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Abstract 

Lipid membranes are key to the nanoscale compartmentalization of biological systems, but 

fluorescent visualization of them in intact tissues, with nanoscale precision, is challenging to do 

with high labeling density. Here, we report ultrastructural membrane expansion microscopy 

(umExM), which combines a novel membrane label and optimized expansion microscopy 

protocol, to support dense labeling of membranes in tissues for nanoscale visualization. We 

validated the high signal-to-background ratio, and uniformity and continuity, of umExM 

membrane labeling in brain slices, which supported the imaging of membranes and proteins at a 

resolution of ~60 nm on a confocal microscope. We demonstrated the utility of umExM for the 

segmentation and tracing of neuronal processes, such as axons, in mouse brain tissue. Combining 

umExM with optical fluctuation imaging, or iterating the expansion process, yielded ~35 nm 

resolution imaging, pointing towards the potential for electron microscopy resolution 

visualization of brain membranes on ordinary light microscopes. 
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Introduction 

Expansion microscopy (ExM)1 physically magnifies preserved biological specimens by 

covalently anchoring biomolecules and/or their labels to a swellable polymer network (such as 

sodium polyacrylate) synthesized in situ throughout a specimen, followed by chemical softening 

of the sample, and the addition of water to swell the hydrogel.  As the hydrogel swells, the 

anchored biomolecules and/or their labels are pulled apart from each other isotropically, 

typically to a physical magnification of ~4-10x in each linear dimension. With an iterative form 

of ExM2,3, the expanded sample can be expanded a second time, resulting in an overall physical 

magnification of beyond 10x in each linear dimension. The net result of the expansion is that 

biomolecules and/or their labels that are initially localized within the diffraction limit of a 

traditional optical microscope can now be separated in space to distances far enough to resolve 

them.  Expansion microscopy protocols are increasingly prevalent in biology for visualizing 

proteins4–8, nucleic acids9–11, and lipids7,8,11,12. ExM also enables the visualization of anatomical 

features of specimens through dense labeling of total protein4,7,8 via N-hydroxyl succinimide 

(NHS) ester staining. While several ExM methods have been reported for membrane or lipid 

labeling and visualization6–8,12,13, achieving dense labeling in fixed tissues has remained 

challenging (Supp. Table 1). Ideally, one would enable uniform and continuous membrane 

labeling, yielding a high signal-to-background ratio, in order to preserve ultrastructure alongside 

visualization of associated proteins, in fixed tissues. Such a membrane labeling method would 

enable not just imaging of proteins with nanoscale registration relevant to membrane landmarks, 

but facilitate the segmentation and tracing of membranous structures, such as axons and 

dendrites, on a confocal microscope. 
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Here, we report a new strategy to achieve the set of features described above. We 

rationally and systematically designed novel membrane labeling probes, and optimized the ExM 

protocol, to achieve dense labeling of membranes, including plasma membranes, with ExM. We 

found that our probe, in the context of ExM, labels plasma membranes, mitochondrial 

membranes, nuclear membranes, ciliary membranes, myelin sheaths, and extracellular vesicle 

membranes in fixed mouse brain tissue (Supp. Table 1). We named our protocol ultrastructural 

membrane expansion microscopy (umExM). umExM preserves ultrastructure and enables the 

visualization of membranous structures in 100µm-thick slices of fixed mouse brain at a 

resolution of ~60 nm with excellent uniformity and continuity of membrane labeling as well as a 

high signal-to-background ratio. umExM could support co-visualization of membranous 

structures along with proteins and RNAs. The dense membrane labeling of umExM enabled the 

segmentation of neuronal compartments (e.g., cell bodies, dendrites, and axons), and tracing of 

neuronal processes (e.g., axons). Finally, we explored combining umExM with optical 

fluctuation imaging, as well as an iterative form of umExM that achieves a higher expansion 

factor, enabling ~35nm resolution imaging of membranes with a standard confocal microscope.  

We anticipate umExM to have a variety of uses in neuroscience and biology, for the 

investigation of ultrastructure, cellular compartments, and molecular content, in intact tissues, 

with nanoscale precision. 
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Results 

Design of ultrastructure membrane expansion microscopy chemistry 

To develop a membrane labeling probe that labels membranes densely enough to support 

nanoscale resolution imaging and allow continuous tracing of membranous structures, with ExM 

chemistry, we designed an unnatural synthetic amphiphilic membrane labeling probe with the 

following features. First, the membrane labeling probe should exhibit lipophilicity, similar to 

traditional fluorescent lipophilic dyes like DiI, to enable its preferential localization and diffusion 

within membranes14. The lipophilic hydrocarbon side chains of DiI, for example, are inserted 

into the hydrophobic regions of membranes15. Second, the membrane labeling probe should have 

a chemical handle that allows for selective conjugation of fluorophores subsequent to the 

formation of the ExM polymer. This design ensures that the membrane labeling probe remains 

small in size, facilitating its diffusion and preventing potential degradation of the fluorophore 

during free-radical polymerization of the ExM gel5. Third, the membrane labeling probe should 

have a polymer-anchorable handle to incorporate into the ExM gel network for physical 

expansion. We reasoned that these three features collectively would enable the development of a 

membrane labeling probe that achieves both dense membrane coverage and compatibility with 

ExM chemistry, allowing for nanoscale imaging of membranous structures with a standard 

confocal microscope. 

Our probe design proceeded in two phases – a preliminary phase and a final phase.  The 

preliminary phase was used to explore certain aspects of chemical space, and to validate certain 

aspects of dense membrane staining in ExM.  The final phase was then used to refine the 

properties of the stain for optimal performance, and to perform an even more detailed validation 
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of the density of the membrane staining possible.  We include both phases in this paper, 

although, since the final stain has better performance than the preliminary one, we have placed 

the images related to the preliminary stain in the supplementary figures, so that the final paper 

focuses on the reagent of greatest use to the reader – the product of the final phase. 

During the preliminary phase, we designed the membrane labeling probe to contain a 

chain of lysines with primary amines for binding to a polymer-anchorable handle, such as 

acryloyl–X (AcX)5, previously used to anchor protein amines to the ExM hydrogel5. To achieve 

membrane labeling, we included a lipid tail on the amine terminus of the lysine chain, with a 

glycine in between, to provide mechanical flexibility16. We chose to use D-lysines, rather than 

the biologically typical L-lysines, to minimize degradation during the chemical softening step of 

ExM, which in its most popular form involves a proteinase K softening step5. Finally, we 

attached a chemical handle to the carboxy terminus of the lysine chain, for selective conjugation 

to fluorophore(s) after expansion. In our preliminary design, we chose to use palmitoyl and 

biotin as the lipid tail and chemical handle, respectively, and to include five D-lysines in the 

backbone. This design resulted in a glycine and penta-D-lysine peptidic backbone, with a 

palmitoyl group on the amine-terminus and a biotin on the carboxy-terminus. We named this 

preliminary probe pGk5b (palmitoyl-glycine-(D-lysine)5-biotin).  

We used electron microscopy (EM) to validate pGk5b and observed that membranes 

were labeled (see Supplementary Note 1; Supp. Fig. 1). We applied pGk5b to a standard cell 

line (HEK 293), performed ExM, imaged with a confocal microscope (unless otherwise noted, 

we used a spinning disk confocal microscope throughout), and observed labeling of membranes 

(Supp. Fig. 2a-b). We call this preliminary method, using pGk5b, membrane expansion 

microscopy (mExM). We evaluated the isotropy of mExM and expansion factor as commonly 
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done with ExM technologies1,5 and observed distortion and expansion factor comparable to 

previous ExM protocols (see Supplementary Note2; Supp. Fig. 2c-2l). Almost all of the pixels 

exhibiting reference indicators (e.g., mitochondrial matrix-targeted GFP, which is 

indistinguishable from mitochondrial membrane after ~4x expansion; it requires ~30 nm 

resolution to distinguish them17,18, and ER membrane-targeted GFP), also exhibited pGk5b 

labeling (see Supplementary Note 3; Supp. Fig. 3). Thus, mExM could accurately visualize 

mitochondria and ER in cells. mExM was compatible with slices of fixed mouse brain and 

provided more details compared to the unexpanded state (Supp. Fig. 4) and was compatible with 

antibody staining (see Supplementary Note 4). We applied mExM to fixed brain tissue from 

mice and performed antibody staining against organelle-specific membrane-localized proteins 

including TOM20 for mitochondria, NUP98 for the nuclear pore complex, and MBP for myelin, 

and found in all cases that >98% of the pixels exhibiting these reference indicators also exhibited 

pGk5b signals (see Supplementary Note 5; Supp. Fig. 5). These preliminary results suggested 

that it was possible to make a label that was capable of supporting low-distortion, high-fidelity 

(as reflected by organelle reference marker colocalization) membrane staining for ExM tissue 

processing, but some issues remained – for example, the plasma membrane, key to tracing the 

boundary of neuronal processes, remained hard to see. 

