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Abstract

Fluid preservation is nearly universally used in brain banking to store fixed tissue specimens for future research
applications. However, the effects of long-term immersion on neural circuitry and biomolecules are not well
characterized. As a result, there is a need to synthesize studies investigating fluid preservation of brain tissue.
We searched PubMed and other databases to identify studies measuring the effects of fluid preservation in
nervous system tissue. We categorized studies based on the fluid preservative used: formaldehyde solutions,
buffer solutions, alcohol solutions, storage after tissue clearing, and cryoprotectant solutions. We identified 91
studies containing 197 independent observations of the effects of long-term storage on cellular morphology.
Most studies did not report any significant alterations due to long-term storage. When present, the most
frequent alteration was decreased antigenicity, commonly attributed to progressive crosslinking by aldehydes
that renders biomolecules increasingly inaccessible over time. To build a mechanistic understanding, we discuss
biochemical aspects of long-term fluid preservation. A subset of lipids appears to be chemical altered or extracted
over time due to incomplete retention in the crosslinked gel. Alternative storage fluids mitigate the problem of
antigen masking but have not been extensively characterized and may have other downsides. We also compare
fluid preservation to cryopreservation, paraffin embedding, and resin embedding. Overall, existing evidence
suggests that fluid preservation provides maintenance of neural architecture for decades, including precise struc-
tural details. However, to avoid the well-established problem of overfixation caused by storage in high concen-
tration formaldehyde solutions, fluid preservation procedures can use an initial fixation step followed by an
alternative long-term storage fluid. Further research is warranted on optimizing protocols and characterizing the
generalizability of the storage artifacts that have been identified.
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Introduction

Fluid preservation, or storage in liquid, is a
common method of preserving biological specimens
intended for research and education. In global natu-
ral history collections, a substantial percentage of
the billions of specimens are maintained in a fluid
state, often referred to as “wet collections” (Marte
et al., 2003; Hilton et al., 2021). In brain banking,
fluid preservation stands alongside paraffin embed-
ding and cryopreservation as one of the major
preservation methods. Fluid preservation is com-
monly used because it is simple to perform, inexpen-
sive, and suitable for many investigations. World-
wide, there are many thousands of brains preserved
in fluid. For example, the University of Geneva col-
lection contains over 10,000 human brains pre-
served in formalin (K6vari et al., 2011). Despite the
ubiquity of fluid preservation, no one method for
preserving brains in the fluid state has yet estab-
lished itself as obviously the best choice. Instead,
many different methods are used, each with ad-
vantages and disadvantages. The long-term storage
outcomes of these fluid preservation methods in
comparison with each other and with non-fluid state
storage methods remain unclear. Therefore, there is
a critical need to comprehensively investigate the
effect of fluid preservation methods in the long-
term storage of brain tissue, including their impact
on preserving cellular and molecular structures, sub-
sequent data analysis, and the accumulation of any
storage artifacts over time.

In this review, our focus is the fluid preserva-
tion of fixed brains, drawing upon a distinction be-
tween initial fixation methods and long-term stor-
age or preservation methods outlined in the bi-
obanking literature (Hartman, 2019). “Fixation” is
used in the specific sense of covalent crosslinking of
biomolecules with a fixative such as formaldehyde
(Stoddart, 1989). This initial fixation process, which
can involve immersion or perfusion, is largely inde-
pendent of the long-term storage method (McFad-
den et al., 2019; McKenzie et al., 2022). A practical
working definition dividing initial fixation from long-
term preservation is the period after which the tis-
sue can be removed from the fixative but remain in-
tact. However, there is often a grey area between
the initial fixation and long-term storage. For
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example, brains are sometimes left in the same fixa-
tive medium for long-term storage. Furthermore,
there may be no clear boundary when fixation is
“complete”, as fixation strength is on a spectrum
without clear thresholds.

To understand a complex field such as fluid
preservation, it is helpful to review the evolution of
the methods (Carlos et al., 2019). Frederik Ruysch, a
Dutch anatomist and pioneer in biospecimen preser-
vation, was among the first to use a fluid containing
alcohol for preservation during the 17th century
(Luyendijk-Elshout, 1970). Alcohol was the preferred
preservative until the 1890s, when the fixative ef-
fects of the newly commercially available formalde-
hyde were discovered by Ferdinand Blum (Baird,
1859; Fox et al., 1985; Herbin et al., 2021). Formal-
dehyde was preferred because it was less expensive,
non-flammable, and led to better preservation of
morphology, so its use rapidly expanded (Fish,
1895). Formaldehyde also began to be used for long-
term fluid preservation (Herbin et al., 2021). The
choice of ideal preservation fluid for long-term brain
banking has not received as much attention in re-
cent years, but this is worthy of re-evaluation given
the increased emphasis on reproducibility in mod-
ern research. The ideal method involves striking a
balance between various goals: safeguarding the
specimen's biomolecular structure, maintaining
chemical stability, and ensuring safe handling via
low flammability, toxicity, and volatility. It should
also be cost-effective, user-friendly, and compatible
with downstream applications, which may not al-
ways be pre-defined in prospective biobanking pro-
jects. Novelty is also considered a downside for
preservation methods, as long-term preservation
outcomes are best evaluated with time. Several can-
didate chemicals or chemical combinations have
shown promise in meeting these criteria, each with
their own advantages and drawbacks.

In this review, we aim to dissect the current
body of knowledge surrounding fluid preservation
techniques for brain specimens, with an emphasis
on the maintenance of morphomolecular character-
istics for brain mapping studies. In recent years, sev-
eral next-generation brain mapping technologies
have emerged, allowing for the 3D visualization of
the cellular and molecular organization of the brain
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(Shapson-Coe et al., 2021; Patel et al., 2022). Alt-
hough existing reviews have focused on the long-
term fluid preservation of biomolecules such as
DNA, it is less clear how fluid preservation in brain
banking will affect the neural structures visualized
with these cutting-edge brain mapping methods
(Lou et al., 2014; Gustafsson et al., 2015). Accurate
and reliable mapping requires specimens that have
been preserved in a manner that maintains their
original cellular and molecular structures as closely
as possible. This review may be useful to profession-
als engaged in the development and management of
brain collections, as it offers guidance in selecting
preservation techniques. Moreover, researchers
studying tissue from existing brain banks, particu-
larly those with an interest in unraveling neural cir-
cuitry from archival brain samples, may find this re-
view helpful in guiding experimental design. This re-
view is aimed to help ensure the reliability of data
generated from these invaluable resources, ulti-
mately supporting the development of more effec-
tive therapies for neurobiological disorders.

Methods and literature search

We conducted a realist synthesis review with
the goal of developing a theoretical understanding
of fluid preservation, an approach that combines as-
pects of a systematic review with a focus on theory
and applicability (Wong et al., 2013). This style was
selected given the broad and variably defined nature
of fluid preservation. We followed the RAMESES re-
porting standards (see Supplementary File 1) (Wong
et al., 2013). Before formalizing our search method-
ology, we first scoped the literature by searching
PubMed, Google Scholar, bioRxiv, and medRxiv, and
by holding discussions among the authors. The re-
view  protocol was  preregistered here:
https://osf.io/jdyvs. Additional review methods are
available in Supplementary File 2. Through our for-
mal search process, we screened 1080 abstracts, re-
viewed 136 full texts, and included 50 studies (Fig-
ure 1). We also identified 41 studies through citation
analysis or ad hoc searches, after which we eventu-
ally included 91 total studies (Supplementary Files
3-6). We categorized the included studies into five
types of chemicals used for storage: formaldehyde-
containing solutions (n=68), buffer (n=5), alcohol-
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containing solutions (n=3), storage after tissue clear-
ing (n=5), and cryoprotectant-containing solutions
(n=10). Collectively, these studies contain 197 dis-
tinct observations about the effects of fluid preser-
vation on cellular structure. Prior to discussing out-
comes for each of these storage options, we first re-
view some relevant biochemistry.

—

2 Records identified through
S database searching
o (n=1080)
O
»n
) Abstracts screened
(n =1080) ] Records excluded
2 (n=944)
3
=
i
= Full text articles assessed Full text articles excluded
_ for eligibility (n =136) | due to not meeting inclusion
= criteria (n = 82)
©
©
(9]
12
g
] Full texts included from
& formal search (n = 50)
- N
() Additional studies from
citation analysis and external
° - - literature (n = 41)
= Total included studies |
‘_::; (n=91)

Figure 1. Study selection flow diagram.

Studies were screened and selected using the web-based soft-
ware Sysrev. The search results are available online for the ab-
stract screening stage (https://www.sysrev.com/p/123382) and
the full-text review stage (https://www.sysrev.com/p/123457).

Biochemistry of long-term fluid preser-
vation

Polymer properties of formaldehyde

Formaldehyde is by far the most common ini-
tial preservative used in brain banking. Molecular
formaldehyde is a gas that dissolves rapidly in water.
In water, it is rapidly hydrated to form methanediol,
also known as methylene glycol or formaldehyde
monohydrate (Figure 2). In aqueous solutions, me-
thanediol is abundant, while unhydrated mono-
meric formaldehyde is almost completely absent
(Boyer et al., 2013; Walker, 1944). In turn, methane-
diol oligomerizes or polymerizes very rapidly,
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Figure 2. Schematic diagram of chemical alterations of formal-
dehyde in aqueous solutions.

When dissolved in water, formaldehyde is rapidly hydrated to
methanediol, in an equilibrium that heavily favors methanediol
under standard conditions. Methanediol can polymerize in sev-
eral ways, including into 1,3,5-trioxane or into linear chains,
called polyoxymethylene. Polyoxymethylene chains tend to be
less water soluble and are increasingly insoluble if the degree is
4 or greater (Walker, 1944). Paraformaldehyde is a mix of poly-
oxymethylene chains with typical degree of 8-100. Methanol de-
creases the rate of polymerization via reactions with methane-
diol or the ends of polyoxymethylene chains, forming hemiace-
tals or acetals such as dimethoxymethane. Formic acid can be
formed by the oxidation of formaldehyde or by the Cannizzaro
reaction (latter not shown). This figure was made using
ChemDraw.

making it difficult to isolate in the pure state
(Schmitz et al., 2015). Specifically, methanediol re-
acts to form 1,3,5-trioxane, a stable cyclic trimer, or
polyoxymethylene glycol, which is a polymer form
with a variable number of subunits. The equilibrium
of monomeric and polymeric formaldehyde hy-
drates in a solution is governed by factors such as
the temperature and concentration of formalde-
hyde. At higher temperature and more dilute con-
centrations, methanediol is favored, thus leading to
the depolymerization of polyoxymethylene glycol.
Additionally, in an alkaline environment, hydroxyl
end-groups of the polymer form are more rapidly
degraded, leading to the progressive cleavage of for-
maldehyde units from the extremities of the linear
molecular chains (French and Edsall, 1945).
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Paraformaldehyde is a commercial storage
form of polyoxymethylene, with a mixture of
polymerization products with degrees of 8-100 for-
maldehyde units (Walker, 1944). It is thought to be
the monomeric form that is reactive and crosslinks
biomolecules. As a result, the polyoxymethylene
polymers in paraformaldehyde must be depolymer-
ized prior to use as a fixative. This usually involves
heating and the addition of sodium hydroxide to in-
crease the pH of the solution and stimulate cleavage
of formaldehyde units. When longer polyoxymeth-
ylene polymers form in aqueous solutions of formal-
dehyde, which is more likely to occur during storage
at low temperatures, they can become insoluble and
precipitate out of the solution.

Methanol is often added to formaldehyde as a
stabilizer. For example, the commercial product for-
malin often contains 37 % formaldehyde by weight
and approximately 10 % of methanol. Methanol is
believed to prevent polymer precipitation in formal-
dehyde solutions through the reaction of the alcohol
group in methanol with the aldehyde group in for-
maldehyde, leading to the formation of hemiacetals
or acetals such as dimethoxymethane (Norris et al.,
2010; Walker, 1944). These hemiacetals interfere
with the polymerization process of methanediol,
thereby stabilizing them in solution and preventing
the formation and precipitation of solid polymers.
Notably, other chemicals that also contain an alco-
hol group, such as ethanol, glycols, and glycerol, can
also stabilize formaldehyde and limit the extent of
its polymerization. The reason that methanol is most
commonly used as a stabilizer appears to be partially
a historical consequence of the fact that formalde-
hyde was manufactured from methanol (Walker,
1944). A complicating factor is that methanol itself
acts a fixative and may also contribute to tissue de-
composition over time, especially of lipids. Some in-
vestigators use depolymerized paraformaldehyde
that lacks any methanol. The practical effect of the
methanol stabilizer in fixation and long-term storage
of biospecimens is not well established.

Formic acid

In addition to polymerization, formaldehyde
solutions stored at room temperature can undergo
several chemical other reactions, leading to the for-
mation of methanol, hydroxyaldehydes, sugars, and
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formic acid (Walker, 1944). For our purposes, the
most important chemical reaction is thought to be
the formation of formic acid. This can occur through
two pathways. First, formaldehyde can be oxidized
via oxygen in the solution to formic acid. Second,
even if substantial oxygen is not present, the Canniz-
zaro reaction can occur, which is a disproportiona-
tion reaction wherein one molecule of formalde-
hyde is oxidized to formic acid, and another is re-
duced to methanol.

