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Ry Ta(T;L - T;)), where R, is the outgoing
long-wave radiation and T},, T, and T, are the
mean temperature of atmospheric heat input,
output, and dissipation, respectively. Observations
of recent tropospheric warming [figures 2.26 and
2.27 in (32)] show that temperature trends are
somewhat uniform in the vertical, which sug-
gests that the difference 7}, — T} might increase
more slowly than either 7, or T,,. This slower
increase may explain why & le does not follow a
surface Clausius-Clapeyron scaling and why one
would expect moist processes to limit the work
output in simulations with anthropogenic forcing.
Simulations over a wider range of climates would
help verify this hypothesis.

Our comparison of thermodynamic cycles in
CESM and MERRA show many similarities; how-
ever, we find that CESM requires less power to
maintain its hydrological cycle than the reana-
lysis, due to the smaller amplitude of its moist-
ening inefficiencies. We suggest that this difference
might be a consequence of the idealized nature
of parameterized convection schemes, and it is
likely that it might also influence the response of
CESM to anthropogenic forcing. Typically, con-
vection schemes artificially transport moisture
along a moist adiabat without accounting for the
work needed to lift this moisture, but in the real
world, this work is necessary to sustain precip-
itation. Any increase in global precipitation there-
fore requires an increase in work output; otherwise,
precipitation would have to become more effi-
cient, for example, by reducing the frictional dis-
sipation of falling hydrometeors (11, 12). This is
one reason we should interpret the constraint in
work output in CESM as a constraint on the large-
scale motions and not on the unresolved subgrid-
scale convective events.

Our work illustrates a major constraint on the
large-scale global atmospheric engine: As the cli-
mate warms, the system may be unable to in-
crease its total entropy production enough to
offset the moistening inefficiencies associated
with phase transitions. This suggests that in a
future climate, the global atmospheric circulation
might comprise highly energetic storms due to
explosive latent heat release, but in such a case,
the constraint on work output identified here
will result in fewer numbers of such events.
Earth’s atmospheric circulation thus suffers from
the “water in gas problem” observed in simu-
lations of tropical convection (6), where its ability
to produce work is constrained by the need to
convert liquid water into water vapor and back
again to tap its fuel.
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OPTICAL IMAGING

Expansion microscopy

Fei Chen,'* Paul W. Tillberg,?* Edward S. Boyden">*>¢+

In optical microscopy, fine structural details are resolved by using refraction to magnify
images of a specimen. We discovered that by synthesizing a swellable polymer network
within a specimen, it can be physically expanded, resulting in physical magnification.

By covalently anchoring specific labels located within the specimen directly to the polymer
network, labels spaced closer than the optical diffraction limit can be isotropically
separated and optically resolved, a process we call expansion microscopy (ExM). Thus,
this process can be used to perform scalable superresolution microscopy with
diffraction-limited microscopes. We demonstrate ExM with apparent ~70-nanometer
lateral resolution in both cultured cells and brain tissue, performing three-color
superresolution imaging of ~107 cubic micrometers of the mouse hippocampus with a

conventional confocal microscope.

icroscopy has facilitated the discovery

of many biological insights by optically

magnifying images of structures in fixed

cells and tissues. We here report that

physical magnification of the specimen
itself is also possible.

We first set out to see whether a well-known
property of polyelectrolyte gels—namely, that
dialyzing them in water causes expansion of
the polymer network into extended conforma-
tions (Fig. 1A) (I)—could be performed in a bi-
ological sample. We infused into chemically
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fixed and permeabilized brain tissue (Fig. 1B)
sodium acrylate, a monomer used to produce
superabsorbent materials (2, 3), along with the
comonomer acrylamide and the cross-linker
N-N'-methylenebisacrylamide. After triggering
free radical polymerization with ammonium
persulfate (APS) initiator and tetramethylethy-
lenediamine (TEMED) accelerator, we treated
the tissue-polymer composite with protease to
homogenize its mechanical characteristics. After
proteolysis, dialysis in water resulted in a 4.5-fold
linear expansion, without distortion at the level
of gross anatomy (Fig. 1C). Digestion was uniform
throughout the slice (fig. S1). Expanded speci-
mens were transparent (fig. S2) because they
consist largely of water. Thus, polyelectrolyte gel
expansion is possible when the polymer is em-
bedded throughout a biological sample.

We developed a fluorescent labeling strategy
compatible with the proteolytic treatment and
subsequent tissue expansion described above,
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to see whether fluorescence nanoscopy would
be possible. We designed a custom fluorescent
label (Fig. 1D) that can be incorporated directly
into the polymer network and thus survives
the proteolytic digestion of endogenous bio-
molecules. This label is trifunctional, comprising
a methacryloyl group capable of participating
in free radical polymerization, a chemical fluo-
rophore for visualization, and an oligonucleotide
that can hybridize to a complementary sequence
attached to an affinity tag (such as a secondary
antibody) (Fig. 1, E and F). Thus, the fluorescent
tag is targeted to a biomolecule of interest yet
remains anchored covalently with high yield
(table S1) to the polymer network. The entire
process of labeling, gelation, digestion, expan-
sion, and imaging we call expansion microscopy
(ExM).

We performed fluorescence imaging using
ExM, examining microtubules in fixed human
embryonic kidney (HEK) 293 cells labeled with
the trifunctional label and imaged with confocal
laser scanning microscopy pre- versus post-ExM
processing. The post-ExM image (Fig. 2B) was
registered to the pre-ExM image (Fig. 2A) via a
similarity transformation, resulting in visually
indistinguishable images. To quantify the iso-
tropy of ExM, we calculated the deformation
vector field between the images via a nonrigid
registration process (fig. S3). From this vector
field, we quantified the root-mean-square (RMS)
error of feature measurements post-ExM. The

Fig. 1. Expansion microscopy (ExM) concept.
(A) Schematic of (i) collapsed polyelectrolyte net-
work, showing crosslinker (dot) and polymer chain
(line), and (ii) expanded network after H,O dialysis.
(B) Photograph of fixed mouse brain slice. (C) Pho-
tograph, post-ExM, of the sample (B) under side
illumination. (D) Schematic of label that can be
anchored to the gel at site of a biomolecule. (E)
Schematic of microtubules (green) and polymer
network (orange). (F) The label of (D), hybridized
to the oligo-bearing secondary antibody top (top
gray shape) bound via the primary (bottom gray
shape) to microtubules (purple), is incorporated
into the gel (orange lines) via the methacryloyl
group (orange dot) and remains after proteolysis
(dotted lines). Scale bars, (B) and (C)

5 mm. Schematics are not to scale.
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errors in length were small (<1% of distance,
for errors larger than the imaging system point
spread function size; n = 4 samples) (Fig. 2C).
Throughout the paper, all distances measured
in the post-expansion specimen are reported di-
vided by the expansion factor (supplementary
materials, materials and methods).