Having finished the preliminary phase of the project, we next sought to optimize mExM 

further.  We compared membrane probes with saturated (palmitoyl19) and unsaturated 

(farnesyl20) lipids, while keeping the rest of the probe design constant, and observed that the 

palmitoylated probe achieved a denser membrane labeling compared to the farnesylated one 

(Supp. Fig. 6). Omitting the glycine linker caused a loss of detail (Supp. Fig. 7). Finally, we 

varied the total number of lysines in the backbone of the membrane labeling probe. We reasoned 
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that having more lysines would increase the positive charge of the probe, which could help 

promote interactions between the probe and chemically-fixed and negatively-charged 

membranes21,22. To explore this, we prepared a series of probes varying in the number of lysines 

(i.e., 3, 7, 9, 11, 13, and 19 lysines) in the backbone of the probe while holding other moieties 

known to be useful (i.e., palmitoyl tail, glycine, and biotin) constant. We applied these probes to 

slices of fixed mice brain and performed ExM. We observed that the probe containing 13 or 

more lysines appeared to show the boundary of neuronal processes the best (Supp. Fig. 8). We 

finalized upon a probe with 13 lysines (pGk13b) to minimize probe size, to facilitate its diffusion 

throughout brain tissue.  

To confirm whether the probe labels the boundary of neuronal processes, we applied 

pGk13b to slices of fixed Thy1-YFP mouse brain, which expresses cytosolic yellow fluorescent 

protein (YFP) under the Thy1 promoter in subsets of neurons23. We then performed ExM and 

fluorescently labeled pGk13b with Cy3-conjugated streptavidin, treating the sample with anti-

GFP (many fluorescent proteins survive proteinase K softening5; anti-GFP binds YFP) to boost 

YFP signals. We observed that YFP-filled processes were flanked by pGk13b staining (Supp. 

Fig. 9), confirming the successful visualization of neuronal boundaries (i.e., plasma membranes) 

with a standard confocal microscope.  

We explored using azide as a chemical handle (resulting in a reagent we named pGk13a) 

instead of biotin (the aforementioned pGk13b) to increase membrane signals in the context of 

ExM. We reasoned that fluorescently labeled streptavidin, with four biotin-binding sites24, could 

potentially crosslink four pGk13b molecules, thus decreasing fluorescent signals compared to a 

one-to-one labeling chemistry where each membrane probe binds one fluorescent molecule (as in 

pGk13a). We compared pGk13b + Cy3-streptavidin (for which each streptavidin bears more than 
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one Cy3, according to the vendor) and pGk13a + Cy3-DBCO (exhibiting one Cy3 per DBCO) in 

the context of ExM imaging of the hippocampus in fixed mouse brain slices. We found that the 

mean signal of pGk13a was >2x higher than that of pGk13b (Supp. Fig. 10). Thus, we finalized 

our probe as pGk13a (palmitoyl-glycine-(D-lysine)13-azide, Fig. 1a), and used it for the rest of 

the studies. 

We reasoned that preserving membrane integrity in the sample is critical for achieving 

dense labeling of membranes via pGk13a. However, achieving this is not trivial, in part because 

many lipids25 are not fixed through standard paraformaldehyde (PFA) chemical fixation26. To 

better preserve membrane integrity, we added a small amount (0.5%) of calcium chloride (CaCl2, 

known to help with preserving plasma membranes27,28) to 4% PFA fixative. In addition, we 

maintained a consistent temperature of 4 �C (a cold temperature at which lipids are more 

ordered, thus reducing the possibility of them diffusing out of the sample29) throughout tissue 

processing until the completion of ExM gel formation, to mitigate potential lipid loss, as higher 

temperatures can exacerbate this process30. To assess whether this was helpful, we prepared 

brain slices from mice that were fixed with 4% PFA and 0.5% CaCl2 at 4 �C, and performed 

standard ExM (37 �C gelation) or modified ExM procedure (4 �C gelation), and imaged 

hippocampal regions with a confocal microscope, finding that the mean signal of pGk13a from 

the modified ExM procedure (4 �C gelation) was ~50% higher than from the standard ExM 

procedure (37 �C gelation) (Supp. Fig. 11). Thus, we finalized our protocol as follows: we 

fixed the mouse brain in 4% PFA and 0.5% CaCl2, sectioned the brain, quenched excess 

aldehydes with a commonly used 100 mM glycine 1x phosphate-buffered saline (PBS) solution, 

applied pGk13a at 150 μM, applied a previously established biomolecule anchoring solution 

(acrylic acid N-hydroxy succinimide ester (AX, a reagent that is smaller, more cost-effective, yet 
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functionally analogous to AcX5 in the context of ExM.) in MES buffer, pH 6.0)31 to the pGk13a 

labeled tissue, and finally cast the expandable hydrogel in the tissue — all at 4 �C. We then 

softened the sample with proteinase K softening solution1,5, fluorescently labeled pGk13a via 

click-chemistry, and expanded the sample with water. We named this protocol, using a finalized 

probe (pGk13a, Fig. 1a) and optimized ExM protocol (Fig. 1b), as umExM (ultrastructure 

membrane expansion microscopy).  

 

Validation of umExM 

We evaluated the isotropy of umExM by quantitatively comparing pre-expansion 

structured illumination microscopy (SIM) images to post-expansion confocal images of the same 

sample, and calculating the distortion across the images as we did for mExM above (see 

Supplementary Note 2; Supp. Fig. 2c-i). In summary, we imaged fixed cells expressing 

mitochondria matrix-targeted GFP with SIM, performed umExM and imaged the same cells with 

a confocal microscope. Comparing pre-expansion SIM images of expressed GFP (Fig. 2a) to 

post-expansion images of anti-GFP (Fig. 2b), or of pGk13a (Fig. 2c), we observed the same low 

distortion (Fig. 2d,e) as was found in previous ExM protocols1,5. By comparing the distance 

between two landmarks in pre- vs. post-expansion images of the same sample, the expansion 

factor could be calculated; we obtained an expansion factor (~4x) similar to what was previously 

reported1,5 (Fig. 2f).  

Having established the isotropy of umExM expansion, we next sought to examine 

whether this was sufficient to resolve known ultrastructural features previously reported using 

EM or super-resolution microscopy. To explore this, we first measured the effective resolution of 
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umExM via Fourier Ring Correlation (FRC) resolution analysis32–34, a gold-standard method 

which uses Fourier transformation of images to measure resolution, on pGk13a signals from 

expanded samples. We applied umExM to fixed brain slices from mice and imaged the 

hippocampus, obtaining a resolution of ~60 nm (Fig. 2g) with a 60x, 1.27NA water objective, 

similar to the previously reported effective resolution of ExM protocols with similar expansion 

factor1,5. To explore ultrastructural features, we applied umExM to fixed brain slices from Thy1-

YFP mice and boosted the YFP signals with anti-GFP treatment. We then imaged the 

hippocampal dentate gyrus (Fig. 2h-i), third ventricle (Fig. 2j), and somatosensory cortex layer 

(L) 6 (Fig. 2k-l). We identified axons by examining pGk13a signal flanking anti-GFP signals 

(Fig. 2m). We quantified the diameter of unmyelinated axons (i.e., in the dentate gyrus; Fig. 2m) 

and myelinated axons (i.e., in the somatosensory cortex; Fig. 2o-p), and found axon diameters 

comparable to those obtained from the same brain regions imaged with EM35–37 (see 

Supplementary note 6). We also identified cilia in the third ventricle by their fingerlike 

morphologies (Fig. 2q); their diameter (Fig. 2r) was comparable to previous measurements 

made using EM38,39 and stimulated emission depletion microscopy (STED) super-resolution 

microscopy40. We imaged a volume of the third ventricle and visualized it through 3D volume 

rendering (Fig. 2s), and found membrane vesicles (known as extracellular vesicles; yellow 

arrows in Fig. 2s and Supp. Fig. 12) around cilia, showing a similar topology to what was 

previously seen with EM (Fig. 5 from ref38. and Supp. Fig. 3 from ref40). We also imaged the 

choroid plexus (Supp. Fig. 13) and observed microvilli, also showing a similar topology to what 

was previously seen with EM (Fig. 2 from ref41). 
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Uniform and continuous labeling of membranes by umExM  

We evaluated the uniformity of labeling throughout 3D volumes of umExM-processed 

slices of mouse brain, using a confocal microscope. We investigated variation in overall labeling, 

as quantified by the average signal-to-background ratio (S/B; pGk13a signal divided by the 

background; background was calculated as the average of images of empty gel regions) of each 

