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Abstract

Immersing the brain in a solution containing formaldehyde is a commonly used method for preserving the struc-
ture of human brain tissue in brain banking. However, there are questions about the quality of preservation using
this method, as formaldehyde takes a relatively long period of time to penetrate a large organ such as the human
brain. As a result, there is a critical need to determine whether immersion fixation is an adequate initial preser-
vation method. To address this, we present exploratory histologic findings from our brain bank following the
immersion fixation of hemi-sectioned brain specimens under refrigeration. Using light microscopy, we found that
there was no significant change in the size of pericellular or perivascular rarefaction areas based on the postmor-
tem interval (PMI) or on the progression from the outer (frontal cortex) to the inner (striatum) brain regions.
Additionally, we did not identify any significant number of ghost cells — a state of late-stage cellular necrosis —in
the light micrographs analyzed. Using transmission electron microscopy of tissue from the frontal cortex, we
found that synapses could still be visualized, but there was vacuolization and variable degrees of myelin disband-
ing identified. Using serial section transmission electron microscopy, we found that identified synapses could be
traced from one section to the next. Using serial block face scanning electron microscopy, we also found that
myelinated axons on 2D images can be traced with high fidelity from one image to the next, even at PMls of up
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to 27 hours. Collectively, our data corroborate previous findings that immersion fixation is effective for preven-
tion of cellular necrosis and for visualizing many ultrastructural features in at least the surface areas of the brain.
However, how structural preservation quality should best be assessed in brain banking is an open question that
depends on the intended research applications.

Keywords: Brain banking, Immersion fixation, Histology quality, Postmortem interval, Myelin, Synapse, Vacuolization, Volume electron

microscopy

Abbreviations

EM - Electron microscopy, h — Hours, HFW —
Horizontal field width, kV —Kilovolts, LHE — Luxol fast
blue counterstained with hematoxylin and eosin,
PMI - Postmortem interval, ROl — Region of interest,
SEM — Scanning electron microscopy, SBF-SEM — Se-
rial block-face scanning electron microscopy, ssTEM
— Serial section transmission electron microscopy,
TEM — Transmission electron microscopy, WSI —
Whole slide image.

Introduction

High-quality preservation of large samples of
brain tissue for subsequent study is critical for many
areas, including clinical care, research, and educa-
tion. Historically, whole brains were often preserved
via immersion in solutions containing ethanol
(Horsley, 1997; Schweizer et al., 2014). With the first
patent for the large-scale production of formalde-
hyde solutions in 1891, there was considerable
interest around that time in the use of formaldehyde
as an antiseptic and also as a fixative in pathology
(Musiat et al., 2016). By the mid 1890s, formalin — a
version of formaldehyde with a small percentage of
methanol added for chemical stabilization — had
already started to be widely used around the world
for brain preservation, because it was found to be so
effective in preserving microscopic structure (Fish,
1895; Musiat et al., 2016). Today, immersion of a
whole human brain or a hemi-sectioned half brain in
formalin is widely used as a first step for many
downstream applications. However, the effective-
ness of this technique has been a subject of some
debate, particularly regarding its capacity to ade-
quately preserve deep brain structures before the
cells decompose (Grinberg et al., 2008; McFadden et

al., 2019). This concern is heightened in the context
of human brain disorders, where precise preserva-
tion is essential for accurate clinical diagnosis and
research efforts (Yang et al.,, 2022). As a result,
better understanding immersion fixation methods is
critical for ensuring the integrity of tissue samples
used in neuropathological research, particularly for
studies aimed at unraveling the underlying mecha-
nisms of human brain disorders and paving the way
for improved treatments.

One key alternative to the immersion fixation
of whole or hemi-sectioned brain specimens is the
use of biopsy samples. Surgical biopsies yield some
of the best-preserved human brain tissue and have
been used for the largest-scale volume electron
microscopy (EM) studies in humans to date (Oost et
al., 2023; Shapson-Coe et al., 2024). Researchers
have invested considerable effort in optimizing
fixation and processing methods for these biopsies,
particularly for EM studies (Karlupia et al., 2023;
Rollenhagen et al., 2024). The primary advantage of
surgical biopsies is the minimal ischemic time, often
just minutes between tissue removal and fixation
initiation. However, the availability of brain biopsies
is limited to specific clinical scenarios requiring
surgical intervention. In the autopsy setting, it is also
common practice to obtain small biopsy samples of
the brain for EM, and often these biopsies are fixed
separately in glutaraldehyde (Kay et al., 2013; Sele
et al.,, 2019). This approach also minimizes the
ischemic time exposure for that sample of tissue. On
the other hand, there are also advantages to using
whole or hemi-sectioned brain specimens that have
been immersion fixed for EM studies, as this allows
for the use of already archived tissue and for histo-
logical studies across the entire brain.

