-gel hybrid. eMAP is designed to avoid the chemical conjuga-
tion of acrylamide monomers to biomolecules to minimize the loss
of antigenicity. Instead of chemical crosslinking, we demonstrated that
purely physical hydrogel-tissue hybridization can robustly anchor
biomolecules and preserve their epitopes and nanoscopic organiza-
tions in a 4- to 10-fold linearly expandable tissue gel. eM AP-processed
mouse and marmoset brain tissues were compatible with 96% (49 of
51) and 94% (46 of 49) of antibodies against SyPs tested, respectively.
All the tested antibodies provided bright and highly specific signals
in 1000-fold volumetrically expanded tissues without any additional
signal amplification. eMAP allowed us to perform multiplexed, multi-
round nanoscopic characterization of individual synapses in both
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4x and 10x linearly expanded tissues using a diffraction-limited mi-
croscope and commercial antibodies. We demonstrated the utility of
eMAP for quantitative studies of the heterogeneity in molecular com-
position of inhibitory synapses and the nanoscopic organization of
various SyPs within a single synapse in mouse and marmoset brains.

RESULTS

Physical hybridization minimizes loss of antigenicity

We hypothesized that the loss of antigenicity in covalently fused syn-
thetic tissue gel is caused by the chemical bonding of acrylic monomers

to amino acid residues within or nearby the epitope site (Fig. 1A). The
direct chemical tethering of acrylic monomers to the epitope site
can substantially alter the weak interactions (e.g., electrostatic and
Van der Waals interactions) crucial in the antigen-antibody binding
process, causing loss of antigenicity. The chemically bonded acrylic
monomers within or nearby the epitope site can also recruit bulky pro-
teins or polymer chains, resulting in physical masking of the epitope,
which hinders antibody-antigen binding (Fig. 1A).

To minimize the loss of antigenicity in the tissue-gel hybridization
process, we modified the original MAP protocol to remove formal-
dehyde during the gelation step. Instead of transcardial perfusion of
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Fig. 1. eMAP maximally preserves antigenicity by minimizing chemical alteration of epitopes. (A) Schematics illustrating the modes of epitope damage in tissue-gel
hybridization. The primary amines on proteins react with formaldehyde to form methylol, which can subsequently react with acrylamide or primary amide groups of

polypeptides to form irreversible methylene bridges. These chemical modificat

ions lead to direct or indirect damage of epitopes, causing the loss of antigenicity.

(B) Schematics showing the original MAP and eMAP procedures. In the original MAP, biomolecules are chemically crosslinked to the swellable gel. On the other hand,
biomolecules are physically trapped in the swellable gel in eMAP. AA, acrylamide; BA, bis-acrylamide; SA, sodium acrylate; FA, formaldehyde. (C) Comparison of immuno-
histochemistry signal profiles between the chemical (MAP) and physical (eMAP) hybrids. Bassoon (magenta) and Piccolo (cyan) antibodies were coimmunolabeled, and
the images were taken using identical imaging settings. The images are displayed in different dynamic ranges, and the ranges are shown in the lower left corners. The
inset images show 4x digitally zoomed subregions identical in the two channels and contain the yellow dotted line for drawing intensity profiles shown on the right. The
inset line plot for the chemical hybrid shows the same line intensity profile but with a reduced y-axis scale. Scale bars, 5 um. (D) Antibody compatibilities in the chemical
(MAP) and physical (eMAP) hybrids. Fifty-one antibodies targeting the 27 SyPs were evaluated.
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the hydrogel monomer solution containing 4% formaldehyde, eMAP
starts with a formaldehyde-fixed tissue. The sample is thoroughly
washed to remove any excess formaldehyde before gelation. During
this extensive washing step, the unreacted methylols can release formal-
dehyde because the methylol formation reaction is reversible, restoring
the native property of the respective amino acids. Next, we incubate
the tissue in a hydrogel monomer solution containing 30% acryl-
amide, 10% sodium acrylate, 0.1% bis-acrylamide, and 0.03% V A-044.
In the absence of formaldehyde in the hydrogel monomer solution,
acrylic monomers cannot react with endogenous biomolecules; hence,
the biomolecules are not covalently anchored to the swellable gel net-
work. This unique gelation enables the polymeric chains to form phys-
ical entanglements with biomolecules (Fig. 1B) (12). The tissue-gel
hybrid synthesized in the absence of formaldehyde is subsequently
incubated in a buffer solution containing SDS at 95°C for 10 min to
dissociate protein complexes. The heat-treated tissue gel is then ex-
panded in deionized (DI) water. We use the term “physical hybridiza-
tion” to describe the process of synthesizing a physically crosslinked
swellable gel in a fixed tissue sample.

We compared the antigenicity of chemical and physical hybrids
by staining and imaging them using the same imaging settings. No-
tably, we prepared both hybrids using tissues that originated from
the same animal to control the base antigenicity. Because transcar-
dial perfusion of the MAP monomer solution is incompatible with
the physical hybrid preparation, we made slight modifications to
the protocol to recapitulate the chemical alteration of epitopes oc-
curring in the original MAP protocol. In short, a mouse brain per-
fused with 4% formaldehyde was immediately hemisected and then
incubated in a buffer containing both the eMAP hydrogel mono-
mers and 4% formaldehyde for chemical hybrid preparation. The
opposite hemisphere was reserved for physical hybrid preparation.
To test the antigenicity, we stained the chemical and physical hy-
brids with Bassoon and Piccolo antibodies that are not compatible
with the original MAP protocol. Bassoon and Piccolo are both com-
ponents of the presynaptic cytoskeletal matrix and are expected to
localize closely (13). As expected, the chemical hybrid exhibited mostly
nonspecific signals that are weak and not concordant between the
two target channels, indicating that the antibodies do not work with
the chemical hybrid (Fig. 1C, top). In contrast, bright synaptic puncta
were clearly visible in the two channels and they showed high con-
cordance (Fig. 1C, bottom). In addition, we asked whether signal qual-
ity could further improve the physical hybrid for antibodies that
show poor or moderate signal quality in MAP-processed tissues. In
all three Homer1 antibodies we tested in this experiment, the signal-
to-noise ratio was greatly improved and the signals were noticeably
brighter in the physical hybrid at the same laser power (fig. S1, A
and B, and table S1). Together, we confirmed that the chemical alter-
ation of tissue gel in the presence of both acrylamide and formalde-
hyde can lead to loss of antigenicity, while the physical hybridization
in eMAP can enhance antibody labeling in tissue gel by minimizing
the loss.