We next compared pre-ExM conventional
superresolution images to post-ExM confocal
images. We labeled features traditionally used to
characterize the performance of superresolution
microscopes, including microtubules (4, 5) and
clathrin coated pits (6), and imaged them with a
superresolution structured illumination micro-
scope (SR-SIM) pre-ExM, and a spinning disk
confocal post-ExM. Qualitatively (Fig. 2, D and E),
the images were similar, and quantitatively
(Fig. 2I), measurement errors were again on
the order of 1% and well within the point spread
function size of the SR-SIM microscope (n = 4
samples). Microtubule networks were more sharp-
ly resolved in ExM (Fig. 2G) than with SR-SIM
(Fig. 2F). ExM resolved individual microtubules
that could not be distinguished with SR-SIM
(Fig. 2H). Microtubules imaged with ExM pres-
ented a full-width at half-maximum (FWHM)
(Fig. 2J) of 83.8 £ 5.68 nm (mean + SD, n = 24
microtubules from 3 samples). This FWHM re-
flects the effective resolution of ExM convolved
by the width of the labeled microtubule. To
estimate the effective resolution of ExM, we
deconvolved [as in (7)] our observed microtubule

N
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Methacryloyl

Group FIuorophore,'
A

E
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FWHM by the known immunostained micro-
tubule width [55 nm (6)], conservatively ignoring
the width of the trifunctional label, and ob-
tained an effective resolution for ExM of ~60 nm.
This conservative estimate is comparable with the
diffraction-limited confocal resolution [~250-nm
lateral resolution (8)] divided by the expansion
factor (~4.5).

Clathrin-coated pits were also well resolved
(Fig. 2, K and L). ExM resolved the central nulls
of the pits better than SR-SIM (Fig. 2, M and N).
Clathrin-coated pit radii measured via ExM and
SR-SIM were highly correlated, with a slope of
1.001 (total least squares regression, confidence
interval 0.013 with P <0.05, n = 50 pits from
three samples) (Fig. 20). Forty-nine of the 50
points lay within a half-pixel distance of the
unity slope line, suggesting that variation in the
ExM versus SR-SIM comparison was within the
digitization error of the measurement.

We next applied ExM to fixed brain tissue.
Slices of brain from Thyl-YFP-H mice expressing
cytosolic yellow fluorescent protein (YFP) under
the Thyl promoter in a subset of neurons (9)
were stained with a trifunctional label bearing
Alexa 488, using primary antibodies to green
fluorescent protein (GFP) (which also bind YFP).
Slices expanded fourfold, similar to the expansion
factor in cultured cells. We compared pre- versus
post-ExM images taken on an epifluorescence
microscope. As with cultured cells, the post-ExM
image (Fig. 3B) was registered to the pre-ExM

C
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image (Fig. 3A) via a similarity transformation.
The registered images closely matched, although
some features moved in or out of the depth of
field because of the axial expansion post-ExM.
Quantitatively, post-ExM measurement errors
(Fig. 3C, n = 4 cortical slices) were 2 to 4%.
We synthesized trifunctional labels with dif-
ferent colors and oligonucleotides (supplemen-
tary materials, materials and methods) to enable
multicolor ExM. We obtained pre- (Fig. 3D) ver-

sus post-ExM (Fig. 3E) images of Thyl-YFP-H
mouse cortex with ExM labels directed against
YFP (Fig. 3E, green) and the pre- and postsynaptic
scaffolding proteins Bassoon (Fig. 3E, blue) and
Homerl (Fig. 3E, red). In the pre-ExM image,
Bassoon and Homerl staining form overlapping
spots at each synapse (Fig. 3F), whereas the
post-ExM image (Fig. 3G) shows clearly distin-
guishable pre- and postsynaptic labeling. We quan-
tified the distance between the Bassoon and

Homer1 scaffolds, as measured with ExM. We fit
the distributions of Bassoon and Homer1 stain-
ing intensity, taken along the line perpendicular
to the synaptic cleft (Fig. 3H, boxed region), to
Gaussians (Fig. 31). The Bassoon-Homerl1 sep-
aration was 169 + 32.6 nm (Fig. 3J, n = 277 syn-
apses from four cortical slices), similar to a
previous study using stochastic optical recon-
struction microscopy (STORM) in the ventral cor-
tex and olfactory bulb, which obtained ~150 nm

Fig. 2. Expansion microscopy physically magnifies, with nanoscale iso-
tropy. We compared images acquired via conventional microscopy (blue
scale bars) versus images acquired post-expansion (orange scale bars). (A)
Confocal image of microtubules in HEK293 cells. (B) Post-expansion confocal
image of sample (A). (C) RMS length measurement error of pre- versus post-
ExM confocal images of cultured cells (blue line, mean; shaded area, standard
deviation; n = 4 samples). (D) SR-SIM image of microtubules. (E) Post-
expansion confocal image of the sample of (D). (F and G) Magnified views of
boxed regions of (D) and (E), respectively. (H) Profiles of microtubule
intensity taken along the blue and orange dotted lines in (F) and (G). (I)
RMS length measurement error of ExM versus SR-SIM images (blue line,
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separation (10). We also imaged other antibody
targets of interest in biology (fig. S4).