Another alternative to immersion fixation is
perfusion fixation. This involves the pressure-driven
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delivery of fixative through the vascular system,
which can lead to more rapid and uniform tissue
preservation. Perfusion fixation has the obvious
potential advantage of reducing the time required
for fixation, which can be useful for expediting the
neuropathologic exam and for preventing overfixa-
tion in surface areas (Beach et al., 1987; Adickes et
al., 1997; Sharma and Grieve, 2006). Several studies
have also reported that perfusion fixation can
improve the preservation of histologic features
compared to immersion fixation, especially in inner
brain regions such as the thalamus and basal ganglia
(Grinberg et al., 2008; McFadden et al.,, 2019).
However, this latter finding has not been reported
by all studies. One study found no significant differ-
ence in staining quality between perfusion- and im-
mersion-fixed brain tissue, provided that immersion
fixation was allowed sufficient time to fix the entire
brain (Sharma and Grieve, 2006). Some of the
reported relative advantages of perfusion fixation
may have been accentuated because the control
immersion fixation procedures did not use refriger-
ation during immersion, which has been found to be
critical for preservation quality, because it dramati-
cally slows down cellular decomposition (McKee,
1999). Moreover, perfusion fixation is technically
more complex, not always available, can introduce
tissue edema, and can be ineffective in cases with
long PMIs or prolonged agonal states. Taken
together, perfusion fixation has potential
advantages in certain circumstances, but additional
research is also warranted to better characterize
immersion fixation.

One important question is how quickly forma-
lin penetrates to preserve different parts of the im-
mersed brain. There have been several neuroimag-
ing studies on this topic (Yong-Hing et al., 2005;
Dawe et al., 2009; Dadar et al., 2024). However, the
time it takes for the fluid to alter imaging parame-
ters is not necessarily the same as the time it takes
for preservative chemicals to penetrate the brain
tissue to sufficiently slow down cellular decomposi-
tion. Moreover, there is an important potential
distinction between two timeframes: the initial
short time needed for the fixative to enter a region
of tissue versus the subsequent longer time required
for tissue fixation to be sufficiently crosslinked for
downstream histological processing (Helander,
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1999). This potential difference is not well studied.
Formalin fixation has been found to occur in a
manner where time is roughly proportional to the
depth penetrated, unlike some other chemicals
where time is more proportional to the square root
of the depth (Dempster, 1960). One study on rabbit
liver tissue found that 10 % formalin fixed a tissue
depth of approximately 0.5 cm in 9 h (Dempster,
1960). Another study found that after 24 h of
immersion fixation of whole human brains in 20 %
formalin at room temperature, formalin had fixed
the tissue 1-2 cm from the surface of the brain and
adjacent to the ventricles (Scott and MacDonald,
2013). Formalin penetration rates have been
reported to become faster with higher temperature,
a higher concentration of formaldehyde, and more
postmortem decomposition (Dempster, 1960).
While penetration speed is of academic interest, the
main practical question for histological quality is the
degree to which the tissue has degraded prior to the
moment when reached by the chemical preserva-
tive, which also depends on the rate of postmortem
decomposition (Krassner et al., 2023).

There have been some empirical studies on the
microscopic preservation quality of immersion-fixed
brain tissue in non-human animals. Outcomes vary
based on the intended research application and the
level of structural detail required. Among applica-
tions using light microscopy, several studies have
reported favorable results. For example, one study
found that staining in mouse brains was of accepta-
ble quality whether the tissue was fixed by perfusion
or immersion (Wahlsten et al.,, 2003). Even in
extremely large brains such as those of minke
whales, researchers reported that immersion fixa-
tion resulted in generally good preservation across
the brain, with only occasional artifacts observed in
inner brain regions (Knudsen et al., 2002). However,
for certain types of downstream applications,
perfusion fixation has been found to have
advantages. One review noted that while immersion
fixation is generally sufficient for routine toxicology
studies, perfusion fixation is preferred for detailed
neurotoxicity investigations (Bolon et al., 2013).
Some studies have highlighted specific limitations of
immersion fixation for EM. One investigation
observed alterations in mitochondrial morphology
in large tissue blocks from mouse brains that were

free org


https://doi.org/10.17879/freeneuropathology-2025-6104

Free Neuropathology 6:4 (2025)
DOI: https://doi.org/10.17879/freeneuropathology-2025-6104

fixed via immersion (Hinton et al., 2023), while
another reported potential issues with visualizing
microvasculature in scanning electron microscopy
(SEM) studies due to vessel collapse (Lossinsky and
Shivers, 2003). Another study found adequate tissue
preservation allowing synaptic quantification in the
surface areas of mouse brains, but noted some qual-
itative artifacts (Monfils et al., 2005). These findings
suggest that while immersion fixation can provide
adequate preservation for many applications, the
choice of the fixation method should be carefully
considered based on the specific requirements of
each study, particularly when examining ultrastruc-
tural details.

In the context of human brain banking, there
have also been some empirical reports on the
preservation quality achieved when using immer-
sion fixation of large tissue specimens. A common
finding is that while immersion fixation can preserve
certain cellular structures, it may not be optimal for
all types of histochemical analyses. For example, one
study comparing immersion and perfusion fixation
in human brains found that immersion fixation led
to decreased parvalbumin staining for fine neural
processes and reduced staining for cytochrome
oxidase, although Nissl and myelin staining
remained unchanged (Wallace et al., 2002). Studies
focusing on ultrastructural preservation have
yielded mixed results. One group found that synap-
ses could still be visualized in the human cerebral
cortex using focused ion beam/scanning EM, even in
tissue obtained at autopsy with a PMI of up to 4 h
(Cano-Astorga et al.,, 2021). A separate study
reported that immersion fixation of brains in forma-
lin from donors with PMIs of 18 to 50 h led to
acceptable ultrastructural quality in the anterior
cingulate cortex, with the exception of myelin
lamellae splitting (Krause et al., 2016). However, it
has also been reported that although vascular
morphology is reasonably preserved, cellular
organelles can be lost in immersion-fixed human
brain tissue (Yamamoto et al., 2013).

