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Figure 38. IF images of F.12.01G.1.P.b stained for parvalbumin (1:50) on two non-consecutive serial sections (A – F; G –
L). This sample was fixed with 0.1% glutaraldehyde/4% PFA in 0.1M PB and was frozen without any fillers prior to being 
embedded in LRW and sectioned at 250nm. These sections were kept on subbed slides at -20°C for 12 days prior to IHC. 
A control condition stained without primary antibody was run alongside this batch but was unable to be imaged in time. 
Arrowheads indicate putative PV+ nuclei. Note that the top two rows label the same nuclei at different magnifications.
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Figure 39. IF images of F.12.01G.1.P.b stained for parvalbumin (1:50) on two non-consecutive serial sections (A –
F; G – L). This sample was fixed with 0.1% glutaraldehyde/4% PFA in 0.1M PB and was frozen without any fillers 
prior to being embedded in LRW and sectioned at 250nm. These sections were kept on subbed slides at -20°C for 
12 days prior to IHC. A control condition stained without primary antibody was run alongside this batch but was 
unable to be imaged in time. Arrowheads indicate putative PV+ nuclei.
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Figure 40. IF images of F.12.01G.1.P.b stained for parvalbumin (1:50) on two non-consecutive serial sections (A – F; G – L). 
This sample was fixed with 0.1% glutaraldehyde/4% PFA in 0.1M PB and was frozen without any fillers prior to being 
embedded in LRW and sectioned at 250nm. These sections were kept on subbed slides at -20°C for 12 days prior to IHC. A 
control condition stained without primary antibody was run alongside this batch but was unable to be imaged in time. 
Arrowheads indicate putative PV+ nuclei. Note that the top two rows label the same nuclei at different magnifications.
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Part 3: Discussion 

3.1 Summary of Findings  

 After testing the efficacy and practicality of the methods involved in processing samples for serial 

multiplexed electron microscopy labeling, we can draw some preliminary conclusions about what we have 

found. Beginning with fixation chemistry, we can see from our results that some fixatives work better than 

others at both structural and functional information preservation. We found that some of the more exotic 

fixatives, such as PBQ or acrolein, tended to produce sub-par results in terms of morphological 

preservation. However, we did find DMS to produce fixed tissue with intact membranes and well-

preserved subcellular structures. It is difficult to say at this point whether DMS appears to be a superior 

fixative to the more traditional glutaraldehyde – PFA combinations, but it shows the most promise out of 

all the alternative fixes that we tested. Though we would have liked to test IHC on DMS fixed tissue and 

compare it directly to glutaraldehyde fixed tissue, we were not able to do so at the time of this writing. 

 We found high-pressure freezing to be an invaluable technique throughout this project, as it 

allowed us to collect many samples in a single day and store them indefinitely. From the HPF hat filling 

experiments, we found that using PVP without any BSA or other hydrocarbon produced the best results 

for us. We found that some samples would fracture at some point during post-HPF storage. By filling most 

of the space in the storage cryotube with a frozen organic solvent, we were able to mitigate this by 

reducing the volume in which the sample can move throughout.  

 A large portion of the time spent working on this project went towards working with the AFS for 

cryo-substitution and resins. We found that we achieved the best substitution results using samples 

contained within permeable baskets placed into a dish. Using this method, we were able to avoid physical 

contact between the pipet and the sample, while allowing the samples to move about freely in response 

to fluid currents. Although this requires an extra step when transitioning to resin embedding, we believe 

the advantages outweigh the downsides. We were able to achieve the best results from resin embedding 
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by using flat-embedding molds in conjunction with HM20. Though we only recently started testing MBA 

as a resin, we are optimistic about this as a possible substitution for LRW. MBA appeared to have the best 

sectioning properties out of the resins that we tested and showed promising IHC results. Though we were 

unable to achieve large amounts of serial sections for IHC, we tested several antibodies on different resins 

and on tissue preserved using different fixatives. From these results, we can conclude that some 

antibodies work better than others under different conditions including resin and fixative. 