One of the notable drawbacks of the synthetic gel-based tech-
niques has been a limited compatibility with antibodies targeting
SyPs. As a rigorous test, we selected 51 antibodies targeting 27 dif-
ferent SyPs that either are commonly cited for studying the synap-
tome or were readily available to us at the time of the experiments
(table S1). For cross-validation, we grouped two or three antibodies
produced from different host species into an experimental set for
costaining if they (i) share a target or (ii) have closely related targets
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(e.g., paralogs) expected to be localized in the vicinity. We tested
33 sets of antibodies and used three biological replicates of mouse
brains for testing each set. The success or failure of the antibody
labeling was determined by three independent experts based on the
colocalization of signals and overall staining patterns and then con-
firmed for consistency. The chemically hybridized mouse tissues
(MAP) were compatible with only 35 of 51 antibodies, covering
21 SyP targets (Fig. 1D and table S1). The targets failed included key
proteins (e.g., Piccolo, Shankl, and GluA2) that have been implicated
in neurological disorders (14-16). In contrast, physically hybridized
tissues (eMAP) were compatible with 49 of 51 SyP antibodies tested,
covering a wider array of 26 SyP targets including those key proteins
(Fig. 1D, fig. S1C, and table S1). In addition, we systematically com-
pared the signal quality of antibody labeling in the chemical and
physical hybrids in a quantitative manner. We calculated Pearson’s
correlation coefficient of the colabeling images of the paired anti-
bodies (fig. S1D). In general, the correlation coefficient was greater
in the physical hybrid, and the increase was more prominent for the
antibodies that are compatible only with eMAP. For the antibodies
that work with both hybridization methods, we also compared the
maximum intensity value (99.99 percentile to exclude outlier pixels)
of the images taken at the same imaging settings. The maximum signal
intensity range was greater by up to ~8.3-fold in the physical hybrid for
most antibodies we tested (fig. S1E), indicating that eMAP-processed
tissues exhibit much brighter signals because of maximally pre-
served epitopes.

eMAP reveals feature-rich details of nanoscopic molecular
composition without signal amplification

We found that eMAP can provide exceptionally high quality images
even in 1000-fold volumetrically expanded tissues without any ad-
ditional signal amplification. Using recursive hydrogel embedding,
we achieved ~10x linear expansion (9.72 £ 0.11, n = 3) of the eMAP-
processed tissue gel with four rounds of embedding (Fig. 2A). To
validate the effective resolution achieved by ~10x linear expansion,
we eMAP-processed a mouse brain tissue with four rounds of em-
bedding and performed immunostaining for f-tubulin to visualize
microtubules to measure the transverse peak-to-peak distance of
the microtubule sidewall. For the eMAP-processed mouse brain tis-
sue, the distance between the sidewall peaks was 48.5 + 16.9 nm (fig. S2),
which is in line with the results from iterative ExM (8). This suggests
that we can successfully achieve superresolution imaging by homo-
geneous recursive physical expansion of the tissue specimen.

The repetitive embedding renders the tissues mechanically ro-
bust because of the high density of interwoven polymer chains in the
hybrid despite approximately 1000-fold volumetric expansion. The
robustness of eMAP-processed tissue gel allows easy handling and
post-expansion antibody labeling with great compatibility. We con-
firmed that antibodies can easily diffuse in and out of the tissue-gel
hybrid, indicating that the pores within the entangled high-density
meshes are large enough for the transport of free macromolecules.
Unexpectedly, simple primary and secondary antibody staining of
the 1000-fold expanded tissues with the tested antibodies provided
high-quality images without any additional signal amplification. This
unique feature of eMAP eliminates the need for sophisticated fluo-
rescence signal amplification or custom probe development, allow-
ing easy adoption of the technology by any biology laboratory.

The high expansion factor and exceptional antibody compatibility
of eMAP allowed us to investigate the spatial organization of different

30f13

2202 ‘70 Re N uo ABojouyoa | Jo 8In1Nisu| S1BsNyJesse I\ 18 BI0°80US 105" MMM,/:SANY WO | Papeo JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

~4x expansion

1st round 1st round

physical hybridization

Postfixation
hydrogel incubation

@
AA+BA+SA
. ° e
)
. . @
e & &
. ¢ °
% °
: 1st hydrogel ~2 days

C

YEP %

PSI%—QS
/ ¥

' & G

expansion network

Repeat
~10% expansion at 4th round
ondround *~1dayperround o504 6ing
physical hybridization expansion network
@ °
e
.
° . »
° . °
.
.

: 2nd hydrogel

~ E

Bassoon

D Before expansion After expansion F
25 1 Marmoset Antibody compatibilities (eMAP, 46/49)
= 20 A 2
g 15 4 \/ Presynaptic proteins Postsynaptic proteins
% 10 A Synapsin | (2/2) GIuA1 (4/4)
S Synapsin I/l (2/2) GIuA2 (1/1)
o 51 n=4 Synaptophysin (2/2) GluN1 (3/3)
0 . . : . VGLUT1 (0/1) GIuN2b (1/1)
0 250 500 750 1000 VGLUT2 (1/1) GABAARa1 (2/2)
GAD1 (3/3) GABAARQ2 (0/1)
r“O % GAD2 (3/3) GABAARBS (1/1)
() we o VGAT (2/2) GABABRT1 (0/1)
" Bassoon (4/4) @ gy, Homerl (3/3)
‘ m ‘l Piccolo (1/1) @y psD-95 (1/1)
m ) . SRR Shanki (1/1)
Synaptic adhesion Shank2 (2/2)
n=4 l Neuroligin 1 (1/1) Shank3 (1/1)
i ) J Neuroligin 2 (1/1) Gephyrin (3/3)
10 20 30 Neuroligin 1/2/3/4 (1/1)

Measurement length (um)

Fig. 2. eMAP offers high expansion factors by recursive embedding while preserving the spatial organization of molecules. (A) Schematic of the recursive embed-
ding of an eMAP-processed tissue. (B) Individual synapses in eMAP-processed, 10x linearly expanded mouse brain tissues visualized by different sets of Bassoon and
PSD-95 antibodies: Bassoon SYSY 141004 and PSD-95 NeuroMab 75-028 (top), and Bassoon SYSY 141003 and PSD-95 NeuroMab 75-028 (bottom). Scale bars, 200 nm
(2 um in expanded). (C) 3D-rendered image of a 50-um-thick (5 um before expansion) mouse brain slice stained with anti-YFP (white), Bassoon (magenta), and PSD-95
(green) antibodies. Scale bars, 500 nm (5 um in expanded). (A) and (B) are inset images of respective dendritic spines highlighted in the 3D-rendered image. Scale bars,
200 nm (2 um in expanded). (D) Images showing Lectin-stained (top) and NF-H-stained (bottom) tissues before and after expansion. Scale bars, 500 um (Lectin) and 50 um
(NF-H). The plots on the right show the root mean square error (RMSE) at different measurement lengths mesoscale (top) and microscale (bottom). (E) Individual synapses
in eMAP-processed, 10x linearly expanded marmoset brain tissues visualized by different sets of antibodies. Scale bars, 200 nm (2 um in expanded). (F) Antibody compat-

ibility in eMAP-processed marmoset brain tissue for the 27 SyPs in Fig. 1D.

types of SyPs with the large library of commercial antibodies (table
S1). We immunolabeled eMAP-processed mouse brain tissues for
putative excitatory synapses by colabeling Bassoon and PSD-95,
which are localized in the pre- and postsynaptic compartments, re-
spectively, with different sets of antibodies (Fig. 2B). Notably, the
symmetrical distribution of the discrete 3D Bassoon nanoclusters
could be visualized on top of perforated PSD-95 in the synapses

Park et al., Sci. Adv. 7, eabf6589 (2021) 12 November 2021

organized along the optical axis of the confocal microscope. Similar
perforated PSD-95 distributions were visualized using stimulated
emission depletion (STED) microscopy in living mice (17) and using
serial electron microscopy in a rhesus monkey (18). The highly or-
ganized distribution of Bassoon nanoclusters on top of the postsyn-
aptic compartment (PSD-95) indicates the highly isotropic nature
of the nanoscale expansion in the tissue specimen. To visualize the
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3D distribution of SyPs around a reference synaptic bouton, we pro-
cessed a Thyl-eYFP (enhanced yellow fluorescent protein) mouse
brain tissue (Fig. 2C). We immunolabeled for YFP, Bassoon, and
PSD-95 in the tissue and found that the discrete nanoclusters of
Bassoon (magenta) could be visualized on top of the green fluorescent
protein (GFP)-tagged dendritic spines/boutons (white) (Fig. 2C, a),
while PSD-95 (green) could be seen overlapping with the GFP-tagged
synaptic boutons (Fig. 2C, b).