Despite the widespread use of immersion fixa-
tion in brain banking, there remains a critical need
to further evaluate its effectiveness in practical brain
banking settings. The present study aims to bridge
this gap by examining the quality of tissue preserva-
tion achieved through immersion fixation of human
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hemi-sectioned brain specimens under refrigera-
tion. Immersion fixation of hemi-sectioned brain
samples is a common practice in brain banking
because the other of the two hemispheres is often
used non-fixed for cryopreservation. In this study,
we employ a multimodal approach, using light
microscopy to assess large areas of brain tissue and
EM techniques to evaluate detailed histologic
features. Our focus is on quantifying the degree of
cellular structure preservation in tissues that may
not be rapidly fixed via immersion, with particular
attention to pericellular and perivascular spaces,
cellular necrosis, synapse identification, and myelin
integrity. By providing a detailed characterization of
preservation quality across different brain regions
and various PMls, our goal is to inform best practices
in brain banking and to contribute to better under-
standing the limitations and capabilities of immer-
sion fixation for various research applications.

Methods

Brain banking procedures

All specimens were obtained and de-identified
at the Icahn School of Medicine at Mount Sinai in
accordance with its policies, regulations, and institu-
tional review board. The brain hemisphere speci-
mens were preserved with the standard protocol of
immersion fixation that has been established in the
Neuropathology Brain Bank & Research Core. After
extraction, the brain is transported via a plastic bag
to the Neuropathology Brain Bank & Research Core.
The brainstem and cerebellum are isolated via
dissection. The rest of the brain is then sectioned
into two hemispheres at the level of the corpus
callosum. One hemisphere is immersed in 10 %
neutral buffered formalin (Fisher 245-685) under
refrigeration at 4 °C for at least two weeks and up to
a period of several years. The hemisphere is then
dissected into 3—-5 mm thick coronal slabs and
specific brain regions are sampled for neuropatho-
logic study, as previously described (McKenzie et al.,
2022). Eventually, the storage solution is switched to
phosphate buffered saline containing 0.1 % sodium
azide (Sigma Aldrich, CAS 26628-22-8) for long-term
fluid preservation at 4 °C.
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Light microscopy

Brain tissue sampled for light microscopy was
placed into cassettes for processing and embedded
in paraffin. Next, 5-7 um thick sections were cut on
a microtome, which were mounted on glass slides,
deparaffinized, and stained with Luxol fast blue
counterstained with hematoxylin and eosin (LHE).
Slides were then imaged as whole slide images
(WSIs) using a digital slide scanner (Hamamatsu
Photonics). Using NDP.view2 software (Hamamatsu
Photonics), three representative regions of interest
(ROIs) from the gray matter were captured from
each WSI for subsequent analysis, attempting to
provide coverage of distinct parts of the slide. Our
assessment focused on two key indicators of tissue
preservation: (a) pericellular/perivascular rarefac-
tion and (b) cellular necrosis (Krassner et al., 2023).
Rarefactions were quantified in each ROl by (a)
measuring the average of the non-staining pericellu-
lar space for at least 3 of the largest cells and (b)
measuring the average of the non-staining peri-
vascular space for up to 3 of the largest blood
vessels. The maximum width of the pericellular
spaces was measured using the measurement tool
in NDP.view2. Perivascular spaces were measured at
the widest part of the shortest axis using the
measurement tool in Imagel. The presence of
late-stage cellular necrosis was assessed in each ROI
using a binary (present/absent) grading system. This
assessment was based on the identification of a
substantial proportion of ghost cells in the ROI by
two independent reviewers, which is a characteristic
finding of brain tissue in late-stage necrosis (Finnie
et al., 2016). Ghost cells were identified by (a) nuclei
that are either absent or barely visible, (b) pale stain-
ing cytoplasm, and (c) indistinct cell membrane
morphology (Finnie et al., 2016). Any grading
discrepancies were resolved through a consensus
review process among the raters.

Electron microscopy

For EM, gray matter regions of the frontal cor-
tex from fluid preserved specimens were dissected
and further fixed in a solution of 2 % paraformalde-
hyde and 2 % glutaraldehyde in 0.1 M sodium caco-
dylate buffer, as previously described (Krassner et
al., 2023). A version of the National Center for
Microscopy and Imaging Research (NCMIR) protocol
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was adapted to provide enhanced contrast
(Deerinck et al., 2010). This approach uses multiple
methods of chemical fixation standard for EM. The
brain sample was then dehydrated through a graded
ethanol series, infiltrated with Embed 812 epoxy
resin (EMS), and polymerized for 72 h at 60 °C.
Semithin sections (0.5 um) were cut using a Leica
UC7 ultramicrotome (Leica, Buffalo Grove, IL) and
counterstained with 1 % toluidine blue to identify
the regions of interest within layers. Ultra-thin
sections of 80 nm thickness were collected onto
nickel slot grids (EMS, FCF2010-Ni) and the grids
were imaged on an HT7700 transmission electron
microscope (TEM) (Hitachi High-Technologies,
Tokyo, Japan) using an advantage CCD camera
(Advanced Microscopy Techniques, Danvers, MA).
Some of the TEM images presented were adjusted
for contrast, image size, and with a sharpening filter
if needed. Both the raw and adjusted TEM images
were made publicly available. For two of the
samples, we performed serial section transmission
electron microscopy (ssTEM), using ultra-thin
sections of 80 nm thickness. Each series consisted of
3 to 10 consecutive sections.

