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ABSTRACT

Immunohistochemistry (IHC) is a powerful biochemical technique that uses antibodies to specifically label and
visualize proteins of interests within biological samples. However, fluid-preserved specimens within natural
history collection often use fixatives and protocols that induce high background signal (autofluorescence), which
hampers IHC as it produces low signal-to-noise ratio. Here, we explored techniques to reduce autofluorescence
using sodium borohydride (SBH), citrate buffer, and their combination on fish tissue preserved with para-
formaldehyde, formaldehyde, ethanol, and glutaraldehyde. We found SBH was the most effective quenching
technique, and applied this pretreatment to the gill or skin of 10 different archival fishes — including specimens
that had been preserved in formaldehyde or ethanol for up to 65 and 37 years, respectively. The enzyme Na*/K*-
ATPase (NKA) was successfully immunostained and imaged using confocal fluorescence microscopy, allowing for
the identification and characterization of NKA-rich ionocytes essential for fish ionic and acid-base homeostasis.
Altogether, our SBH-based method facilitates the use of IHC on archival samples, and unlocks the historical
record on fish biological responses to environmental factors (such as climate change) using specimens from

natural history collections that were preserved decades to centuries ago.

1. Introduction

The potential of formaldehyde as a histological preservation agent
was first recognized in the late 19th century (Simmons, 2014). By the
early 20th century, formaldehyde was widely used in natural history
collections to indefinitely preserve biological materials for morpholog-
ical and taxonomic research (Simmons, 2014). Today, natural history
collections contain an unparalleled array of biological specimens
collected over the past centuries. As a result, natural history collections
are often regarded as ‘time machines’ that allow researchers to examine
and analyze samples collected decades to centuries ago (Shaffer et al.,
1998). However, long-term formaldehyde preservation is known to
denature DNA (Stollar and Grossman, 1962), alter §13C and 815N
isotope signatures (Edwards et al., 2002; Kelly et al., 2006), and induce
protein crosslinkage that impedes immunohistochemistry (IHC; Pik-
karainen et al., 2010; Stradleigh and Ishida, 2015). Past and ongoing
research are aimed at improving DNA extraction (reviewed in Card

et al, 2021; Raxworthy and Smith, 2021) and isotopic analysis
(Hetherington et al., 2019; reviewed in Sarakinos et al., 2002) from
archival specimens, whereas this study focuses on optimizing IHC of
archival fish samples to unlock information about protein abundance
and localization.

IHC is a biochemical technique that uses antibody-antigen immu-
noreactivity to label proteins of interest. Although alcohol- or aldehyde-
fixed tissues can be immunostained, tissues fixed with para-
formaldehyde (PFA) is often preferable as it provides more optimal
signal-to-noise ratio during imaging (Clancy and Cauller, 1998; Matsuda
etal., 2011; Diez-Fraile et al., 2012). However, PFA is significantly more
expensive than formaldehyde due to its extensive processing that is
difficult to perform in field conditions (Simmons, 2014), and likely will
not be widely adopted as the preservation agent across biological ar-
chives. Moreover, many of the fluid-preserved specimens within natural
history collections around the world have been fixed with, or remain
stored in formaldehyde. Thus, there is a great benefit to develop IHC
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techniques applicable to formaldehyde-fixed samples curated within
natural history collections.