Formic acid formation is a problem for brains
stored in formaldehyde solutions over the long-term
for several reasons. First, formic acid has the poten-
tial to solubilize proteins, especially hydrophobic
ones, such as those found in myelin (Zheng and
Doucette, 2016). Second, formic acid can also induce
chemical modifications to proteins, which limits the
use of formic acid in proteomics (Zheng and
Doucette, 2016). As an example of this, formic acid
has been found to destroy prion proteins in a way
that formaldehyde itself does not (Taylor et al.,
1997). Although formic acid may not adversely af-
fect histology after short exposure times of one
hour, its long-term effects on brain tissue preserva-
tion are still a concern (Brown et al., 1990). One
source notes that the long-term storage of biospec-
imens in formaldehyde is corrosive because it breaks
down into formic acid (Eichhorn et al., 2018). One
study used a novel formulation of formaldehyde
that removed formic acid with an ion-exchange
basic resin, which they described as acid-deprived
formaldehyde (Berrino et al., 2022). In this study, af-
ter six months of storage, they reported significantly
less DNA fragmentation in the samples stored in for-
mic acid-deprived formaldehyde compared to
standard formaldehyde solutions. Notably, RNA was
stable over the six-month period tested when stored
in either solution.

pH buffering

In addition to directly damaging tissue, the for-
mation of formic acid over time will also lower the
pH of a solution containing formaldehyde. In turn,
lower pH can damage tissue by causing or accelerat-
ing protein denaturation, protein aggregation, and
the hydrolysis of biomolecules. As a result, it is com-
monly thought that more acidic conditions are asso-
ciated with worse tissue degradation (van Duijn et

McKenzie et al
page 7 of 41

al., 2011). To prevent acidification of formaldehyde
solutions, a neutral buffer is often used, which is of-
ten in the form of a phosphate buffer. A pH buffer
system involves the use of weak acids and their cor-
responding conjugate bases, or vice versa. In the
case of phosphate buffer, monohydrogen phos-
phate, [POs(OH)]?%, acts as the conjugate acid and di-
hydrogen phosphate, [H2PO.]’, acts as the conjugate
base. These ions form a buffer system that can slow
changes in pH.

Formalin with a phosphate buffer added is
called neutral buffered formalin (NBF). Unbuffered
formalin has a pH of approximately 3.7, while that of
buffered formalin can be tuned, usually to a pH of
approximately 7.0 (Nuovo and Richart, 1989). His-
torically, NBF was not widely used, but it has been
more commonly used in the past several decades.
NBF is expected to lead to less tissue damage during
storage by preventing a drop in pH as the formalde-
hyde-preserved solution forms acids. However, the
capacity of the buffer system will eventually be
reached, and with additional acid formation, the pH
will decrease regardless of the initial buffer. Multiple
empirical studies have examined the acidification of
formalin solutions, both buffered and unbuffered, in
the preservation of human brains. These studies
have found that the pH of brain tissue fixed with
buffered formalin tends to decrease over time. For
example, one study found that the pH of buffered
formalin solutions was 6.4 after 1 month, 5.7 at 8
years, and 4.5 after 10 years (Pikkarainen et al.,,
2010). Another study, profiling brains with fixation
times of 7 months to more than 50 years, found that
the pH of the formalin solutions had a pH range of 5
in the more recently preserved brains to 4 in the
older cases (Sheaffer et al., 1999). Other studies
have reported similar pH ranges from 4-6 that de-
crease over time (Ploeger et al., 1993; Rosoklija et
al., 2003). Factors contributing to the differences in
the rate of pH decline across collections likely in-
clude the volume and concentration of fixative, the
type of brain tissue, the container used, and the
amount of oxygen exposure. Notably, one source
notes that this drop of pH in stored formalin solu-
tions only occurs in the presence of tissue (Weil,
1929). This finding suggests that there is an interac-
tion between formaldehyde solutions and tissue
biomolecules that promotes acid formation.
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Taken together, the use of phosphate buffer can
slow, but not prevent, the lowering of pH in formalin
solutions when they are used to preserve brains for
the long-term.

Initial aldehyde crosslinking of biomolecules

The initial fixation step in brain banking is
typically performed using formaldehyde, which is fa-
vored over alternative aldehyde fixatives due to its
high diffusion rate. Formaldehyde covalently cross-
links intracellular and extracellular biomolecules,
forming both intramolecular and intermolecular
bonds (Walker, 1944). The exact chemical mecha-
nisms remain somewhat uncertain and context-de-
pendent, but some principles can be identified (Gus-
tafsson et al., 2015; Tayri-Wilk et al., 2020). Formal-
dehyde predominantly crosslinks arginine and lysine
side chains of proteins, followed by tyrosine and as-
partic acid (Tayri-Wilk et al., 2020). Although meth-
ylene bridges between two amino acids (R*-CH,-R?)
were previously believed to be the primary cross-
links, recent studies suggest a higher prevalence of
formaldehyde reacting to form imine bonds (R-
N=CH,) on distinct amino acids, which then crosslink
through an unknown mechanism (Tayri-Wilk et al.,
2020). The ability of formaldehyde to react with the
amino and imino groups of DNA also enables it to
crosslink DNA with proteins, making it integral to
chromatin studies (Hoffman et al., 2015). For exam-
ple, there is minimal free DNA (<10 %) detected af-
ter just minutes of formaldehyde fixation (as cited in
Hoffman et al., 2015). Prolonged or concentrated
exposure to formaldehyde leads to the formation of
insoluble higher-order crosslinked chromatin com-
plexes (Hoffman et al., 2015; Nilsen, 2014).

The effects of initial fixation on different lipid
species in brain tissue is variable. Phosphatidyleth-
anolamines, and to a lesser extent phosphatidylser-
ines, which contain primary amines, readily undergo
crosslinking with proteins and other biomolecules
through their amine groups (Carter et al., 2016; Vos
et al., 2019; Bien et al., 2021; Kotnala et al., 2021).
These lipids likely form an interconnected mesh with
other cross-linked proteins, making them challeng-
ing to detect in their free form after fixation using
approaches like mass spectrometry that require dis-
sociated molecules, in the absence of antigen re-
trieval steps (Carter et al., 2016; Denti et al., 2020).
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In contrast, most other lipid types lacking amines,
such as phosphatidylcholine, sphingomyelin, and
cholesterol, have minimal direct crosslinking upon
initial fixation, as suggested by the minimal changes
in their abundance on mass spectrometry or mag-
netic resonance after fixation (Purea and Webb,
2006; Bien et al., 2021; Kotnala et al., 2021). How-
ever, some of these lipids may be indirectly retained
in the tissue through the protein-amine phospho-
lipid-crosslink mesh, though this depends on the
harshness of subsequent processing steps (Maneta-
Peyret et al., 1999). In addition, initial fixation does
not cause significant changes in the spatial localiza-
tion of lipids, though species that have more mem-
brane fluidity, such as cholesterol, can migrate dur-
ing subsequent processing steps (Carter et al., 2011;
Vos et al., 2019; Bien et al., 2021). Chemical altera-
tions like hydrolysis, peroxidation, and methylation
of amine head groups also likely occur for some li-
pids during initial fixation (Carter et al., 2016;
Kotnala et al., 2021; Dannhorn et al., 2022).

Chemical gel formation

Because fixatives induce gel formation in tis-
sues, the properties of gels are essential to under-
stand in fluid preservation. A gel is a material pri-
marily composed of liquid — often accounting for
over 99 % of its total mass — constrained by a three-
dimensional immobilizing matrix (Adams, 2022). The
matrix bestows upon gels its key solid-like character-
istic of elasticity, which enables the gel to resume its
original form after deformation (Clark, 1991). Gel ro-
bustness or strength can be evaluated based on the
extent of its structural deformation in response to
mechanical stressors, such as inversion (Jia et al.,
2011). Gels can be classified into chemical and phys-
ical types. Chemical gels originate from covalent
crosslinks between chains, while physical gels origi-
nate from non-covalent interactions, such as elec-
trostatic or hydrophobic forces (Gulrez et al., 2011;
Richtering and Saunders, 2014). The crosslinks in
chemical gels disintegrate at a significantly slower
pace than in their physical counterparts, owing to
the tough nature of covalent bonds. As a result, the
covalent bonds in chemical gels are sometimes
considered "essentially permanent" (Adams, 2022).
On a physical level, gel formation triggers a steep
increase in viscosity and effectively halts molecular
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motion among the crosslinked molecules, mirroring
other liquid-solid phase transitions like colloidal ag-
gregation or the glass transition (Trappe et al.,,
2001).

Even prior to fixation, cells and extracellular
matrix in biological tissues tend to have gel-like
properties, which is not surprising because gels are
the quintessential form of soft matter (Douglas,
2018). For example, the cytoskeleton of dendritic
spines has been found to behave as a gel (Eberhardt
et al., 2022). Following crosslinking fixation, these
native gel-like networks are dramatically strength-
ened and stabilized (Wang and Minassian, 1987). As
an example of this, crosslinking of chitosan with glu-
taraldehyde induces the formation of a chemical gel
that strengthens with increased concentration of
glutaraldehyde and time (Arglelles-Monal et al.,
1998). An unfixed and sufficiently decomposed
brain does not, in practice, act as a chemical gel.
However, following the covalent crosslinking of pro-
teins in the brain with formaldehyde, a fixed brain
could be considered to have formed a chemical gel
network. Indeed, once the brain has been fixed with
formaldehyde and delipidated, it has been found to
act macroscopically as a hydrogel, insofar as it can
reversibly swell and shrink in water (Susaki et al.,
2020).

For a chemical gel in general, the number of co-
valent crosslinks, the distance between them, and
its resulting strength, can be controlled by the chem-
istry used to create the gel matrix (Adams, 2022).
Therefore, the crosslinking properties and the
strength of the gel created by fixation depends on
the aldehyde fixative(s) used and the duration of fix-
ation. There are many trade-offs involved in deter-
mining the optimal duration, and thus the strength,
of fixation. Longer fixation times are associated with
more retention of antigens in the tissue prior to
long-term storage or subsequent tissue processing
steps (Romijn et al.,, 1999). On the other hand,
longer fixation times are also associated with sub-
stantially decreased antibody penetration and re-
duced antigenicity for immunohistochemistry,
which is a phenomenon called “overfixation” (Ro-
mijn et al., 1999; McFadden et al., 2019). In practice,
1-2 weeks of formaldehyde immersion is often con-
sidered necessary for “complete fixation” of the
human brain at room temperature (Romijn et al.,
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1999). One group tested various fixation times rang-
ing from 3 days to several months, finding that 6-14
days of fixation was the best duration of fixation for
their goals (Romijn et al., 1999). Taken together, the
duration of initial fixation is an important variable to
consider in evaluating the literature on long-term
fluid preservation.

Chemical gel-based preservation of biomolecules
over time

We can consider two features of biomolecules
that can be preserved: their chemical and location
properties. Chemical refers to whether the atomic
composition or conformation of a molecule has
been modified during the fluid preservation process.
This is relevant in fluid preservation, because in the
liquid state, chemical reactions will still be occurring.
Location refers to the relative position of a biomole-
cule in the tissue. Changes in biomolecular location
during storage of fixed brains are dependent on the
extent to which the biomolecule is incorporated into
the crosslinked mesh. A pure chemical gel typically
contains two components: an immobile network of
crosslinked molecules and a mobile solvent. In con-
trast, we can categorize biomolecules in the fixed
brain into three groups: (a) an immobile network of
directly crosslinked biomolecules, which primarily
consists of proteins, (b) a mobile solvent, which is
usually water, but this can be replaced, and (c) en-
tangled biomolecules that are not directly cross-
linked but are indirectly confined in the protein
mesh. This entangled category includes many lipids.

If a protein is directly crosslinked, then the
main question for maintenance of its location is the
stability of its covalent bonds. In aqueous environ-
ments, the primary mechanism for the degradation
of peptide bonds and crosslinking bonds is expected
to be hydrolysis (Shiurba et al., 1998). Uncatalyzed
peptide bond cleavage occurs at a slow rate; at
neutral pH, hydrolysis of peptide bonds has
demonstrated half-lives on the order of hundreds of
years (Mahesh et al., 2018; Radzicka and Wolfen-
den, 1996). Enzymatic catalysis, which theoretically
could accelerate the process, is anticipated to be
substantially impeded by the crosslinking proce-
dure. As a result, there is a strong theoretical ra-
tionale to expect that proteins exhibit considerable
stability during fluid preservation. Hydrolysis of
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crosslinking bonds can certainly occur, especially at
higher temperatures (Barker et al., 1980; Hoffman
et al., 2015). However, in many contexts, a subset of
aldehyde crosslinks are also expected to last for a
substantial period (Shiurba et al., 1998). This is diffi-
cult to measure when the brain remains in fixative,
because in that case, there will be a long-term, dy-
namic process of covalent crosslinking and loss of
crosslinking bonds. As a result, stability is better as-
sessed in specimens that have been removed from
fixative. It was shown early in the era of formalde-
hyde that gelatin fixed with excess formaldehyde
forms an insoluble gel, which does not change struc-
ture even after being exposed to water for 10
months (Hardy, 1899). One study using radiolabeled
formaldehyde found that a portion of formalde-
hyde-collagen bonds cannot be removed even after
up to 19 weeks of washing (Barker et al., 1980). In
this study, the percentage of non-removable formal-
dehyde reached a plateau at 12-20 %, suggesting
these formaldehyde molecules had formed stable
formaldehyde-collagen bonds. As another example,
glutaraldehyde crosslinked heart valves can last for
12-15 years in vivo prior to structural degeneration,
which occurs either due to calcification or tearing at
suture points (Tam et al., 2017). As a result, there is
reason to think that aldehyde-based crosslinking
bonds can be stable for long periods of time. How-
ever, this is a complex question that undoubtedly
depends on the context. For example, the stability
of crosslinks depends on the concentration of alde-
hyde used prior to the removal from fixative (Barker
et al., 1980; Lyon et al., 1991). Additionally, the sta-
bility of the crosslink depends on the type of chemi-
cal bonds formed between formaldehyde and the
crosslinked biomolecules (Gavrilov et al., 2015;
Kamps et al., 2019). Other factors include the fixa-
tive used, the tissue type, and the storage medium.