The same embedded tissue was also imaged
using serial block-face scanning electron microscopy
(SBF-SEM). Images were acquired with a pixel size of
10 x 10 x 50 nm3, using a Thermo Fisher Scientific
Apreo Volumescope Il Serial Block Face SEM. Data
from both samples was collected with a horizontal
field width (HFW) of 61 um and an accelerating
voltage of 2 kV. Imaging data from one sample had
one region of interest and a depth of 25 um, while
imaging data from the other sample was collected
with depths of 10 um and 20 um, in two regions of
interest each. All datasets were aligned and cropped
to correct for sample drift using Amira software
(Thermo Fisher™). The SBF-SEM datasets were
named based on the donor identifier and the area
where the images were taken from. The first num-
ber was the donor number, and the second number
was the depth of the image. L and R correspond to
the hemisphere of the frontal lobe. Donor 100 had
multiple sets of images taken, from two different
depths (10 um and 20 um), and from two different
representative regions at each depth.

EM images were viewed with the Fiji distribu-
tion of ImageJ as well as with webKnossos (Boergens
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et al., 2017). Four distinct analyses were conducted
on the different types of EM images, measuring my-
elin disbanding, myelinated axon density, synapse
traceability, and myelinated axon traceability. The
first two analyses were performed on standard 2D
images using ImageJ software. To measure myelin
disbanding, we selected the myelinated axon in the
image with the thickest myelin sheath and meas-
ured the length of this thickest part (adapted from
(Sele et al., 2019)). Along this length, we identified
segments that appeared distinctly lighter than the
surrounding dark myelin and measured their
lengths. The percentage of disbanding was then cal-
culated using the formula: (Sum of light segment
lengths / Total measured length) x 100. For myelin-
ated axon density, we outlined each myelinated
axon in the image and calculated the area of each
outlined axon using Imagel. We then summed the
areas of all myelinated axons and calculated the
density as (Total area of myelinated axons / Total
image area) x 100.

The next two analyses, on synapses and mye-
linated axons, were performed on the serial section
TEM and SBF-SEM data sets, respectively. Synapses
within the serial sections were chosen for analysis
based on having clear visibility of synaptic structures
and the ability to identify both the beginning and
end of the synapse within consecutive sections.
Synaptic cleft length and width measurements were
performed using Imagel software. These measure-
ments were then multiplied by the known section
thickness (80 nm) to calculate the synaptic volume
per image in cubic nanometers and then converted
to cubic micrometers (adapted from (Bloss et al.,
2013)). The total synaptic cleft volume was deter-
mined by summing the calculated volumes across all
relevant sections. For the traceability analysis on
myelinated axons, the SBF-SEM data was uploaded
to webKnossos for analysis. Myelinated axons were
identified by their characteristic dark banding and
then traced to the last image containing the axon.
Specifically, using the skeleton tool on webKnossos,
the axon was traced until the axon ended or there
were no longer any images containing the axon.
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Results
Light microscopy

We studied a convenience sample of n= 40
brains from the Mount Sinai Neuropathology Brain
Bank & Research CoRE. The age range was from 33
to 87 years (mean = 65.4 years), the PMI ranged
from 9.1 to 81.1 h (mean = 26.5 h). Neuropathologi-
cal workups revealed a range of diagnoses including
Alzheimer's disease, cerebrovascular disease, and
cases with no diagnostic abnormality recognized.
We studied LHE-stained WSIs from three brain re-
gions, which had variable coverage across the co-
hort: the frontal cortex (at least one WSl available in
n =32 or 80.0 % donors), anterior striatum (n = 35,
87.5 %), and posterior striatum (n = 28, 70.0 %). In
n =23 (57.5 %) donors, at least one WSI was availa-
ble from all three brain regions. These three brain
regions were chosen in order to include both a sur-
face area (frontal cortex) as well as inner areas (an-
terior striatum, posterior striatum) of the hemi-sec-
tioned brain specimen. Our goal was to look for dif-
ferences in preservation quality associated with the
relatively slower fixation achieved in the inner areas.

Qualitatively, we found that the overall tissue
preservation visible on light microscopy across all
examined samples maintained cellular structures
that were generally discernible and identifiable
(Figure 1). Expected postmortem artifacts were pre-
sent, especially pericellular rarefactions, perivascu-
lar rarefactions, and vacuolization of the paren-
chyma. Otherwise, the cellular morphology ap-
peared largely as expected across all regions, with
neurons, glia, and blood vessels retaining their char-
acteristic shapes. Luxol fast blue staining of myelin
was also present across samples. We could not iden-
tify clear qualitative differences in the preservation
quality between the surface areas (frontal cortex)
and the inner areas (anterior and posterior striatum)
of the hemi-sectioned brain specimens, although
there were inherent differences in cellular morphol-
ogy between regions that prevented us from per-
forming quantitative comparisons of cell shape or
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Figure 1. Representative light microscopy images from each brain region studied. LHE-stained tissue sections from the frontal cortex
(a—c), anterior striatum (d—f), and posterior striatum (g—i) of an immersion fixed hemi-sectioned brain specimen. Panel (a) shows a low-
magnification overview of the frontal cortex, with black rectangles indicating regions of interest examined at higher magnification in (b)
gray matter and (c) white matter. Similar triads of representative images are shown for the anterior striatum (d—f) and posterior striatum
(g—i). These samples were obtained from a 63-year-old male brain donor who died of respiratory failure due to malignant mesothelioma,
with a PMI of 23.6 h before tissue preservation. Scale bars in (a, d, and g) are 5 mm; scale bars in higher magnification images are 100 um.
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other cellular features as a proxy for preservation
quality. In a few cells across all three brain regions,
we detected what potential signs of early necrosis,
such as partially disrupted membranes, but these
were not widespread or common enough to distin-
guish them from potential artifacts, such as staining
inconsistencies or image blurring.