XY plane, at different depths in the expanded tissue volume. We applied umExM to a 100 μm 

thick fixed coronal slice of mouse brain (Supp. Fig. 14a) and performed large-scan imaging of 

the expanded sample with a low magnification objective (4x, 0.2NA; Supp. Fig. 14b) at 30 

milliseconds (ms) laser exposure time. We then imaged a volume (i.e., entire depth, from z=0 μm 

to z=100 μm with z step size=0.375 μm, in biological units (that is, divided by the expansion 

factor) throughout) of a random part of the CA1 region with the same objective at 50ms laser 

exposure time for each z-plane (Supp. Fig. 14c). We then measured the mean S/B ratio of a 

single z-plane at different depths of the volume (Supp. Fig. 14d) and observed a consistently 

high mean S/B ratio (>40 fold higher than background, Supp. Fig. 14d) throughout the slice. We 

then imaged a volume (from z=0 μm to z=10 μm, with z step size = 0.125 μm) of the dentate 

gyrus region of the hippocampus with a high magnification objective (60x, 1.27NA water 

immersion lens) with 100ms laser exposure time (Supp. Fig. 14e). We observed nanoscale 

features, such as neuronal processes, as we zoomed into the raw dataset (Supp. Fig. 14f). We 

performed the same analysis (as in Supp. Fig. 14d) and observed consistently high mean S/B 

(>80 fold higher than background, Supp. Fig. 14g). Neuronal processes were clearly delineated, 

when we zoomed into a cross-sectional image of the volume (Supp. Fig. 14h). We repeated the 

experiments (n=3 fixed brain coronal slices from two mice) and observed similar results. With a 

60x 1.27NA water immersion objective, we imaged somatosensory cortex (L6, video 1) and 
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hippocampus (Cornu ammonis (CA) 2, Supp. Fig. 15, video 2; dentate gyrus, video 3). We used 

100 μm thick coronal slices of fixed brain from mice and imaged the expanded samples using the 

same imaging conditions (i.e., 60x lens, 100ms laser exposure time) throughout the study unless 

specified otherwise. 

We next quantified the continuity of labeled membranes. Specifically, we focused on 

individual membranes that can be visualized with umExM in the expanded brain samples, such 

as the ciliary membrane (Fig. 2t-v), which could easily be identified since they are not in close 

apposition to a second membrane. We observed distinct peaks of pGk13a signals corresponding 

to ciliary membranes (Fig. 2t). To quantify the continuity of pGk13a labeled membranes, we 

manually traced ciliary membrane and counted the number of gaps along them, with a gap 

defined as a region with intensity smaller than two standard deviations below the mean pGk13a 

signal along the ciliary membrane, that was longer than 60nm (the effective resolution of 

umExM using a 60x, 1.27NA water objective; Fig. 2g). We found that >97% of the ciliary 

membrane was continuous by this metric at a gap measurement length of 60nm (Fig. 2v).  

 

Visualization of proteins and RNAs with umExM  

To explore the compatibility of umExM with antibody staining of endogenous protein 

epitopes, we adopted previously established antibody labeling strategies for ExM, namely pre-

expansion antibody staining5 and post-expansion antibody staining3. Notably, post-expansion 

staining can reveal previously unknown proteins and even cellular structures3, as antibodies are 

applied to expanded samples, where densely packed proteins are decrowded, making more room 

for antibody staining. 
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For umExM with pre-expansion antibody staining, we used a small amount of detergent 

(i.e., 0.005%-0.01% of saponin or triton-x) to permeabilize membranes in slices of fixed mouse 

brain tissue, incubated slices with primary antibody at 4 �C, performed umExM, and then 

incubated the expanded sample with a secondary antibody. Using this protocol (Supp. Fig. 16), 

we performed umExM with pre-expansion antibody staining against SV2A, a synaptic vesicle 

marker (Fig. 3a-f). We found regions of SV2A presence (Fig. 3a-b) in hippocampal area CA3. 

These signals exhibited pGk13a signals (Fig. 3c-d), consistent with these signals being from 

synaptic vesicles (Fig. 3e-f). 

For umExM with post-expansion antibody staining, we adapted a previous softening 

method5,11 that enabled antibody staining after expansion. In particular, we used a softening 

solution that contained site-specific proteases including trypsin and LysC, and then performed 

immunostaining after sample expansion. Using this protocol (Supp. Fig. 17), we performed 

umExM with post-expansion antibody staining, using an antibody against PSD95 (Fig. 3g-l). We 

observed a PSD95 expression pattern (Fig. 3g-l) similar to previous post-expansion antibody 

labeling of PSD953. These signals were adjacent to pGk13a signals (Fig. 3l, yellow arrows), 

consistent with the known role of PSD95 as a postsynaptic density protein.  

To explore whether umExM is compatible with RNA visualization, we combined 

umExM and ExM visualization of RNA (ExFISH). In particular, we added an RNA anchoring 

step to the umExM protocol using a previously established RNA anchor (i.e., LabelX)9, so that 

the protocol became as follows: we applied pGk13a to label the membrane, applied LabelX 

anchoring solution followed by AX anchoring solution, and gelled, all at 4 �C. We then softened 

the tissue with proteinase K softening solution, fluorescently labeled pGk13a, and labeled RNAs 

with a standard FISH hybridization chain reaction (HCR) protocol.  Note that we investigated the 
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use of glycidyl methacrylate (GMA)11, a previously established reagent for anchoring proteins 

and RNAs. However, we observed suboptimal membrane visualization after expansion (Supp. 

Fig. 18), suggesting the need for separate optimization in this regard. Therefore, we have chosen 

to move forward with LabelX as RNA anchor umExM. We used this protocol (Supp. Fig. 19) to 

target ACTB mRNA in fixed brain slices (Fig. 3m-o; used 40x lens). We observed similar gene 

expression (ACTB) patterns (Fig. 3m) as with the earlier ExFISH protocol9–11. Thus, umExM 

enables simultaneous visualization of membranous structures along with proteins and RNAs, 

with a standard confocal microscope. 

 

Segmenting neuron compartments with umExM 

We next investigated whether umExM could support the segmentation of neuronal 

compartments (i.e., cell bodies, dendrites, axons) to help with the analysis of signaling proteins 

within distinct neuronal compartments. As umExM provides ~60nm lateral resolution (Fig. 2g), 

we reasoned that umExM images could capture neuronal processes that are larger than roughly 

>120nm (resolution of umExM multiplied by two). To explore this, we applied umExM to fixed 

brain slices from Thy1-YFP mice, performed anti-GFP staining to boost YFP signals, and 

imaged volumes of random regions of somatosensory cortex L6 and hippocampal dentate gyrus. 

We randomly selected cell bodies using anti-GFP signals, manually segmented them based on 

pGk13a signals, and then segmented the same cell body based on anti-GFP signals (Fig. 4a) 

through the commonly used EM image segmentation software, ITK-SNAP42. We repeated this 

procedure for dendrites (Fig. 4b), myelinated axons (Fig. 4c), and unmyelinated axons (Fig. 4d, 

see Methods for details). In summary, we randomly selected dendrites and unmyelinated axons 

using anti-GFP signals, and for myelinated axons, we employed both anti-GFP and pGk13a 
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signals. This combination was necessary because anti-GFP signals alone could not precisely 

identify myelinated axons, whereas pGk13a signals were effective in pinpointing them (i.e., 

strong and thick pGk13a signals due to myelin sheaths; Fig. 2o). Qualitatively, the morphologies 

of pGk13a signal-guided segmentations were very similar to anti-GFP signal-guided 

segmentations (Fig. 4a-d). To quantitatively evaluate the accuracy of pGk13a signal-guided 

segmentation, we utilized the Rand score, a recommended and commonly used metric for 

assessing EM-based imaging segmentations43,44, with a Rand score of 0 meaning no similarity 

between the pGk13a signal-guided versus anti-GFP signal-guided segmentations, and a Rand 

score of 1 meaning segmentations from the two signals are identical. We observed that pGk13a 

signal-guided segmentation achieved Rand scores of 0.988 ± 0.015 (n=3 cell bodies from two 

fixed brain slices from two mice), 0.940 ± 0.004 (n=3 dendrites from two fixed brain slices from 

two mice), 0.946 ± 0.013 (n=5 myelinated axon from two fixed brain slices from two mice), and 

0.890 ± 0.053 (n=5 unmyelinated axon from two fixed brain slices from two mice) for cell 

bodies, dendrites, myelinated axons, and unmyelinated axons, respectively.  Although we found 

that umExM images can capture and support the segmentation of neuronal compartments, thin 

processes such as tiny axons (as they can be ~50nm in diameter45) and spine necks (known to be 

~40-50nm in diameter45) cannot be yet resolved, as umExM provides ~60nm resolution (Fig. 

2g). However, umExM still enables capture and segmentation of neuron compartments that are 

larger, in fixed tissue, with a standard confocal microscope.  