 

3.2 Future Directions 

 The framework discussed throughout this manuscript leaves several options available for future 

research to build upon. One unfinished area, antigen retrieval, appears to be a promising method. Antigen 

retrieval has been shown to rescue the immunogenicity of soluble and membrane-bound proteins in fixed 

tissue for electron microscopy (Brorson, 1998; Yamashita et al., 2009). We attempted similar methods 

with some of our samples but ran out of time before we could draw any meaningful conclusions. If we 

had more time, further exploring antigen retrieval could prove to be a fruitful endeavor given the current 

state of our IHC results. Another possible future direction includes utilizing electron energy loss 

spectroscopy (EELS) and energy dispersive X-ray spectroscopy (EDS). These methods allow the user to 

generate an elemental map of a sample based on differential energy levels of emitted electrons in 

response to the incident electron beam (Barfels et al., 1998). By doing so, one can generate pseudo-

colorized images, showing localization of elements amongst the neuropil (Pirozzi et al., 2018; Scotuzzi et 

al., 2016) (Figure 41). This opens a wide array of opportunities and could possibly allow for the 

development of element-based labeling techniques in the future. We were able to perform EDS imaging 

for one of our samples, but the technology requires specialized instruments that are oftentimes 

unavailable or otherwise unusable. However, this technique remains one such area we would have liked 

to spend more time investigating, given additional time to do so.  
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Lastly, there are some more immediate steps in the horizon for the results from this project. To 

achieve a truly serial multiplex labeled volume of brain tissue, the samples must be rotated in the TEM 

sample chamber using a rotational holder specimen rod. This rough aligns the sections to one another 

across multiple grids, thereby decreasing the amount of time spent digitally aligning them later. We were 

able to set up a rotational holder for our TEM and were able to verify that it works as expected by rotating 

a grid in the chamber. Given additional time, this would have been used for imaging with all our samples 

destined for volume reconstruction. After imaging, the next step to take is to use an image segmentation  

Figure 41. EDS Imaging of osmium-stained tissue. A – C: High Angle Annular Dark Field (HAADF) images. D – J: Elemental 

mapping of the same field from C. Note the element being shown in the lower left hand corner of each panel. 
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software such as Reconstruct or VAST Lite to trace structures across serial sections and generate 3D 

volume reconstructions. By doing so, this would allow us to visualize ultrastructural information such as 

synaptic connections between cells (Figure 42). Several other possibilities are ripe for further experiments 

to be performed, and we are excited to see what other directions may be explored.  

 

 

 

 

 

 

 

 

 

 

 

Part 4: Methods 

4.1 Perfusion, Fixation, and Dissection 

 Animals discussed throughout this manuscript were Sprague-Dawley rats sourced from Hilltop 

and were roughly eight weeks old. All images displayed were from samples gathered from male rats. For 

fixative tests, some animals were females, though none of these samples were used for downstream 

processing. All perfusions were done via intracardial injection by Zachary Deane. Animals were perfused 

with one of the following fixatives: 0.1% glutaraldehyde/4% PFA 0.1M PB (n=6); 0.1% glutaraldehyde/4% 

PFA 0.1M PIPES (n=2); 2.5% glutaraldehyde/4% PFA 0.1M PB (n=3); 2.5% glutaraldehyde/4% PFA 0.1M 

PIPES (n=2); 2.5% glutaraldehyde/ 4% PFA in 0.1M Cacodylate buffer with 2mM CaCl2 & 4mM MgCl2 

Figure 42. Future directions using Reconstruct. Left: A TEM image of a section of tissue in Reconstruct. Arrowhead 

indicates a synapse between a dendrite, shown in blue, with an axon, shown in orange. Right: A 3D volume 

reconstruction of serial sections in Reconstruct. Arrowhead indicates the same synapse shown on the left. 
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(n=3); 4% PFA in 0.1M Cacodylate buffer with 2mM CaCl2 & 4mM MgCl2 (n=2); 3.8% acrolein/2% PFA 

0.1M PIPES with 2mM CaCl2 & 4mM MgCl2 (50mL); 2% PFA 0.1M PIPES with 2mM CaCl2 & 4mM MgCl2 

(250mL) (n=12); 1.0% acrolein/0.5% glutaraldehyde/4% PFA (n=10); 3.8% acrolein/2% PFA 0.1M PB (n=1); 

0.2% picric acid/0.5% glutaraldehyde/4% PFA 0.1M PB (n=2); 2% picric acid/4% PFA/0.05% glutaraldehyde 

0.1M PB (n=1); 2% lysine/0.37% PFA/0.3% sodium periodate (n=2); 2% lysine/0.37% PFA/0.3% sodium 

periodate with glutaraldehyde (n=1); 0.5% Dimethyl suberimidate/4% PFA in 0.1M PB (n=2); or Saturated 

(<1%) Parabenzoquinone/4% PFA in 0.1M PB (n=3). 