To evaluate for potential late-stage necrosis,
two reviewers evaluated the presence of ghost cells
in each of three gray matter regions of interest for
all the WSIs available. Any given cell may have
apparent characteristics of ghost cells, because of
problems with staining or visualization, with a pre-
ponderance of these aspects at late-stage necrosis
(Finnie et al., 2016). Out of the 321 regions of
interest (ROIs) analyzed, we identified two ROIs that
appeared to potentially have a substantially ele-
vated number of ghost cells, although this may
reflect differences in staining or imaging (Figure 2).
These two ROIs with elevated numbers of ghost cells
were found in samples from the posterior striatum,
with PMls of 53.5 h and 70.5 h. The tissue in these
ROIs may represent areas that degraded especially
rapidly for an unknown reason, or that may have
been differentially affected by an artifact in the
processing or imaging procedure. For the other two
ROIs from these two samples, there was not a
substantial number of ghost cells identified. Taken
together, these observations indicate that the
immersion fixation procedure generally maintained
the histologic architecture on light microscopy as
might be expected on a biopsy sample from autopsy
brain tissue, with very few or no areas exhibiting
substantial cellular necrosis.

To measure whether decomposition might vary
guantitatively with PMI or across brain regions, we
measured the size of pericellular and perivascular
rarefaction areas (Figure 3). These rarefaction areas
are common postmortem artifacts that are visible
within the early postmortem period and appear to
be due to the swelling of tissue elements such as
astrocyte processes (Krassner et al., 2023). For each
brain region sampled, we determined the arithmetic
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mean sizes of the pericellular and perivascular rare-
faction areas measured across all three of the gray
matter regions of interest selected. We found that
there was no significant difference between these
measures in the surface brain region studied (frontal
cortex) and the two inner brain regions studied
(anterior striatum and posterior striatum) (Kruskal-
Wallis tests: for pericellular rarefaction, H(2) = 1.93,
p = 0.381; for perivascular rarefaction, H(2) =3.71, p
= 0.156). We did not identify significant rank corre-
lations between these measures and the PMI in any
of the three brain regions studied (all |p| < 0.25,
p >0.05). We did find one nominally significant Pear-
son correlation between the pericellular rarefaction
area size and the PMI in the frontal cortex (r = 0.371,
p =0.033), but this became non-significant after
adjusting for multiple comparisons using the Benja-
mini-Hochberg false discovery rate correction (FDR-
adjusted p=0.20). Note that our pericellular and
perivascular area measurements may have been
influenced by 3D tissue sectioning orientation,
independent of postmortem fluid accumulation.
That is, it is possible that the visible space around
cells and vessels varied based on the angle of the cut
during sample preparation. Additionally, it is possi-
ble that an effect would have been distinguished
with a larger sample size. Acknowledging these
potential sources of variability, we did not identify a
clear relationship between the measures of rarefac-
tion and either the PMlI or the brain region. This find-
ing suggests that while these areas of rarefaction are
consistently seen in postmortem brain tissue, they
do not seem to be a linear proxy for the duration of
ischemia prior to fixation, at least in this data set.
These results are consistent with a model in which
the rarefactions first occur due to the retrograde
flow of cerebrospinal fluid occurring early in the PMI
and then remain relatively stable for a period of time
(Du et al., 2022; Krassner et al., 2023). It is possible
that the rarefaction areas may break down in more
advanced decomposition, as the cell membranes of
astrocytes and other cell types begin to degrade and
therefore allow water to equilibrate across the sam-
ple. This phenomenon could then be interpreted as
a sign of advanced necrosis. However, we did not
observe this phenomenon in the data we analyzed.
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Figure 2. Light microscopy regions of interest with a potentially significant number of ghost cells identified. These regions of interest were
classified as having at least three potential ghost cells identified. Ghost cells are characterized by having a substantial degree of nuclei
that are either absent or barely visible, pale staining cytoplasm, and indistinct cell membrane morphology. Asterisks above cells identified
as potentially having these characteristics. It is unclear if staining or imaging factors could also contribute to their appearance. a: LHE
stained tissue section from posterior striatum of 62-year-old brain donor, with a PMI of 53.5 h. b: LHE stained tissue section from posterior
striatum of 76-year-old brain donor, with a PMI of 70.5 h. Scale bars: 100 um.
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Figure 3. Pericellular and perivascular rarefaction sizes are not significantly different across brain regions nor significantly correlated with
PMl in any brain region. a: Representative image showing measurements of the three largest pericellular rarefaction areas in a region of
interest. Scale bar: 100 um. b: Distributions of the average pericellular rarefaction sizes within each brain region. Horizontal lines repre-
sent arithmetic means. No significant differences were found across regions. c—e: Scatterplots showing the PMIs and average pericellular
rarefaction size measured for each brain donor across the frontal cortex, anterior striatum, and posterior striatum, respectively. f: Repre-
sentative image showing measurement of the three largest perivascular rarefaction areas in a region of interest. Scale bar: 100 um.
g: Distributions of average perivascular rarefaction sizes within each brain region. Horizontal lines represent arithmetic means. No signif-
icant difference found across regions. h—j: Scatterplots showing the PMIs and average perivascular rarefaction size measured for each
brain donor across the frontal cortex, anterior striatum, and posterior striatum, respectively. For all scatterplots, the black lines represent
linear regression fits, with gray areas indicating 95 % confidence intervals, and Spearman's rho and associated p values are shown for each

region.
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2D electron microscopy