 

Tracing axons with umExM 

We next sought to explore manual axon tracing supported by umExM images. To explore 

this, we prepared umExM samples, imaged volumes of expanded samples, and randomly 
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selected myelinated and unmyelinated axons as described above. We first traced pGk13a signals 

of myelinated axons across the entire image stack (from z=0 to z=10.5μm; Fig. 5a, column 

“pGk13a”) by annotating the centroids of axons in the stacks using the same segmentation 

software as above (see Methods for details; in summary, we used brush size=8 and manually 

annotated through the stacks). We then repeated the tracing using the anti-GFP signals (Fig. 5a, 

column "GFP"). The tracing results based on the pGk13a and anti-GFP signals were visually 

indistinguishable (Fig. 5b). We calculated the Rand score, the same evaluation metric as we used 

above, and obtained 0.995 ± 0.004 (n=3 myelinated axons from two fixed brain slices from two 

mice) when we used anti-GFP-guided tracing as the ‘ground truth’. We repeated this procedure 

for unmyelinated axons in the dentate gyrus (Fig. 2m), and obtained 0.993 ± 0.006 (from z=0 to 

z=5.0 μm; Fig. 5b, n=3 myelinated axons from two fixed brain slices from two mice). However, 

due to the axial resolution of umExM, which is ~125nm (axial resolution of a confocal 

microscope divided by expansion factor; ~500nm/4) in principle, tracing unmyelinated axons 

with pGk13a signals alone posed a limitation beyond z=~5 μm (on average, n=3). 

Next, we imaged the corpus callosum, a brain region containing densely packed 

myelinated axons. However, we found that manual tracing of neuronal processes was 

challenging in this region as only a subset of the processes were visually distinguishable (Supp. 

Fig. 20a-b), perhaps due to light scattering; this optical phenomenon was not observed in the 

somatosensory cortex and hippocampus (video1-3). Previous studies reported that a subset of 

native lipids, which causes scattering, may still remain even after tissue clearing46 and expansion 

processes8. We found that transferring pGk13a and biomolecules to an ExM gel matrix formed 

post-expansion, and then chemically cleaving the initial ExM gel, exhibited improved 

visualization of axons in this brain region (Supp. Fig. 19c-d). In more detail, we performed 
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umExM on a fixed brain slice until the softening step was completed, and then we applied 

biomolecule anchoring (AX) solution again (so that pGk13 probes in the initial gel could be 

transferred from the initial gel to a subsequently formed ExM gel; the newly applied AX would 

react to unreacted amines in pGk13a), cast an expandable gel that was prepared with non-

cleavable crosslinker N,N -methylenebis(acrylamide) (BIS) in the initial gel, chemically cleaved 

the initial gel (which was made with cleavable crosslinker N,N'-Diallyl-L-tartardiamide 

(DATD)), fluorescently labeled pGk13a via click chemistry, and expanded the sample with 

water. Using this protocol (Supp. Fig. 21), we imaged corpus callosum covering a volume of 

39.25 by 39.25 by 20 μm, at 50ms laser exposure time for each single z section. When we 

zoomed into the dataset, we were able to clearly identify neuronal processes in the corpus 

callosum (video 4-5), similar to what we observed in other brain regions such as cortex and 

hippocampus (video 1-3). We used this dataset (from video 5) to manually trace 20 axons in the 

bundle of myelinated axons (Fig 5g-i) that spanned the entire dataset without any challenges. 

 

Higher resolution imaging with umExM  

ExM can support higher resolution imaging, by imaging ExM-processed samples with 

other super-resolution imaging methods8,47, or by expanding beyond 4 times, e.g. through 

iterative forms of ExM2–4. We explored both of these possibilities.  We first combined umExM 

with an existing super-resolution imaging method. Inspired by recent progress in optical 

fluctuation imaging with ordinary confocal microscopes48–50, we chose “super-resolution 

imaging based on autocorrelation with two-step deconvolution” (i.e., SACD)48, as this method 

requires fewer frames to resolve fluctuations compared to other methods48. We performed 
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umExM of fixed mouse brain slices and used a confocal microscope to image 20 frames of a 

hippocampal region at an imaging rate of 50ms/frame (Fig. 6a-b). We then used the SACD 

algorithm48 to resolve the fluctuations (Fig. 6c). We measured the resolution of the resulting 

image the same way as we did for umExM. umExM+SACD provided a final effective resolution 

of ~33nm (Fig. 6d).  We next explored creating an iterative form of umExM, adapted from the 

previously established iterative form of ExM (iExM)2. We performed umExM on fixed brain 

slices but without fluorescently labeling pGk13a. We then embedded the expanded sample into a 

re-embedding gel (uncharged gel) prepared with a cleavable crosslinker (DATD) to preserve the 

expanded state during subsequent steps2, treated the specimen with biomolecule anchoring (AX) 

solution again so that the pGk13a probes could be transferred from the initial gel to a subsequent 

gel, cast a new expandable gel prepared with a non-cleavable crosslinker (BIS), chemically 

cleaved the initial (composed of cleavable crosslinker DATD, as noted above) and re-embedding 

gels, as in the previously established iterative form of ExM2,4. Finally, we fluorescently labeled 

pGk13a via click chemistry and expanded the sample. Inspired by recent advancements in 

extracellular space preservation (ECS) fixation51, we applied this protocol (Supp. Fig. 22) to 

ECS-preserved fixed brain slices (Fig. 6e-f, video 6) and achieved ~12x expansion. We 

measured the resolution of the resulting image as above, and observed that the iterative form of 

umExM achieved a final effective resolution of ~35nm (Fig. 6g).  

 

Discussion 

umExM achieves dense labeling of membranes, and high-integrity expansion, to enable 

imaging of membranous structures using a standard confocal microscope. It achieves ~60nm 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 9, 2024. ; https://doi.org/10.1101/2024.03.07.583776doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.07.583776
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

lateral resolution and enables co-visualization of membranous structures in a wide range of brain 

regions along with proteins and RNAs. Although umExM cannot resolve tiny processes such as 

spine necks, umExM enables segmentation of cell bodies, dendrites, and axons (>200nm in 

diameter) and enables tracing of axons. Finally, we showed that ~35nm resolution imaging of 

membrane structures is possible by combining umExM with super-resolution imaging (e.g., 

SACD) or through an iterative form of umExM. The cost of pGk13a falls within the price range 

of commercially available membrane labeling probes used in other ExM technologies (DiD for 

MAGNIFY8 and PacSch for panExM-t7; Supp. Table 1). It is worth noting that the cost of 

pGk13a could decrease greatly with commercial mass production. 

We anticipate that umExM can be effectively combined with other ExM protocols. For 

instance, we expect that the protocol combining umExM and ExFISH can be simplified by using 

the universal anchoring reagent GMA11. We also expect umExM chemistry can be combined 

with techniques such as expansion sequencing (ExSeq)10. In spatial transcriptomic mapping, cell 

segmentation heavily relies on the computational extraction of the cell boundary52. We expect 

our technology, which densely labels membranes, to provide helpful information for manual and 

automatic cell boundary segmentation to facilitate spatial transcriptomic studies.  

Future directions may also include further optimizing the iterative form of umExM. 

Similar to how EM sample processing was optimized by performing thorough and systematic 

screening of experimental conditions (e.g., concentration and duration of OsO4 staining)53–56, the 

iterative form of umExM may be further optimized by systemically tweaking parameters in the 

protocol (e.g., fixative solution, monomer solution, etc.). Furthermore, one may combine 

umExM with total protein staining6–8; this will label unreacted amines in both pGk13a probes as 

well as proteins, similar to how uranyl acetate staining provides more contrast in the sample for 
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EM imaging. Once the iterative form of umExM is optimized, one could potentially trace 

neurons and their connectivity, with molecular markers, on a standard confocal microscope.  
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Methods 

 

Membrane probe synthesis 

Membrane probes were commercially synthesized (Anaspec). They were purified to >95% 

purity. They were aliquoted in 1 mg quantities into tubes, lyophilized to powder, and stored at -

20 �C until stock solutions were prepared. Stock solutions were stored at -20 �C until use. 

 

Brain tissue preparation for umExM 

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. Wild type (both male and female, used without 

regard to sex, C57BL/6 or Thy1-YFP, 6-8 weeks old, from either Taconic or JAX) mice were 

first terminally anesthetized with isoflurane. Then, ice-cold 1x phosphate-buffered saline (PBS, 

Corning, catalog no. 21031CM) was transcardially perfused until the blood cleared 

(approximately 25 ml). For all umExM experiments, the mice were then transcardially perfused 

with 4% PFA + 0.5% CaCl2 fixative solution (Supp. Table 3 “fixative solution”).  The fixative 

was kept on ice during perfusion. After the perfusion step, brains were dissected out, stored in 

fixative on a shaker (~10-20 rpm) at 4 �C for 24 hours for further fixation, and sliced on a 

vibratome (Leica VT1000S) at 100 μm thickness. For the slicing, the tray was filled with ice-

cold PBS, and the tray was surrounded by ice. The slices were then transferred to a 50-ml tube 

filled with 40 ml of ice-cold quenching solution (100mM Glycine in PBS) on the shaker (~10-20 

rpm) at 4 �C, overnight (> 8hrs). The slices were washed 3-4 times with ice-cold PBS on the 

shaker (~10-20 rpm) at 4 �C, for 1-2 hours each and stored in PBS at 4 �C.  
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umExM for brain tissue slices  

1. The fixed tissue slices (as described in the Brain tissue preparation for umExM 

section) were incubated in membrane labeling solution (Supp. Table 3, “pGk13a stock 

solution”) on the shaker (~10-20 rpm) at 4 �C, overnight (unless otherwise noted, 

overnight means >16 hours).  