After perfusion, brains were dissected and placed in perfusate for 1-2h. Some brains were further 

processed on the same day as perfusion and some were left overnight in the buffer solution used in the 

perfusate. Brains were cut on a Leica vibratome at 100-200µm. Sections cut on the vibratome were placed 

in respective buffer solutions throughout additional tissue processing. Regions of interest were dissected 

out of vibratome sections using 2mm and 4mm biopsy punches and were then notched using a scalpel to 

aid in sample orientation. Some samples were then micro-dissected into thin strips of tissue using a scalpel 

blade and embedded at a specific thickness into low melting temperature agarose. These samples were 

then dissected out of the surrounding agarose using a biopsy punch. 

 

4.2 High-Pressure Freezing and Sample Storage 

 High-pressure freezing of 100-200µm thick biopsy punched samples was performed using an HPF 

Compact 03 machine using factory settings. Samples were placed into aluminum dishes from Wohlwend 

prior to being inserted into the machine using a sample rod. Samples were frozen with one of the following 

conditions: 20% BSA with hexadecene (n=324); 20% BSA with isooctane (n=65); 20% Ficoll with 

hexadecene (n=6); 20% PVP with hexadecene (n=51); 20% PVP (n=30); hexadecene only (n=2); or without 

any fillers (n=21). Immediately after freezing, samples were transferred to liquid nitrogen where the 

dishes were removed from each other. The majority of samples were then stored in cryotubes filled with 
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liquid nitrogen and were kept in dewars for long term storage. Some samples were stored in cryotubes 

containing either 100% ethanol (frozen) or 100% acetone (frozen). A small number of samples were not 

stored in liquid nitrogen and were processed immediately after freezing.  

 

4.3 Substitution, Infiltration, and Embedding 

 All samples were substituted using a Leica EM AFS-2 for 48-68 hours at -90°C. Samples were 

substituted using one of the following conditions: 1% uranyl acetate in acetone (n=109); 100% ethanol 

(n=39); 100% acetone (n=7); 1% tannic acid in acetone (n=4); or 0.1% tannic acid in acetone (n=2). After 

substitution, samples were warmed to one of the following temperatures at 5°C/h for infiltration: -55°C 

for HM20 and K11M (n=57); 22°C for LRW and MBA (n=39); or -30°C for K4M (n=55). Substitution media 

were removed from the samples prior to infiltration using a series of 3-7 rinses in 100% acetone or 100% 

ethanol. Resins were then made following protocols established by Electron Microscopy Sciences. 

For HM20, samples were infiltrated for 3 hours in a 1:1 mixture of HM20 to acetone followed by 

3 hours in a 2:1 mixture of HM20 to acetone and then overnight in 100% HM20. The following day, 

samples were infiltrated for 1 hour in freshly made 100% HM20 prior to embedding. For K4M, samples 

were infiltrated for 3 hours in a 1:1 mixture of K4M to acetone followed by 3 hours in a 2:1 mixture of 

k4M to acetone and then overnight in 100% K4M. The following day, samples were infiltrated for 1 hour 

in freshly made K4M prior to embedding. For K11M, samples were infiltrated for 3 hours in a 1:1 mixture 

of K11M to acetone followed by 3 hours in a 2:1 mixture of K11M to acetone and then overnight in 100% 

K11M. The following day, samples were infiltrated for 1 hour in freshly made 100% K11M prior to 

embedding. For LR White, some samples were infiltrated for 1 hour in a 1:1 mixture of LRW to ethanol 

followed by 1 hour in a 2:1 mixture of LRW to ethanol and then 1 hour in 100% LRW prior to embedding. 