Using EM, we studied ten brain donors from
the same brain bank (Table 1). We dissected fixed
tissue from gray matter of the middle frontal gyrus,
a part of the frontal cortex, and performed TEM on
the embedded samples. The PMls of the brains prior
to immersion fixation ranged from 10.75 h to 27 h,
with an arithmetic mean of 20.6 h. Qualitatively, the
TEM images showed expected postmortem artifacts
such as vacuolization and some areas with what
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appeared to be decreased cytoplasmic contrast
(Figure 4). However, the images suggested that cell
membrane contours were largely discernible and
appeared to maintain much of their expected mor-
phology, despite some potential postmortem alter-
ations. Synapses and mitochondria were both able
to be identified in at least one image from all ten
samples studied. Notably, the duration of refriger-
ated fluid preservation prior to sample processing
ranged from 0.1 to 3.4 years, with no apparent
differences found based on this variable.

Table 1: Characteristics of brain donors whose tissue was profiled with EM.

Sample number Age Sex Postmortem interval (hours) Duration of fluid preservation (years)
NPBB 36* 50 M 27 3.4
NPBB 40 52 M 20 3.3
NPBB 57+ 53 F 25 2.9
NPBB 98 77 F 15 2.2
NPBB 100t 85 F 10.75 2.1
NPBB 113 89 F 21 1.8
NPBB 198 71 M 21.1 0.8
NPBB 233* 87 M 26.5 0.4
NPBB 265 67 F 22.75 0.2
NPBB 267 86 M 175 0.1

The duration of fluid preservation refers to the length of time that samples were stored in 10 % neutral buffered formalin and/or phos-
phate buffered saline with 0.1 % sodium azide prior to sample preparation for EM. *: Samples used for ssTEM, t: Samples used for SBF-

SEM.

Quantitative analysis of the TEM images
revealed several findings. Varying degrees of myelin
disbanding were seen across samples, a phenome-
non known to occur early in the PMI (Krassner et al.,
2023). Myelin disbanding was found to be present in
81 % (87/107) of the largest myelinated axons seen
in each high-resolution image. The degree of myelin
disbanding ranged from 0.0% to 71.5% across
samples. Note that some degree of myelin disband-
ing can be present even in EM images from human
surgical biopsy specimens that are preserved via
immersion fixation (Shapson-Coe et al., 2024). The

density of myelinated axons varied across images,
ranging from 0 % to 21.5 %, with an average density
of 4.2 %. The highest number of myelinated axons
identified in one image was eleven. Notably, in the
ten brain donors, there was no significant rank
correlation between the myelin disbanding percent-
age or the myelinated axon density and the PMI
(myelin disbanding percentage: p = 0.21, p = 0.56;
myelinated axon density: p = 0.006, p = 1.00;
Figure 5). These results suggest that while postmor-
tem changes are evident, substantial structural
integrity is maintained in many myelinated axons.
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Figure 4. Representative TEM images show qualitative preservation of synapses and mitochondria. All tissue is from the frontal cortex.
Asterisks are placed above two representative features in each image: synapses (red) and mitochondria (blue). Donor numbers: 36 (a), 40
(b), 57 (c), 98 (d), 100 (e), 113 (f), 198 (g). 233 (h), 265 (i), 267 (j). Scale bars: a—¢c, e, h,i: 1 um; d, f, g, j: 2 um.

Volume electron microscopy layers 11/1ll, which have been found to have a rela-
tively moderate to high synaptic density (Anton-

To further characterize synaptic preservation, Sanchez et al., 2014). Qualitative analysis of the re-

we conducted ssTEM on two samples with PMIs of sulting image stacks revealed that all 18 synapses
26.5 and 27 h. We focused the imaging on cortical that met our criteria for tracing could be consistently
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Figure 5. Quantification of the degree of disbanded myelin and the density of myelinated axons in TEM images. a, b: Representative
images of myelin disbanding in TEM images, showing highly disbanded (a) and non-disbanded (b) examples. c: Scatterplot showing the
myelin disbanding percentage and the PMI. Blue points indicate the average myelin disbanding for each sample, while gray points indicate
measurements from each individual image. d, e: An example image with a particularly high density of myelinated axons (d) and how the
myelinated axon density was quantified in this image (e), i.e. the areas containing myelinated axons (red) were summed and divided by
the total area. f: Scatterplot showing the myelinated axon density and the PMI. Blue points indicate the average myelinated axon density
for each sample, while gray points indicate measurements from each individual image. All points in scatterplots are partially transparent
to account for overplotting. Scale bars: 2 pm.
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800 nm

800 nm

Figure 6. Representative images show synapses are traceable in ssTEM images. These synapses are all fully encapsulated in the set of four
images. The samples are from donor numbers 36 (a, b) and 233 (c, d, e). Scale bars: 800 nm.