2. The fixed tissue slices were then incubated in AX stock solution (Supp. Table 3, “AX 

stock solution”) on the shaker (~10-20 rpm) at 4 �C, overnight. The tissue was then 

washed 2-3 times in PBS on the shaker (~10-20 rpm) at 4 �C, 1 hour each.  

3. The fixed tissue slices were then incubated in gelling solution (Supp. Table 3, “umExM 

gelling solution”) 30 minutes on the shaker (~10-20 rpm) at 4 �C for pre-gelation 

incubation. During this step, the gelation chamber was constructed similarly as 

previously described5. In summary, we placed two spacers (VWR, catalog no. 48368-

085) on a microscope slide (VWR, catalog no. 48300-026). The two spacers were 

separated from each other enough so that the brain tissue slice could be placed in between 

them. The brain tissue slice was placed between the spacers and sliced with a razor blade 

(VWR, catalog no. 55411-050) into two equally sized half-coronal sections. We then 

placed the lid (VWR, catalog no. 87001-918) on top of the spacers as well as the brain 

tissue slices. We fully filled the empty space between the half-coronal sections and 

spacers with the gelling solution. The chamber was transferred to a plastic jar with a lid 

(Fisher Scientific, catalog no. R685025) at 4 �C to initiate free-radical polymerization 

for >24 hours. Then, the gelation chamber containing the sample (tissue-embedded 

hydrogel) was taken out. 
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4. We trimmed the sample with a razor blade (VWR, catalog no. 55411-050) to have two 

gelled half-coronal sections. We then transferred each gel (each half-coronal section) 

from the chamber to a 12-well plate (Fisher Scientific, catalog no. FB012928) that 

contained proteinase K digestion solution (Supp. Table 3, “umExM Digestion buffer”) in 

the well (2 ml of digestion solution per well per half-coronal section). The gel was then 

digested at room temperature (RT, 24 �C) on the shaker (50 rpm), overnight. After 

digestion, the gels were washed 3-4 times in PBS on the shaker (50 rpm) at RT, 30 

minutes each. 

5. Each sample was labeled with 0.5ml of Cy3 conjugated DBCO (Cy3 DBCO Click 

chemistry tools, catalog no. A140-1) buffered in PBS at a concentration of 0.1mg/ml on 

the shaker (50 rpm) at RT, overnight. Then, the samples were washed 2-3 times in PBS 

on the shaker (50 rpm) at room temperature (RT), 30 minutes each. The samples were 

then transferred to 4 �C, overnight.  

6. The samples were placed 2-3 times in excess water on the shaker (50 rpm) at RT for 

expansion, 30 minutes each.  

 

Immunohistochemistry-compatible umExM 

For pre-expansion antibody staining (Supp. Fig. 16), we prepared the brain tissue slice as 

described in step 1 in the umExM for brain tissue slices section. We then applied 1ml of 

permeabilization solution (0.005%-0.01% of saponin (Sigma Aldrich, catalog no. 84510) or 

triton (Sigma, catalog no. X100), 1% Bovine Serum Albumin (BSA, Sigma Aldrich, catalog no. 

A3294) in PBS) at 4 �C, overnight. We then added 10μl of primary antibody, rabbit anti-SV2A 

(Abcam, catalog no. ab32942), to the permeabilization solution, and then held it for 24 hours at 4 
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�C on the shaker (50 rpm). Then, the tissues were washed 3-4 times in PBS at 4 �C, 1 hour 

each. Next, we performed steps 2-5 in the umExM for brain tissue slices sections. 

Subsequently, for each half coronal slice sample, we incubated it in PBS containing primary 

antibodies, goat anti-rabbit ATTO 647N conjugated secondary antibody (Rockland 

Immunochemicals, catalog no. 50-194-3924), at a concentration of 5-10 μg/mL at 4 �C for 2-3 

days. The samples (tissue-embedded hydrogel) were washed 3-4 times in PBS at RT, 30 minutes 

each. Finally, we performed step 6 in the umExM for brain tissue slices section.  

For post-expansion staining (Supp. Fig. 17), we performed steps 1-3 in the umExM for brain 

tissue slices section. We then performed step 4 in the umExM for brain tissue slices section, 

but with 2 ml of Trypsin+Lys-C softening solution (Supp. Table 3, “umExM Trypsin+Lys-C 

softening solution”) instead of proteinase K digestion solution, for each half coronal slice 

sample. We then incubated each half coronal slice sample (tissue-embedded hydrogel) in PBS 

containing primary antibodies, rabbi anti-PSD95 (Thermo Fisher, catalog no. MA1-046), at a 

concentration of 10 μg/ml at 4 �C for 2-3 days. The samples were washed 3-4 times in PBS at 

RT, 30 minutes each. We then performed step 5 in the umExM for brain tissue slices section. 

Subsequently, for each half coronal slice sample, we incubated it in PBS containing primary 

antibodies, goat anti-rabbit ATTO 647N conjugated secondary antibody (Rockland 

Immunochemicals, catalog no. 50-194-3924), at a concentration of 5-10 μg/ml at 4 �C for 2-3 

days. Then, the samples were washed 3-4 times in PBS at RT, 30 minutes each. Finally, we 

performed step 6 in the umExM for brain tissue slices section. 
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Antibody staining of fluorescent proteins for umExM  

The expanded samples, after either proteinase K digestion (steps 1-4 in the mExM for brain 

tissue slices section) or Trypsin+Lys-C softening treatment (post-expansion antibody staining 

protocol in Immunohistochemistry-compatible umExM section), were incubated in PBS 

containing ATTO 647N fluorophore-conjugated nanobody against the green fluorescent protein 

(GFP, ChromoTek, catalog no. gba647n) or ATTO 488 fluorophore-conjugated nanobody 

against the green fluorescent protein (GFP, ChromoTek, catalog no. gba488) at a concentration 

of 10 μg/ml for overnight at 4 �C. The samples were washed 3-4 times in PBS at RT, 30 

minutes each. We then performed steps 5 and 6 in the umExM for brain tissue slices section. 

 

umExM with RNA 

For umExM with RNA (Supp. Fig. 19), we prepared brain tissue slices as described in step 1 in 

the umExM for brain tissue slices section. We then incubated the sample into 1mL of LabelX 

solution9 (10 μL of AcX (ThermoFisher, catalog no. A20770), 10 mg/ml in DMSO, was reacted 

with 100 μL of Label-IT Amine Modifying Reagent (Mirus Bio, catalog no. MIR3900), 

overnight at RT with shaking). We then performed step 2 in the umExM for brain tissue slices 

section, but with the 0.05 mg/ml AX in MES buffer (See Supp. Table 3, “AX buffer solution”) 

for 24 hours at 4 �C. We then performed steps 3-6 in the umExM for brain tissue slices 

section. Next, we performed the standard FISH hybridization chain reaction (HCR) protocol, 

similar to earlier ExM protocols that visualized RNAs8–10. In particular, we incubated the sample 

(tissue-embedded hydrogel) with hybridization buffer (10% formamide, 2× SSC) at RT for 0.5-1 

h, and applied ACTB probe (Molecular instruments) at 8nM concentration, overnight at 37 �C 
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(buffered in HCR.v3.0 Wash Buffer57). We then washed the gel with HCR v3.0 Wash Buffer for 

2-3 times at 37 �C followed by another washing with second washing buffer (5x SSC buffer + 

0.1% Tween 20) 30 minutes for 4 times at 37 �C, followed by treating the sample with 

fluorescently (Alexa 647) labeled HCR hairpin amplifiers (1:100) at RT, overnight. Then the 

samples were washed with 5× SSCT, 20 minutes for 4 times at RT. The samples were expanded 

(~3x; similar to the expansion factor of ExFISH9 that used LabelX for anchoring RNAs) with 

0.05× SSCT, 10-20 minutes each time, 3 times.  