To explore whether expanded samples, scanned
on fast diffraction-limited microscopes, could
support scalable superresolution imaging, we
imaged a volume of the adult Thyl-YFP-H mouse
brain spanning 500 by 180 by 100 pm (tissue
slice thickness), with three labels (antibody to

GFP, green; antibody to Homerl, red; antibody to
Bassoon, blue) (Fig. 4A). The diffraction limit of
our confocal spinning disk microscope (with 40x,
1.15 NA, water immersion objective), divided by
the expansion factor, yields an estimated effective
resolution of ~70 nm laterally and ~200 nm ax-
ially. Shown in Fig. 4A is a three-dimensional
(38D) rendered image of the data set (an ani-

mated rendering is provided in movie S1). Zoom-
ing into the raw data set, nanoscale features
emerge (Fig. 4, B to D). We performed a volume
rendering of the YFP-expressing neurons in a
subset of CAl stratum lacunosum moleculare
(slm), revealing spine morphology (Fig. 4B and
movie S2). Focusing on a dendrite in CA1 slm,
we observed the postsynaptic protein Homerl

Fig. 3. ExM imaging of mammalian brain tissue. (A) Widefield fluorescence
(white) image of Thyl-YFP mouse brain slice. (B) Post-expansion widefield
image of sample (A). (C) RMS length measurement error for pre- versus
post-ExM images of brain slices (blue line, mean; shaded area, SD; n =4
samples). (D and E) Confocal fluorescence images of boxed regions in (A)
and (B), respectively, stained with presynaptic (anti-Bassoon, blue) and
postsynaptic (anti-Homerl, red) markers, in addition to antibody to GFP
(green), pre- (D) versus post- (E) expansion. (F and G) Details of boxed
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(1.00 pum).
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to be well localized to dendritic spine heads, with
the presynaptic molecule Bassoon in apposi-
tion (Fig. 4C and movie S3). Examination of a
mossy fiber bouton in the hilus of the dentate
gyrus reveals invaginations into the bouton by
spiny excrescences of the opposing dendrite, as
observed previously via electron microscopy (Fig.
4D) (I1). Thus, ExXM enables multiscale imaging
and visualization of nanoscale features, across
length scales relevant to understanding neural
circuits.

We report the discovery of a new modality of
magnification, namely that fixed cells and tis-
sues, appropriately labeled and processed, can
be physically magnified, with isotropic nanoscale
resolution (effective ~60-nm lateral resolution).
Although acrylate esters have been used for

Granule Layer Hilus

Granule Layer

antigen-preserving embedding for electron mi-
croscopy (12, 13), ExM represents the first use
of an embedded polyelectrolyte gel, used here
to expand the specimen. Superresolution im-
aging methods are slower than their diffraction-
limited counterparts because they must resolve
more voxels per unit volume. ExM achieves this
by expanding the voxels physically. ExM achieves
the same voxel throughputs as a diffraction-
limited microscope, but at the voxel sizes of a
superresolution microscope. Ongoing technol-
ogy trends for faster diffraction-limited micros-
copy (14) will continue to boost ExM speed.

The physical magnification of ExXM enables
superresolution imaging with several funda-
mental new properties. The axial effective res-
olution is improved by the same factor as the

Molecular Layer

B
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lateral effective resolution. ExXM can achieve
superresolution with standard fluorophores,
and on a diffraction-limited microscope. Super-
resolution imaging is often performed within
~10 um of the sample surface because of low
signal-to-noise, scattering, and refractive index
mismatch. We were able to perform three-color
superresolution imaging of a large volume of
brain tissue over an axial extent of 100 um with
a spinning disk confocal microscope. Because
the ExM-processed sample is almost entirely
water, eliminating scattering, ExM may em-
power fast methods such as light-sheet micros-
copy (15) to become superresolution methods.
ExM potentially enables labels to be situated
within a well-defined, in vitro-like environment,
facilitating in situ analysis (16). Because the

CA1 (sIm layer)

Fig. 4. Scalable 3D superresolution microscopy of mouse brain tissue. (A) Volume rendering of a portion of hippocampus showing neurons (expressing YFP,
shown in green) and synapses [marked with anti-Bassoon (blue) and antibody to Homerl (red)]. (B) Volume rendering of dendrites in CAl sim. (C) Volume
rendering of dendritic branch in CAl sim. (D) Mossy fiber bouton in hilus of the dentate gyrus. (i) to (iii), selected z-slices. Scale bars, (A) 100 um in each
dimension; (B) 52.7 um (x); 42.5 um (y); and 35.2 um (2); (C) 13.5 um (x); 7.3 um (y); and 2.8 um (2); (D), (i) to (iii) 1 um.
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sample is physically larger, any mechanical errors
in post-expansion sectioning, or stage drift, are
divided by the expansion factor.

The performance of ExXM suggests that de-
spite statistical fluctuations in polymer chain
length at the molecular scale, at the nanoscale
distances here examined these fluctuations av-
erage out, yielding isotropy. Estimates of mesh
size for comparable gels suggest that the dis-
tance between nearest-neighbor polymer chains
are in the ~1 to 2 nm range (17, 18). By tuning
the material properties of the EXM polymer, such
as the density of cross-links, yet higher effective
resolutions may be possible.
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Replication-transcription switch in
human mitochondria

Karen Agaronyan, Yaroslav I. Morozov, Michael Anikin, Dmitry Temiakov*

Coordinated replication and expression of the mitochondrial genome is critical for metabolically
active cells during various stages of development. However, it is not known whether replication
and transcription can occur simultaneously without interfering with each other and whether
mitochondrial DNA copy number can be regulated by the transcription machinery. We found that
interaction of human transcription elongation factor TEFM with mitochondrial RNA polymerase
and nascent transcript prevents the generation of replication primers and increases
transcription processivity and thereby serves as a molecular switch between replication and
transcription, which appear to be mutually exclusive processes in mitochondria. TEFM may
allow mitochondria to increase transcription rates and, as a consequence, respiration and
adenosine triphosphate production without the need to replicate mitochondrial DNA, as has
been observed during spermatogenesis and the early stages of embryogenesis.

