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Abstract 19 

Creating a high-resolution brain atlas in diverse species offers crucial insights into general 20 

principles underlying brain function and development. A volume electron microscopy 21 

approach to generate such neural maps has been gaining importance due to advances 22 

in imaging, data storage capabilities, and data analysis protocols. Sample preparation 23 

remains challenging and is a crucial step to accelerate the imaging and data processing 24 

pipeline. Here, we introduce several replicable methods for processing the brains of the 25 

gastropod mollusc, Berghia stephanieae for volume electron microscopy. Although high-26 

pressure freezing is the most reliable method, the depth of cryopreservation is a severe 27 

limitation for large tissue samples. We introduce a BROPA-based method using pyrogallol 28 

and methods to rapidly process samples that can save hours at the bench.  This is the 29 

first report on sample preparation and imaging pipeline for volume electron microscopy in 30 

a gastropod mollusc, opening up the potential for connectomic analysis and comparisons 31 

with other phyla.  32 

 33 

Introduction 34 

Growing interest in volume electron microscopy requires technological development to 35 

accommodate serial sectioning of large sample volumes (Schalek et al., 2012), imaging 36 

thousands of acquired sections (Denk and Horstmann, 2004; Knott et al., 2008; Hayworth 37 

et al., 2014), and segmentation of 3D datasets (Saalfeld et al., 2010; Cardona et al., 2012; 38 
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Meirovitch et al., 2016; Lee et al., 2017; Parag et al., 2018; Pavarino, 2020), resulting in 39 

terabytes or even petabytes of data (Lichtman et al., 2014).  As sample volume size 40 

increases, new protocols must be developed and optimized including sample preparation, 41 

fixation, sectioning, and imaging. To meet all these needs, we have developed a pipeline 42 

for processing brain tissue from gastropod mollusc Berghia stephanieae (Valdés, 2005), 43 

which, for several reasons outlined below, has begun to attract considerable interest in 44 

neuroscience.   45 

Berghia has features that make it amenable to a connectomic analysis of the 46 

neurons in its brain. Like other nudibranchs, the central ganglia are condensed in the 47 

head. The head ganglia have approximately 10,000 neurons in the adult.  Berghia is 48 

smaller than other commonly used gastropods, being approximately 2 cm in body length. 49 

It has a short lifecycle with distinct developmental stages and can be easily cultured in 50 

the lab as is its food source, the anemone Exaiptasia diaphana Rapp, 1829.   51 

Here, we outline several protocols developed for imaging Berghia’s brain using 52 

volume electron microscopy. These include high-pressure freezing and freeze 53 

substitution, a BROPA-based method (Mikula and Denk, 2015; Genoud et al., 2018) 54 

referred to here as ROPO (reduced-osmium-pyrogallol-osmium), and a rapid processing 55 

protocol.  This pipeline could serve as a starting point for standardizing sample 56 

preparation protocol in other species.  57 

 58 

 59 

Materials and Methods 60 

 61 

Animal husbandry 62 

Both E. diaphana and B. stephanieae were obtained from either ReefTown or Salty 63 

Underground and reared separately in 10-gallon tanks with an air pump. Abiotic factors 64 

were measured weekly.  Salinity was measured with an Aichose Brix refractometer 65 

(Shenzhen Xindacheng Commercial and Trading Co., Ltd.) and kept to a density of 1.021.  66 

pH was measured using standard pH test strips and maintained at 8.0.  At least once a 67 

week, B. stephanieae were fed pieces or whole E. diaphana.  Water changes were 68 

performed once a week.   69 

 70 

Berghia stephanieae neuroanatomy 71 

Gross morphology of Berghia’s brain can be examined under DIC and stained with DAPI 72 

(Figure 1A, B).  This image shows 2 pairs of ganglia - cerebropleural (CP) and pedal (P) 73 

(Figure 1A). Each rhinophore has a single rhinophore ganglion (Rh) (Figure 1A). The eyes 74 

and statocysts are embedded in the ganglion sheath between the cerebropleural and 75 

pedal ganglia (Figure 1A).   76 

 77 

 78 
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 79 

 80 
 81 

Sample Processing Methods: HPF-FS, ROPO, and rapid processing protocol 82 

We developed a pipeline for processing tissue, sectioning, and imaging Berghia’s brain 83 

(Figure 2).  Whole brains were processed from adults with a body length of 0.8 – 1.0 cm.  84 