To validate whether eMAP retains multiscale molecular archi-
tecture without severe distortion, we imaged mouse brain slices la-
beled with Lectin or NF-H before and after eMAP expansion. The
distortion analysis with Lectin showed that the root mean square error
(RMSE) was mostly under ~4.0% across measurement lengths up to
1 mm (Fig. 2D, top). Similarly, the same analysis with NF-H showed
mostly less than ~2.3% error in the range up to 30 pm (Fig. 2D, bottom).
Together, these results indicate that eMAP preserves both meso- and
microscale spatial organization of the proteins within the tissue.

Next, we used the eMAP protocol to visualize the ultrastructure of
synapses in marmoset brain tissues using the commercially available
antibodies (table S1). We achieved ~10x expansion for the marmoset
brain tissue and obtained high-quality images of nanoscale synaptic
structure, visualized by various SyPs across the presynaptic active
zone (Bassoon and Piccolo), synaptic cleft (neurolignin), and post-
synaptic scaffolding (PSD-95, Homer1, and Shank3) without signal
amplification (Fig. 2E). Similar to eMAP-processed mouse brain tis-
sues, the marmoset brain tissue was compatible with 46 of the 49 com-
mercially available antibodies targeting SyPs, covering 24 different
targets (Fig. 2F). The success of antibody labeling was determined
on the basis of the staining patterns seen in the mouse brains. Thus,
we demonstrated that eMAP provides a platform to study the inter-
relationships of a wide range of SyPs across species at nanoscopic
resolution.

eMAP enables multiplexed nanoscopic interrogation
of biomolecular machinery
Several lines of indirect evidence have suggested that there is hetero-
geneity in the molecular composition of inhibitory synapses, particu-
larly in relation to the y-aminobutyric acid type A (GABA ) receptor
(17, 19, 20). GABA, receptors are markedly complex and heteroge-
neous, with different subunit compositions conferring distinct phar-
macological sensitivities and playing discrete roles in circuit-level
plasticity (21, 22). Thus, elucidating the heterogeneity in synaptic
GABA, subunits could have notable therapeutic value. Unfortu-
nately, current multiplexed SyP mapping strategies require specialized
equipment or custom DNA barcoding of antibodies. In addition,
the limited pool of antibodies compatible with these methods has
restricted their multiplexing capabilities, hindering proteomic anal-
ysis of inhibitory synapses.

eMAP can serve as a simple yet powerful platform for multi-
plexed interrogation of nanoscopic molecular compositions by en-
abling multiround staining of the same tissue with a large library of
commercially available antibodies. eMAP-processed tissues can with-
stand multiple rounds of labeling, mounting, imaging, and destain-
ing without structural damage because they are mechanically robust
due to the high concentration of the synthetic gel content. By regis-
tering images from the multiround immunostaining of the same
tissue, eMAP can reveal a more comprehensive view of the subcel-
lular ultrastructure. Individual sparsely labeled neurons within the
volume helped with the local image registration between rounds of
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staining, allowing the proteomic investigation of synapses across
many different areas within a large tissue volume.

To examine the issue of molecular heterogeneity in GABA4 re-
ceptor content at inhibitory synapses using eMAP, we sparsely la-
beled individual L2/3 pyramidal neurons in the primary visual cortex
by in utero electroporation at E15.5 with an eYFP cell fill, as previ-
ously published (23-25). Labeled pups were reared to ~P30 and im-
planted with a cranial window. After recovery, we imaged dendrites of
an entire L2/3 pyramidal neuron in the binocular visual cortex by
two-photon microscopy. We then fixed and eMAP-processed the
tissues (~4x expansion; single embedding). The expanded tissue
blocks then underwent several rounds of antibody staining and de-
staining, with each round containing antibody against GFP (which
recognizes eYFP), to identify the imaged cell and allow registration
between rounds. In addition to eYFP, round one was probed for
GABAaRal and GABARB3; round two was probed for vesicular
GABA transporter (VGAT) and glutamine decarboxylase 2 (GAD2);
and round three was probed for Gephyrin (Fig. 3A). After each round,
the slice was imaged using a confocal microscope with a 1.3-numerical
aperture (NA) objective to resolve pre- and postsynaptic puncta, and
the three rounds of imaging were aligned with respect to the eYFP-
filled dendrites. We scored all Gephyrin puncta within the volumes
proximal to aligned dendrites for apposition with both GAD2 and
VGAT to validate real inhibitory synapse presence (Fig. 3A). These
synapses were then assessed for the presence of GABA, receptor
subunits al and B3. We found that while most had both a1 and 33
subunits (56.74%), 25.15% of synapses had neither, and smaller frac-
tions (15.09 and 3.02%, respectively) had only al or B3. These find-
ings confirm that inhibitory synapses are not homogeneous in their
molecular content and show that eMAP is a powerful tool for quan-
titative interrogation of synaptic proteome.

Next, we took advantage of eMAP’s multiplexing capability to
characterize the spatial distribution of protein nanoclusters within
the same synapse in 10-fold linearly expanded hybrids. We eMAP-
processed a mouse brain cortex tissue with four rounds of embed-
ding and performed multirounds of immunostaining with pre- and
post-SyP antibodies. In the first round, the sample was immunola-
beled for Bassoon, Piccolo, and PSD-95 to visualize the distribution
of active zone proteins (Bassoon and Piccolo) over the postsynaptic
compartment (PSD-95) of a putative excitatory synapse (Fig. 3B,
right top). In the second round of staining, we immunolabeled the
tissue for PSD-95, Shank1, Shank3, and Homer1 to visualize additional
postsynaptic scaffolding proteins of excitatory neurons (Fig. 3B, right bot-
tom). PSD-95 was included in both rounds to be used as a co-registration
marker to create a precise composite image of the six different pro-
teins within the same synapse (Fig. 3C). We found that the signal
intensity was uniform across the immunolabeling rounds and con-
firmed the complete destaining of the sample between rounds by
imaging the destained tissue. Using eMAP, we were able to reveal a
clear and detailed synaptic ultrastructure by visualizing six different
SyPs within the single synapse. In addition, we demonstrated that
eMAP can be applied for multiplexed mapping of the nanoscopic
SyP distribution in marmoset brain tissues; we imaged six different
SyPs through three rounds of staining of the same tissue (Fig. 3D).
Together, these results demonstrate that eMAP enables multiplexed
nanoscopic characterization of the proteome within a spatially com-
pact and highly organized structure in both 4x and 10x linearly expanded
tissues using commercially available antibodies and a conventional
confocal microscope.
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Fig. 3. eMAP enables multiplexed and integrated molecular mapping of chemical synapses at nanoscopic resolution. (A) (a) Two-photon imaged cell with a YFP
cell fill (red) before and (b) after 4x linear expansion stained with anti-YFP (white). (c to e) Magnified view of the boxed area in (b) during multiround labeling, (c) anti-
Gephyrin (red), (d) anti-VGAT (cyan), GAD2 (green), (e) anti-GABAaRa 1 (yellow), and anti-GABAARB3 (magenta). (f) Single bouton innervating two postsynaptic Gephyrin
clusters (white arrows), which contain both GABAxRa1 and B3 subunits. (g) Single bouton innervating two postsynaptic Gephyrin clusters lacking both GABAsRa.1 and B3
(open arrows). Scale bars, 20 um (a), 80 um (b), 16 um (c to e), and 3 um (f and g). (B) Multiround staining images of an eMAP-processed mouse brain tissue. Round 1:
Bassoon (magenta), Piccolo (orange), and PSD-95 (green). Round 2: Homer1 (magenta), Shank1 (orange), Shank3 (cyan), and PSD-95 (green). Magnified view of the syn-
apse in the boxed area is shown to the right. (C) Separate and composite images of the same synapse in (B). Images taken from each round were co-registered to create
composite images of six different proteins on the same synapse. PSD-95 channels from both rounds were used as the common channel for image registration. (D) Three-
round staining images of an eMAP-processed marmoset brain tissue. Round 1: Bassoon (magenta) and PSD-95 (green). Round 2: Piccolo (magenta) and Homer1 (green).