Indirectly entangled biomolecules likely in-
clude lipids such as phosphatidylcholines and
sphingomyelin that are not directly crosslinked by
fixatives but appear to be retained as a part of the
membrane protein-lipid complex (Denti et al.,
2020). If a biomolecule is indirectly entangled in the
chemical gel, then there are a few possible ways that
its location could change during long-term storage.
Namely, the biomolecule could (a) become chemi-
cally modified and covalently bound to the mesh by
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residual aldehyde, (b) remain confined long-term in
the absence of a covalent bond, (c) diffuse to a sig-
nificantly different location within the mesh, or (d)
leak out of the mesh and dissolve in the solvent. We
can think of an entangled biomolecule as a guest
molecule embedded in a chemical gel matrix (Ar-
ends et al., 2015; Kowalczuk et al., 2016; Chen and
Muthukumar, 2021). In certain scenarios, the bio-
molecule may become effectively immobilized due
to barriers that hinder its diffusion (Chen and Mu-
thukumar, 2021). The propensity of a guest mole-
cule to disperse is an empirical question dictated by
multiple factors, including its radius of gyration
relative to the local mesh size, the gel's biochemical
composition, non-covalent interactions such as
electrostatic bonds, crosslink density, and the
temperature. For instance, during aldehyde fixation,
triglycerides, cholesterol, and glycogen may remain
physically trapped without direct crosslinking (Lyon
et al., 1991).

Aldehyde storage

After the initial step of fixation in the brain
preservation procedure, the most straightforward
and common method for long-term fluid preserva-
tion is to simply leave the brain in the same fixative
solution (Feirabend and Ploeger, 1991; Vonsattel et
al., 2008; Kovari et al., 2011). Some previous authors
have suggested that storage can be effective for the
long-term in formaldehyde solutions. For example,
two sources note that brains can be stored in forma-
lin for an indefinite period (Fish, 1895; Voogd and
Feirabend, 1981). However, even though brains can
be stored for long periods in solutions containing
formaldehyde, the key question is the quality of the
preservation over time, such as the degree to which
specific features can still be distinguished on micros-
copy as expected with a given visualization tech-
nique (Koehler et al., 2024). Therefore, understand-
ing the empirical effects of this storage method is
essential.

Empirical studies of formaldehyde storage

We built a database of studies measuring the
effects of formaldehyde storage on cellular mor-
phology in nervous system tissue, employing a wide
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Figure 3. Example images showing morphology preservation from tissue stored long-term in solutions containing formaldehyde.

a-c: Images from (Bouvier et al., 2016). a: Staining for axonal neurofilaments with the antibody SMI312 in cortical sections stored in fixative
for 25 years. b: Staining for vGlut1-positive presynaptic boutons (magenta) and PSD95-positive postsynaptic structures (green) and high-
resolution imaging allows synapse visualization in cortical tissue stored in fixative for 15 years. c: Staining for calbindin in layers I/l of the
cortical tissue stored in fixative for 19 years and 3D reconstruction shows the morphology of calbindin-expressing interneurons. d-e:
Images from (Lai et al., 2018). d: Staining for ZO-1 (green) and DyLight 649-labelled lectin (red) allows visualization of blood vessels in
cortical tissue stored in fixative for 45 years. e: Color depth-coded, z-stack image of cleared cortical tissue stained with GFAP following 50
years of storage in fixative. f: Image from (Phillips et al., 2016) shows neurofilament H staining in cerebellar tissue from two separate
brains (upper and lower) stored in fixative for 3 years each. g: Image from (Larsen et al., 2022) shows a 3D reconstruction of pyramidal
cells from tissue stored at least 17 years in formalin, with yellow lines indicating orientation and solid circles the cell centroids. Scale bars
=50 um (a), 200 um (b), 5 um (c), 200 um (d), 50 um (e), 100 um (f), 20 um (g). All images reproduced under a Creative Commons Attrib-
ution 4.0 International License, available here: https://creativecommons.org/licenses/by/4.0/.
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range of methodologies (Supplementary File 7;
example results in Figure 3). Observations extracted
from these studies were independently graded by
two raters for storage artifact severity on a subjec-
tive 0-2 scale, with “0” indicating no or minimal arti-
fact, “1” partial, and “2” severe or total. Inter-rater
reliability for these grades was excellent, as indi-
cated by an intraclass correlation statistic of 0.958
(F-test p-value = 8.9 * 107%) (Koo and Li, 2016).
Among the 155 observations, 60.8 % reported no or
minimal storage artifact, 22.2 % a partial storage ar-
tifact, and 17.1 % a severe or total storage artifact
(Figure 4). We identified one type of biomolecular
artifact — loss of antigenicity (n=47 observations) —
and five types of morphological artifacts: decreased
silver staining (6.9 %), decreased structural preser-
vation (n=2 observations from (Lai et al., 2018)), ar-
eas of empty neuropil (n=2 observations from (van
Duijn et al.,, 2011)), myelin-like whorls (n=2
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observations from (Robards and Wilson, 1993)), and
nuclear degeneration (n=2 observations from (Cook
et al., 2014)). We first discuss the biomolecular al-
terations and then the morphological alterations ob-
served during storage in formaldehyde solutions.

Effects on proteins

The effect of fixative storage on proteins de-
pends strongly on the protein and the techniques
used for detection (Thacker et al., 2021). Inimmuno-
histochemistry, the duration of fixation needs to be
timed precisely for optimal staining. Underfixed tis-
sues have altered tissue morphology and poor anti-
gen retention, while overfixed tissues have poor an-
tigen staining, largely because excessive crosslinks
hinder antibody penetration and binding to antigens
(Beckstead, 1994). Numerous studies found that
there is a loss of staining for certain antigens

Severe/Total q
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Storage Artifact Severity

None/Minimal A

Visualization Method

Biomolecular staining

Morphologic staining
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Figure 4. Severity grades for effects of formaldehyde storage on cellular morphology in brain tissue.

This scatterplot shows the severity of storage artifacts in brain tissue stored in solutions containing formaldehyde. Each data point is an
observation, which there could be multiple of from a single study. Storage artifacts were graded on a subjective 0-2 scale, with “0” indi-
cating no or minimal artifact, “1” indicating a partial artifact, and “2” indicating a severe or total artifact. Data points are colored by the
histologic visualization method used: biomolecular staining (pink) or morphologic staining (green). The x-axis shows the storage duration

on a logarithmic scale.
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following storage in formaldehyde for months,
years, or decades (Beach et al., 1987; Dwork et al.,
1998; Sheaffer et al., 1999; Pikkarainen et al., 2010;
Lundstréom et al., 2019; Wu et al., 2022; Lin et al.,
2023). For example, one study found that fixation
times need to be precisely controlled when staining
formaldehyde-sensitive antigens such as DCX, PSA-
NCAM, and NeuN (Flor-Garcia et al., 2020). In this
study, fixation times of more than 12 hours were
shown to have strong effects on staining properties,
and staining could be completely abolished with
more than 6 months of fixation time.

Antigen retrieval methods can often remove
excessive crosslinks and allow for binding of anti-
bodies to proteins despite long durations of fixation
(Evers and Uylings, 1997; Liu et al., 2010). For exam-
ple, one study found that tissue clearing using CLAR-
ITY led to substantially increased immunostaining
for CAMKIIA in a brain that had been fixed in forma-
lin for 18 years (Woelfle et al., 2022). The authors
speculated that this was because the clearing led to
mild disruption of highly crosslinked formaldehyde-
protein networks, thus making the epitopes more
accessible. However, there are also limits to current
antigen retrieval methods. One study of brains
stored in formalin for up to 14 years found that
while antigen retrieval helped to improve the visual-
ization of some antigens, other antigens still had di-
minished or absent staining as a result of storage
(Pikkarainen et al., 2010).

Other sources have used unbiased profiling
methods to analyze numerous proteins at once. One
study used proteomics following antigen retrieval
techniques, finding that mouse brain tissue fixed for
3 years did not yield more proteins than human
brain tissue fixed for 7 years (Rahimi et al., 2006).
Indeed, they found that human tissue fixed for 7
years detected a similar number of proteins as was
detected in fresh frozen human brain tissue (Rahimi
et al., 2006). Another study developed a method of
mass spectrometry on fixed tissue following brain
clearing (Bhatia et al., 2022). They compared tissue
that had been formalin fixed for more than 5 years
to PFA fixed control samples, with more than 5000
proteins identified, and Pearson correlations
between the proteomes from these two conditions
ranging from 0.91 to 0.96. This result suggests that
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overall protein content is largely maintained during
storage in formaldehyde, for at least 5 years.

Notably, other studies have reported biochem-
ical changes in proteins as a result of formaldehyde
fixation; for example, hydrolysis of certain proteins
is thought to occur (Matsuda et al., 1998; Hackett et
al., 2011). However, the extent of these chemical
changes remains unknown. Taken together, extant
data shows that most proteins remain present in fix-
ative-stored brain tissue over a timescale of years,
albeit potentially difficult to access with antibodies
and with the potential for chemical alterations.

Effects on lipids

One early study investigated the effect of for-
malin storage on the ability to extract and visualize
lipids with chromatography from several types of
animal tissues, including brain and spinal cord (Hes-
linga and Deierkauf, 1961). They found that phos-
phatidylethanolamine was no longer visualized after
93 hours of fixation. In samples fixed for more than
one year, there were further changes, including a re-
duction of lecithin. On the other hand, the levels of
other lipids, such as cholesterol and sphingomyelin,
were not substantially affected. The authors pro-
posed that the observed changes might result from
modifications in the chromatographic and staining
characteristics of the lipids, or possibly due to
changes in lipid extractability after they had more
time to interact with tissue proteins. A more recent
study using mass spectrometry found that there was
a loss of phosphatidylethanolamine and phosphati-
dylserine detection in fixed brain tissue, while sphin-
golipids remained intact after years of storage in for-
malin (Gaudin et al., 2014). On this basis, they sug-
gested that phospholipids are largely degraded by
hydrolysis, oxidation, and covalent modifications.
However, a later study argued that their result was
not due to the chemical degradation of the phos-
pholipidome, but rather that the aminophosholipids
are rendered inaccessible to their method of mass
spectrometry, which is a rapid effect that occurs af-
ter only overnight fixation (Carter et al., 2016).

Consistent with the notion that many lipids are
not chemically degraded during fluid preservation, a
recent study used mass spectrometry imaging on
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fresh frozen and formalin-fixed brain samples to
detect gangliosides, which are a type of sphingolipid
often found on the surface of neurons (Harris et al.,
2020). They found that although immersion in for-
malin initially decreases lipid signal compared to
fresh frozen tissue, there was a similar signal en-
hancement in rat brains fixed for 15 minutes and hu-
man brains fixed for up to 15 years, suggesting that
long-term storage in formalin does not significantly
affect ganglioside content. Notably, following long-
term storage in fixative for many decades, brain tis-
sue has been reported to be “virtually non-cleara-
ble” (Lai et al., 2016). This suggests that long-term
chemical modifications may cause a subset of lipids
that are at first indirectly confined to become more
strongly bound to the crosslinked biomolecular
mesh over time. In addition, it has been speculated
that the degree of chemical alterations to lipid spe-
cies, such as hydrolysis and oxidation, likely corre-
lates with the storage duration of specimens in for-
malin (Dannhorn et al., 2022). Overall, there may be
significant chemical alteration of tissue lipids when
brain tissue is stored in fixative for the long term, but
it seems that a substantial subset of lipids is re-
tained.

Effects on nucleic acids

Formaldehyde is well-known to cause chemical
changes in nucleic acids, such as cytosine deamina-
tion and depurination, which become more com-
mon over time (Raxworthy and Smith, 2021). The
ability to sequence nucleic acids is rapidly lost during
the initial days of the fixation process, because se-
guencing relies on dissociating the molecules, and
crosslinking prevents this (Guo et al., 2023; VitoSevic¢
et al., 2023). However, nucleic acid profiling is still
possible after many decades or even more than a
century. For example, one study sequenced 1918
pandemic influenza RNA from samples fixed in for-
malin for close to a century, after using heat treat-
ment to partially reverse the formaldehyde cross-
links (Patrono et al., 2022). In addition, one study
found that the distribution of DNA sizes extracted
from brains stored in formalin was not altered when
comparing storage times of 3 years up to 46 years,
suggesting that long-term storage does not lead to a
linear decrease in molecular preservation quality
(Savioz et al., 1997).
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As with proteins and lipids, extraction methods
play a critical role in determining the success of pro-
filing nucleic acids in long-term formalin-fixed tissue
(Herbin et al., 2021). For example, one study found
that there was a decreased in situ hybridization (ISH)
signal for DNA following fixation in 7 % neutral buff-
ered formalin for 79 weeks (Mostegl et al., 2011).
However, through an increase in the concentration
they used of proteinase K — which digests crosslinks
and renders the DNA more accessible — prior to per-
forming the ISH assay, the signal returned to the
same level as day one of fixation time. Another study
found that miRNAs can be profiled in brain tissue
that has been stored in formaldehyde for more than
20 years (Herai et al., 2014). Mechanistically, acidic
conditions in the tissue, attributed to formaldehyde
degradation into formic acid and the degradation of
fats into fatty acids, are thought to accelerate DNA
hydrolysis, leading to the loss of nucleobases from
the DNA molecule (Kosel and Graeber, 1994; Herbin
et al., 2021). DNA sequencing in archival tissue is a
highly active area of research. Emerging methods
have had success in extracting longer DNA mole-
cules from long-term fixed tissue, suggesting that
much of the DNA content remains present in cells
and tissues even after long-term storage in fixative,
and that this can be accessed with the proper tech-
niques (Savioz et al., 1997; Fang et al., 2002; Hykin
et al., 2015; Hassani and Khan, 2015; Hahn et al,,
2022).