he maternally inherited circular mitochon-

drial DNA (mtDNA) encodes subunits of

complexes of the oxidative phosphoryla-

tion chain, as well as transfer RNAs (tRNAs)

and ribosomal RNAs (7, 2). Transcription of
human mtDNA is directed by two promoters, the
LSP (light-strand promoter) and the HSP (heavy-
strand promoter) located in opposing mtDNA
strands, which results in two almost-genome-
sized polycistronic transcripts that undergo ex-
tensive processing before polyadenylation and
translation (3, 4). Note that transcription ter-
minates prematurely about 120 base pairs (bp)
downstream of LSP at a vertebrate-conserved
G-rich region, called conserved sequence block
II (CSBII), as a result of formation of a hybrid
G-quadruplex between nascent RNA and the
nontemplate strand of DNA (5-7). This termi-
nation event occurs near the origin of replication
of the heavy strand (oriH) (8) and generates a
replication primer. According to the asymmetric
model (9), replication then proceeds through about
two-thirds of the mtDNA, until the oriL. sequence
in the opposing strand becomes single stranded
and forms a hairpin structure. The oriL hairpin is
then recognized by mitochondrial RNA polymerase
(mtRNAP), which primes replication of the light
strand (10). Because replication of mtDNA coin-
cides with transcription in time and space, collisions
between transcription and replication machine-
ries are inevitable and, similarly to bacterial and
eukaryotic systems, likely have detrimental effects
on mtDNA gene expression (71).

We analyzed the effects of a mitochondrial
transcription elongation factor, TEFM, recently
described by Minczuk and colleagues (12), on
transcription of mtDNA. This protein was pulled
down from mitochondrial lysates via mtRNAP
and was found to stimulate nonspecific transcrip-
tion on promoterless DNA; however, its effect
on promoter-driven transcription had not been

Department of Cell Biology, School of Osteopathic Medicine,
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08084, USA.
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determined (72). We found that in the presence
of TEFM, mtRNAP efficiently transcribes through
CSBII (Fig. 1, A and B). Thus, TEFM acts as a fac-
tor that prevents termination at CSBII and syn-
thesis of a primer for mtDNA polymerase. We
identified the exact location of the termination
point in CSBII (fig. S1). MtRNAP terminates at
the end of a U6 sequence (positions 287 to 283
in mtDNA), 16 to 18 nucleotides (nt) downstream
of the G-quadruplex (Fig. 1A). At this point, the
9-bp RNA-DNA hybrid in the elongation com-
plex (EC) is extremely weak, as it is composed of
only A-U and T-A pairs. This is reminiscent of
intrinsic termination signals in prokaryotes—
where the formation of an RNA hairpin is thought
to disrupt the upstream region of the RNA-DNA
hybrid—and is followed by the run of six to eight
uridine 5-monophosphate residues that further
destabilizes the complex (5, 13).

Human mtDNA is highly polymorphic in the
CSBII region; coincidently, the reference mito-
chondrial genome (Cambridge) contains a rare
polymorphism in the G-quadruplex—namely,
G5AGT7—whereas the majority of mtDNAs from
various haplogroups have two additional G resi-
dues (G6AGS8) (14). We found that the termination
efficiency of mtRNAP was substantially lower at
G5AG7-CSBII (Fig. 1C), which suggested an effect
of G run length on quadruplex formation and
underscored the importance of further studies of
various polymorphisms in this region.

In considering a putative mechanism of TEFM
antitermination activity, we investigated wheth-
er it can interact with the nascent transcript and,
thus, interfere with the formation of the quad-
ruplex structure. We assembled ECs on a nucleic
acid scaffold containing a photoreactive analog
of uridine, 4-thio-uridine, 13 nt downstream from
the 3’ end of RNA, and walked mtRNAP along the
template by incorporation of appropriate substrate
nucleoside triphosphates (NTPs) (Fig. 2A). We ob-
served efficient cross-linking between TEFM and
RNA when the photoreactive base was 15 to 16 bp
away from the 3’ end of RNA. Additionally, using
atemplate DNA containing the LSP promoter and
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Supplementary Materials:
Materials and Methods
A complete list of chemicals and supplier catalog numbers used can be found in Table S2.

Labels for ExM: DNA sequences on secondary antibodies were synthesized with 5’ amine
modification (Integrated DNA Technologies) and conjugated to the antibodies (Jackson
ImmunoResearch, Affinipure donkey antibodies) using a commercial kit (Solulink, Antibody-
Oligonucleotide All-in-One Conjugation Kit). For the tri-functional label, the oligonucleotides
were synthesized with a 3> amine modification and a 5’ Acrydite modification (Integrated DNA
Technologies), then conjugated to dyes (Alexa 488, Atto 565 and Atto 647N) modified with
NHS-ester chemistry per the dye manufacturer’s directions (see Table S3 for sequences). We
found that Cy5 undergoes strong bleaching during polymerization, most likely due to the radical
reactivity of its simple linear conjugated backbone, while other fluorophores tested retained at
least 50% of their brightness (Table S1). Tri-functional labels were purified via reverse-phase
HPLC, lyophilized, and re-suspended in ddH,O.

Cultured cell preparation and staining: HEK293-FT cells (Invitrogen) were cultured in
Culturewell Chambered Coverglasses (Invitrogen) per manufacturer’s instructions. All solutions
below were made up in 1x phosphate buffered saline (PBS), and incubations carried out at room
temperature. To preserve microtubule ultrastructure, cells were fixed, as in (6), in 3%
formaldehyde/0.1% glutaraldehyde for 10 minutes, followed by reduction with 0.1% NaBH, for
7 minutes, and quenching in 100 mM glycine for 10 minutes. For clathrin, cells were fixed in 4%
formaldehyde for 10 minutes followed by quenching in 100 mM glycine for 10 minutes. Cells
were permeabilized with 0.2% Triton X-100 for 15 minutes at room temperature and blocked
with 5% normal donkey serum for one hour. Specimens were incubated with primary antibodies
(Sheep anti-Tubulin, Cytoskeleton ATN02; Rabbit anti-Clathrin, Abcam AB21679) in blocking
buffer at a concentration of 10 pg/mL for 1-4 hours, and then washed in PBS three times for 5
minutes each. Specimens were incubated with DNA-labeled secondary antibodies in DNA
hybridization buffer (2x saline-sodium citrate (SSC) buffer, 10% dextran sulfate, 1 mg/mL yeast
tRNA, 5% normal donkey serum) at a concentration of approximately 10 pg/mL for 1-4 hours,
then washed in PBS as for primary. Specimens were incubated with tri-functional labels in
hybridization buffer at a concentration of 0.5 ng/uL for each oligonucleotide overnight, then
washed three times in 1x PBS.