Round 3: Synapsin I/Il (cyan) and Shank2 (green). Scale bars, 200 nm (2 pm in expanded) (B to D).

eMAP facilitates high-throughput ultrastructural analysis
Although superresolution imaging setups and freeze-fracture electron
microscopy have been successfully used for studying the spatial distri-
bution of SyPs across the brain, their widespread use has been ham-
pered by the prohibitive costs of the equipment and complexity of the
sample preparation protocols (26, 27). Post-expansion antibody stain-
ing combined with the maximal preservation of epitopes in eMAP
could address this challenge by enabling low cost and high-throughput
imaging of the synaptic architectures using conventional confocal
microscopes and the simple immunostaining procedure. Expanded
eMAP-processed tissue hybrids create space around epitopes, allow-
ing probes to bind to previously inaccessible epitope sites in tightly
packed pre- and postsynaptic compartments, which provides high-
quality images without signal amplification in 10x expanded tissues
(28). Using standard confocal microscopy and eMAP, we were able to
acquire a large number of superresolution images of synapses with
varying viewing angles spanning side to en face views (Fig. 4A) in sev-
eral different regions across the marmoset brain (fig. S3). We captured
high-quality 3D images of ~50 synapses in a single x-y field of view of
size 58.63 um by 58.63 um and a z-step size of 0.66 um, with an ap-
proximate acquisition time of 300 s, thus enabling the high-content
and high-throughput analysis of the synaptome.

For in-depth quantitative analysis, we chose the primary visual
cortex (V1) region of the eMAP-processed marmoset brain tissue
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and measured the distance between pre- and post-SyPs along the
synaptic axis from multiple dozens of side-view synapses. We in-
cluded Bassoon and PSD-95 in all datasets to use their distance as a
reference in comparing the measurements between different data-
sets. The distance between Bassoon and PSD-95 in the marmoset V1
was ~70.4 nm (Fig. 4B), which agrees with the distance of the mouse
SyP counterparts measured by single-molecule superresolution
imaging (26, 29). We also report that Piccolo is located close to Bas-
soon at a mean relative distance of ~14 nm, which can be expected
from their structural similarity and cooperative roles in the assem-
bly and maintenance of the presynaptic active zone (Fig. 4B) (30).
In comparison, components of excitatory neurotransmitter recep-
tor proteins on the surface of the postsynaptic compartment, GluA1
and GlIuN1, are very close to the postsynaptic scaffolding protein
PSD-95 (Fig. 4B).

We also measured the span of the SyPs along the axis perpendic-
ular to the synaptic axis to examine their lateral configuration with
respect to the postsynaptic scaffold. The relative span indicates
whether a SyP is centrally distributed or spread over the interface of
a bouton. As a proxy for the exact span, we measured the length of
the major axis of an ellipse overlaid onto the segmented puncta for
each channel and compared the lengths to get the relative spans with
respect to PSD-95. We checked the parallelism between the major
axes to ensure that we are comparing the correctly aligned lengths,
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Fig. 4. eMAP facilitates high-throughput quantitative analysis of the synapses’ ultrastructure. Bassoon and PSD-95 were immunolabeled in all three datasets that
each contained Piccolo, GluA1, and GIuN1 for a comparison between different datasets. (A) Example images of side and en face view synapses. Bassoon (blue), PSD-95
(green), Piccolo, GluA1, and GIuN1 (red). (B) Estimated actual distances along the synaptic axis to Bassoon. (C) Relative length along the axis perpendicular to the synaptic
axis with respect to the PSD-95 span. Number of synapses and the Spearman’s correlation coefficient (R;) are shown in the scatter plots. Regression lines and 95% confi-
dence intervals are drawn in orange. Histograms for each protein are jointly depicted upon the top and right spines. (D) Segmentation of protein nanoclusters for each
channel with en face view synapses. (Column 1) Original images. (Column 2) X-Y plane-rotated images with an ellipse and its major and minor axes. (Columns 3 to 5)
Segmented protein nanoclusters for each channel. n denotes the number of segmented blobs, and r indicates the position of the blob centroid relative to the ellipse
perimeter (see Materials and Methods). The median of r is shown as a representative number. (E) Ripley’s H statistics [H(r)] calculated at varying radius (r) in pixels for the
segmented blobs in (D) for each dataset. The more negative or positive statistics indicate the more dispersed or clustered spatial distribution of the blob centroids, re-
spectively. Scale bars, 200 nm (2 um in expanded) (A and D).

and for most synapses, the major axes were nearly parallel to each
other (fig. S4). In this analysis, we observed that the major popula-
tion of GluA1 nanoclusters is centrally located, while GluN1 nano-
clusters show a broader distribution in terms of the relative span
(Fig. 4C), consistent with previous reports (26, 31). We also found that
Piccolo shows a moderate positive correlation (Spearman’s correla-
tion coefficient, R; = 0.35) with Bassoon, suggesting that their lateral
distribution at synapses is co-regulated to some extent. In contrast,
postsynaptic receptor subunit proteins GluA1 (Rs = 0.15) and GluN1
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(Rs = 0.04) did not show notable positive correlations with Bassoon
(Fig. 4C).