Effects on small molecules

Regarding small molecules, they are liable to
leech out of the fluid preserved brain tissue over
time. For example, levels of the cocaine metabolite
benzoylecgonine were found at high levels in the
formalin solution after 30 d of storage of several tis-
sues in formalin (Hilal et al., 2009). In this study, the
leaching was the smallest in brain tissue compared
to the other tissues tested, but it is likely still pre-
sent. Bioelements also can shift substantially during
fluid preservation. Tissues fixed with buffered for-
malin and profiled with mass spectrometry imaging
show a shift towards sodium adducts compared to
potassium adducts in fresh tissues, likely due to the
sodium content of buffered formalin solutions
(Carter et al., 2011). One study investigated the lev-
els of 19 elements in brains stored in formalin for
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approximately 20 years (Gellein et al., 2008). They
found that there was a substantial leaching out of
some elements, such as As, Cd, and Mg. However,
the concentration of most of the bioelements was
still much higher in the brain tissue than in the for-
malin solution they were stored in. Bioelements that
are known to be strongly bound to the sulfhydryl
groups found in proteins, such as Ag, Hg, and Ni,
leached out from the tissue less than others.

Summary of storage effects on biomolecules

In summary, some chemical species that are
not directly attached to the formaldehyde-induced
crosslinking meshwork, small molecules and bioele-
ments especially, appear to slowly migrate out of
the tissue over time (Figure 5). But the preponder-
ance of data suggest that most biomolecules be-
come increasingly trapped in the formaldehyde
meshwork over time. This inhibits our ability to vis-
ualize the molecules, leading to the phenomenon of
overfixation. There are limits in the extent of clear-
ing and antigen retrieval that may be possible with
contemporary technology, but this may improve in
the future, further “unlocking” these biomolecules
within archival tissue stored in formaldehyde solu-
tions (Thacker et al., 2021; Hahn et al., 2022). Addi-
tionally, the biomolecules may undergo chemical re-
actions such as oxidation and hydrolysis that can al-
ter their chemical composition.

Effects of formaldehyde storage on tissue
morphology

The most severe storage artifact we identified
was in van Duijn et al. 2011, who reported numerous
areas of white discoloration on gross examination
and corresponding hypointensities on MRI (van
Duijn et al., 2011). No such areas were identified in
brains stored in formalin for up to 1 year, but all
brains stored over 6 years showed them, with in-
creasing frequency with longer storage. These areas
are on the order of hundreds of micrometers in size.
On light microscopy, they contain granular, baso-
philic neuropil changes with some tissue rarefaction,
and decreased Kluver's staining, thereby indicating a
lower density of myelin. The authors noted that cells
and vessels are unaltered in these areas. On electron
microscopy, these areas contain spaces with absent
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Figure 5. Conceptual diagram of the dynamic changes in biomol-
ecules during long-term storage in fixative.

During the initial fixation process, three primary states are iden-
tified: biomolecules covalently bonded into the biomolecule-al-
dehyde crosslinking mesh (termed “crosslinked”, black); bio-
molecules confined by the steric properties of this mesh without
being covalently bonded (termed “confined”, grey); and alde-
hyde molecules, which can be either part of intramolecular or
intermolecular crosslinks, bonded to a biomolecule as an adduct
without forming a crosslink, or free in solution (purple). Here,
the term “biomolecules” primarily refers to proteins, lipids, nu-
cleic acids, and other macromolecules. Bioelements, although
not biomolecules per se, are also included in this category. Re-
garding long-term storage alterations, there is: a general in-
crease in the number of crosslinks; a conversion of many con-
fined biomolecules to crosslinked states; hydrolysis of some ex-
isting crosslinks (red); fragmentation of certain biomolecules
(blue); migration or leaching, which primarily happens to con-
fined biomolecules (yellow); and chemical alterations of biomol-
ecules, which could be due to composition or conformation
changes (green). Note that the relative proportion of each alter-
ation is not meant to be precise but solely for illustration pur-
poses.

or minimal neuropil, and varying amounts of lamel-
lar structures, interpreted as membrane remnants
and/or degenerated myelin sheaths. Notably, the
brains in this study were stored in sealed plastic bags
with a small excess of 10 % formalin, as opposed to
the more common method of storage immersed in
fluid in a glass or plastic container. The storage arti-
facts identified in van Duijn et al. 2011 were found
throughout the cortex, and should be detectable by
many other studies, including as white discolora-
tions on gross examination, hypointensities on
MRI, areas with basophilic neuropil on light
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microscopy, and localized empty spaces on electron
microscopy. However, other studies did not report
these artifacts, including other electron microscopy
studies (Dykstra, 2010; Liu and Schumann, 2014;
Tsutsumi, 2018), and studies that could account for
sampling bias by using neuroimaging (Herbin et al.,
2021; Wiggermann et al., 2023). As an additional
test, we grossly examined several brain samples
stored via fluid preservation in the Neuropathology
Brain Bank at Mount Sinai for between 3-5 years and
we did not identify any white discolorations (Figure
6). Taken together, we suggest that the neuropil de-
composition this study found during storage may be
associated with the plastic bag storage method that
likely leads to more air exposure, while also pointing
out that this is a critical area for further research.

One study found that storing rat brain tissue in
2 % paraformaldehyde and 2.5 % glutaraldehyde
buffered by sodium cacodylate for 1 month led to
more frequent intracellular and extracellular “mye-
lin-like” whorls on electron microscopy than were
seen after 3 hours of fixation (Robards and Wilson,
1993). By 12 months, the whorls appeared less
membranous and were associated with areas of |u-
cency, suggestive of lipid leaching. The authors sug-
gest that this artifact may be due to incomplete fix-
ation of phospholipids, causing them to dissolve, co-
alesce, and then take on this myelin-like appearance
after reacting with osmium tetroxide. They note that
the preservation of cellular organelles was stable
with long-term storage and that the length of fixa-
tion is thought to be less critical for morphology
than other variables like the fixative used, the
buffer, the pH, and the osmolarity. Another study
found that similar myelin-like whorls were more
common inside and outside of cells in skin tissue on
electron microscopy after storage for 4 weeks in
2.5 % glutaraldehyde (Lindberg, 1984). Myelin-like
figures have also been associated with mitochon-
drial degeneration (Le Beux et al., 1969). It has been
speculated that they result from the reaction of
extracted phospholipids with osmium tetroxide
(Ericsson et al., 1965). Unless they become severe,
the myelin-like whorl artifacts seem to be small
enough that they would be unlikely to
substantially affect the mapping of neural circuitry.
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Figure 6. Gross examination of postmortem human brain tissue
reveals an absence of macroscopic discolorations in the cortex.

The coronal slabs of four left hemibrains, each paired with a
higher magnification view on the right, are at the level of the
anterior genu of the corpus callosum. Images b, d, f, and h high-
light the superior frontal gyrus (BA 8/9) of these slabs. These
samples were initially stored in 10 % NBF for 3.2 years (a-b), 3.1
years (c-d), 2.6 years (e-f), and 2.7 years (g-h), prior to transfer
to PBS with 0.1 % sodium azide, where they were stored for an
additional 2 years (a-b), 2 years (c-d), 2 years (e-f), and 1.7 years
(g-h), respectively, prior to imaging. Photo brightness has been
adjusted to ensure visual consistency across samples. Upon as-
sessment, no white discolorations, potentially indicative of stor-
age artifacts, were observed. Rulers to the right of brain tissue
are centimeter scale.

In addition to these morphological artifacts,
there are several others to consider. One study
notes that nuclei degrade in brain tissue stored in
formalin and that this progressively worsens from 15
to 80 years of storage (Cook et al., 2014). The au-
thors suggest that for the samples fixed for a longer
period, different formulations of formalin may have
been used, such as a non-buffered version.
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In contrast, other studies did not describe a loss of
nuclei even after many decades of storage in formal-
dehyde (Sheaffer et al., 1999; Herbin et al., 2021).
Several studies note that silver staining can be al-
tered following extended formalin fixation (Wilcock
et al., 1990; Heinsen et al., 2000; Rosoklija et al.,
2003). However, this appears to be dependent on
the method of silver staining. For example, one
study notes that the rapid Golgi method gave inade-
quate results, while the Golgi—Kopsch method
yielded excellent quality staining comparable to tis-
sue fixed for a few years, even on tissue stored in
formalin for up to 55 years (Rosoklija et al., 2003).
One study that used cresyl violet staining to visualize
neuronal morphology reported that “structural
preservation” was not as good in tissue fixed in for-
malin for many years, without providing more detail
on what aspect of the structure was altered (Lai et
al., 2018). As in immunostaining studies, overfixa-
tion might help to account for decreased morpho-
logic staining intensity after prolonged fixation. Be-
cause morphological stains non-specifically bind to
many types of biomolecules, if there is a global de-
crease in biomolecular binding capacity due to ex-
cessive crosslinks, then this will lead to a global de-
crease in the signal to noise ratio of morphological
staining. Some biomolecules may also be extracted
from cells over time, making the cytoplasm of cells
appear more pale (Lindberg, 1984; Robards and Wil-
son, 1993). Additionally, because long-term fixation
can render tissues more acidic, the staining quality
of anionic dyes may be especially decreased (Pucht-
ler and Meloan, 1985).

In addition to histologic effects, long-term stor-
age in fixative can also have macroscopic and biome-
chanical effects. Upon initial fixation, fixatives often
cause cell shrinkage, which is accentuated for
stronger fixatives such as glutaraldehyde (Nei,
1981). One source finds that after the initial fixation,
the volume of canine brain structures was not al-
tered due to additional storage in formalin for up to
12 months (Del Signore et al., 2022). On the other
hand, other reports have suggested that specimens
do have secondary shrinkage if they are stored in fix-
ative fluids for long periods (Bahr et al., 1957; Hein-
sen et al., 2000). This discrepancy may be due to the
type of brain tissue, the fluid properties, and the
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duration of storage. Macroscopic shrinkage may cor-
respond to widespread microscopic strengthening
of chemical gels in the tissue over time. Strengthen-
ing of microscopic interactions, however, is associ-
ated with changes in the material properties of the
brain, insofar as it becomes more stiff, brittle, and
difficult to section (Dannhorn et al., 2022). Pro-
longed storage in fixative can also promote the ac-
cumulation of formalin pigment (Sacchini et al.,
2022).

Formaldehyde formulation

The concentration and formulation of formal-
dehyde may play an important role in long-term
storage. Several studies have used a lower concen-
tration of formaldehyde for storage, such as 0.1 %
paraformaldehyde (Lyck et al., 2008), 1 % formalin
(Papageorgopoulou et al., 2010; Wiggermann et al.,
2023), 2 % paraformaldehyde (Wu et al., 2002), or
2 % formalin (Monteiro, 2008). Using a lower con-
centration of formaldehyde during storage is ap-
pealing because it may help to prevent the negative
effects of formaldehyde while still preventing micro-
bial growth and any theoretical loss of morphologic
cohesion. In terms of additives, there is a concern
that storage in commercial formalin solutions, which
contain a small amount of methanol in addition to
formaldehyde, may lead to lipid damage, because
methanol is a solvent for lipids (Oztiirk and Kog,
2022). However, one study found that even after 18
years of storage in methanol-stabilized formalde-
hyde, staining with a lipophilic dye was still possible,
and that there was no difference in the distance of
nerve tracing possible as a result of storage (Oztiirk
and Kog, 2022).

Storage in other aldehydes

In addition to formaldehyde, other aldehyde
fixatives can also be used for long-term storage. Alt-
hough this is less well studied, these storage solu-
tions are expected to have many of the same effects
as formaldehyde. Tissue stored in other aldehyde
fixatives will undergo overfixation. Other aldehyde
chemicals also have the potential to convert to acid
forms. For example, concentrated glutaraldehyde
oxidizes to form an organic acid during storage,
which has been found to decrease the pH of the
solution over time (Boucher, 1978; Ranly, 1984).
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When glutaraldehyde is used in the fixation of
nerves, studies have reported switching the solution
to formaldehyde or phosphate buffer for long-term
storage (Magoon and Robb, 1981; Morgello et al.,
2001). One source notes that nervous system tissue
“deteriorates rapidly” in glutaraldehyde; however,
they do not specify the outcome measure they used
to make this evaluation (Voogd and Feirabend,
1981). Because glutaraldehyde is a stronger fixative
than formaldehyde, problems of overfixation and in-
accessibility of biomolecules are expected to occur
more quickly during storage in glutaraldehyde. How-
ever, one source reports that storage in glutaralde-
hyde is compatible with good long-term structural
preservation, with no evidence of ultrastructural al-
terations to kidney tissue stored in 4 % formalde-
hyde and 1 % glutaraldehyde at 4 °C for up to 23
years (Dykstra, 2010). One publication reported us-
ing glyoxal for long-term storage, but did not report
the outcomes of tissue stored in this manner
(Thomas et al., 2022).