Some samples were infiltrated in a Pelco microwave and some were infiltrated at RT. For MBA, samples 

were infiltrated in a Pelco microwave. 
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Next, samples were embedded into their appropriate resins based on what was used during the 

infiltration process. HM20 samples were UV cured in the AFS for 48 hours at -55°C, then raised to 22°C 

over 14 hours followed by 72 hours at 22°C. K11M samples were UV cured in the AFS using the same 

protocol for HM20. K4M samples were UV cured in the AFS for 48 hours at -30°C then raised to 22°C over 

14 hours followed by 72 hours at 22°C. LR White samples were embedded in 100% LRW and cured in an 

oven set to hold at 65°C for 48 hours. MBA samples were embedded in 100% MBA and UV cured in the 

AFS for 48 hours at 4°C. LR White and MBA samples were embedded in gelatin capsules. HM20, K4M, and 

K11M samples were embedded in either flat-embedding molds or flow-through tubes. When using flat-

embedding molds, an Aclar cover was fitted and cut to prevent air from reaching the samples. Samples 

embedded in flat-embedding molds were infiltrated in either cryotubes or mesh baskets. Samples 

embedded in flow-through tubes were infiltrated in flow-through tubes. Samples embedded in gelatin 

capsules were infiltrated in either cryotubes or glass shell vials.  

 

4.4 Sectioning and Grid Handling 

 Post-embedded sectioning was done using either a Leica UC-7 ultramicrotome or a Leica UCT 

ultramicrotome. Rough trimming of blocks was done by hand using a single edge razor. Fine trimming for 

serial sectioning was done using the ultramicrotome and a diamond trim tool supplied by DiATOME. Thick 

sections were cut using glass knives made from glass supplied by Electron Microscopy Sciences. Thin 

sections were cut using Histo- or Ultra-quality diamond knives supplied from DiATOME. Diamond knives 

and glass knives used for section pickup had boats attached to them. Knife boats held one of the following: 

100% RO water; 100% RO water with 1% Photo-Flo; 100% RO water with 0.1% Tween-20; or 100% RO 

water with 0.01% Tween-20. Sections were cut at 0.9 – 1.4 mm/s depending on the resin.  

Sections were picked up using eyelash tools or cat whisker tools made on site or by perfect loop 

tools supplied by Electron Microscopy Sciences. Sections stained for Toluidine Blue or Methylene Blue – 
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Azure II were cut between 100 – 500nm thickness and stained on either gelatin coated slides, plain glass 

slides, or plasma cleaned slides. Sections stained for IF imaging were picked up on gelatin coated slides or 

plasma cleaned slides and were cut between 100 – 250nm in thickness. Sections viewed in the EM and 

stained using EM IHC protocols were cut between 40 – 50nm in thickness. These were picked up on either 

copper mesh grids or gold slot grids coated with either pioloform or polystyrene. Grids coated with 

polystyrene were plasma cleaned for 10 sections at low power using a plasma cleaner. Mesh grids and 

slot grids coated with pioloform were not plasma cleaned.  

Mesh grids and bare slot grids were supplied by Electron Microscopy Sciences. Slot grids were 

coated with either pioloform or polystyrene using a film caster supplied by Electron Microscopy Sciences. 

A 1% solution of pioloform in chloroform or a 1% solution of polystyrene in toluene were prepared several 

days prior to being used in the film caster. Some Fisher SuperFrost and GoldSeal slides were plasma 

cleaned and some were not before having the film applied to them. Silicon wafers obtained from 

University Wafer Incorporated were also used. Using a razor blade, coated slides and wafers were scored 

before being submerged into 100% RO water. Grids were then placed notch side up onto floating films 

and then collected onto parafilm-covered SuperFrost slides for storage. 

 

4.5 Immunohistochemistry 

 Immunohistochemistry for light microscopy was performed on gelatin coated slides or plasma 

cleaned subbed slides. Sections were surrounded with a hydrophobic barrier prior to performing IHC. 

Sections were blocked for 45 minutes in a 1% BSA solution with 0.1% Tween-20 in 0.1M PBS at pH 7.4 with 

gentle agitation. After blocking, slides were rinsed in 3 changes of 0.1M PBS for 3-5 minutes each. Primary 

antibodies supplied by Synaptic Systems were diluted to varying degrees in 1% BSA with 0.1% Tween-20 

in 0.1M PBS. Primary incubations lasted either 1.5-2 hours with gentle agitation or overnight in a sealed 

humid chamber at 4°C. Slides were rinsed prior to being incubated with secondary antibodies. Fluorescent 
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secondary antibodies provided by Invitrogen were diluted to 1:200 in 1% BSA solution with 0.1% Tween-

20 in 0.1M PBS and applied to the sections for 45 minutes in darkness with gentle agitation. Slides were 

then rinsed in PBS and cover-slipped using Prolong Gold before being stored for imaging. 