To further investigate the 3D architecture of the SyP nanoclus-
ters within an individual synapse, we segmented each nanocluster
in en face view synapses and assessed their radial configurations
based on the centroid coordinates. We set an ellipse onto the post-
synaptic scaffolding protein PSD-95 and rotated the image to align
the major axis to the x axis. We defined the r value, which can tell
whether a detected blob of proteins is located inside (r < 1), on the
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perimeter (r = 1), or outside (r > 1) of the ellipse. For this particular
set of synapses, we observed that Piccolo and GluN1 were located near
the perimeter (Fig. 4D, top and bottom), while GluA1 was centrally
distributed (Fig. 4D, middle). The Bassoon puncta were spread all
over the elliptic plate of PSD-95 in all three synapses (Fig. 4D). In
addition, we examined whether other SyPs (Piccolo, GluN1, and GluA1)
are clustered together with Bassoon in their radial configuration by
calculating the descriptive statistics of Ripley’s H (32). We confirmed
that Piccolo has a more clustered spatial distribution with Bassoon
when viewed from the top (Fig. 4E), which is in line with a previous
report that showed a close spatial relationship between those SyPs
in the presynaptic macromolecular structure of rat neuromuscular
junctions using dual-color STED microscopy (13). Together, we
demonstrated that eMAP preserves the fine-scale molecular archi-
tecture of synapses and can facilitate high-throughput analysis of
macromolecular assemblies with its exceptional compatibility with
the large library of off-the-shelf antibodies and the use of a conven-
tional imaging modality.

DISCUSSION

Here, we show that purely physical hydrogel-tissue hybridization
can permanently secure biomolecules and their nanoscopic organi-
zations in highly expandable tissue gel, enabling maximal preserva-
tion of native epitopes for superresolution proteomic imaging. We
extensively tested antibodies targeting SyPs in mouse and marmo-
set brains and demonstrated that eMAP-processed tissues show
marked antibody compatibility (49 of 51 for mouse and 46 of 49 for
marmoset) and provide a robust staining signal that reveals feature-
rich details of the synaptic ultrastructure. As our method efficiently
exploits available epitopes by minimizing the chemical damage and
physical masking, conventional antibody staining provides strong
signals even in a 1000-fold volumetrically expanded specimen with-
out the use of sophisticated signal amplification techniques. In ad-
dition, eMAP retains the beneficial features of the original MAP
technique, including multiplexed post-expansion staining and mul-
tiround labeling. We envision that eMAP would also be compatible
with other tissue types as the steps other than tissue-gel hybridiza-
tion are mostly identical with MAP. However, rigorous validation
would be required for different tissue types.

We engineered the eMAP tissue-gel hybrid to be permeable
enough for antibodies to uniformly bind to their epitopes in a thick
specimen while permanently anchoring endogenous proteins and
forming rigid tissue gel. The proteins in the formaldehyde-fixed tis-
sues form closed networks among themselves using methylene bridges.
When linear polyacrylamide (pAAm) chains are synthesized inside
the fixed tissue during the eMAP gelling process, they can penetrate
the closed protein networks before they form crosslinks with other
linear pAAm chains. Once the pAAm chains are fully grown and cross-
linked with each other, the pAAm gel network forms physically en-
tangled meshes with the endogenous protein network, permanently but
flexibly anchoring the endogenous proteins (5). eMAP-processed
tissues can withstand several rounds of multiplexed antibody stain-
ing and destaining cycles, enabling more comprehensive molecular
phenotyping using off-the-shelf antibodies without any custom mod-
ification. SyPs closely packed within presynaptic compartments (e.g.,
Bassoon and Piccolo) can be easily differentiated and resolved in the
eMAP-processed tissues because of its high antibody receptivity.
Using eMAP, we quantitatively examined the heterogeneity of the
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GABA, receptor content at inhibitory synapses and also mapped
the spatial distribution of multiple SyPs at the single synapse level.

In recent years, marmosets have emerged as an excellent model
for studying brain function and dysfunction due to their short re-
productive cycle, high cognition, and close genetic relationship to
humans. Researchers have developed highly efficient genome-editing
techniques to produce marmoset models of neurodevelopmental
disorders (33-40). Understanding the pathophysiological impact of
these mutations on the nanoscopic organization of SyPs is critical as
abnormal synaptic structures are commonly found in many neurolog-
ical disorders (41, 42). However, the limited pool of antibodies avail-
able for primate SyPs and difficulties in interrogating nanoscopic
architectures have restricted this investigation. Using eMAP, we could
successfully use the commercial antibodies to acquire high-quality
nanoscopic images of the targeted SyPs in the marmoset brain and
quantitatively characterize their spatial organizations. However, we
have only tested the antibodies with brain tissues harvested from a
single marmoset due to the scarcity of marmoset brain samples. Ad-
ditional studies are required to fully establish the difference in the
antibody compatibility between the chemically and physically hy-
bridized marmoset brain tissues.

We envision that the high-throughput acquisition of these rich
datasets will enable holistic investigation of complex molecular ma-
chinery at nanoscopic resolution across different brain regions, gen-
ders, and ages. Recently, Cizeron et al. (43) characterized changes in
SyP composition at excitatory synapses across the life span of mice.
They defined several classes of synapses based on the expression pat-
tern of PSD-95 and SAP102 and showed that the numbers and spatial
distributions of these classes significantly change with age (43, 44).
Applying the large pool of compatible antibodies and the multi-
plexed imaging capability of eMAP to these studies would facilitate
further characterization of these synapse subtypes and may reveal how
the molecular configurations of SyPs are linked to functional differ-
entiation of synapses.

Collectively, eMAP opens an avenue to comprehensively charac-
terize the nanoscopic molecular structures across different tissue
regions and species with greater ease. We are hopeful that the ease of
sample preparation, the high compatibility with commercially avail-
able antibodies, and the use of standard imaging modalities will put
our method well within reach of numerous neuroscience and biology
laboratories and accelerate the study of nanoscopic molecular ma-
chinery in greater detail.

MATERIALS AND METHODS

Perfusion of the marmoset and mice brain tissues

Marmoset (12-year-old female) and Thy1-YFP-H mice (6 to 8 weeks
old, male and female) were sheltered in a reversed 12-hour light/
dark cycle. All the experiments were carried out with the prior ap-
proval of the Massachusetts Institute of Technology (MIT) Institutional
Animal Care and Use Committee and the Division of Comparative
Medicine and were in proper accordance with guidelines from the
U.S. National Institutes of Health (NIH). The animals were first tran-
scardially perfused with 4% formaldehyde in phosphate-buffered
saline (PBS) at 4°C. The intact brain tissue samples were then care-
fully harvested from the animal carcasses. The samples were then
incubated in 4% formaldehyde in PBS at 4°C for 2 to 3 days. Then,
the tissue samples were left on a room temperature (RT) shaker for
1 day in PBS with 0.02% sodium azide.
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Slicing and gelation

The intact brain samples were sliced into uniform 200-um-thick slices
using a vibratome (VT10008S, Leica Biosystems, Germany). The slices
were then incubated in the eMAP hydrogel monomer solution [30%
acrylamide (A9099, MilliporeSigma, St. Louis, MO, USA), 10% so-
dium acrylate (408220, MilliporeSigma), 0.1% bis-acrylamide (161-0142,
Bio-Rad Laboratories, Hercules, CA, USA), and 0.03% VA-044 (w/v)
(Wako Chemicals, Richmond, VA, USA) in PBS] at 4°C for 8 to 12 hours.
Then, the samples were carefully placed between two glass slides using
Blu-Tack adhesive (Bostik, Essendon Fields, Victoria, Australia). The
empty space was filled up with additional hydrogel monomer solu-
tion. The glass slide setup was then placed inside a 50-ml Falcon tube,
which was subsequently placed inside Easy-Gel (LifeCanvas Tech-
nologies, Cambridge) with nitrogen gas at 37°C for 2 to 3 hours. The
tube was firmly capped and placed on a 15° incline at 36° to 37°C for
2.5 hours. To account for the exothermic nature of the gelation step,
slightly lower temperature is recommended for thicker samples:
~35°C for 2-mm-thick samples and ~33°C for 3-mm-thick samples. After
gelation, the cartridge was disassembled and excess gel was trimmed
from around the lateral edges of the sample using a razor blade. The
resulting tissue-gel hybrid sample was put in PBS at 37°C overnight
for hydration.