Summary

The most common storage artifact identified in
the studies reviewed is a loss of antigenicity for cer-
tain proteins over time, likely due to the accumu-
lated crosslinking making antigens inaccessible.
While some antigens become undetectable after
days, months, or years of storage, other proteins can
still be visualized even after decades in fixative.
Other biomolecules like nucleic acids and a subset of
lipids also frequently become more heavily cross-
linked and confined over time, making them more
difficult to profile, but usually not impossible to pro-
file with specialized techniques. Besides effects on
biomolecules, morphological artifacts were less fre-
quently reported. One study found localized empty
spaces in neuropil and after more than six years of
storage, but this finding was not reported by other
studies with similar or longer storage times, raising
the question of whether the severity of this artifact
was associated with their storage method in plastic
bags (van Duijn et al., 2011). One study noted the
accumulation of “myelin-like” whorls during storage
that was associated with incomplete fixation of li-
pids and lipid leaching (Robards and Wilson, 1993).
Another study reported nuclear degradation after
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decades of storage, but others did not note this ef-
fect (Cook et al., 2014). More commonly, nonspe-
cific decreased staining intensity was noted in some
studies, potentially also related to chemical altera-
tions of biomolecules. Overall, while there have
been some storage artifacts reported following-long
term storage, the extent to which aspects of the un-
derlying neural circuitry information is irreversibly
lost, or simply more difficult to measure, as well as
how this varies between different fixative storage
methods, are open questions worthy of further in-
vestigation.

Buffer storage

Buffer solutions such as sodium phosphate
buffers, phosphate-buffered saline (PBS), and caco-
dylate buffer are commonly used for maintaining a
stable pH during the preservation of fixed brains
(Supplementary File 8). PBS is designed to be an iso-
tonic, non-toxic solution that mimics the extracellu-
lar fluid, and is among the most common buffers
used in the field of brain banking. Cacodylate buffer
is a heavy metal buffer commonly used in electron
microscopy that avoids the risk of calcium phos-
phate precipitates and microorganism contamina-
tion that can occur with the use of phosphate buff-
ers (lvanchenko et al., 2021). A common method for
long-term fluid preservation of fixed brain tissue is
to transfer brains to a buffer solution, without any
fixative. As discussed above, the pH buffering capac-
ity of these solutions can diminish over time, render-
ing long-term storage in buffers essentially equiva-
lent to storage in water. Two other factors that are
important to consider is the degree of residual
aldehyde fixative remaining in the solution and the
prevention of microbial contamination.

Degree of residual fixative

One option to decrease the amount of formal-
dehyde in the solution is to attempt to wash it out.
However, even washing formaldehyde fixed tissue
for weeks has been found to be insufficient to re-
move all formaldehyde crosslinking bonds (Barker et
al., 1980). Washing tissue is an even a greater prob-
lem in the study of intact whole brains because of
their size. For example, washing human brains with
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buffer for 48 hours has been found to be clearly in-
sufficient for buffer penetration to interior brain re-
gions, leading to a contrast boundary artifact (Miller
etal.,2011). As aresult, despite the imaging artifacts
associated with formaldehyde, washing fixed whole
human brains is often not performed prior to neu-
roimaging because removing formaldehyde would
take a prohibitive amount of time (Tendler et al.,
2021). One source suggests that washing tissues in
water for an extended number of years does even-
tually dislodge more formaldehyde (Puchtler and
Meloan, 1985). Because washing fixed tissue for ex-
tensive periods of time can still yield formaldehyde
in the effluent, it is tricky to distinguish the bound
formaldehyde from that which can be removed
(French and Edsall, 1945). However, there appears
to be thresholds beyond which additional washing
does not yield a substantial amount of additional fix-
ative (French and Edsall, 1945). Effectively, storage
in buffer constitutes storage in a much lower con-
centration of fixative solution, with the concentra-
tion depending on the amount of time that the tis-
sue was washed prior to long-term storage.

Preventing microbial growth

One of the major potential downsides of re-
moving the brain from fixative storage is the poten-
tial for microbial growth. One source reports that
this is a common occurrence in buffer solutions, as
proxied by bacterial or fungal growth in the absence
of a host immune reaction (Dykstra, 2010). As a re-
sult, it is commonly thought that storage in buffer
requires adding an additional chemical agent to pre-
vent microbial growth and resulting tissue damage.
The most common agent for this is sodium azide
(NaNs), an antimicrobial preservative that acts to in-
hibit mitochondrial respiration, largely by binding to
cytochrome c oxidase (lIshii et al., 2014). For exam-
ple, one source reports that if fixed brain tissue is
stored in PBS at 4 °C for longer than a week, 0.02 %
of sodium azide should be added to the PBS solution
to prevent bacterial growth (de Prisco et al., 2022).
Another study reports that the addition of sodium
azide can help with maintenance of histochemical
staining in brain sections (Moran and Gémez-Ra-
mos, 1992). Thymol is another antimicrobial agent
that can be used, which acts to disturb the integrity
of bacterial and fungal membranes (Hammer et al.,
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2012). The question of how long sodium azide
retains its antimicrobial activity during storage is not
well established in the literature. Notably, sodium
azide is used at a range of concentrations in preser-
vation solutions; for example, it has been used at
0.1 % (Beach et al., 2015) or 0.01 % (Micheva et al.,
2023). However, concentrations lower than 0.01 %
may not allow for effective antimicrobial activity
(Snyder and Lichstein, 1940). At relatively higher
concentrations, there is more leeway against the po-
tential for sodium azide to break down chemically
over time and no longer protect against microbial
growth.

Effects on cellular morphology

One of the major advantages of buffer storage
is in mitigating or preventing overfixation, which
damages antigenicity and makes sections difficult to
process. One brain bank reports that they store fixed
brain blocks in 0.1 mol/L phosphate buffer with
0.1 % sodium azide at room temperature, with ex-
cellent results for immunohistochemistry studies af-
ter years of storage (Beach et al., 2015). One study
stored brain tissue for around 1.5 to 15 months in
0.1 M cacodylate buffer pH 7.4 or 0.1 M phosphate
buffer with sodium azide at 4 °C prior to embedding
for electron microscopy (Sele, 2020). They reported
that there was no difference in the ultrastructural
preservation quality when comparing tissue that
was stored for this length of time or not, suggesting
that there were no adverse effects of the storage on
tissue quality. Storage in phosphate or cacodylate
buffer also has been recommended for storage of
nerve tissue fixed with glutaraldehyde (Morgello et
al., 2001). Finally, phosphate buffer has been used
as a control storage medium when studying brain
clearing methods (Furuta et al., 2022). Overall, be-
cause it is not as common of a method, not as much
long-term preservation data is available, but the
available data suggests that buffer storage is not as-
sociated with damage to neural structures over the
time scale of years.

Effects on brain volumes

A decreased effect on brain volumes is thought
to be an advantage of fluid preservation in phos-
phate buffer compared to storage in formaldehyde,
which has been associated in some studies with
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long-term shrinkage due to cross-link formation and
the partial leaching of soluble solids (Hackett et al.,
2011; de Guzman et al., 2016). This might be useful
for studies attempting to measure the volume of a
particular brain region. However, the effect of buff-
ers on brain volume sizes depends on the osmotic
concentration. One study found that five months of
storage of fixed brains in a standard concentration
of PBS led to a slight decrease in volume in several
brain regions (de Guzman et al., 2016). On the other
hand, three weeks of storage in distilled water led to
increases in volumes across the brain, while three
weeks of storage in 10x PBS led to a dramatic shrink-
age in volumes across the brain (de Guzman et al.,
2016).

Summary

Buffer solutions are commonly used for long-
term storage of fixed brain tissue. A major ad-
vantage is preventing overfixation and associated
loss of antigenicity. However, washing fixative from
large brains is challenging, so residual aldehyde may
remain. Microbial growth also needs to be pre-
vented, which is often performed using sodium az-
ide. There is theoretical reason to expect that buffer
storage would prevent overfixation and morpholog-
ical alterations associated with formaldehyde stor-
age, but long-term data is limited. The long-term
breakdown of the stabilizing chemical gel without
additional crosslinking agents is also a theoretical
concern. Taken together, buffer storage helps ad-
dress some limitations of aldehyde storage, but
open questions remain about very long-term preser-
vation quality.

Alcohol storage

Alcohols, especially ethanol, have long been
recognized as a useful medium for fluid preservation
(Supplementary File 9). Ethanol is still commonly
used today in museum collections, where a low con-
centration of formaldehyde is often used for initial
fixation, followed by long-term preservation in eth-
anol (Straube et al., 2021). The use of other alcohols
like methanol and isopropanol has also been docu-
mented, but ethanol tends to be the most used due
to its relatively lower toxicity. A notable concern is
the flammability of alcohol, which requires careful
storage procedures to mitigate safety risks.
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Mechanisms

The main mechanism by which alcohols act as
preservatives is to dehydrate tissues, eliminating
water from cells and consequently leading to pro-
tein denaturation and prevention of enzymatic deg-
radation. In this context, it is sometimes called a co-
agulative fixative. It also possesses antimicrobial
properties, which helps to prevent contamination of
stored specimens. The elimination of water can lead
to severe shrinkage of the tissue, affecting morphol-
ogy. Many investigators use an ethanol concentra-
tion of around 70-80 % for the long-term preserva-
tion of fixed brains, balancing preservation efficacy
with less damage to tissue morphology. However,
the optimal concentration of ethanol depends heav-
ily on the context and desired use, with more mor-
phological damage but less biomolecular damage
occurring at higher concentrations (Marquina et al.,
2021).

Effects on biomolecules

In contemporary use, alcohols are sometimes
favored over aldehydes as a preservative due to
their less damaging effects on certain classes of bio-
molecules, mainly DNA and proteins. For example,
the yield of DNA from brain specimens was altered
after one month of storage in formaldehyde, but not
after the same duration of storage in 75 % ethanol
(zamenhof et al., 1972). More recent studies have
confirmed that spirit-preserved specimens have
higher quality DNA when stored in ethanol as com-
pared with formaldehyde, although contemporary
retrieval techniques following formaldehyde stor-
age have improved substantially (Straube et al.,
2021; Hahn et al., 2022). Regarding proteins, one
study of preserved fish found that specimens ini-
tially fixed in formaldehyde and then transferred to
isopropyl alcohol or ethanol for storage for many
years (up to 70) had high-quality histology (Kwan et
al., 2022). They found that specimens preserved in
formaldehyde alone for long periods of time had
higher autofluorescence and challenges with achiev-
ing high histologic quality. The likely reason that
alcohols are less damaging to DNA and proteins is
likely that they avoid the overfixation that occurs
during storage in aldehydes (Zamenhof et al., 1972).
Ethanol has also been used as a storage
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medium after 24 hours of formaldehyde fixation to
prevent overfixation during transport (Stumm et al.,
2012).

Although alcohol preservation avoids overfixa-
tion, it comes with the disadvantage of extracting
certain classes of biomolecules from the tissue, es-
pecially lipids. Ethanol can dissolve lipids out of the
specimen, which can cause them to accumulate as
fatty acids at the top of the storage container (Hart-
man, 2019). This can make the preservative solution
cloudy (Stoddart, 1989). The increased acidity due to
the accumulation of fatty acids is also thought to
contribute to specimen damage (Straube et al.,
2021). Due to its denaturing properties, ethanol
storage can also damage the conformation and flu-
orescence of proteins, such as green fluorescent
protein (Becker et al., 2012).

Effects on morphology

Evaluating the literature on fluid preservation
with alcohols, particularly ethanol, is challenging
due to its historical use as an initial fixative rather
than solely as a long-term preservative following for-
maldehyde fixation. As fixatives, alcohols are gener-
ally less effective than crosslinking aldehydes at ini-
tial fixation, often resulting in lower quality morpho-
logical preservation. For example, one study that
perfused 70 % ethanol to preserve a human brain
found that it did not harden and displayed a red col-
oration even two months after fixation, suggestive
of inadequate preservation (Grinberg et al., 2008).
Another study found that brains preserved in for-
maldehyde for decades have much better histology
than brains preserved in ethanol (Herbin et al.,,
2021). In this study, tissue preserved in ethanol
alone was found to have numerous holes when vis-
ualized by light microscopy.

Investigations using neuroimaging provide ad-
ditional context. For instance, spiders stored in eth-
anol for 70-90 years showed no macroscopic
changes in neural architecture, with the exception
of two specimens that appeared to have suffered
from desiccation (Rivera-Quiroz and Miller, 2021).
This is consistent with a study on a human brain pre-
served in a German collection for 150 years, which
also showed satisfactory preservation at the macro-
scopic level (Schweizer et al.,, 2014). However, a
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more in-depth MRI study of this collection identified
the presence of sub-millimeter tubular cavities in
the white matter of human brains preserved in eth-
anol for long periods of time (Helms et al., 2014).
These tubular cavities were not seen in a bovine
brain preserved in ethanol for four months, suggest-
ing that they are an artifact of long-term storage
(Helms et al., 2014). These findings led the authors
to suggest that ethanol preservation is associated
with rapid water and cholesterol loss, followed by
longer-term macroscopic deterioration that could
be due to a slow loss of lipids.