 IHC for electron microscopy was performed on grids either in petri dishes, floating on droplets, or 

in pipet tips. Grids were etched with 1% sodium metaperiodate, rinsed in water, then etched with 1 

minute then 1% periodic acid for 1 minute before another rinse with water. A blocking buffer consisting 

of 0.0M Tris base, 0.009 g/mL NaCl, 0.1% Tween-20, 1% BSA, 0.05% melted cold water fish skin gelatin 

(CWFSG), and 0.05M glycine in water was applied for 30-60 minutes. Grids were then rinsed in 3 changes 

of incubation buffer consisting of 0.0M Tris base, 0.009 g/mL NaCl, 0.1% Tween-20 and 1% BSA in water 

for 5 minutes each. Next, a primary antibody incubation of primary antibodies provided by Synaptic 

Systems at varying dilutions was in blocking buffer without the glycine was applied. Primary incubations 

were done either for 1-2 hours with gentle agitation at room temperature, or overnight in a sealed humid 

chamber at 4°C. Grids were then rinsed in incubation buffer. 

 A tris buffer was made consisting of 0.05M Tris base and 0.009 g/mL NaCl in water and was set to 

a pH of 7.4. Biotinylated secondary antibodies obtained from Thermo Scientific were diluted to 1:200 to 

in incubation buffer with 0.05% CWFSG. After rinsing in incubation buffer, streptavidin-conjugated 

quantum dots obtained from Thermo Scientific were diluted to 1:400 in incubation buffer and applied for 

30-45 minutes at room temperature with gentle agitation. After a rinse in incubation buffer, Tris buffer, 

and PBS, some grids underwent an antigen retrieval step of 2% glutaraldehyde in 0.1M PBS being diluted 

into 0.1M PB applied for 10 minutes. Next, grids were rinsed in PBS and then in water. Grids that did not 

undergo the antigen retrieval step were rinsed in water. Grids were then either imaged or stained for 

enhanced contrast. Grids that underwent this staining were stained with 2% aqueous uranyl acetate for 

3-5 minutes in darkness at room temperature. After 3 5-minute rinses in water, they were then stained 
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with aqueous lead citrate and sodium hydroxide for 5 minutes. Following several rinses in water, these 

grids would then be stored and imaged. 

 

4.6 Imaging 

 All transmission electron microscopy was done using a JEOL JEM 1400 TEM on site or an FEI Talos 

TEM for EDS imaging. Images were taken using an AMT camera for the JEOL microscope. Prior to TEM 

imaging on the JEOL, electron beam alignment would be performed by the user. Grids were placed sample 

side up into the sample rod before being inserted into the vacuum chamber. Most of the samples imaged 

using TEM were stored for at least one hour after final IHC rinses and before imaging. All IF images shown 

were imaged on an Andor-IQ system using Nikon optics. Slides were placed cover-slip side down after 

being cleaned with 70% ethanol and water. Most of the samples imaged using IF were stored for at least 

one day after cover-slipping and before imaging. Images stained for Toluidine Blue and Methylene Blue – 

Azure II were imaged on a compound microscope using an attached DSLR camera. These slides were not 

cover-slipped and were imaged immediately after sectioning. 

 

Conclusions 

 This manuscript explains the application and refinement of a variety of EM methods required for 

performing serial multiplexed immunolabeling of brain tissue for electron microscopy. We found that 

certain methods work better than others, and that some techniques are not worth pursuing. We discussed 

our experience with fine-tuning most of the steps involved in this process, beginning with testing 

alternative fixatives, and finishing with testing antibodies under varying conditions. We showed promising 

results from some lesser-known fixatives and resins, and showed that some antibodies will only work on 

some resins. Throughout this project, we found sample orientation to be much more important than we 

originally thought at the beginning. Though this slowed the pace of our progress down, we were able to 
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design protocols to address this issue. Given circumstances beyond our control, we were not able to 

collect as much data as we had hoped for. However, we realize that the work shown here reflects only a 

relatively short period of time. As a result, many future directions remain open for the results of this 

project. With further optimizations and tweaks to the protocols discussed here, we are confident that 

serial multiplex labeling will allow for the acquisition of a highly annotated volume reconstruction of brain 

tissue in the near future.  
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