 

Confocal imaging, deconvolution, and visualization 

Confocal images in the main and supplementary figures were obtained on an Andor spinning 

disk (CSU-W1 Yokogawa) confocal system on a Nikon Eclipse Ti-E inverted microscope body 

with a Zyla 5.5 camera or a Hamamatsu qCMOS camera. We used a 4x 0.2 NA, 10x 0.45 NA, 

40x 1.15 NA, or 60x 1.27 NA lens for all imaging. For large-scan imaging, we imaged with the 

confocal microscope and then stitched with a shading correction function via the default setting 

in Nikon element software version 4.0.  All confocal images in the main figures were 

deconvoluted with the Sparse-deconvolution53 software (version 1.0.3) using the software 

provided in GitHub (https://github.com/WeisongZhao/Sparse-SIM). Gaussian filter function 

(sigma=2) in ImageJ (version 1.53q) was applied to all antibody signals (anti-GFP, anti-SV2A 

and anti-PSD95). The 3D volume renderings of confocal images were generated using the 

volume viewer or 3D viewer function in ImageJ (version 1.53q). All images were visualized with 

an auto-scaling function in ImageJ (version 1.53q) except for Supp. Fig. 10-11, which we used 
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the same brightness and contrast with ImageJ software to highlight the difference between 

experimental outcomes.  

 

Resolution analysis 

 

For the resolution analysis, we adopted blockwise Fourier Ring Correlation (FRC) resolution 

analysis34 to measure the resolution of umExM as well as umExM+SACD and the iterative form 

of umExM. For umExM and the iterative form of umExM images, the same region of umExM 

samples was imaged twice for independent noise realization. Then we used NanoJ-SQUIRREL 

Fiji plugin34 to perform FRC resolution analysis. In the case of umExM+SACD images, we 

captured 40 frames of umExM images, divided them into two sets of 20 frames by separating 

odd and even images, and performed SACD (see umExM with Optical fluctuation imaging 

section below) to generate two SACD images (each derived from 20 frames). Subsequently, 

these two images underwent FRC resolution analysis using the same Fiji plugin. The best FRC 

value obtained across the blocks in each image pair was used to quantify the resolution of 

umExM, umExM+SACD and the iterative form of umExM.  

 

Analysis of the biotin (pGk13b) vs. azide (pGk13a) version of the membrane probe  

The brain tissue sections were prepared as described in the Brain tissue preparation for 

umExM section but with 4% PFA (Electron Microscopy Sciences, catalog no. 15710) solution 

instead of 4% PFA + 0.5% CaCl2 (Supp. Table 3, “fixative solution”). To compare the biotin 

version (pGk13b) of the probe with azide version (pGk13a) of the probe, we performed ExM as 
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described in the umExM for brain tissue slices section, but with either pGk13b or pGk13a in 

step 1 and a typical ExM gelation temperature in step3 (pre-gelation 4 �C and gelation at 37 

�C). For fluorescently labeling the pGk13b and pGk13a, we used an excessive amount of Cy3-

conjugated streptavidin or DBCO for a long time (~2 days at RT) to fluorescently label the 

membrane probes, as much as possible. In particular, we used 1ml of PBS containing Cy3 

conjugated streptavidin (Invitrogen, catalog no. SA1010) at a concentration of 0.1mg/ml for 2 

days at RT. For fluorescently labeling pGk13a, we used 1 ml of PBS containing Cy3 conjugated 

DBCO (Click chemistry tools, catalog no. A140-1) at a concentration of 0.1mg/ml for 2 days at 

RT. Both samples were washed 3-4 times in PBS at RT, 30 minutes each, and expanded with 

water. We then imaged a random region in the hippocampus with the confocal microscope with 

10x, 0.45NA objective. We then measured the mean pGk13a and pGk13b signals. We then 

performed an unpaired two-sided t-test function in RStudio 2021.09.2+382 with R version 4.1.2.   

 

Analysis of 37 ⁰C vs. 4 ⁰C ExM protocols 

For control experiments, we performed ExM as described in the umExM for brain tissue slices 

section but with typical ExM gelation temperature (i.e., gelled at 37 �C for 2 hours in step 3). 

For 4 �C gelation, we performed ExM as described in the umExM for brain tissue slices 

section. We then imaged the samples in a random region in the hippocampus with the confocal 

microscope with 10x, 0.45NA objective. We then measured the mean pGk13a from each 

condition and performed an unpaired t-test function in RStudio 2021.09.2+382 with R version 

4.1.2.   
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Signal-to-background analysis 

The umExM samples were prepared as described in the umExM for brain tissue slices section. 

To obtain the mean pGk13a signal, we imaged a volume covering the depth from z=0 μm to 

z=100 μm with a z-step size of 0.375 μm (in biological units), using a 4x 0.2 NA lens and Zyla 

5.5 camera with a 50ms laser exposure time for each z-plane. To obtain the mean background, 

we imaged random empty regions in the gel with the same imaging conditions (i.e., 4x lens, Zyla 

5.5 camera, 50ms laser exposure time) and averaged them. We then measured the mean signal-

to-background (S/B) by dividing the mean pGk13a signal captured in the XY plane by the mean 

background (i.e., mean pGk13a signal/mean background). We subsequently calculated the mean 

signal-to-background (S/B) ratio for a single z-plane at various depths within the volume. We 

repeated this with a 60x, 1.27 NA lens for a volume covering the depth from z=0 μm to z=10 

μm, with a z step size = 0.125 μm.   

 

Continuity of labeled membrane analysis 

The umExM samples were prepared as described in the umExM for brain tissue slices section. 

We randomly traced the ciliary membrane (n=5 separate cilia from two fixed brain slices from 

one mouse). The starting point of tracing was chosen randomly. Based on the traced ciliary 

membrane, we counted the number of gaps, which we defined as a region with intensity smaller 

than a 2x standard deviation below the mean along the pGk13a labeled ciliary membrane, that 

was longer than 60nm (in biological units, the effective resolution of the 60x 1.27NA objective 

that was used for imaging; Fig. 2g).  
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umExM with double gelation (for corpus callosum) 

For umExM with double gelation (for corpus callosum) (Supp. Fig. 21), samples were prepared 

as described in the umExM for brain tissue slices section, except for fluorescently labeling the 

membrane probe and expansion (step 5-6). Then, the sample was incubated in a non-cleavable 

gelling solution (Supp. Table 2, “Monomer solution”) for 30 minutes on the shaker (~10-20 

rpm) at 4 �C for pre-gelation incubation. We then gelled the sample at 37 �C, using the gelation 

chamber we described in step 3 of the umExM for brain tissue slices section. After the gelation, 

the initial gel was treated with a cleaving solution (50mM sodium metaperiodate in 0.1M sodium 

acetate buffer, pH 5.0) for one hour on the shaker (~100-150 rpm), at RT. Then the sample was 

washed 4 times in 100mM glycine PBS on the shaker (~50-100 rpm) at RT, 30 minutes each, 

and then the sample was washed 3-4 times with PBS on the shaker (~50-100 rpm) at RT, 15 

minutes each. We then fluorescently labeled the membrane probe and expanded the sample as 

described in steps 5-6 of the umExM for brain tissue slices section. 

 

Accuracy (Rand score) of segmentation and tracing of pGk13a signals  

We performed umExM with fixed brain slices from Thy1-YFP mice and boosted YFP signals 

with anti-GFP (as described in the Antibody staining of fluorescent proteins for umExM 

section). We imaged volumes of a random region in somatosensory cortex L6 and hippocampus 

dentate gyrus, with two labels (anti-GFP antibody and pGk13a for membranes). 
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Segmentation  

To identify neuronal compartments, we generated a maximum-intensity z-projected (max-z 

projected) image from the anti-GFP channel of the volume. Using this max-z projected image, 

we pinpointed cell bodies, dendrites, and axons. However, anti-GFP signal alone cannot 

differentiate between myelinated and unmyelinated axons. We thus used the pGk13a signal to 

assist in identifying myelinated axons, as myelinated axons exhibited strong pGk13a signals 

compared to unmyelinated axons (Fig. 2m for unmyelinated axon; Fig.2o for myelinated 

axon).  

Subsequently, we randomly created several regions of interest (ROIs), each containing a portion 

of identified neuronal compartments. These ROIs were employed to crop the pGk13a channel 

and anti-GFP channel of the volume. We randomly selected a single z-plane from the cropped 

volume, manually segmented compartments based on pGk13a signals, and then segmented the 

same compartments based on anti-GFP signals, all with ITK-SNAP software42. We then 

quantitatively compared the pGk13a-guided segmentation to the anti-GFP-guided segmentation 

using the Rand score43,44. We repeated this experiment and analysis (n=3 cell bodies and n=3 

dendrites from two fixed brain slices from two mice, and n=5 myelinated axons and n=5 

unmyelinated axons from two fixed brain slices from two mice). 

 

Tracing  

We identified myelinated axons by inspecting anti-GFP signals as well as pGk13a signals in the 

same way as we described above. Among the identified myelinated axons, we randomly selected 

some. We traced them from z=0 to z=10.5 μm based on the pGk13a signals and also traced the 

same myelinated axons based on anti-GFP signals, all with ITK-SNAP software42. Specifically, 

we traced myelinated axons by annotating the centroid of the myelinated axons with brush 
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size=8 in ITK-SNAP software. We then quantitatively compared the pGk13a-guided tracing to 

the anti-GFP-guided tracing using the Rand score46,47. We repeated this experiment and analysis 

(n=3 myelinated axons from two fixed brain slices from two mice). Next, we identified the 

unmyelinated axons by inspecting anti-GFP signals, as we did for the segmentation study above. 