However, ethanol might serve much more ef-
fectively as a long-term preservative following fixa-
tion. As discussed above, studies in non-brain tissue
have found that immunohistochemistry is well-pre-
served following storage in ethanol as a secondary
agent (Stumm et al., 2012; Kwan et al., 2022). One
early source suggested that ethanol could serve as
an appropriate storage medium for museum speci-
mens following formalin fixation (Fish, 1895). Even
prior to the use of formaldehyde in pathology, one
source noted that if brain tissue was not adequately
hardened in Muller's fluid (a dichromate solution
acting as a fixative), then long-term preservation in
strong alcohol of greater than 80 % could lead to sig-
nificant damage (Van Gieson, 1889). Specifically, the
alcohol would dissolve out the fixative salts and alter
the myelin over a period of 1-2 years. This process
would result in the formation of cholesterol crystals
in the alcohol, and microscopic cavities or vacuoles
in the specimens, which did not stain well. Van Gie-
son noted that even if the tissue were adequately
hardened, there would still be problems with histol-
ogy after storage in alcohol, such as neuroglia not
being visualized well, compared to tissue stored in
water that had a low concentration of Muller's fluid.
Another source notes that storage of fixed tissues in
alcohol over just one weekend in can lead to exten-
sive vacuolization of white matter, although this
likely depends on the concentration used (Garman,
2011). A different source reports that tumor tissue
can be stored in 70 % ethanol for up to 4 weeks with
no significant changes of histology and biomolecular
staining patterns (Stumm et al., 2012). Finally, one
source notes that fixed sperm cells tend to have
membrane damage when they are stored in ethanol
without secondary fixation in osmium, consistent
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with the known role of ethanol in lipid extraction
(Fahey and Healy, 2003).

Summary

Alcohol storage is a cost-effective, practical,
and time-tested method for preserving fixed brains.
Storage in alcohol has several advantages, including
antimicrobial effects and avoiding overfixation.
However, it can cause several problems, including
tissue shrinkage leading to altered morphology, bio-
molecular extraction, cavity formation, and vacuole
formation. There is sometimes thought to be a
trade-off, wherein storage in ethanol has worse
morphological preservation, but better biomolecu-
lar preservation, compared to storage in formalde-
hyde. However, that trade-off is likely a practical one
based on our currently available biomolecular pro-
filing technology, rather than fundamentally driven
by the underlying biochemistry. Overall, following
the development of buffer solutions and antimicro-
bial agents such as sodium azide that can prevent
overfixation without causing biomolecular extrac-
tion, alcohols seem relatively less useful than they
were in the past. They are not commonly used in
brain banking and would not be ideal for use in brain
mapping studies. However, the extant literature on
this topic is not extensive, making it difficult to draw
firm conclusions.

Storage after tissue clearing

Brain tissue clearing is primarily used for imag-
ing intact brain structures in detail by removing
parts of the tissue that interfere with 3D visualiza-
tion, such as lipids and calcium, thus rendering it
more transparent (Ueda et al., 2020). Tissue clearing
processing procedures are often quite harsh, involv-
ing powerful solvents and often high temperatures.
For example, the SWITCH protocol uses tempera-
tures of 80 °C for up to 4 days in tissue fixed with
glutaraldehyde, equivalent to slightly more than 2
years of storage at 4 °C, assuming a Q10 value of 2
used in shelf life studies (Murray et al., 2015). Alt-
hough not primarily developed for long-term
storage, several types of brain clearing techniques
have also been reported to provide high-qual-
itylong-term storage of brain tissue, so they merit
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consideration as fluid preservation methods (Sup-
plementary File 10).

Empirical effects of brain clearing

There are three classes of brain clearing ap-
proaches, each with different effects on preserva-
tion quality: hydrophobic, hydrophilic, and hydrogel
methods (Ueda et al., 2020). Hydrophobic clearing
methods use organic solvents to clear the tissue,
which hardens them and allows for long-term
preservation, re-analysis via immunolabeling, and
stabilization of endogenous fluorescent signals. No-
tably, hydrophobic clearing methods sometimes use
ethanol as a dehydrating agent, but also use addi-
tional steps for delipidation and refractive index
matching, thus differentiating these techniques
from fluid preservation using ethanol on its own.
One example of a hydrophobic brain clearing ap-
proach is SHANEL, which has been reported to allow
for long-term storage and future histologic studies
of the same tissue (Zhao et al., 2020). As another ex-
ample, sDISCO has been found to retain structural
details and protein fluorescence after storage for 22
months (Hahn et al., 2019). Methyl salicylate is an-
other hydrophobic reagent that is the active ingredi-
ent of wintergreen oil and was a component of the
first clearing method used by Spalteholz in 1911 (Liu
et al., 2016). One study found that storage of fixed
human choroid plexus in methyl salicylate for up to
25 vyears allowed for high-quality immunohisto-
chemical staining of several antigens (Sufieva et al.,
2023). Another study found that methyl salicylate
combined with permanent mounting allowed stor-
age of insect brains for well over a year at room tem-
perature with intact immunohistochemistry (Bek-
kouche et al., 2020).

In hydrophilic clearing methods, reagents can
be used for decolorization, delipidation, and refrac-
tive index matching, but water is not removed from
the specimen (Ueda et al., 2020). These techniques
usually have reagents that form hydrogen bonds
with proteins, which can aid in the preservation of
protein conformation and associated fluorescence
(Ueda et al., 2020). In one study of a modified ver-
sion of the hydrophilic brain clearing method CUBIC,
the authors reported that the samples were washed
and stored in PBS with 0.01 % sodium azide in case
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re-imaging was needed in the future (Pinheiro et al.,
2021).

Finally, in hydrogel brain clearing methods,
chemicals are introduced to strengthen tissue gels,
either via introducing molecules to create a syn-
thetic gel, or via epoxy crosslinkers to fortify existing
tissue gels (Ueda et al., 2020). For example, in the
CLARITY method, acrylamide is used to create a hy-
drogel-tissue hybrid that aids in retaining proteins
and maintaining structural integrity during subse-
qguent processing steps such as delipidation
(Malkovskiy et al., 2022). The extent to which the ex-
tra stabilization provided by hydrogel methods
might improve structural maintenance in long-term
fluid preservation of brains is an open question,
warranting additional research.

Comparison to buffer storage

As discussed above, protocols for brain clearing
sometimes recommend transferring the specimen
back to PBS for long-term storage after clearing (Ke
and Imai, 2014). It is interesting to compare this to
the buffer storage only approach. Clearing followed
by storage in PBS allows for the removal of poten-
tially damaging biomolecules, without the clearing
reagents themselves potentially damaging brain tis-
sue over time. For example, lipids are known to be a
major source of oxidants during storage of tissue, so
removing them could decrease the accumulation of
oxidative species during fluid preservation (Huang
and Ahn, 2019). Removing lipids also prevents their
long-term breakdown into fatty acids and associated
decrease in specimen pH. One source reports that
the storage of cleared brain tissue in PBS with 0.1 %
Triton-X and 0.01 % sodium azide can be performed
“indefinitely” (Liu et al., 2016). From the perspective
of brain mapping, obvious downsides of delipidation
prior to storage in PBS are that the lipids cannot be
profiled and the ultrastructure will be dramatically
altered (Malkovskiy et al., 2022).

Summary

Brain tissue clearing techniques like CLARITY
and sDISCO have shown promise for long-term stor-
age while enabling intact imaging. Clearing removes
light-scattering elements like lipids, which could
otherwise damage tissue over time. This is often
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followed by storage in buffer, avoiding unnecessary
further extraction by clearing reagents. Compared
to many storage methods relying on embedding in
polymers, clearing approaches are more practical,
while still achieving many of the same benefits (Su-
fieva et al.,, 2023). Though delipidation obviously
causes information loss, clearing may better main-
tain protein structure when compared with other
techniques. Clearing techniques also differ in the ex-
tent to which they can be practically used in large
volumes such as an intact human brain (Zhao et al.,
2020). Overall, clearing techniques are an emerging
approach that may enable high-quality preservation
in addition to allowing intact imaging, but with lim-
ited long-term data.

Cryoprotectant storage

Cryoprotectants, such as glycerol, ethylene gly-
col, and sucrose, can improve the preservation of bi-
ospecimens even above freezing temperatures
(Supplementary File 11). While cryoprotectants are
best known for protecting against ice damage during
subzero temperature storage, we focus here on
their biostabilization properties above 0 °C. Indeed,
cryoprotectants often act as osmolytes as well,
which are small organic molecules that tend to accu-
mulate in cells to help them survive under various
stress conditions, such as temperature changes,
pressure, and osmotic stress (Rumjanek, 2018). By
substituting for the water molecules that typically
bind to biomolecules, cryoprotectants tend to in-
crease intracellular viscosity, reduce molecular mo-
tion, and slow down reactions, preserving biomolec-
ular integrity without causing significant extraction.
They also help preserve hydrophobic interactions
and the native structural properties of biomole-
cules, like protein fluorescence (Nirnberg et al.,,
2020). Reactions that depend on water, such as hy-
drolysis, will not occur in pure cryoprotectant solu-
tions, because water is not present. However, chem-
ical reactions not relying on water will still occur, po-
tentially contributing to tissue degradation over
time. For example, one study found that when dis-
solved in a 99.8 % glycerol solution, the enzyme ly-
sozyme still retained one-seventh of its catalytic ac-
tivity compared to water (Rariy and Klibanov, 1997).
Finally, certain cryoprotectants such as sugar alco-
hols have been found to play a role in stabilizing gel
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structures for the long-term, consistent with their
role in protein stabilization (Baydin et al., 2022).

Glycerol

Glycerol is a nontoxic cryoprotectant that was
used as an early preservative for biological speci-
mens (Van Dam, 2020). Its antiseptic and humectant
properties can help slow decomposition. Glycerol
began to be used in the late 1800s as an alternative
or complement to ethanol for storage in museum
collections. Carlo Giancomini used glycerol for stor-
ing zinc chloride-fixed and alcohol-dehydrated
brains, with good reported efficacy in both dry and
fluid preservation (Thomson, 1880). Glycerol also
gained use for stabilizing formaldehyde-fixed tis-
sues, with some human organs reportedly stored in
this manner with excellent macroscopic condition
after more than 100 years (Macleod et al., 2018).
The effects of glycerol on tissue microstructure and
morphology are quite variable between studies. It
depends on multiple factors like the tissue type,
glycerol concentration, how rapidly the concentra-
tion is increased, and the degree of hydration
(Armitage, 1986; Nowacka et al., 2012). However,
many studies have found that gradual increases of
glycerol do not cause major structural changes like
shrinkage. For example, cell membranes are thought
to be the structures most vulnerable to damage dur-
ing dehydration (Westh, 2003). Glycerol helps pre-
serve cell membranes during dehydration through a
mechanism that appears to involve interacting with
polar lipid headgroups (Nowacka et al., 2012; Poci-
vavsek et al., 2011). Consistent with the idea that
glycerol is able to maintain cellular structure, one
study found that glutaraldehyde and osmium fixed
sural nerve biopsies had intact ultrastructure and
collagen content after storage in 100 % glycerol at
4 °C for up to 9 months (Myers et al., 1977). The au-
thors stated that tissues could be "stored indefi-
nitely" in this manner.

Kaiserling 1l is a glycerol-containing fluid
preservation solution introduced in the late 18" cen-
tury, with the primary goal of maintaining the color
of formaldehyde fixed specimens over time (Kaiser-
ling, 1900; Ajileye and Adeyemi, 2020). Although
Kaiserling 1l is not a pure glycerol solution, as it also
contains potassium acetate and chloral hydrate, the
state of tissues preserved in it can act as a proxy for
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evaluating glycerol as a preservative agent. Alt-
hough Kaiserling originally recommended 25 % glyc-
erol, today, 40 % glycerol has been reported as a
better concentration for fluid preservation (Ajileye
and Adeyemi, 2020). One of Kaiserling's contribu-
tions was identifying the need to minimize air expo-
sure and acid formation within the preservation me-
dium to the greatest extent feasible (Potaliya and
Ghatak, 2016). One study evaluated the histologic
quality of fixed brain tissue that had been preserved
in Kaiserling Ill for up to 55 years (Monteiro, 2008).
When an archival specimen was pre-treated in 10 %
formalin prior to histologic processing, it had similar
histology as control brain tissue, including intact cel-
lular structure, except for having less distinct nucle-
oli. Immunostaining was also possible, with neurofil-
ament staining allowing the identification of individ-
ual neuronal processes and GFAP staining allowing
for the identification of astrocytes.

Glycerol has even been used to preserve bio-
specimens for extended periods without fixatives.
For example, skin tissue is often preserved in skin
banks using high concentrations of glycerol, up to
98 %. This leads a loss of cellular viability but reten-
tion of ultrastructure for years (de Backere, 1994;
Richters et al., 1996). Dura mater has been pre-
served for up to 7 weeks in 98 % glycerol, allowing
for the retention of normal ultrastructure, with the
exception of more finely divided collagen fibers
(McGarvey et al., 1984). Nerve tissue has been pre-
served in 98 % glycerol at 4 °C for months prior to
transplant (Wolff et al., 1993). Regarding brain tis-
sue, one study found that samples of brain tissue
can be stored in phosphate-buffered 50 % glycerol
at temperatures of 4 °C or at —20 °C, for at least 15
months (Lembo et al., 2006). This storage procedure
allowed the tissue to be successfully immunostained
for rabies antigen against a neuronal background.
Rather than suggesting that glycerol be used as a sol-
itary preservative in brain banking, these studies
show the power of glycerol preservation and why
combining it with the technique of fixation can be
helpful.