traced across adjacent sections (Figure 6). To quan-
tify synaptic dimensions, we approximated synaptic
cleft volumes by measuring cleft length and width in
each section and multiplying this area by the section
thickness. The mean synaptic cleft volume was
1.731 x 103 um3, with a range of 4.01 x 10“*um?3 to

3.609 x 103 um?3, and a standard error of the mean
of 7.16 x 10™* um3. This substantial variability in syn-
aptic size aligns with previous reports on the varia-
bility of synaptic size measurements (Morales et al.,
2013; Santuy et al., 2018). It is important to note
that our analysis excluded synapses extending
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it acne,

Figure 7. Example of tracing a myelinated axon in the SBF-SEM data set. The images were taken at a depth of 25 um and the sample is
from donor number 57. Scale bars: 2.0 um.
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\

Figure 8. Skeleton tracings of myelinated axons from SBF-SEM data sets. Tissue from brain donor numbers 57 (a) and 100 (b, c, d, e).
Volumes were imaged at three different depths: 25 um (a), 20 um (c, e), and 10 um (b, d).

beyond the image stack boundaries, with a potential
bias of our sample towards smaller synapses. Our
ability to trace identified synapses across multiple
sections suggests that the structure of the synaptic
cleft remains largely intact in these samples, despite
the PMI, at least within the subset of synapses we
were able to measure.

To measure the traceability of neural struc-
tures over longer distances, we next performed
SBF-SEM on two samples (samples 57 and 100, with
PMls of 25 h and 10.75 h respectively). We tested
the degree to which myelinated axons could be

traced across the available volumes (Figure 7). We
found that all 25 myelinated axons that we
attempted to trace were easily traceable (Figure 8).
Overall, these findings suggest that the 3D structural
integrity of myelinated axons is maintained in these
immersion-fixed tissue samples, allowing for reliable
tracing.

Discussion

In this study, we employed both light and elec-
tron microscopy to characterize the histological
quality of human hemi-sectioned brain specimens
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preserved via immersion fixation under refrigera-
tion, which is a common method of brain banking.
Our findings demonstrate that immersion fixation
can effectively maintain overall tissue architecture
and cellular structure. Expected postmortem
changes were observed, including pericellular and
perivascular rarefaction areas, but the extent of
these rarefaction areas did not correlate signifi-
cantly with the brain region or the PMI over the
ranges we studied. We also found that neural struc-
tures, including myelinated axons and synapses,
remained traceable across volume EM data in
samples with PMls of up to slightly more than 24 h.
This observation may help to define an extended
time window where EM analyses of autopsy tissue
can be effectively performed (Cano-Astorga et al.,
2024). Of note, several of our samples were
preserved in fluid for more than one year, without
any identified effect on cellular morphology, adding
to our knowledge about the effects of fluid preser-
vation on brain cell structure (Liu and Schumann,
2014; McKenzie et al., 2024). While perfusion fixa-
tion or immersion fixation of small biopsy brain sam-
ples may have advantages over immersion fixation,
our results suggest that routine immersion fixation
of brain tissue may provide sufficient preservation
quality for many types of downstream applications.

There are many limitations of our current data
set and analysis methods, which warrant careful
consideration. Measuring histologic preservation
quality is indeed a challenging and multifaceted
problem. Previous state-of-the-art approaches in
this area have tended to be semi-quantitative
(Kiernan, 2009; Lindblom et al., 2021). A fundamen-
tal issue of our approach is whether our metrics for
measuring postmortem decomposition are valid.
Using light microscopy, we quantified the pericellu-
lar and perivascular rarefaction areas and the pres-
ence of ghost cells, which may not necessarily
capture the most important postmortem changes.
The selection of these metrics was based on our own
observations and on previous literature, rather than
on an unbiased, comprehensive understanding of
the mechanistic alterations that occur in the post-
mortem brain. We may thus have missed more
nuanced changes that may escape the attention of a
trained histologist. This limitation underscores the
need for more unbiased approaches to assessing
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tissue preservation. Future research could benefit
from employing machine learning algorithms to
identify subtle structural and molecular changes
that occur during the PMI. For example, with larger
sample sizes, it might be possible to use deep learn-
ing to discover features that distinguish tissue that
has experienced short versus long PMlIs in an
unbiased manner. Such a project would advance our
ability to more objectively measure the loss of
preservation quality due to tissue decomposition.

EM data presents particular complexities in as-
sessing tissue preservation quality, due to the many
potential artifacts or distortions that can be intro-
duced during sample preparation and imaging
(Hayat, 1981). It is therefore challenging to distin-
guish between genuine loss of microstructural integ-
rity in banked brain tissue and artifacts from the
assay procedure itself. For example, image blurri-
ness in TEM can be a function of magnification
rather than tissue quality. Given these complexities,
our EM analysis focused on structures with charac-
teristic appearances, primarily synapses and myelin.
We found that myelin, which has been reported to
degrade relatively rapidly during the PMI (Krassner
et al.,, 2023), can serve as a practical metric for
preservation quality due to its easy identification in
EM images. However, this approach has downsides.
While measuring myelinated axon density can help
bound the degree of tissue degradation, it varies
significantly across brain regions and disease states,
limiting its standalone utility. Also, while myelin
decomposition could theoretically be a proxy for the
decomposition of other cell membranes as well, it is
difficult to establish this, because other cell
membranes have less reliable contrast and a less
characteristic form. Ideally, a comprehensive assess-
ment would involve annotating all visible structures,
amounting to a type of panoptic segmentation
(Peters et al., 1991; Nahirney and Tremblay, 2021;
Liu et al., 2024). Developing such tools for EM data
would require training on a large set of expertly
annotated images from partially degraded brain tis-
sue, a resource that is currently lacking. Moreover,
many membrane-bound structures in 2D EM images
are ambiguous (e.g., axons, dendrites, or glial pro-
cesses) and require volume imaging data for identi-
fication. These challenges underscore the need for
advanced analytical tools and standardized datasets
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to improve our ability to assess preservation quality
in EM studies of imperfectly preserved brain tissue.