The brain, consisting of the cerebropleural, pedal, buccal, and rhinophore ganglia was 85 

quickly removed from the body using two forceps, one to hold the oral region near the 86 

buccal mass, and one to clamp behind the rhinophores and pulling the forceps apart.   87 

High-pressure freezing and freeze-substitution (HPF-FS) were performed at 88 

Harvard Medical School using the Leica EM ICE and EM AFS-2 (Leica Microsystems Inc, 89 

Buffalo Grove, IL).  Whole brains were immediately frozen upon dissection.  Excess water 90 

was removed from the holder with a Kimwipe or by loading the holder while on top of a 91 

piece of filter paper and sliding the holder into place for freezing.  HPF was followed by 92 

72-hour incubation in a solution of 1% glutaraldehyde, 1% OsO4, 0.1% tannic acid, 0.1% 93 

uranyl acetate (UA), and 1% dH2O in acetone.  Samples were left in the solution for 48 94 

hours at -90°C and gradually warmed to room temperature over 24 hours. After briefly 95 

rinsing samples in acetone, they were infiltrated in 1:1 mixture of acetone and LX112 resin 96 

(15.6 g LX112, 4.7 g NSA, 9.7 g NMA, 0.6 g BDMA; LADD research Industries, Williston, 97 

VT) for at least three hours, further infiltrated in full resin overnight, and cured in fresh 98 

resin in flat bottom capsules (Ted Pella, Inc., Redding, CA) at 60°C for 48 hours.   99 

Tissue processed with the ROPO protocol was performed at Harvard with all steps 100 

performed at room temperature and on a rocker.  Brains were dissected from adults (1 101 

cm BL) in primary fixative consisting of 1% glutaraldehyde, 3% mannitol, 9% sucrose, 102 

and 0.4 M sodium cacodylate buffer (pH 7.8) and left in fixative for one hour in 20 mL 103 
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scintillation vials.  Samples were washed twice in buffer for 10 minutes followed by a one-104 

hour incubation in 1.5% K4FeCN6/1% OsO4.  After washing in dH2O twice, samples were 105 

incubated in 0.5 M pyrogallol for one hour and washed twice again in dH2O.  At this point, 106 

samples were often transferred to a new holder due to precipitate formed between 107 

pyrogallol and osmium.  After an hour incubation in 2% OsO4, samples were dehydrated 108 

in an ascending series of ethanol (50%, 70%, 95%, 2 x 100%, 10 minutes each) followed 109 

by acetone for 10 minutes.  Samples were infiltrated and cured as above.   110 

A rapid processing protocol was developed by taking the ROPO protocol and 111 

manually pipetting each solution, including the washes, over a sample at least ten times 112 

using fresh borosilicate glass pipets for each step.  Infiltration in 1:1 acetone: resin was 113 

also performed manually by pipetting several times. Samples were allowed to sit in full 114 

resin on a rocker overnight before being cured as above.  115 

 116 

 117 
 118 
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 119 

Sectioning and Imaging 120 

Blocks were trimmed to a hexagonal block face approximately 1 x 2 mm with a 45° 121 

diamond trimming knife (DiATOME, Hatfield, PA) followed by imaging in a Zeiss Xradia 122 

520 Versa 3D X-ray microscope (Carl Zeiss Microscopy LLC) at 40 kV and 3W for up to 123 

30 hours.  This was done to assess tissue quality, relative size of individual ganglia, and 124 

orientation with respect to the sectioning plane.  Sections for screening tissue and serial 125 

sections were obtained on an automated tape ultramicrotome (ATUM; Hayworth et al., 126 

2006; Schalek et al., 2012) and Leica EM UC6 ultramicrotome (Leica Microsystems, 127 

Buffalo Grove, IL) at 30-35 nm with 4 mm 35° diamond knives (DiATOME, Hatfield, PA).  128 

Reels of collected tape were cut into strips and attached to 100 mm diameter silicon 129 

wafers via double-sided conductive tape.  If tissue was not en bloc stained, then after 130 

plasma cleaning wafers were stained with ~10 mL of 4% UA for 4 minutes, rinsed twice 131 

in dH2O, and dried with pressurized air before repeating with ~10 mL of 2% lead citrate 132 

for 4 minutes, rinsed twice, and dried.  Only post-staining with lead citrate was performed 133 

for samples processed with HPF-FS.  Fiducial markers were affixed to the double-sided 134 

tape at the corners of the wafer.  Wafers were placed in a vacuumed chamber for at least 135 

24 hours before imaging.  Optical images for use in WaferMapper (Hayworth et al., 2014) 136 

were acquired on a Zeiss Axio with Axiocam 503 mono camera and Zen software (Carl 137 