One downside of glycerol preservation is that,
at intermediate concentrations of glycerol of less
than 65 % and relative humidities of greater than
75 % in the room used for storage, specimens can be
susceptible to mold growth (Van Dam, 2020).

free org


https://doi.org/10.17879/freeneuropathology-2024-5373

Free Neuropathology 5:10 (2024)
doi: https://doi.org/10.17879/freeneuropathology-2024-5373

A small concentration of fixative, such as 0.5 %
formaldehyde, or microbial inhibitors such as
camphor or thymol can be added to prevent mold
growth (Ajileye and Adeyemi, 2020). Glycerol is also
expected to eventually break down into reactive
impurities during the storage process, such as via
oxidation to methylglyoxal (Sugiura et al., 2020).
Finally, storage in glycerol may promote chemical
reactions, such as the Maillard reaction, which
occurs between amino acids and reducing sugars
(Smarrito-Menozzi et al., 2013).

Other cryoprotectants

Ethylene glycol has also been used as a fluid
preservative, most commonly for marine species
(Williamson and Russell, 1965). Compared to glyc-
erol, ethylene glycol has a lower risk of causing os-
motic damage, allowing for stronger solutions to be
used (Williamson and Russell, 1965). However, one
source reports that it can cause precipitates over
time when used as a fluid preservative (Luisa, 1982,
p. 33). Disaccharides are also potential alternatives
to glycerol for storage in the liquid state. Trehalose
has been found to stabilize biomolecules such as
proteins when dissolved in aqueous solutions, po-
tentially due to its effect of raising the surface ten-
sion of water (Kaushik and Bhat, 2003). Another
source compares heart valve storage in 50-80 % su-
crose to pure glycerol at 4 °C, finding that the su-
crose solution was able to maintain structural
preservation for 52 weeks while glycerol was able to
maintain preservation for 12 weeks (as cited in Vas-
qguez-Rivera et al., 2018). When stored in sucrose,
some sources recommend to also add sodium azide
(Strnad et al., 2022).

Kinetics of cryoprotectant brain penetration

Many of these studies are performed on small
biopsy samples or small organisms. However, it is of-
ten desired for the human brain to be stored intact,
for example for the purpose of ex vivo neuroimag-
ing, or so that long-range neural connections can be
mapped. In this case, there is a need to implement a
protocol allowing for the cryoprotectant to pene-
trate throughout the brain, without taking too long
or causing damage due to rapid changes in osmotic
concentration. One study performed an immersion
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of 10 % glycerol and 2 % DMSO into one hemisphere
of a fixed rhesus monkey brain for 1 day, followed
by immersion in 20 % glycerol and 2 % DMSO for 3
days (Sloane et al., 2000). However, the rhesus brain
volume is about 10-15 times less than the human
brain volume, meaning that this process may be
time consuming in a human brain banking setting.
Notably, evidence suggests that osmotic damage is
not as significant in tissue that has been adequately
fixed (Paljarvi et al., 1979). One alternative possibil-
ity would be to perfuse the preservative chemicals,
but that is challenging to perform consistently in a
postmortem setting, especially because it would
need to be done evenly to avoid inducing osmotic
damage (McFadden et al., 2019).

Summary

Cryoprotectants such as glycerol, ethylene gly-
col, and sucrose have shown promise for room tem-
perature storage of fixed brain tissue while minimiz-
ing biomolecular extraction. Glycerol has been used
since the late 1800s, with studies generally reporting
intact morphology after years or even decades of
storage, except for a loss of nucleolar or collagen fi-
ber detail. However, there are not many studies on
this topic, and optimal protocols for penetrating
large intact human brains have not been estab-
lished. Overall, cryoprotectants are a promising fluid
storage approach in combination with an initial fixa-
tion step, warranting further investigation.

Other storage conditions

Temperature

Temperature is a critical factor influencing the
rate of chemical reactions during fluid preservation.
Lower temperatures slow reaction kinetics, enabling
longer preservation durations. As a rule of thumb,
the 10-degree rule estimates that chemical and bio-
logical reaction rates decrease 2 fold per 10 °C tem-
perature drop (Hukins et al., 2008; Orlowski et al.,
2014). Based on this estimate, a brain stored at a
standard refrigerator of 4 °C would be expected to
have a compared to have a 4-fold slower decompo-
sition rate than one stored at a room temperature
of approximately 24 °C. In brain banking, it is com-
mon but certainly not ubiquitous to store fixed
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tissue at refrigerator temperature of around 4 °C to
slow degradation (Insausti et al., 1995; Wiggermann
etal., 2023). One study reported that storage at 4 °C,
alongside a substantially lower concentration of fix-
ative, led to a lesser degree of antigen degradation
over time for several antigens compared to storage
at higher temperatures and a higher concentration
of fixative (Lyck et al., 2008). For alcohol preserved
specimens, storing them below the flash point of ab-
solute ethanol of 12 °C is often recommended for
safety reasons. However, low temperatures can in-
troduce new problems. Storage below 0 °C risks ice
crystal formation and associated tissue damage, un-
less cryoprotectants are used. Even above 0 °C,
lower temperature storage favors the precipitation
of polyoxymethylene from formaldehyde (Howe et
al., 1995). The main downside of lower temperature
storage is that it can substantially increase the costs
due to the need for storage infrastructure and labor
for maintenance. As a result, despite the expecta-
tion that it will slow degradation, storage at low
temperature needs to be balanced by cost-benefit
considerations.

Storage container

The container used for fluid preservation plays
an important role in preventing evaporation and ox-
idation, which can lead to severe tissue damage over
time. Glass and plastic are the most common mate-
rials used. Glass is impermeable to oxygen and mois-
ture but is vulnerable to cracking over time, espe-
cially if stressed (Stoddart, 1989; Hiebert et al.,
2021). Plastic containers vary in their oxygen and
moisture permeability. In long-term fluid preserva-
tion, one of the major risks is evaporation leading to
tissue desiccation and potential irreversible damage
(Eichhorn et al., 2018). Any compromise in the con-
tainer, such as fissures in the glass, can result in
evaporation and specimen desiccation (Williamson
and Russell, 1965). For both glass and plastic con-
tainers, the integrity of the seal is also critical in min-
imizing oxygen permeability. Preventing oxygen ex-
posure is essential because oxygen causes oxidative
damage to brain tissue and is associated with de-
creases in pH. Oxidation affects unsaturated link-
ages in lipids, certain amino acids in proteins, and
pigments (Stoddart, 1989). To minimize oxygen ex-
posure, the container can be filled with fluid or
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otherwise degassed (Stoddart, 1989). If a specimen
is stored in an oxygen-sealed container, then every
time it is opened, the fluid preservative and speci-
men will be re-exposed to oxygen (Barnes et al.,
2000). As a space-saving measure, some sources
recommend storing tissue in heat-sealed plastic
bags, but this risks desiccation and oxidative damage
over time (Hgyer et al., 1991). Adding antioxidants
to the preservative solution is another approach to
mitigate oxidative damage (Silvestre et al., 2021;
Sugiura et al., 2020). Another parameter that con-
tainers affect is the amount of light exposure. Mini-
mizing exposure to light is often recommended in bi-
ospecimen storage (Maki et al., 2021). UV radiation
can cause photodamage to biomolecules via cova-
lent bond formation, such as thymidine dimer for-
mation in DNA (Kansagara et al., 2008). Exposure to
light can also cause pigment fading (Monteiro,
2008). Storing specimens in UV-protective contain-
ers or avoiding light exposure is recommended.
Overall, the container plays a crucial role in fluid
preservation by regulating evaporation, oxidation,
and light exposure.

Fluid refreshing

Brain banking protocols often include steps to
periodically refresh the preservative fluid. When us-
ing formaldehyde solutions, this has be used in an
attempt to prevent a decline in pH (Rahimi et al.,
2006). For example, multiple sources report refresh-
ing formaldehyde solutions every 2 years (Rahimi et
al., 2006; Qiu et al., 2019). However, over time, the
rate of biomolecular extraction decreases as the
fluid preservative reaches equilibrium with the bio-
specimen (Simmons, 2019). As a result, a key down-
side of fluid refreshing is that it will disrupt this equi-
librium. Additionally, fluid refreshing will lead to the
loss of any small molecules that have leached out
into the solution. This is why one source recom-
mends that cocaine levels should be tested in the
formalin solution, not just in the tissue (Hilal et al.,
2009). Because different tissue types, containers,
and fluid compositions will all lead to degradation at
different rates, any fluid change schedule should be
adapted to the needs and circumstances of the brain
bank. More durable containers and fluids will need
less frequent refreshing. The optimal schedule of
fluid refreshing, if it is netbeneficial at all for
expected future research applications, is unknown.
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Summary

Temperature significantly influences the rate
of chemical reactions in fluid preservation, with
lower temperatures slowing down these reactions.
The type of storage container is crucial for prevent-
ing tissue damage due to evaporation and oxidation.
Glass and plastic are common materials, but their
integrity and sealing are vital. Periodic fluid refresh-
ing is sometimes performed in brain banking, often
aiming to minimize the accumulation of acidity.
However, it can disrupt the brain tissue’s chemical
equilibrium and may result in the loss of certain
molecules from the solvent.

Comparison to alternatives
Cryopreservation

Cryopreservation uses subzero temperatures
to decrease the rate of molecular motion and
thereby improve long-term preservation outcomes.
Cryopreservation can be performed either without
fixation or following fixation, thereby either avoid-
ing entirely or substantially mitigating the problem
of overfixation occurring in fluid preservation. Con-
sistent with this, data suggests that the imaging sig-
nal for proteins and nucleic acids is improved when
comparing cryopreservation to long-term fixation
protocols (Kingsbury et al., 1999; Hrabovszky et al.,
2007). When used without fixation, cryopreserva-
tion also preserves more enzyme activity and allows
for the use of many biomolecular profiling tech-
niques that are more difficult to perform on fixed tis-
sue (Verhaert et al., 1990). However, cryopreserva-
tion introduces the issue of ice artifact, which can
severely damage brain cell morphology (ltoyama et
al., 1980; Vonsattel et al., 2008). Ice artifacts can be
mitigated or prevented by cryopreserving small tis-
sue segments at a fast rate or by using cryoprotect-
ants. Indeed, fixed and cryoprotected tissue allows
for high-quality morphologic preservation (Sloane et
al., 2000; Van Herp et al., 2005; Estrada et al., 2017).
After long-term storage at moderate subzero
temperatures of approximately -20 °C,
fixed and sufficiently cryoprotected tissue is ex-
pected to be in the fluid state, yet these protocols
have shown good preservation of morphology and
antigenicity for years (Watson et al., 1986; Otubo et
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al., 2021). However, cryoprotection in the absence
of fixation is challenging, because cryoprotectant
immersion requires a slow ramp-up to prevent os-
motic damage, and perfusion quality is often limited
in the postmortem setting (McFadden et al., 2019).
One source reports that even when the cryoprotect-
ant immersion procedure was performed carefully,
some freezing damage still occurred; however, the
cryoprotectant solutions they used were likely not at
the concentration required to vitrify (Romijn et al.,
1999). Cryopreservation of large tissue blocks or the
entire brain also poses the risk of thermal stress
fracturing and physical aging (Chang and Baust,
1991; Gangwar et al.,, 2022). Perhaps most im-
portantly, cryopreservation is substantially more ex-
pensive and less reliable than storage via fluid
preservation (Dwork et al.,, 1998; Leboeuf et al.,
2008).

Paraffin embedding

Embedding specimens in paraffin wax was first
introduced in the 1860s (van der Lem et al., 2021).
Following the introduction of formaldehyde fixation
in the 1890s, formaldehyde fixed paraffin embed-
ded (FFPE) tissue blocks have grown to become one
of the most common methods for preserving bio-
specimens. Paraffin embedding involves multiple
steps that can cause damage, including heating and
dehydration. Paraffin is made up of a mixture of
straight chain alkanes. When the tissue cools, the
paraffin crystallizes, allowing the tissue to be stored
in the solid state (Rhodes et al., 1927; Zocher and
Machado, 1959). Antigenicity preservation can be
improved in FFPE by removal of residual water and
storing tissue in low humidity environments (Xie et
al., 2011). FFPE tissue is very commonly used in ar-
chival settings, with demonstrated preservation of
biological structures for decades (Bradl and Lass-
mann, 2012; Rauch et al., 2018; Guerra et al., 2020).
Numerous studies have shown that FFPE demon-
strates better antigenicity than tissue stored long-
term in formaldehyde solutions, consistent with its
ability to prevent overfixation (Sillevis Smitt et al.,
1993; Dwork et al., 1998; Lin et al., 2023). Also, the
localized areas of empty neuropil seen in the one
study of brains stored in formalin that identified this
artifact were not seen in matched FFPE samples
from the same cohort (van Duijn et al.,, 2011).
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However, there are drawbacks to paraffin embed-
ding. First, the tissue processing required, especially
dehydration, can lead to the loss of numerous bio-
molecules that are not sufficiently crosslinked, in-
cluding structural lipids and amino acids (Vos et al.,
2019; Dannhorn et al., 2022). While some lipid spe-
cies are solvent-resistant, possibly due to direct for-
maldehyde cross-linking, the overall biochemical
landscape is irreversibly altered by dehydration
(Denti et al., 2022). Additionally, it is not yet possible
to perform paraffin embedding on whole human
brain samples en bloc. To our knowledge, the largest
specimens that have been shown to be embedded
in paraffin are less than 60 cm?3, such as a macaque
brain hemisphere (Zhanmu et al., 2020). This means
that cutting damage will occur during to dissection
and there will be constraints on the size, type, and
orientation of the tissue preserved (Dwork et al.,
1998). Finally, paraffin embedding is more complex
and expensive than simply allowing the brain to
remain in fluid preservative for the long term.