Denaturation and recursive embeddings

The slices were incubated in a denaturation solution [6% SDS (w/v),
50 mM sodium sulfite, and 0.02% sodium azide (w/v) in PBS] at
37°C with constant shaking for 6 to 8 hours. The samples were then
transferred to the preheated denaturation solution at 95°C for 10 m.
Subsequently, the samples were washed in a washing solution [PBS
containing 0.1% (w/v) Triton X-100 (PBST) and 0.02% (w/v) sodium
azide] for 6 to 8 hours. At this point, the tissue expands linearly by
~2x (~4x in water). For the subsequent cycles of embedding, the sam-
ples were again incubated in the eMAP hydrogel monomer solution
at 4°C for 12 to 24 hours. The samples were then gelled as described
above but at slightly lower temperatures (35° to 36°C) to take into
account more heat that would be generated during the gelation of
thickened tissue gel. In between the embeddings, the samples were
washed in PBST for 6 to 8 hours. The tissues were recursively incubated
and gelled for three additional cycles after the initial gelation. The
processed samples were incubated in DI water with shaking at RT
for 2 hours with a change in solution after 1 hour. The samples expand
by ~10x in the linear dimension after the expansion in DI water.

Immunostaining of brain tissues

The general protocol for immunohistochemistry of eMAP-processed
brain tissues is described here. Any deviations from this protocol are
detailed in appropriate sections. For typical staining, mouse brain
tissue sections of 100- to 500-um thickness were incubated with pri-
mary antibodies (typical dilution ranging from 1:100 to 1:300) in
PBST at 37°C for 8 to 16 hours while shaking, followed by washing
in PBST at 37°C for 3 to 5 hours with three solution exchanges. Tis-
sues were then incubated with secondary antibodies (typical dilution
ranging from 1:100 to 1:300) in PBST at 37°C for 8 to 16 hours while
shaking. Samples were then washed in PBST at 37°C for 3 to 5 hours
with three solution exchanges.

Following the recursive embeddings, the samples were manually
sliced into 200- to 400-um-thick vertical strips using razor blades to
expose the tissue-hydrogel hybrid surface for improved antibody
transport, as a thin layer of excessive pure acrylamide gel around
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the tissue can hamper antibody penetration. The vertical strips were
then immunostained as described above, and the surface with ex-
posed tissue-hydrogel hybrid was used for imaging.

Multiround staining

The previously stained tissues were incubated in a denaturation solu-
tion for 1 hour at 70° to 80°C to remove bound antibodies. The tissue
specimen was then washed in PBST for three cycles of 2 hours each
at 37°C. The samples were imaged on the microscope to confirm the
complete loss in the signal from the antibodies. The tissue samples
were then immunostained with a new set of antibodies.

Mounting, image acquisition, and deconvolution

The expanded specimen was placed between a petri dish and a glass-
bottom Willco dish (HBSB-5030; WillCo Wells, Amsterdam, The
Netherlands) using glass coverslips as spacers. To prevent the sam-
ples from drying up during image acquisition, the void space around
the samples was filled up with DI water. The sample was allowed to
stabilize for 30 min in the setup. Subsequently, the samples were im-
aged using a Leica TCS SP8 microscope system using a 63x 1.2-NA
water immersion objective. The procured images were analyzed and
visualized using Leica LAS X, Fiji, Imaris, and our custom scripts. The
image acquisition settings were computed and implemented auto-
matically by the lightning deconvolution package before starting
the image acquisition.

Expansion factor measurement

To measure the expansion factors for each round of expansion, we
imaged the tissue hybrids before and after expansion by overlaying
them over a transparent grid. The transparent grid was used to en-
sure that each image was at the same scale before manually drawing
the outlines of the tissue hybrids. These outlines were used to deter-
mine the area of the specimen using a custom script to calculate the
expansion factor after each round of embedding.

Antibody validation

Three biological replicates of mouse brains were prepared for the
antibody validation, with an approval by MIT Committee on Ani-
mal Care and following the NIH guidelines for the use and care of
vertebrate animals. The antibodies were grouped into experimental
sets based on the target and the host species. For cross-validation,
we assigned two or three antibodies into an experimental set for costain-
ing if they label the same target or closely related targets (e.g., paralogs),
which are expected to be localized in proximity. In the assessment
of antibody labeling, we considered the following criteria: the (i) de-
gree of overlapping puncta, (ii) level of apparent nonspecific signals
(e.g., nonspecific binding to vasculature), (iii) reproducibility in the
three biological replicates, (iv) signal intensity compared to back-
ground, and (v) consistency with known staining patterns from existing
publications. Three experts independently assessed the colabeling
results and made a decision for the success or failure primarily based
on the colocalization of signals.

To control for the source of animal tissue when comparing the chem-
ical and physical hybrids, mouse brains perfused with 4% formalde-
hyde in PBS were hemisected for separate processing. Mice were
first anesthetized with 0.05 ml of FatalPlus (pentobarbital) via intra-
peritoneal injection. Mice were then transcardially perfused with
40 ml of ice-cold PBS followed by 20 ml of ice-cold 4% formaldehyde
solution in PBS. Extracted brains were incubated in a 4% formaldehyde
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PBS solution on ice for 1 hour before being hemisected. Each hemi-
sphere was then slabbed to 1-mm-thick coronal slabs using a brain
matrix and razor blades. For chemical hybrid preparation, 1-mm-
thick coronal slabs were incubated in the eMAP hydrogel monomer
solution with additional 4% formaldehyde for 2 days at 4°C while
shaking before proceeding with gelation. For physical hybrid prepa-
ration, the 1-mm-thick coronal slabs were incubated in a 4% formal-
dehyde PBS solution for 2 days at 4°C, which were then washed in
PBS for 1 day with three solution exchanges at RT. Washed tissue slabs
were then incubated in the eMAP hydrogel monomer solution for
1 to 2 days at 4°C while shaking before proceeding with gelation. See
the “Slicing and gelation” section for the gelation steps.

Both chemical and physical tissue hybrids were sectioned to
100-pum-thick tissue sections using a Vibratome (VT1000S, Leica
Biosystems, Germany) for immunohistochemistry. For both primary
antibody and secondary antibody labeling steps, one master mix of
antibodies in PBST was prepared to account for both chemical hy-
brid and physical hybrid replicates, which was then split evenly to
ensure that every well contained the same amount of probes. Primary
antibody labeling step was done overnight at RT. Samples were then
washed for 3 to 5 hours with three solution exchanges in PBST. Sec-
ondary antibody labeling step was also done overnight at RT followed
by 3 to 5 hours of washing in PBST with three solution exchanges. La-
beled samples were expanded in DI water for 30 min before imaging.