Brain tissue preparation and staining: All procedures involving animals were in accordance
with the US National Institutes of Health Guide for the Care and Use of Laboratory Animals and
approved by the Massachusetts Institute of Technology Committee on Animal Care. All
solutions below were made up in 1x phosphate buffered saline (PBS), and incubations carried
out at room temperature unless otherwise noted. Mice, wildtype (C57BL/6, obtained from
Taconic) and transgenic expressing cytosolic YFP under the Thyl promoter (Thy1-YFP-H strain
on C57BL/6, obtained from Jax), were anesthetized with isoflurane and perfused transcardially
with ice cold 4% paraformaldehyde. Brains were dissected out, left in 4% paraformaldehyde at
4°C for one day, and then sunk in 30% sucrose with 100 mM glycine for one day. Slices greater
than 30 um thick were sliced on a vibratome (Leica VT1000S); slices 30 um thick were frozen
in -40° C isopentane cooled with dry ice, embedded in M-1 embedding matrix (Thermo
Scientific) and sliced on a cryotome (Leica CM1850UV). Slices were permeabilized and blocked



with 0.1% Triton X-100 and 2% normal donkey serum (slice blocking buffer) for at least six
hours. Slices were incubated with primary antibodies in slice blocking buffer at a concentration
of 10 pg/mL for 6-24 hours depending on slice thickness and antibody, and then washed in slice
blocking buffer four times, for thirty minutes each time, changing solutions in between. Slices
were incubated with DNA-labeled secondary antibodies in hybridization buffer plus 0.1% Triton
X-100 at a concentration of approximately 10 pg/mL for 6-24 hours depending on slice thickness
and antibody, then washed in slice blocking buffer as for primary. Specimens were incubated
with tri-functional labels in hybridization buffer plus 0.1% Triton X-100 at a concentration of 0.5
ng/uL per oligonucleotide for 6-12 hours, then washed in slice blocking buffer as for primary.
Slices used were 30 um (for the bleaching experiments of Table S1), 200 um (Fig. 1, Fig. S2),
or 100 um (all other figures with slices) thick.

For Figs. 3 and 4, slices were stained with primary antibodies Chicken anti-GFP, Millipore
AB16901; Rabbit anti-Homer1, Synaptic Systems 160003; Mouse anti-Bassoon, Abcam
AB82958. For Fig. S4, antibodies used were Rabbit anti-GAD65/67, Chemicon AB1511; Rabbit
anti-ChAT, Millipore AB143; Rabbit anti-CaMKII, Epitomics 2048-1; Rabbit anti-GABA,
Sigma A2052; Mouse anti-Lamin A/C, Cell Signaling Technology #4777; Rabbit anti-
NMDAR2a/b, Millipore AB1548.

In situ polymer synthesis: Monomer solution (1x PBS, 2 M NacCl, 8.625% (w/w) sodium
acrylate, 2.5% (w/w) acrylamide, 0.15% (w/w) N,N'-methylenebisacrylamide) was mixed (see
Table S4), frozen in aliquots, and thawed before use. Prior to embedding, monomer solution was
cooled to 4°C to prevent premature gelation. Concentrated stocks (10% w/w) of ammonium
persulfate (APS) initiator and tetramethylethylenediamine (TEMED) accelerator were added to
the monomer solution up to 0.2% (w/w) each. For slices, the inhibitor 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (4-hydroxy-TEMPO) was added up to 0.01% (w/w) from a 1%
(w/w) stock to inhibit gelation during diffusion of the monomer solution into tissue sections.
Stained cells or tissue slices were incubated with the monomer solution plus APS/TEMED (and
4-hydroxy-TEMPO for slices) at 4°C for one minute, 30 minutes or 45 minutes for cultured cells,
30 um/100 pum slices and 200 um slices respectively. Slices were incubated with at least 100-
fold excess volume of monomer solution.

For cells, gels were formed directly in a Culturewell Chambered Coverglass (Invitrogen), with
monomer solution plus APS/TEMED added to a depth of about 2mm. For tissue slices, gelation
chambers were constructed with two pieces of coverglass separated by spacers placed on either
side of the tissue section (for 30 and 100 pm sections, #1 coverglasses were used for spacers and
for 200 pm sections, a stack of two # 1 coverglasses was used for each spacer). Slices were not
placed into coverglass gelation chambers until the end of the monomer incubation period, to
ensure adequate access of the monomer solution to the slice. After incubation in monomer
solution (and chamber construction, for slices), specimens were transferred to a humidified 37° C
incubator for two hours.

Specimen-free gels of Fig. S5 were cast with the same recipe as for cultured cells except with a
variable amount of cross-linker, in forms constructed from two coverslips separated by a silicone
gasket 1 mm thick, with circular holes 5.2 mm in diameter. Gels were expanded as with cultured
cells, but without needing digestion. Diameters of expanded gels were measured using Vernier
calipers to find the linear expansion factor.



Digestion and expansion: Proteinase K (New England Biolabs) was diluted 1:100 to 8 units/mL
in digestion buffer (50 mM Tris (pH 8), | mM EDTA, 0.5% Triton X-100, 0.8 M guanidine HCI)
and applied directly to gels in at least ten times volume excess. Before adding digestion buffer,
the coverglass chamber walls (for cultured cells) or the top coverglass of the gelation chamber
(for tissue slices) was carefully removed in order to improve access of enzyme to the embedded
cells. The gels were then incubated in digestion buffer for at least 12 hours. Digested gels were
next placed in excess volumes of doubly de-ionized water for 0.25-2 hours to expand, with
longer times for thicker gels. This step was repeated 3-5 times in fresh water, until the size of the
expanding sample plateaued.