We then randomly selected one and traced it from z=0 to z=5 μm based on the pGk13a and anti-

GFP signals and calculated the Rand score, as we did for myelinated axons. We also repeated 

this experiment and analysis (n=3 myelinated axons from two fixed brain slices from two mice). 

For tracing myelinated axons in the corpus callosum, we applied umExM with double gelation 

protocol (Supp. Fig 20) to mouse brain tissue section. We then imaged a random volume (39.25 

by 39.25 by 20 μm) of the corpus callosum. We then used webKnossos58 to trace n=20 

myelinated axons that spanned the entire dataset. 

 

 

umExM with Optical fluctuation imaging (umExM with SACD)  

The samples were prepared as described in umExM for brain tissue slices. We imaged the 

samples with Andor spinning disk (CSU-W1 Tokogawa) confocal system with a 60x, 1.27NA 

objective with either a Zyla 5.5 camera or a Hamamatsu qCMOS, with an optional ×1.5 

magnification. We used 20 frames of images (exposure time, 50ms; laser power 90%), which 

took ~1 second in total. We then used the SACD ImageJ plugin as provided in the Github 

(https://github.com/WeisongZhao/SACDj). We used the plugin with the recommended default 

hyper-parameters48 (i.e., 1st=10, fourier=2, 2nd=10, order=2, scale=2). Finally, CLAHE was 

applied for visualization purposes.  
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ECS preservation protocol 

 

ECS perfusion was adapted from the published protocol51. The mouse was terminally 

anesthetized with isoflurane and placed on a dissection tray. The chest was cut open, and a 21-

gauge butterfly needle was inserted into the left ventricle. A small incision was made in the right 

atrium to facilitate outflow. The mouse was perfused transcardially at a flow rate of 10 mL/min 

using a Masterflex Peristaltic pump. Fresh aCSF was flown for 2-3 minutes to clear out the 

blood. This was followed by perfusion with 15% mannitol in aCSF solution for 1 minute, and 

then a 6%  mannitol aCSF solution for 5 minutes. Finally, the mouse was perfused with an ice-

cold fixative containing 5% mannitol, 4% paraformaldehyde, 2mM CaCl2, 4mM MgCl2, and 

150mM sodium cacodylate buffer (pH 7.4) for 5 minutes. 

After perfusion, the brain was carefully removed from the skull and placed in a vial containing 

the same fixative solution. It was then fixed for at least 24 hours with gentle agitation at 4 �C. 

100µm sections were cut using a Leica VT1000 S vibrating blade microtome and collected in the 

cold fixative solution. 

 

Iterative form of umExM  

For the iterative form of umExM (Supp. Fig. 22), umExM samples were prepared as described 

in the umExM for brain tissue slices section, except for fluorescently labeling the membrane 

probe (step 5). The expanded samples were incubated in a cleavable re-embedding solution 

(Supp. Table 3, “Second gelling solution”) for 1 hour on a shaker (~50rpm) at RT for pre-
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gelation incubation. Next, we gelled the sample at 50 �C, for >4 hours, with the same gelation 

chambers used in step 3 of the umExM for brain tissue slices section. The re-embedded 

samples were washed 3-4 times in PBS at RT, 30 minutes each. The re-embedded samples were 

then treated with AX solution and washed in PBS as described in step 2 of the umExM for 

brain tissue slices section. The samples were trimmed into smaller samples with razor blades 

and then gelled again with a non-cleavable gelling solution (Supp. Table 3, “Third gelling 

solution”) 30 minutes on the shaker (~10-20 rpm) at 4 �C for pre-gelation incubation. Next, we 

gelled the sample at 37 �C, overnight, with the same gelation chambers used above. The 

samples were treated with the cleaving solution (50mM sodium metaperiodate in 0.1M sodium 

acetate buffer, pH 5.0) for one hour, at RT. Then the samples were washed 4 times in 100mM 

glycine PBS on the shaker (~50-100 rpm) at RT, 30 minutes each, and then the sample was 

washed 3-4 times with PBS on the shaker (~50-100 rpm) at RT, 15 minutes each. We then 

fluorescently labeled the membrane probe and expanded the sample as described in steps 5-6 of 

the umExM for brain tissue slices section. 
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Figure 1. Ultrastructural membrane expansion microscopy (umExM) concept and workflow.   

umExM is a modified form of expansion microscopy with a custom-designed amphiphilic membrane 

labeling probe (termed pGk13a). (a) Chemical structure of pGk13a. The probe does not contain any 

fluorophore but has an azide to bind a fluorophore later. (b) umExM workflow. Blue-colored fine text 

highlight key differences from ExM
1
 and proExM

4
, whereas black fine text highlight the same steps as 

ExM and proExM. (b.i) A specimen is perfused and chemically fixed with 4% paraformaldehyde (PFA) + 

0.5% calcium chloride (CaCl2) at 4 ⁰C for 24 hours. The brain is sliced on a vibratome to 100 μm thickness 

at 0-4 ⁰C. (b.ii) The specimen is treated with pGk13a (structure is depicted in (a)) at 4 ⁰C overnight 

(unless otherwise noted, overnight means >16 hours). (b.iii) The specimen is treated with acrylic acid N-

hydroxysuccinimide ester (AX) at 4 ⁰C overnight. (b.iv) The specimen is embedded in an expandable 

hydrogel (made with N,N'-Diallyl-L-tartardiamide (DATD) crosslinker
4
) at 4 ⁰C for at least 24 hours. (b.v) 

The sample (specimen-embedded hydrogel) is chemically softened with enzymatic cleavage of proteins 

(i.e., non-specific cleavage with proteinase K) at room temperature (~24 ⁰C) overnight. The probe is not 

digested during proteinase K treatment since it is composed of D-amino acids. (b.vi) Then, the sample is 

treated with 1x phosphate-buffered saline (PBS) to partially expand it. The pGk13a, that is anchored to 

the gel matrix, is fluorescently labeled via click-chemistry (i.e., DBCO-fluorophore) at room temperature, 

overnight. (b.vii) The sample is expanded with water at room temperature for 1.5 hours (exchanging 

water every 30 minutes).  
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Figure 2. Resolution and distortion of umExM. 

(a) Representative (n=3 cells from one culture) single z-plane structured illumination microscopy (SIM) 

image of a pre-expanded HEK293 cell expressing mitochondrial matrix-targeted green fluorescent 

protein (GFP, shown in orange). (b) Single z-plane confocal image of the same HEK293 cell as in (a), after 

undergoing the umExM protocol, showing expression of mitochondrial matrix-targeted GFP in the same 

field of view as shown in (a). GFP, green color. (c) Single z-plane confocal image of the same umExM-

expanded fixed HEK293 cell as in (a), showing pGk13a staining of the membrane in the same field of 

view as shown in (a). pGk13a, gray color. (d) Root-mean-square (RMS) length measurement error as a 

function of measurement length, comparing pre-expansion SIM images of fixed HEK293 cells expressing 

mitochondrial matrix-targeted GFP and post-expansion confocal images of the same cells after umExM 

processing, showing mitochondrial matrix-targeted GFP (blue line, mean; shaded area, standard 

deviation; n=3 cells from one culture). (e) As in (d) but with post-expansion images showing pGk13a 

staining of the membrane. (f) Boxplot showing measured expansion factor as described (n=8 pairs of 

landmark points; from 3 fixed brain slices from two mice; median, middle line; 1st quartile, lower box 

boundary; 3rd quartile, upper box boundary; error bars are the 95% confidence interval; black points, 

individual data points; used throughout this manuscript unless otherwise noted). (g) Boxplot showing 

resolution of post-expansion confocal images (60x, 1.27NA objective) of umExM-processed mouse brain 

tissue slices showing pGk13a staining of the membrane (n=5 fixed brain slices from two mice). (h) 

Representative (n=5 fixed brain slices from two mice) single z-plane confocal image of expanded Thy1-

YFP mouse brain tissue (hippocampus, dentate gyrus) showing pGk13a staining of the membrane. 

pGk13a staining of the membrane visualized in inverted gray color throughout this figure (dark signals 

on light background) except for (s). (i) Magnified view of black boxed region in (h). (j) As in (h) but 

imaging of the third ventricle. (k) As in (h) but imaging of mouse somatosensory cortex layer 6 (L6). (l) 

Magnified view of black boxed region in (k). (m) Representative (n=2 fixed brain slices from two mice) 

single z-plane confocal image of expanded Thy1-YFP mouse brain tissue (hippocampus dentate gyrus), 

that underwent umExM protocol and anti-GFP labeling (here labeling YFP), showing YFP (magenta) and 

pGk13a staining of the membrane (inverted gray). (n) Diameter of unmyelinated axons (n=17 axons 

from three fixed brain slices from two mice; bar, mean, error bars, standard deviation; used throughout 

this manuscript unless otherwise noted). (o) As in (m), but imaging of somatosensory cortex L6 that was 

used for measuring the diameter of myelinated axons. (p) Diameter of myelinated axons (n=21 axons 

from two fixed brain slices from two mice). (q) As in (m) but imaging of the third ventricle that was used 

for measuring the diameter of cilia. (r) Diameter of cilia (n=19 cilia from two fixed brain slices from two 

mice). (s) (left) Representative (n=4 slices of fixed brains from three mice) volume rendering of epithelial 

cells in the third ventricle from mouse brain tissue, showing pGk13a staining of the membrane. pGk13a 

staining of the membrane visualized in gray color. (right) Magnified view of yellow boxed region in (left). 