For antibody compatibility in Marmoset brains, we tested the anti-
bodies on eMAP-processed brain tissues harvested from a single ani-
mal. The success or failure of antibody labeling was decided on the
basis of the staining patterns seen in the mouse brains.

In utero electroporation

All animal experiments were approved by the MIT Committee on
Animal Care and meet the NIH guidelines for the use and care of
vertebrate animals. In utero electroporation of E15.5-timed preg-
nant C57BL/6] mice was performed to label L2/3 cortical pyramidal
neurons, as previously described (45). Animals were coelectropo-
rated with approximately 1 pl of Cre-dependent constructs express-
ing eYFP (0.7 pug/ul) and a plasmid expressing Cre recombinase
(0.04 ug/ul) with 0.1% Fast Green for visualization. A total of 0.75 pl
of the plasmid solution was injected into the right lateral ventricle
with a 32-gauge Hamilton syringe (Hamilton Company). Five
pulses of 36 V (duration, 50 ms; frequency, 1 Hz) targeting the visual
cortex were delivered from a square-wave electroporator (ECM830,
Harvard Apparatus) using 5-mm-diameter platinum electrodes
(Protech International).

Cranial window implantation

After in utero electroporation, pups were reared to adulthood (postnatal
days 42 to 57) and implanted with a 5-mm cranial window over the
right hemisphere as described (46). Sulfamethoxazole (1 mg/ml)
and trimethoprim (0.2 mg/ml) were chronically administered in the
drinking water to maintain optical clarity of implanted windows.

Two-photon imaging

Imaging was performed on a custom-built two-photon microscope
with custom acquisition software as previously described (24). Briefly,
mice were anesthetized with isoflurane (0.75 to 1.25%) and secured
in a stereotaxic frame. YFP was excited with a Mai Tai HP Ti:Sapphire
laser (Spectra-Physics) at 915 nm. After scanning with galvanometric
XY-scanning mirrors (6215H, Cambridge Technology) and a piezo
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actuator Z-positioning system (Piezosystem Jena), the laser beam
was focused by a 20x/1.0-NA water immersion objective lens
(W Plan-Apochromat, Zeiss) to the same focal volume location in
the specimen. The laser produces ~100-fs unsynchronized pulses at
a rate of 80 MHz, and the final power onto the window ranges from
approximately 35 to 50 mW. The emission signals were collected by
the same objective lens, passed through an infrared blocking filter,
and separated by dichroic mirrors and bandpass filters to collect the
YFP emission signal from 520 to 560 nm onto a photomultiplier
tube. Imaging was performed at high resolution (250 nm/pixel XY
resolution, 0.9 um/frame Z resolution). Two-photon raw scanner data
were processed for spectral linear unmixing and converted into a red-
green-blue (RGB) image z stack using MATLAB and Image] (NIH).

Multiround staining of inhibitory synapses
The eMAP-processed trimmed section containing the target cell
was incubated with primary antibodies in 0.5 to 1 ml of PBST at RT
for 1 to 4 days, followed by washing at RT in PBST three times over
6 to 24 hours. The section was then incubated with secondary anti-
bodies in 300 to 500 ul of PBST at RT for 1 to 2 days, followed by wash-
ing at RT in PBST three times over 6 to 24 hours. Primary antibodies
were directed against GFP (chicken, Invitrogen, A10262), GABARal
(rabbit, Synaptic Systems, 224203), GABA,RB3 (mouse, BioLegend,
818501), VGAT (rabbit, Millipore, AB5062P), GAD2 (mouse, BioLegend,
844502), and Gephyrin (mouse, BD, 612632). Anti-GFP was included
in each of the three rounds to identify the YFP dendritic fill, which
was used for alignment between rounds. Round 1 also included
GABAAR1/GABAARR3, round 2 included VGAT/GAD2, and round 3
included Gephyrin. Secondary antibodies used included anti-chicken
immunoglobulin Y (IgY) (Alexa Fluor 647, Abcam, ab150175), anti-
rabbit IgG (Alexa Fluor Plus 488, Invitrogen, A32731), and anti-mouse
IgG (Alexa Fluor 568, Abcam, ab175473). High concentrations of both
primary and secondary antibodies were used with the goal of satu-
rating all antigen targets throughout the sample. Primary antibodies
were used at the following volumes: GFP (5 to 10 ul) and GABARal/
GABARB3/VGAT/GAD2/Gephyrin (10 to 40 ul). Secondary anti-
bodies were used at the same volume of the corresponding primary
antibody, with the exception of the secondary antibody for anti-GFP,
which was used at two times the volume of the primary antibody.

Before mounting and imaging, the eMAP-processed immu-
nostained section was further expanded in a dilute buffer [either
0.005 to 0.02x PBS or 0.1 mM tris (RDD008, MilliporeSigma)] and
allowed to stabilize for at least 1 hour before imaging. Expanded sam-
ples were mounted on a 60-mm-diameter petri dish and covered with
a glass-bottom Willco dish (HBSB-5030, WillCo Wells, Amsterdam,
The Netherlands) secured with Blu-Tack adhesive. The Willco dish
was supported over the petri dish with stacked glass coverslips sur-
rounding the sample. The space between the Willco dish and petri dish,
and surrounding the sample, was filled with the expansion buffer,
avoiding contact with the Blu-Tack. eMAP samples were imaged on
the Leica TCS SP8 microscope system with a 63x, 1.30-NA glycerol
immersion objective with a white-light tunable laser source. Images
were acquired with 75 nm/pixel XY and 0.66 um/frame Z resolution.
Wide-field whole-cell images of the anti-GFP-labeled channel were
also obtained by a z-stack acquisition with a 10x, 0.3-NA water im-
mersion objective.

eMAP from rounds 1, 2, and 3 of antibody staining were aligned
using the Fijiyama plugin for Fiji/Image]J (https://imagej.net/Fijiyama).
First, the GFP channel of round 2 was aligned onto the GFP channel
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of round 3, and then the round 1 GFP channel was aligned onto the
round 3 GFP channel, with a further optimization by aligning the
GABA Ral channel to the Gephyrin channel. Then, the R1/3 hyperstack
was aligned onto the R2/3 hyperstack to create an eight-channel hy-
perstack, which was used for bouton content analysis. Seven den-
dritic segments were successfully aligned between all three rounds,
with an average length of 18.3 um (unexpanded). Because the fidel-
ity of alignment decreases with increasing distance from the GFP-
filled dendrite, only boutons within 60 pm of the dendrite were scored
(10.7 um unexpanded).

Boutons were scored manually by placing markers using a mod-
ified version of the Object] plugin for Fiji/Image] (24). Markers were
placed denoting the presence of various postsynaptic (GABAsRal,
GABAARB3, and Gephyrin) markers in boutons that contained both
VGAT and GAD2 and met a volume threshold of at least 100 voxels,
which represents approximately 1.38 um® expanded or 0.00766 um’
unexpanded. Postsynaptic puncta were scored if they met a size thresh-
old of at least seven voxels, which represents approximately 0.097 um’
in the expanded volume or 0.0005 um® (0.097/5.6° um®) unexpanded.
A total of 497 boutons were counted. For figures, some images were
processed using the Image] smooth command. The display range for
each channel was manually adjusted linearly.