In volume EM, traceability has emerged as a
key metric for assessing the quality of connectome
data sets. For example, one study found that finer
neural structures are more challenging to trace
across sections than larger structures, requiring
thinner sections for reliable reconstruction (Hay-
worth et al., 2015). In our volume EM data sets, we
found that both synapses and myelinated axons,
which are relatively thicker compared to fine, unmy-
elinated cell processes, were easily traceable. This
suggests that our immersion fixation protocol
adequately preserves these thicker structures for
potential volumetric analysis. However, it is im-
portant to note that our study did not attempt to
trace fine, unmyelinated processes, which may be
more susceptible to postmortem changes. The
traceability of neural structures in volume EM raises
another practical question: to what extent can 3D
traceability be predicted from 2D images? Based on
our qualitative experience analyzing this data, we
suspect that the signal-to-noise ratio of cell
membranes in individual 2D images may serve as a
useful proxy for 3D traceability. However, this
hypothesis requires formal testing. Future studies
could systematically evaluate the relationship
between 2D image quality metrics — such as cell
membrane contrast and continuity — and the
success rate of 3D tracing in volume EM datasets.
Such research could potentially lead to the develop-
ment of ultrastructural quality assessment tools for
brain bank samples, allowing researchers to predict
the suitability of tissue for volume EM studies.

Another key limitation of our study is the
absence of EM data from inner brain regions. Our
initial approach was to start with a surface brain
region for EM analysis, as we were uncertain about
the overall quality of preservation achievable
anywhere in the brain using our immersion fixation
protocol at the given PMls. We reasoned that if the
surface regions, which are exposed earliest to the
fixative, showed poor preservation, it would be
necessary to reassess our methods for exploring
deeper structures. However, since our approach
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yielded acceptable preservation quality in the sur-
face region analyzed, important questions about the
quality of tissue preservation after immersion fixa-
tion can now be addressed in inner brain regions.
While some previous data has suggested that ultra-
structural quality can be at least acceptable in
deeper brain regions (Krause et al., 2016), the exist-
ing data on this topic are minimal, so substantial
additional data will be required to corroborate these
findings across various brain regions and under
different fixation conditions. Currently, the extent to
which cellular features are altered in deep brain
regions when visualized via electron microscopy is
not well established. To address this limitation in a
separate future publication, we plan to perform
similar analyses of ultrastructural preservation
quality in multiple inner brain regions. Such data will
be critical for understanding the full capabilities and
limitations of immersion fixation in brain banking.

Over recent years there has been research on
new technologies to “unlock” genomic data in spec-
imens preserved in formalin in museum collections
around the world (Hahn et al., 2022). Drawing paral-
lels to this research, we propose that it may one day
be possible to unlock connectome data from immer-
sion-fixed brain tissue stored in brain banks. The
feasibility of this approach likely depends on the
degree of artifacts present in the samples, which can
vary based on the specific fixation and fluid preser-
vation protocols used (McKenzie et al.,, 2024).
Additionally, realizing this possibility would require
substantial advances in embedding long-term fluid-
preserved specimens. The duration of ischemia and
prolonged storage almost certainly alter the optimal
parameters for sample preparation and imaging.
Nevertheless, based on our current findings, we
suggest that the fundamental structural elements
required for connectome analysis may be presentin
at least a subset of immersion-fixed brains. This is
particularly significant given that the vast majority of
fixed brain bank specimens have been, and continue
to be, preserved using immersion fixation. While
technical challenges and scientific questions about
feasibility certainly remain, we propose that more
exploratory research should be performed on the
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possibility of leveraging existing brain bank
resources for human connectomics studies.

Conclusions

Our study of immersion-fixed hemi-sectioned
brain specimens provides evidence that this brain
banking method results in adequate preservation of
cellular and subcellular structures, even at PMIs that
are commonly achievable in brain banking. Light
microscopy revealed generally well-maintained
tissue architecture, with no significant correlation
between the measured features of decomposition
and the PMI or the brain region. EM demonstrated
the preservation of characteristic ultrastructural
features, including traceable synapses and myelin-
ated axons in volume imaging. While expected post-
mortem changes such as vacuolization and myelin
disbanding were observed, these did not preclude
the identification and analysis of critical neural
structures. Our findings suggest that immersion-
fixed brain bank specimens may be suitable for a
wider range of research applications than commonly
recognized, potentially including connectomics
studies. However, we acknowledge the limitations
of our current metrics for assessing preservation
quality and the need for more sophisticated,
unbiased approaches. We suggest that future
research should focus on developing advanced
analytical tools for measuring tissue integrity,
expanding ultrastructural analyses to deeper brain
regions, and exploring the potential for profiling
volume EM data from archival brain bank speci-
mens. As our understanding of postmortem tissue
preservation advances, we may unlock new ways to
leverage brain bank resources to elucidate the
mechanisms of neurobiological disorders.
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