Zeiss Microscopy LLC).  138 

 139 

 140 

Results  141 

 142 

High-pressure freezing and freeze-substitution 143 

Samples are dissected and cryofixed in artificial seawater.  The speed of brain dissection 144 

is crucial when processing with HPF-FS since one has only a few moments to transfer a 145 

dissected brain to the cryoholders and freeze.  Once done, care must be taken to keep 146 

the holder and now cryopreserved sample under liquid nitrogen before freeze-substituting 147 

the nitrogen out for fixatives.  Several freeze-substitution solutions of different 148 

concentrations and comprised of different chemicals (e.g., absence of UA) were tested.  149 

A major pitfall with FS is that samples show high electron density so discerning synapses 150 

versus membranes is difficult when processed in higher concentration than those 151 

reported here or were poorly preserved especially if water content was above 1%.  The 152 

addition of tannic acid provided necessary contrast, but mitochondria and Golgi were 153 

nearly or in some cases completely electron opaque.  Thus, while we emphasize the use 154 

of tannic acid, its concentration should be carefully considered.  Subsequently, uranyl 155 

acetate was essential for membrane preservation and high contrast.  Sections through 156 

cerebropleural ganglion (Figure 3A, B) showed well-preserved cells noted by the darkly 157 

stained membranes and nuclei.  Similarly, sections through the neuropil of the rhinophore 158 
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ganglion showed excellent preservation of processes and extracellular space (Figure 3C, 159 

D).  160 

 161 

 162 
 163 

 164 

Aldehyde-based tissue processing 165 

One of the first issues to tackle with aldehyde-based methods was preservation of 166 

extracellular space that would allow traceability.  The addition of mannitol into the primary 167 

fixative provided the closest likeness to samples processed via HPF-FS with enough 168 

extracellular space for tracing and segmentation.  No other substitute tested (e.g., 169 

sucrose, cysteine) came close to mannitol in providing adequate fixation.  Additionally, 170 

the level of contrast resulting from HPF-FS needed to be similar when using aldehyde-171 

based methods especially since the former is limited to depth of cryopreservation.  In 172 

addition, finding a repeatable and reproducible method of fixing and staining tissues was 173 

a major hurdle.   174 
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The result was the replacement of TCH in the common ROTO (reduced-osmium-175 

thiocarbohydrazide-osmium; Hua et al., 2015) with pyrogallol (i.e., ROPO).  Notable 176 

differences between ROTO and ROPO included fewer cracks or loss of tissue in the latter 177 

method (Figure 4A), and a more evenly distributed staining throughout the tissue (Figure 178 

4B).  When processed with TCH, ganglion sheaths were disrupted resulting in loss of 179 

peripheral cell bodies, torn connectives, and large holes in the tissue blocks, presumably 180 

from nitrogen production (Mikula and Denk, 2015), incomplete staining, or regions of high 181 

osmium deposition not suitable for segmentation (data not shown).  Although using 182 

pyrogallol in place of TCH resulted in some areas of tissue with what appeared to be 183 

heavy osmium deposition in the extracellular space (Figure 4B), tracing was still possible.  184 

These regions made identifying cell body membranes easier, but not the information 185 

present outside the cells.  In other regions of the same tissue, the contrast was not as 186 

heavy, and one could discern extracellular material between the cell bodies (Figure 4C).  187 

Additional or longer washes did not seem to mitigate this result.  188 

Pyrogallol requires no heat or increased agitation to dissolve in water but using 189 

fresh pyrogallol reduced variability. The solution turns yellow with increasing intensity 190 

within 24 hours and presumably loses activity after several days. Berghia’s eye tissue 191 

seemed much better after the replacement of TCH (data not shown).  192 

 193 

 194 
 195 

 196 

Staining and Embedding 197 

Staining wafers with UA and LC provide enough post-sectioning contrast, but it is time 198 

consuming and uses up a large volume of each solution (~10 mL per solution per wafer) 199 

especially when one has thousands of sections to stain.  As such, en bloc staining 200 

methods were first tested with UA since it was part of the FS solution following HPF.  201 

Interestingly, when dissolved in water UA formed a dark precipitate just beneath the 202 

ganglion sheath while nuclei remained unstained (Figure 5A).  When UA was dissolved 203 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2024. ; https://doi.org/10.1101/2024.02.25.581936doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.25.581936


in acetone as it is in FS, no precipitate formed, and nuclei were adequately stained. 204 