Acrydite covalent anchoring efficiency: Label DNA oligonucleotides (A1l and A2, in Table
S3) were ordered from IDT without the 5° acrydite modification, for the anchoring efficiency
experiments of Table S1. Specimen-free gels (n = 4 gels) were cast with the same recipe as for
cultured cells with addition of DNA labels with and without acrydite modification (0.25 ng/pL of
each strand). Following gelation, gels were dialyzed in 20x volume of 10x PBS for 1 day to
allow unincorporated DNA labels to equilibrate in concentration with the dialysate. Samples
were taken from the dialysate after equilibration and measured on a fluorescence plate reader
(Spectramax M5e). A fluorescence standard curve made from serial dilutions of label
oligonucleotides was used to determine fluorescence concentration in the dialysate. The
incorporation efficiency of non-acrydite labels was confirmed to be zero by fluorescence
microscopy of the gels following dialysis equilibration; the ratio of fluorescence intensity inside
the gel to the dialysate was 0.99 + 0.07 (n = 4 samples). Acrydite incorporation efficiency was
calculated as 1 — (dialysate concentration with acrydite/dialysate concentration without acrydite).

Chemical bleaching during gelation: Fluorescence intensity in stained brain slices was
measured before vs. after expansion for the bleaching experiments of Table S1. Wild type brain
slices (30 um thick) containing sections of mouse hippocampus were stained with anti-GABA
primary (Sigma A2052) antibody, DNA secondary antibodies, and tertiary DNA bearing either
Alexa 488, Atto 565, or Atto 647N as described above. Epifluorescence images of the brain slice
were taken with 4x 0.13 NA objective with tiling to cover the entire slice, pre-gelation.
Following in situ polymer synthesis as described above, epifluorescence images of the slice were
taken again with identical imaging conditions. A region of interest in the hippocampus was used
to determine the loss of fluorescence during gelation.

Imaging:

Cultured cells. Super-resolution structured illumination microscope imaging was performed on a
Deltavision OMX SIM microscope with 100x 1.40 NA (Olympus) oil objective. Stained cells
were imaged with SlowFade Gold (Invitrogen) antifade reagent for suppression of
photobleaching and refractive index matching for pre-expansion imaging. Pre-expansion imaging
was performed on a Zeiss Laser Scanning Confocal (LSM710) with 40x 1.30 NA oil objective at
1 Airy unit and Nyquist sampling.

Post-expansion imaging was performed on a Perkin Elmer spinning disk (CSU-10 Yokogawa)
confocal or a Zeiss LSM 710. Briefly, expanded samples were placed in glass-bottom six-well
plates (In Vitro Scientific) and held in place by surrounding with low-melting point agarose.
Images were taken at with 1 Airy unit and Nyquist sampling on the LSM 710 on a 20x 0.8 NA
(Zeiss) air objective. Images on the Perkin Elmer were taken on a 100x 1.40 NA (Zeiss) oil
objective.



Figs. 2A, 2B are maximum intensity projections (MIPs) of 1.5 pm thickness (in pre-ExM
distance units). Figs. 2D, 2E are MIPs of 1 um thickness. Figs. 2K, 2L are MIPs of 500 nm
thickness. The SR-SIM image of Fig. 2M is depicted interpolated such that the pixel size is the
same as that of the corresponding ExM image of Fig. 2N.

Brain slices. To quantify expansion factor for tissue slices, specimens were imaged pre-ExM on
a Nikon Ti-E epifluorescence microscope with a 4x 0.13 NA air objective. Otherwise, tissue
slices were imaged using an Andor spinning disk (CSU-X1 Yokogawa) confocal system with a
40x 1.15 NA water immersion objective (Nikon) or, for Fig. S1 and Fig. S4E, the Zeiss LSM
710 with 40x 1.1 NA water objective. For pre-ExM confocal imaging, stained slices were treated
with an anti-fade buffer (0.05% (w/w) p-phenyldiamine, 20 mM Tris (pH 8.5), 100 mM NaCl).
Expanded slices were, for Figs. 3 and 4, sandwiched between coverslips of appropriate size (e.g.,
45 x 60 mm), forming a chamber which was then backfilled with water and sealed with epoxy.
Specimens encapsulated in this way were stable for at least a few days.

Figs. 3E, 3G are maximum intensity projections (MIPs) of 500nm thickness (in pre-ExM
distance units), chosen to match the axial extent captured in Figs. 3D, 3F, respectively, as closely
as possible. Fig. 3H is a single z-slice.

For large volume imaging of the mouse hippocampus (Fig. 4), the encapsulated expanded
specimen was tiled with an array of 12 by 5 z-stacks with ~20% overlap at the boundaries
(Nikon). The tiled stacks were downsampled by a factor of 8 for 3D rendering and reconstructed
with the Imagel stitching plugin (/9). Imaging of these 60 confocal z-stacks, in three colors, with
filter switching between each color (required for the low-crosstalk imaging using CMOS
cameras in the spinning disk microscope), took ~27 hours.

Optical clearing measurements: Transmission measurements of tissue sections before and
after expansion were performed using transmitted white light illumination on a Nikon Ti-E
inverted microscope with pass-band filters (480/20, 520/20, 572/20, 610/38) to quantify
wavelength dependence, as presented in Fig S2. Briefly, 200 um thick tissue sections were
imaged before expansion and after expansion with a 4x 0.13 NA objective with tiling to cover
the entire area of the slice. Light transmission was calculated by measuring the transmission
intensity of a circular region of interest centered on the tissue slice normalized by the average
light transmission absent of the tissue slice.

Post-ExM Residual YFP fluorescence measurements: Unlabeled brain slices (100 um) from
Thyl-YFP-H mice were gelled, digested and expanded as described above, to result in the
digestion penetration experiments of Fig. S1. Slices were digested with proteinase K for 16
hours. Following digestion, residual YFP fluorescence in cortical pyramidal cells was imaged on
a confocal microscope (LSM 710, 40x 1.10 NA water) with pinhole opened to maximum extent
(16 Airy units; 16 um optical sectioning) to collect the dim residual YFP fluorescence. A
collection of 25 Z stacks from 2 brain slices were taken across most of the expanded slice
thickness (400 um). To quantify the residual fluorescence at each Z position, the stacks were
processed in a custom Matlab script. Briefly, for each image, salt and pepper noise was removed
with a [5x5] median filter and the image was segmented into three regions with two thresholds
generated via Otsu’s method (20). The lowest segment of pixel intensities was the background,
the middle segment consisted of most of the processes and cell bodies, and the highest segment
consisted of a subset of nuclei in which much higher YFP concentrations were present (e.g., see
Fig. 3D for an example of such a hyper-bright nucleus). The middle segment of pixel intensities



was chosen for the analysis. For each stack, the processed images were averaged for each Z
position. The average intensity for each Z position was normalized by the overall average
intensity across all Z positions and all stacks for a given brain slice. The normalized average
intensity as a function of Z is plotted in Fig. S1 along with the mean-normalized stack-to-stack
standard deviation for each Z position.