Yellow arrows indicate putative extracellular vesicles. Serial image sections that were used for the 3D 

rendering are in Supp. Fig. 12. (t) Single z-plane confocal image of expanded mouse brain tissue (third 

ventricle) processed by umExM, showing pGk5b staining (gray), focusing on the plasma membrane of 

cilia (i.e., ciliary membrane). (u) Transverse profile of cilia in the yellow dotted boxed region in (u) after 

averaging down the long axis of the box and then normalizing to the peak of pGk13a signal. (v) Bar graph 

showing the percent continuity of the membrane label (n=5 separate cilia from two fixed brain slices 

from one mouse), where we define a gap as a region larger than the resolution of the images (~60 nm, 

from Fig. 2g), over which the pGk13a signal was two standard deviations below the mean of the 

intensity of pGk13a along the ciliary membrane. Scale bars are provided in biological units throughout 
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all figures (i.e., physical size divided by expansion factor): (a,b,d) 5μm, (h) 5μm, (i) 2μm, (j) 5μm, (k) 

5μm, (l) 5μm, (m) 0.25 μm (o,q) 1μm, (s, left) (x); 13.57μm (y); and 7.5μm (z) (s, right) 3.76μm (x); 

3.76μm (y); 1.5μm (z) (t) 2μm. 
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Figure 3. umExM with antibody staining and RNA fluorescence in situ hybridization (FISH).   

(a) Representative (n=5 slices of fixed brain from two mice) single z-plane confocal image of expanded 

mouse brain tissue (hippocampus, CA3) after umExM processing with a pre-expansion antibody staining 

protocol (Supp. Fig. 16), showing immunostaining with an antibody against the synaptic vesicle protein 

SV2A. (b) Magnified view of the yellow box in (a). (c) Single z-plane confocal image of the specimen of 

(a), showing pGk13a staining of the same field of view as in (a). pGk13a staining of the membrane 

visualized in inverted gray color throughout this figure. (d) Magnified view of the yellow box in (c). (e) 

Overlay of (a) and (c). (f) Magnified view of the yellow box in (e). (g) Representative (n=5 slices of fixed 

brain from two mice) single z-plane confocal image of expanded mouse brain tissue (hippocampus, CA1) 

after umExM processing with a post-expansion antibody staining protocol (Supp. Fig. 17), showing 

immunostaining against the post-synaptic density protein PSD-95. (h) Magnified view of the yellow box 

in (g). (i) Single z-plane confocal image of the specimen of (g), showing pGk13a staining of the same field 

of view as in (g). (j) Magnified view of the yellow box in (i). (k) Overlay of (g) and (i). (l) magnified view of 

the yellow box in (c). The examples of PSD95 signals that were aligned with pGk13a signals were 

pinpointed with yellow arrows. (m) Representative (n=3 slices of fixed brain from one mouse) single z-

plane confocal image of expanded mouse brain tissue (hippocampus, CA1) after umExM processing with 

a FISH protocol (Supp. Fig. 19), showing HCR-FISH targeting ACTB. (n) Single z-plane confocal image of 

the specimen of (j), showing pGk13a staining of the same field of view as in (j). (o) Overlay of (m) and 

(n). Scale bars: (a,b,c,g,h,j) 5 μm, (d,e,f,j,k,l) 1μm, (m, n, o) 20 μm. 
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Figure 4. Segmentation ability of umExM. 

(a.i) Single z-plane confocal image of expanded Thy1-YFP mouse brain tissue after umExM processing, 

showing pGk13a staining of the membrane. (a.ii) Single z-plane image showing manual segmentation of 

the cell body in (a.i). (a.iii) Overlay of (a.i) and (a.ii). (a.iv) Single z-plane confocal image of the specimen 

of (a.i), showing GFP signal of the same field of view as in (a.i). (a.v) single z-plane image showing 

manual segmentation of the cell body from (a.iv). (a.vi) overlay of (a.iv) and (a.v). (b) As in (a), but for 

segmenting dendrites. (c) (left) Single z-plane confocal image of expanded Thy1-YFP mouse brain tissue 

showing pGk13a staining of the membrane. (c.i) Magnified view of the yellow box on the left. (c.ii) single

z-plane image showing manual segmentation of the myelinated axon in (c.i). (c.iii) overlay of (c.i) and 

(c.ii). (c.iv) Single z-plane confocal image of the specimen of (c.i), showing GFP signal of the same field of

view as in (c.i). (c.v) Single z-plane image showing manual segmentation of the myelinated axon in (c.iv). 

(c.vi) Overlay of (c.iv) and (c.v). (d) As in (c), but for segmenting unmyelinated axons. (e) Rand score of 

pGk13a signal-guided segmentation of cell body, dendrites, myelinated axon and unmyelinated axons, 

using anti-GFP signal-guided segmentation as a “ground truth.” (n=3 cell bodies and n=3 dendrites from 

two fixed brain slices from two mice, and n=5 myelinated axons and n=5 unmyelinated axons from two 

fixed brain slices from two mice). Scale bars: (a.i-vi) 5 μm, (b.i-vi) 5 μm, (c) (left) 2 μm; (i-vi) 0.5 μm, (d) 

(left) 2 μm; (i-vi) 0.5 μm. 
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Figure 5. Traceability of umExM. 

(a) (pGk13a column) Serial confocal images of expanded Thy1-YFP mouse brain tissue after umExM 

processing, showing pGk13a staining of the membrane. (GFP column) anti-GFP signal of the same 

sample in the same field of view. (b) (left) pGk13a signal-guided manually traced and reconstructed 

myelinated axon from (a, pGk13a column). (right) As in (left), but with anti-GFP signals. (c) Rand score 

(n=3 myelinated axons from two fixed brain slices from two mice) of pGk13a signal-guided manual 

tracing of myelinated axons, using anti-GFP signal-guided tracing as a “ground truth.” (d) As in (a) but 

with an unmyelinated axon. (e) As in (b) but for (d). (f) As in (c) but for unmyelinated axons (n=3 

unmyelinated axons from two fixed brain slices from two mice). (g) Representative (n=4 fixed brain 

slices from two mice) single z-plane confocal image of expanded mouse brain tissue (corpus callosum) 

after umExM with double gelation processing (Supp. Fig. 21), showing pGk13a staining of the 

membrane. The seeding points for manual segmentation are labeled with colors. (h) Magnified view of 

the white box in (g). (i) 3D rendering of 20 manually traced and reconstructed myelinated axons in the 

corpus callosum. Planes were visualized from raw umExM images that were used for tracing. Scale bars: 

(a) 0.5μm, (d) 0.2μm, (g) 18μm, (i) 39.25μm (x); 39.25μm (y); and 20μm (z) 
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Figure 6. Higher resolution umExM. 

(a) Representative (n=5 fixed brain slices from 2 mice) single z-plane confocal image of post-expansion 

mouse brain tissue (Somatosensory cortex, L4) that underwent the umExM protocol. Images were taken 

at 50ms/frame for 20 frames with a confocal microscope with 1.5x optical zoom. pGk13a staining of the 

membrane visualized in inverted gray color throughout this figure. (b) Average z-projection of images in 
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(a). (c) Fluctuations in the acquired frames (as in (a)) were resolved with the ‘super-resolution imaging 

based on autocorrelation with a two-step deconvolution’ (SACD) algorithm
48

. (d) Boxplot showing 

resolution of post-expansion confocal images (60x, 1.27NA objective) of umExM + SACD-processed mice 

brain tissue slices showing pGk13a staining of the membrane (n=5 fixed brain slices from two mice). (e) 

Representative (n=6 fixed brain slices from one mouse) single z-plane confocal image of post-expansion 

mouse brain tissue (Somatosensory cortex, L4) after the iterative form of umExM processing (Supp. Fig. 

22), showing pGk13a staining of the membrane. (f) Magnified view of yellow box in (e). (g) as in (d) but 

for the iterative form of umExM (n=6 fixed brain slices from one mouse).  Scale bars: (b-c) 10μm, (e-f) 

1.5μm 
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