Axial and radial analyses

Images were normalized by 99.99 percentile intensity and denoised
with a total-variation noise reduction algorithm (47). To automati-
cally locate synapses, Gaussian blur followed by the blob detection
using the determinant of Hessian was carried out on a postsynaptic
scaffolding (PSD-95) channel. On the basis of the centroids of the
detected blobs, image blocks were extracted with a size of z (D) x
70 (H) x 70 (W). The image blocks containing a synapse were used
for the axial and radial analyses.

To measure the distance between pre- and post-SyPs along the
synaptic axis, the synapse image blocks were rotated about the z axis
(x-y plane) to make the synaptic cleft lie in parallel on the x axis. The
rotation was performed by segmenting the maximum z-projected
PSD-95 channel followed by taking a rotation for the degrees between
the x axis and the major axis of the ellipse overlaid on the segmented
region of the PSD-95 image. The segmentation was performed by
obtaining a threshold using Otsu’s method and getting the morpho-
logical closing of the regions that were above the threshold. Side-view
synapses that expose the lamellar structure on the x-y plane were se-
lected for measuring the axial distance. We filtered out non-side-view
synapses by examining the eccentricity of the ellipse on the PSD-95
segmentation. Image blocks that contained more than one PSD-95
segmented region were discarded. The remaining image blocks were
manually examined to further discard obscure side-view synapses.
To get the distance, we maximum z-projected the rotated side-view
synapses and took the average for each channel in range where PSD-95
spans along the x axis. The averaged intensities were Gaussian-fitted,
and the peak positions were located. The actual distance was calcu-
lated by multiplying the voxel size to the peak-to-peak distance and
then adjusting the resulting value by the linear expansion factor.

To examine the radial configuration of an individual synapse, en
face view synapses were manually selected. The maximum z-projected
images were rotated about the z axis, as described previously. Seg-
mentation was also performed in the same way but with an addi-
tional division process by the watershed algorithm. The r value that
indicates the position with respect to the PSD-95 ellipse was calculated

Park et al., Sci. Adv. 7, eabf6589 (2021) 12 November 2021

such that r = (x — x0)*/R” + (y — yo)z/Ryz, where x and y are the cen-
troid coordinates of the segmented region, x; and y, are the ellipse
centers, and R, and R, are the major and minor axis lengths. The
Ripley’s H statistic is estimated without the edge correction, as de-
scribed by Khater et al. (32). Briefly, centroid coordinates of the seg-
mented blobs were obtained and used to calculate Ripley’s H function.
In this calculation, the cropped space on the x-y plane of the image
block (70 pixels by 70 pixels) was used as the study area.

To compare the relative spans parallel to the synaptic cleft, the
normalized and denoised images were segmented as a chunk to rep-
resent the spans within a synapse. The major axis length of the over-
laying ellipse was measured for the resulting segmented chunks,
and this was separately performed for each channel. In this analysis,
we assumed that the major axes are nearly parallel to the synaptic
cleft, and the ratio of the spans is irrelevant to the viewing angles of
synapses.

Microtubule peak-to-peak distance measurement

Formaldehyde-fixed mouse brain tissues were sliced to 100-um-thick
sections and then eMAP-processed for four rounds to achieve ~10x
expansion, as described previously. The 4x-embedded samples were
labeled with B-tubulin antibody (ab6046, Abcam) at 1:300 dilution
in PBST at RT overnight. Samples were washed for 3 to 5 hours with
three solution exchanges and then labeled with secondary antibodies
(111-547-008, Jackson ImmunoResearch) at RT overnight. Stained
samples were expanded in DI water for 30 min at RT before imaging.
The samples were imaged with 63x 1.2-NA water immersion objective
described previously. Pinhole size was reduced to 0.5 Airy Unit (AU)
for improved resolution in exchange for some loss in signal intensity.

Rectangular regions containing a clearly isolatable microtubule
were manually segmented from the raw images using Fiji. Trans-
verse line intensity profiles across the microtubules were obtained
using the Plot Profile function on Fiji.

The acquired intensity profiles were fitted with the sum of two
Gaussians. The distance between the two estimated means was con-
sidered as the peak-to-peak distance. The peak-to-peak distances
from multiple measures (n = 50) were collected and averaged to give
the mean and the SD of the distance.

Meso- and microscale distortion analysis
For mesoscale distortion analysis, 4% formaldehyde-fixed mouse
brain tissues were sliced to 200-um-thick sections and then stained
with DyLight 488-conjugated Tomato Lectin (DL-1171-1, Vector
Laboratories, 1:100 dilution) and 4',6-diamidino-2-phenylindole (DAPI;
D1306, Invitrogen) in PBST at RT overnight. After 3 to 5 hours of wash-
ing with three solution exchanges, each sample was imaged with
careful documentation of the sample orientation and the location of
the imaged region. The imaged tissue samples were then incubated in
eMAP hydrogel monomer solution for 1 day at 4°C while shaking and
then gelled, as previously described. Because DyLight 488—conjugated
Tomato Lectin signal does not survive the eMAP processing, the eMAP-
processed samples were labeled with DyLight 649-conjugated Tomato
Lectin (DL-1178-1, Vector Laboratories, 1:100 dilution) and DAPI. After
expanding the labeled tissue in DI water, previously imaged regions
for each sample were identified under the microscope using previ-
ous documentation and DAPI labeling as a guide and then imaged
for the distortion analysis.

For microscale distortion analysis, 4% formaldehyde-fixed mouse
brain tissues were sliced to 200-um-thick sections and then stained
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with anti-NF-H antibody (PA1-10002, Invitrogen), Alexa Fluor 488-
conjugated anti-chicken secondary antibody (ab150169, Abcam),
and DAPI. Primary and secondary antibodies were labeled separately.
Each sample was imaged with careful documentation of the sample
orientation and the location of the imaged region. The imaged sam-
ples were eMAP-processed and then labeled again with anti-NF-H
antibody (PA1-10002, Invitrogen) and DAPI. Secondary antibody
was switched to Alexa Fluor 647-conjugated anti-chicken antibody
(ab150175, Abcam) for post-expansion imaging. After expanding
the labeled tissue in DI water, previously imaged regions for each
sample were identified under the microscope using previous docu-
mentation and DAPI labeling as a guide and then imaged for distor-
tion analysis.

The distortion error was defined and calculated as previously de-
scribed (10) with some minor modifications. Briefly, we took the
images of corresponding regions in pre- and post-eMAP tissues and
carried out a series of preprocessing, including manual prealign-
ment, rescaling, noise reduction, Gaussian blur (to match the blurri-
ness in pre-expansion), and binarization, before performing image
registration to measure the distortion. Using Elastix (48), the image
registration for pre- and post-expansion images was carried out in
two steps. First, to eliminate the errors caused by the sample mounting,
pre- and post-expansion images were registered by affine transfor-
mation. Then, the rigidly aligned post-expansion image was regis-
tered by the b-spline nonrigid registration to measure the distortion
accompanied by tissue expansion. A portion of points on the fore-
ground of the binarized post-expansion image were randomly se-
lected, and the Euclidean distances between every possible pair of
points were calculated. The difference in the distance between the
corresponding pairs of points in pre- and post-expansion images
was considered as the distortion error. The RMSE at each measure-
ment length from multiple samples was sorted out and summarized
by the average and SD of RMSE across the measurement lengths.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abf6589

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