Microscopy analysis.

Spinning disk confocal image processing. Standard flatfield correction was performed as needed
due to uneven illumination background. Specifically, background was subtracted with a 200
pixel wide ‘rolling ball”’ algorithm as implemented in ImageJ (i.e., Fig. 2E, 2L, Fig. 4).

Expansion degree calculation. The expansion degree was determined by choosing two
landmarks that could be clearly identified in both pre- and post-expansion images, measuring the
distance between these landmarks, and calculating the ratio of this measurement pre- vs. post-
expansion. These manually chosen points were used to register the images to each other using a
similarity transform (i.e., translation, rotation, and scaling) and the resulting registered images
were inspected visually to confirm reasonable registration over the entire specimen.

Non-rigid registration for analysis of measurement errors. Pre- and post-ExM images were first
histogram equalized (i.e., for the entire histogram of pixel intensities across each image; Matlab)
to each other. Masks were generated to exclude regions with no features by applying a Gaussian
blur with a standard deviation of 8 pixels and manually choosing an intensity threshold below
which to exclude pixels that were part of the background. (Gaussian blur was used only to
generate masks, not for subsequent image processing.) Non-rigid registration between the images
was performed using a B-spline-based registration package in Matlab (27) using manually
selected control points carrying a penalty weight of 1. Registration was performed in four stages
with B-spline grids increasing in density from 64 pixels per grid point to 8 pixels per grid point.
Analysis of measurement error was performed as schematized in Fig. S3.

Microtubule full width at half maximum (FWHM): Intensity profiles perpendicular to
microtubule orientation was taken averaging over a line profile width of 10 pixels (~150 nm).
Intensity profiles were fit to a Gaussian using the Matlab ‘fit’ function and the FWHM calculated
from the Gaussian fit.

Quantification of clathrin coated pit (CCP) radii: As performed for Fig. 20. Super-resolution
structured illumination microscope (SR-SIM) and ExM images of CCPs were first aligned via
similarity transform using 2 control points across the field of view. CPPs were identified by
visual inspection of ExM z-stacks, and were selected with a rectangular region of interest (ROI,
~2x diameter of pit) so that there were no neighboring pits or background punctate staining
within an ROL For each pit selected in the analysis, its ROI was used to crop the ExXM image and
corresponding SR-SIM image. A maximum intensity projection of the ExM image corresponding
to the same depth of field as the SR-SIM image was chosen to adjust for different optical
sectioning thickness, corresponding to ~2 ExM planes (~60 nm/plane in pre-expansion units) for
each SR-SIM z-plane (125 nm/plane) chosen. CCP radii were calculated with angular averaging
of a radial line profile originating from the centroid of each CCP, with the centroid calculated
from the Otsu-binarized image. The angular radial line profile was fit using the Matlab ‘fit’
function to the sum of 2 Gaussians. The CCP radius was determined to be the half maximum of
the fitted angular line profile.



Synapse quantification: Synapses of Fig. 3 were identified by visual inspection of ExM z-stacks.
Candidate instances of closely apposed Bassoon and Homer1 antibody-stained spots were
selected from a maximum intensity projection of each stack. Each candidate was then inspected
in the original z-stack and selected for inclusion in the analysis if it did not meet any of the
following rejection criteria: synapses that were not oriented perpendicular to the imaging plane
were recognized when the stained spots shifted continuously between consecutive z-slices, and
were rejected; synapses with coincident punctate background staining were rejected; complex
assemblies of synapses (e.g., with multiple pre- or post-synaptic terminals) were rejected;
synapses that were excessively curved (e.g., relative to the 10-pixel line width, see below) were
rejected. For each synapse selected for inclusion in the analysis, a line profile perpendicular to
the synaptic cleft was chosen. The staining intensity for Bassoon and Homer! was analyzed
along each line profile, averaging over a width of 10 pixels (~300 nm). The resulting intensity
distributions were fit to Gaussian distributions with a DC offset using the Matlab ‘fit” function.
Any synapses with a resulting goodness of fit, for either Homer1 or Bassoon, of less than 0.9
were rejected. The Bassoon-Homer1 separation was calculated as the separation between the
means of the two distributions for each synapse.
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Figure S1. Residual YFP fluorescence as a function of depth in the slice, after digestion
and expansion. Proteolysis during the ExM process significantly reduces endogenous YFP
fluorescence in expanded samples of Thyl-YFP mouse brain. The residual YFP fluorescence
can thus be imaged as a proxy for proteolytic homogeneity. (A) Maximum intensity projection in
the X dimension of 25 Z stacks of pyramidal cells in the cortex of Thyl-YFP-H brain slices after
overnight digestion and subsequent expansion, and processed to exclude high-brightness nuclei
and background as described in the Methods. The length in the Z dimension is 400 um in post-
expanded units (almost all of the thickness of the 100 um slice after ~4.5x expansion). (B) Mean
fluorescence intensity across the stacks of (A), normalized by overall mean fluorescence, plotted
as a function of Z. Error bars, mean-normalized stack-to-stack standard deviation (n =25 Z
stacks, 2 brain slices). Dotted line, visual reference for fluorescence equal to the mean. The lack
of systematic variation of YFP fluorescence vs. depth demonstrates the uniformity of proteolytic
digestion throughout the slice.
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Figure S2. Optical clearing associated with ExM. Expansion significantly reduces scattering
of the sample, since the sample is mostly water. A 200 um fixed brain slice is opaque primarily
due to scattering (A). However, the post-ExM sample is transparent (B). We quantified the
transmittance of light through the tissue pre- (blue) vs. post- (orange) ExM processing (C).