However, due to the hazards and increasing regulation on acquiring UA depending on 205 

the country in which one conducts research (e.g., Japan and Canada), we found that 206 

gadolinium acetate and samarium acetate (Odriozola et al., 2017) were suitable 207 

alternatives to UA.  Both gadolinium and samarium are non-radioactive lanthanides and 208 

while neither separately or together provided the high contrast typical of UA, they 209 

sufficiently stained nucleic acids (Figure 5C, D) and thus negated the need for UA.  These 210 

alternatives were not tested with HPF-FS, but the results reported here from use in the 211 

ROPO method should be considered if higher contrast is needed and UA is not easily 212 

available.  For enhancing protein and membrane contrast, copper sulfate lead citrate en 213 

bloc stain developed by Tapia et al. (2012) (Figure 5B) proved more reliable and 214 

reproducible than lead aspartate (not shown). In particular, the membranes of nuclei, 215 

mitochondria, and rough ER were well-preserved and opaque (Figure 5B) compared to 216 

unstained samples. It is important to remember that while one may have optimized 217 

staining, serial sectioning suffers from wrinkles and folds, and reducing these artifacts is 218 

heavily influenced by the choice of resin.  219 

 220 

  221 
 222 

It was difficult to find a suitable resin due to the shape of the brain.  The ganglia are fairly 223 

round in cross-section and the amount of space between the ganglia and their 224 

connectives resulted in high number of wrinkles.  After many tests comparing resins such 225 
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as EMBed812 (Epon), Durcupan, and Araldite, we chose the less viscous and harder 226 

LX112.  Infiltration was superior and fewer wrinkles were observed compared to samples 227 

cured in the commonly used Epon.  With the brain, eye, and juvenile successfully 228 

processed with new protocols, we went further to ascertain what other techniques might 229 

be applicable for preserving neural tissue, more specifically with respect to processing 230 

time.   231 

 232 

 233 

Rapid Processing 234 

The ROPO method along with en bloc staining takes approximately two days usually with 235 

an overnight infiltration step.  We developed a rapid processing protocol for adult brain 236 

tissue after learning about the mPrep system developed by Microscopy Innovations, LLC.  237 

The system is an automated processor that involves a constant flow of chemicals through 238 

the sample chamber, and by doing so processes entire samples in a fraction of the time 239 

conventional protocols require.  Since there was little need for a machine dedicated to 240 

processing hundreds of samples and could not justify the cost, a more hands-on protocol 241 

was adapted.  The results were promising for contrast and overall preservation, and there 242 

was no observable chemical or mechanical damage to the tissue (Figure 6A, B).  The 243 

lack of extracellular space compared to that in non-rapid processing (Figure 6C) was an 244 

important issue for dissected brain samples.  However, this is one avenue of potential 245 

interest for those looking to reduce hands-on time without the expense of automated 246 

machinery and brings one closer to generating a high-resolution brain atlas for 247 

connectomic analysis.  248 

 249 

  250 
 251 

 252 

 253 
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Discussion 254 

We describe several methods used in a general EM processing pipeline for fixing, 255 

staining, and imaging brain tissue of gastropod mollusc Berghia stephanieae.  The most 256 

repeatable method was HPF-FS.  However, HPF reliably preserves tissue only up to 200 257 

µm. Nonetheless, HPF-FS was instrumental in our development of the ROPO protocol.  258 

ROPO is repeatable and superior to ROTO protocols for our samples. However, 259 

pyrogallol results in an unusual staining pattern. The differences in contrast in the 260 

extracellular space within the same ganglia point to a possible difference in the 261 

biochemistry of these regions that attract a greater amount of osmium.  We do not know 262 

enough about the biochemistry within the brain to understand why pyrogallol and osmium 263 

might be found in greater or lesser amounts across the tissue.  The tissue also had some 264 

wrinkles and folds in different regions across sections. Machine and deep learning 265 

techniques are being developed on our results to correct for these artifacts.   266 

Rapid processing protocol is promising and has a quick turnover in fixing and 267 

staining samples.  A protocol that involves rapid processing and preserves extracellular 268 

space would be a highly advantageous step for other animals too.   269 

Research for understanding neural circuitry in gastropod molluscs is being 270 

undertaken at an ever-growing pace now that the techniques for imaging and segmenting 271 

at synaptic resolution for this organism have been developed and deployed.  This project 272 

also paves the way for a new era in comparative neuroanatomy, by providing the 273 

necessary methodology to facilitate large-volume connectomics and neural 274 

reconstructions in diverse organisms.   275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 
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