Resin embedding

Embedding resins such as epoxies and acrylates
into brain tissue is commonly used as sample prepa-
ration for microscopy studies. As with paraffin em-
bedding, this allows for storage in a solid state,
which minimizes overfixation and chemical reactiv-
ity over time. However, also as with paraffin embed-
ding, the extensive dehydration required for resin
embedding often leads to loss of lipids and other bi-
omolecules that are not directly crosslinked follow-
ing fixation. The extent of dehydration required var-
ies based on the resin, with some acrylates able to
dissolve in up to 10-12 % of water by weight (New-
man and Hobot, 1999). The extent of lipid extraction
also depends on the resin. For example, the acrylate
resin Lowicryl HM20 extracts fewer lipids, because it
is nonpolar (Glauert and Lewis, 1998). As they are
used for electron microscopy, resin embedding
clearly offers excellent morphological preservation.
The stability of resin embedded specimens over
time is not well established in the literature. There
are some theoretical reasons to expect that preser-
vation durations may not be unlimited in the very
long term. For example, polymerized epoxy resins
are found to act in some circumstances as viscous

McKenzie et al
page 28 of 41

fluids, allowing for displacement of tissue elements
over time (Mollenhauer, 1993). However, most
sources suggest that resin embedded tissue has
good long-term storage longevity, especially when
stored in a desiccator (Glauert and Lewis, 1998, p.
276; Celis, 2006, p. 294; Becker et al., 2014). Resin
embedding is often only practical on small tissue
samples and the chemicals required can be
relatively expensive, proprietary, and challenging to
use properly, limiting their widespread use in brain
banking.

Summary

Compared to fluid preservation of brain tissue,
cryopreservation offers better antigen preservation
and biomolecular profiling capabilities, but faces the
downsides of ice artifact and high costs. Paraffin em-
bedding is reliable for long-term storage and anti-
genicity but leads to the loss of a large subset of bi-
omolecules. Resin embedding is best for morpholog-
ical preservation but is limited by sample volume
and expense. Most brain banks utilize a multifaceted
strategy, storing some tissue samples with each of
fluid preservation, cryopreservation, and paraffin
embedding. This allows brain banks to capitalize on
the unique advantages of each method and provide
a versatile resource for a range of future experi-
mental needs.

Relationship with the post-mortem
interval

In addition to storage time, another key tech-
nical variable in brain banking is the postmortem in-
terval, i.e. the amount of time between when death
occurs and when the preservation procedure be-
gins. There are several histologic artifacts known to
manifest during the postmortem interval, such as
pericellular rarefaction, vacuolization, and cell death
due to oncotic necrosis (Krassner et al., 2023). In
general, these are distinct from the storage artifacts
that we identified as potentially associated with
fluid preservation. An important exception is de-
creased antigenicity on immunohistochemistry,
which is a multifactorial process that can be caused
by both decomposition associated with the post-
mortem interval and overfixation due to long peri-
ods of preservation in fixative-containing solutions.
Rapid fixation approaches such as perfusion fixation
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or ventricular injection may be able to help amelio-
rate damage associated with the postmortem inter-
val, by minimizing any additional degradation that
occurs prior to the fixative reaching that area of the
tissue (McFadden et al., 2019; McKenzie et al.,
2022). However, we are not aware of any substantial
evidence suggesting that different long-term fluid
preservation options may interact with the postmor-
tem interval in a similar way. Notably, for many ap-
plications, the age of the fluid-preserved tissue,
even after many years, is generally considered to be
less impactful on research outcomes than the post-
mortem interval (Wu et al.,, 2002; Herbin et al.,
2021).

Implications for brain banking

Investigators operating brain banks and
smaller brain collections face many constraints, in-
cluding limited time and resources. The notion of
the “shelf life” of brain tissue is important in brain
banking (Erslev, 2018). Our review suggests that
fluid-preserved brain tissue can be used in research
applications for at least several decades, depending
on the research goals. For antigen preservation,
long-term immersion in formaldehyde solutions
clearly results in overfixation and diminished anti-
genicity for immunohistochemical studies (Liu et al.,
2010). Although contemporary antigen retrieval
techniques can mitigate some of the effects of over-
fixation, they cannot always fully restore the original
antigenic properties (Ramos-Vara and Miller, 2014).
Therefore, recording and communicating the fixa-
tion time is crucial for researchers who will use the
tissue. For morphological preservation, the existing
literature presents limitations in drawing conclu-
sions. As a result, it is still unclear whether brains
stored for long periods of time in fluid preservative
will be appropriate for many types of brain mapping
study, and this will require further experimental re-
search.

Most of the extant histology data is available
for long-term storage in formaldehyde solutions.
There is relatively less of a database to recommend
the use of alternatives such as buffer storage or stor-
age in cryoprotectants. There are also many un-
knowns in the field, such as the longevity of antimi-
crobial activity conferred by sodium azide in solu-
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tion. As a result, there is currently no universally ac-
cepted “gold standard” method or performance
metrics for fluid preservation in brain banking, with
trade-offs among existing preservation methods
(Table 1). Regardless of the preservation fluid used,
maintaining a low temperature likely improves
preservation outcomes. For example, morphological
preservation has been reported to be intact after 92
years of storage in formalin at room temperature
(Herbin et al.,, 2021). Based on an assumed Q10
value of 2, this implies a refrigerator temperature
storage length of approximately 4 times longer, or
368 years. If refrigeration is not feasible, a cool room
with stable temperatures is recommended. Finally,
a sturdy container that reduces the risks of evapora-
tion, desiccation, oxidative damage, and light expo-
sure can further enhance tissue quality over the
long-term.

Areas for further research

One high-priority concern is better characteri-
zation of storage artifacts that could impact both
short-term and long-term research objectives. Criti-
cal among these are the areas of empty spaces in
neuropil, whose prevalence and impact on neural
circuit mapping are yet to be thoroughly examined
(van Duijn et al., 2011). It remains an open question
whether the type of container used is a factor in ac-
celerating or mediating this artifact. Given that
these areas of empty space in neuropil are associ-
ated with white discolorations observable at the
macroscopic scale, initial investigations into this ar-
tifact could be conducted in different cohorts in a
relatively straightforward manner. Advanced imag-
ing techniques like MRI, along with correlative histo-
logical analyses, could offer another way to identify
these artifacts and any related ones. Another im-
portant area is to research why nuclei, nucleoli, and
DNA have been found to be vulnerable to alterations
during storage in some studies but not others (Cook
et al., 2014; Monteiro, 2008; Herbin et al., 2021; Ber-
rino et al., 2022). The stability of other biomolecules,
especially lipids, also requires further study.
Further research could identify which lipid species
are extracted, modified, or cross-linked during
storage, and what implications these changes have
for research using banked brains. Finally, research
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Table 1
Method Upsides Downsides Evidence Level
Simple and inexpensive Overfixation causes antigen masking and
Generally good reported morphologic chemical changes
Aldehyde-based preservation, although potential for Acidity can damage tissue Moderate
fluid preservation artifacts Extraction of a subset of lipids, small
Proteins and most other molecules are molecules, and other molecules that are not
expected to be retained directly crosslinked
Simple and inexpensive Much less data for morphological
Buffer-based . p .p . : ) &
. . Mitigates overfixation preservation over decades of storage Low
fluid preservation . . . . . . L . s
Likely less acid formation over time Microbial contamination without biocides
Widely used long-term fluid Tissue and cell shrinkage
Alcohol-based fluid preservative agent Biomolecular extraction Low
preservation Mitigates overfixation White matter cavity formation
Antimicrobial effects Highly flammable and hazardous
. . . . Delipidation causes biomolecular information
. . Allows imaging of intact specimens
Fluid preservation . S ] . loss .
. . Minimizes lipid-associated oxidative . Minimal
after tissue clearing Novel methods without long-term track
damage
record
Cryoprotectant- Mitigates overfixation Chemical changes still occur in biomolecules
based fluid preser- Limits biomolecule extraction Tissue penetration is slow Low
vation Easy conversion to cryopreservation Risk of osmotic damage
. Best antigenicity preservation Ice artifacts can occur in absence of complex
Cryopreservation - . e
Allows for compatibility with molecular vitrification protocols
(sub-zero tempera- . . ) . Moderate
ture) biology techniques used on fresh tissue Thermal stress damage for large specimens
Potential for function preservation Highest cost
Avoids overfixation, excellent antigen No protocols yet established for intact
preservation human brains
Paraffin embedding Excellent morphology preservation Paraffin processing requires high Moderate
Minimal chemical reactions occur temperature that can damage tissue
during storage Biomolecular extraction
Allows for highest qualit
& . q‘ y . Usually performed on tiny samples, not close
ultrastructural imaging possible .
. . . S . to human brain scale
Resin embedding Can retain more lipids if osmium . . Low
L Chemicals used tend to be expensive
post-fixation is used . )
. . ) Biomolecular extraction
Minimal chemistry during storage

Table 1. Trade-offs among the methods discussed for brain banking.

This table summarizes the key advantages, disadvantages, evidence level for each of the different methods discussed in this review that
can be used for long-term brain banking and neuroanatomical preservation. In the "Evidence Level" column, "Moderate", "Low", and
"Minimal" describe the relative abundance of supporting scientific literature for each preservation method.
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comparing the extent of storage artifacts when
using different fluid preservation methods would be
a valuable contribution to the field.

Comparison to other reviews

As far as we know, no previous review has
solely focused on fluid preservation in brain banking,
although several sources have discussed it as a part
of a broader focus. One source performs a general
review of storage of biospecimens in fluid preserva-
tives (Simmons, 2019). They have a thorough discus-
sion of container choice and note that the storage
environment is critical, including temperature con-
trol, humidity control, minimizing light and UV radi-
ation exposure, minimizing vibrations, preventing
evaporation, and preventing physical damage to the
specimen. One review focuses on room tempera-
ture storage methods for biospecimens, emphasiz-
ing the space, cost, and environmental downsides of
low temperature storage (Lou et al., 2014). One re-
view notes that for developmental neurotoxicity
testing, nervous system specimens are recom-
mended to be embedded in paraffin or resin for
long-term storage, in order to avoid shrinkage arti-
facts potentially associated with prolonged storage
in fixative (Garman et al., 2016). One study searched
PubMed and found six studies evaluating the effect
of prolonged fixation on neural and glial cell marker
antigenicity, covering a partially overlapping litera-
ture when compared with our review (Wu et al.,
2022). They found that there were clear time- and
antigen-dependent effects of prolonged fixation.

Strengths and limitations of this
review

One strength of this review is that we have in-
cluded a large set of studies, allowing for findings
from many years ago to be contextualized with
current paradigms. Also, we explored results using
both biomolecular profiling and histology, highlight-
ing the connections between these two linked fields.
This review also has several limitations. First, we did
not review in-depth the data from non-brain organs,
even though the results for other organs are likely to
be relevant to those from the brain. Second, the in-
cluded studies usually have qualitative assessments
of morphologic preservation, not quantitative ones,
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which means that subtle shifts in neural circuitry
during long-term storage might not be detected.
On a related note, studies may be susceptible to
sampling bias in the choice of brain tissue they pro-
filed, which is more challenging to address when an-
alyzing qualitative metrics of preservation. Third, we
did not perform quality ratings of individual studies,
so it is more difficult to appropriately weight the
findings of individual studies based on the quality of
their evidence. However, with such a heterogenous,
small field, it is not clear how to rate the quality of
studies. Finally, our search strategy was not exhaus-
tive and likely did not identify all the relevant studies
on this topic. However, we believe the studies we
identified are likely representative of the broader
literature.

Conclusions

Archival brain tissue is a valuable resource, of-
ten providing well-characterized specimens that
may be more useful for certain studies than freshly
acquired samples (Bradl and Lassmann, 2012).
Formaldehyde is the most comprehensively studied
preservative and has been found capable of
maintaining the intricacies of neural circuitry, such
as dendritic protrusions, even over extended stor-
age durations. However, long-term storage in
formaldehyde causes overfixation, making tissue
difficult to process and hindering antigenicity. Addi-
tionally, there appears to be extraction of some bio-
molecules that are not directly crosslinked, including
a subset of lipids and small molecules. Other arti-
facts have also been suggested to occur in formalde-
hyde solutions that may be specific to the method of
storage or imaging employed. In contrast, alterna-
tive fluid preservation solutions, such as cryopro-
tectants and buffers with sodium azide, could avoid
the pitfalls associated with storage in formaldehyde.
Simply using a lower concentration of formaldehyde
for storage may also help to mitigate these
problems. A lack of solid data on these alternative
methods, however, means that they cannot yet be
recommended as obviously superior. In short, the
drawbacks of long-term formaldehyde storage are
largely known but not yet fully quantified, and
whether alternatives carry their own hidden issues
remains an open question in need of further
research.
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