Figure S3. Quantification of Expansion Error Using Non-Rigid Registration. We quantified
the error of ExM by deforming the post-ExM image via a non-rigid registration process to
attempt an exact match to the pre-ExM image (in contrast to the similarity transform used in Fig.
2A, 2B and elsewhere). We used a B-spline based non-rigid registration algorithm (see
Methods) which generates a vector field that maps the post-ExM image (A, magenta) to the pre-
ExM image (A, green). In (A) the overlap between the pre- and post-ExM images appears white,
and the deformation vector field (white arrows) is plotted with vector magnitudes scaled by
factor of 2 for visibility. The post-ExM image after deformation (B, magenta) colocalizes with
the pre-ExM image (B, green; overlap appears white). Using this deformation field, we can
calculate the error of ExM for various length measurements. This is schematized in (C): the
magenta lines, representing structures in the post-ExM image, are mapped to the green lines,
representing the pre-ExM image, via the vector field depicted by black arrows. Measurement L’
along the line segment A’B’ in the post-ExM image is mapped to measurement L along the line
segment AB in the pre-ExM image. The ExM error is calculated as [L-L’|, i.e. the difference
between the deformation vectors AA’ and BB’. Using the deformation field generated we can
calculate the ExM error between all extracted features in the pre- vs. post- images. Scale bars: 1
pm.



Figure S4. ExM imaging of antibodies of interest in neuroscience and biology. Confocal
images of expanded Thy1-YFP mouse brain cerebral cortex sections stained with anti-GFP
(green) and antibodies against other proteins (red) as follows: (A) GAD65/67 (22), (B) ChAT
(23), (C) CaMKII (24), (D) GABA (25), (E) Lamin A/C (26), (F) NMDAR2a/b (27). Scale bars:
(A) 10 um in pre-expansion units (physical size post-expansion, 45 um); (B) 10 um (47 um); (C)
10 pm (40 pm); (D) 10 um (44 pum); (E) 10 pm (43 um); (F) 10 um (43 pum).
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Figure S5. Expansion factor vs. cross-linking. Linear expansion factor for gels cast without
specimens, as a function of the concentration of cross-linker used. Error bars represent standard
deviation (n = 4 samples).

Supplementary Tables
Table S1. Fluorescence retention during ExM chemical steps.

Fluorescence Retention After Gelation

Percent Retention Standard Deviation (%)
Alexa 488 57.2 2.9 (n =2 slices)
Atto 565 76.2 0.5 (n =2 slices)
Atto 647N 58.5 2.8 (n =2 slices)

Covalent Anchoring Efficiency During Gelation

Percentage Anchored | Standard Deviation (%)

Acrydite DNA 87.2 1.1 (n =4 gels)
Table S2. Chemicals list and suppliers.
Chemical Name Supplier Part Number
ExM Gel or Sodium Acrylate Sigma 408220
Preparation
Acrylamide Sigma A9099
N,N'- Sigma M7279
Methylenebisacrylamide
Ammonium Persulfate Sigma A3678




N,N,N',N'- Sigma T7024
Tetramethylethylenediamine
4-Hydroxy-TEMPO Sigma 176141
Fluorescent Dyes | Alexa 488 NHS ester Life Technologies | A-20000
Atto 565 NHS Ester Sigma 72464
Atto 647N NHS Ester Sigma 18373
Hybridization Dextran Sulfate Millipore S4030
Buffer
SSC Life Tech. 15557
Yeast tRNA Roche 10109495001
Normal Donkey Serum Jackson 017-000-001
Immunoresearch
Fixation and Paraformaldehyde Electron 15710
Permeabilization Microscopy
Sciences
Glutaraldehyde Electron 16020
Microscopy
Sciences
Triton X-100 Sigma 93426
Glycine Sigma 50046
PBS Life Technologies | 70011-044
Protein Digestion | Proteinase K New England P8107S
Biolabs
Ethylenediaminetetraacetic Sigma EDS
acid
Guanidine HCI Sigma G3272
Tris-HCI Life Technologies | AM9855

Table S3. DNA sequences and modifications used for tri-functional labels.

All DNA sequences were ordered from Integrated DNA Technologies, and adapted from (28).
Each strand for antibody conjugation consists of two 20bp domains separated by two bases of
A/T.



Name Sequence Modifications
Antibody | CCGAATACAAAGCATCAACG AA 5’ Amine

A GGTGACAGGGATCACAATCT

Antibody | TACGCCCTAAGAATCCGAACTT 5’ Amine

B GCATTACAGTCCTCATAAGT

Antibody | GACCCTAAGCATACATCGTC TT 5’ Amine

C GACTACTGATAACTGGATTG

Two complementary tri-functional label domains hybridize to each strand conjugated to an
antibody. Each antibody strand corresponds to one color of dye.

Name Sequence Modifications

Al CGTTGATGCTTTGTATTCGG 57 Acrydite 3° A488

A2 AGATTGTGATCCCTGTCACC 5’ Acrydite 3° A488

B1 GTTCGGATTCTTAGGGCGTA T 5’ Acrydite 3° Atto 565
B2 ACTTATGAGGACTGTAATGC T 57 Acrydite 3° Atto 565
Cl GACGATGTATGCTTAGGGTC T 5’ Acrydite 3° Atto 647N
C2 CAATCCAGTTATCAGTAGTCT 5’ Acrydite 3° Atto 647N

Table S4. Monomer solution recipe.

Component Stock Amount (mL) | Final
concentration* concentration®

Sodium acrylate 38 2.25 8.6

Acrylamide 50 0.5 2.5

N,N’-Methylenebisacrylamide | 2 0.75 0.15

Sodium chloride 29.2 4 11.7

PBS 10x 1 1x

Water 1

Total 9.5%*

*All concentrations in g/100 mL except PBS
**This solution is stored as 0.95 mL aliquots, with initiator, accelerator and inhibitor (as needed;
see Methods) added to bring the final volume up to 1 mL per aliquot immediately before each

experiment.

Supplementary Movies
Movie S1: 3D animation of large-scale rendering of hippocampal volume from Fig. 4A. First,
the volume appears with YFP only (green), then staining for Bassoon (blue) and Homerl (red)
are added. Scale bars: 100 pm.




Movie S2: 3D animation of rendered CA1 slm dendrites from Fig 4B. Scale bars: 10 um.

Movie S3: 3D animation of rendered dendritic branch of CA1 slm from Fig. 4C, showing YFP
(green), Bassoon (blue), and Homerl1 (red). Scale bars: 2.5 um.

Supplementary References

References 19-28 are for the supplementary materials.
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