Formaldehyde fixation adversely affects IHC by inducing excessive
protein crosslinkage, which prevents proper antibody binding (c.f. Pik-
karainen et al., 2010; Stradleigh and Ishida, 2015). Furthermore,
formaldehyde fixation results in high levels of background signal, which
masks the antibody-dependent signal and results in low signal-to-noise
ratio (reviewed in Shi et al., 2011; Stradleigh and Ishida, 2015). One
strategy often used to improve signal-to-noise ratio is by “quenching”
background autofluorescence and endogenous peroxidase activity
(reviewed in Shi et al., 1997, 2011). These quenching protocols are
typically optimized for paraffin-embedded mammalian tissue sections
using reagents such as sodium borohydride (SBH) or citrate buffer (CB)
(Shi et al., 1993, 2011; Baschong et al., 2001; Luquin et al., 2010; Oli-
veira et al., 2010; Matsuda et al., 2011). In contrast, research dedicated
to developing quenching protocols for formaldehyde-fixed, non--
mammalian archival tissue has been scant. In fact, IHC studies
attempting to revive archival fish tissue for whole-mount imaging has
been virtually non-existent. Despite this lack of research, several studies
have successfully used fluorescent IHC to immunotarget the enzyme
Na™-K*-ATPase (NKA) in formaldehyde-fixed fish gill (Wilson et al.,
2000; Kwan et al., 2019; Frommel et al., 2021), pseudobranch (Yang
et al., 2014), and intestine (Esbaugh and Cutler, 2016). However, these
successful immunostaining on formaldehyde-fixed samples required
targeted dissection (only the tissue of interest was fixed), transfer of
samples from fixatives to alcohol within hours (typically 8 — 24 h),
quenching procedures, sectioning, and/or the use of confocal micro-
scopy. Importantly, the targeted sampling and fixation duration sharply
contrast with existing collection protocols: curators and collection
managers are tasked with fixing an intact fish, which depending on its
size, may take weeks to months for formaldehyde to permeate through
the entire specimen. Furthermore, there may be limited reagents avail-
able during research collections, especially when at sea or remote field
stations. As a result, the fixation duration of archival samples varies
greatly, with some samples being preserved from weeks to years at a
time. Given the immense amount of historical data chronicled within
archival samples, it is necessary to test, develop, and validate a robust
quenching protocol that is applicable to natural history collections.

Natural history collections also contain specimens fixed in other
preservatives. Ethanol is arguably the oldest organic chemical used by
humans, and it is known to have been used as a preservative as early as
1662 (Simmons, 2014). Because ethanol was relatively expensive and
distorts specimens, its popularity as a fixative declined as the relatively
cheaper formaldehyde became the dominant preservation agent in the
20th century. More recently, ethanol has renewed utilization since
samples fixed in > 95% ethanol can preserve DNA (Card et al., 2021;
Raxworthy and Smith, 2021) and do not dissolve CaCO3 microstructures
such as otoliths (Swalethorp et al., 2016). Next, glutaraldehyde (GTA) is
another preservative sometimes used in museums that fixes tissue more
effectively, but at a slower rate than formaldehyde. Thus, GTA is
sometimes used in combination with formaldehyde to enhance strength
and rate of fixation (Simmons, 2014; Stradleigh and Ishida, 2015), and
their excellent preservation of cell ultrastructure facilitates scanning
electron microscopy (SEM). Even though samples fixed with 95%
ethanol or GTA are not intended for IHC (Kiernan, 2000; Matsuda et al.,
2011), they may be viable alternatives if the background signal could be
sufficiently dampened, and their immunoreactivity recovered.

This study aims to identify and validate a robust IHC technique on
archived fish samples preserved with fixatives at durations that reflect
those commonly found within natural history collections. In this study,
wild-caught splitnose rockfish (Sebastes diploproa) gills were fixed in 4 %
PFA, 3.7 % formaldehyde (10 % formalin), 7.4 % formaldehyde (20 %
formalin), 95 % ethanol, and combined 3 % PFA, 0.35 % GTA in 0.1 M
sodium cacodylate buffer (SEM fixative) at durations that reflect both
experimental and archival sampling. Next, we tested the effectiveness of
SBH, CB, or combined SBH and CB quenching on rockfish gills, and
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quantified their viability on reducing autofluorescence. Next, we vali-
dated the most promising of the three quenching treatments on archival
samples housed at the Scripps Institution of Oceanography (SIO) Marine
Vertebrate Collection (La Jolla, CA, USA) and the CalCOFI Ichthyoplankton
Collection (La Jolla; La Jolla, CA, USA), some of which were preserved in
formaldehyde and ethanol for as long as 65 and 37 years, respectively
(Table 1). The SIO Marine Vertebrate Collection (SIO MVC) contains
samples dating back to 1884, and houses ~2,000,000 fishes across
~5700 species (Singer et al., 2018; Frable, 2022). The majority of the
SIO MVC samples are fixed in 3.7 % formaldehyde (10% formalin)
diluted with DI-water and buffered with sodium tetraborate (3 g/L), and
the rest of the SIO MVC samples are mainly preserved in 95 % ethanol.
The Ichthyoplankton Collection at NOAA Southwest Fisheries Science
Center (SWFSC) houses larval fish samples that have been consistently
collected in the California Current Ecosystem by the California Coop-
erative Oceanic Fisheries Investigations (CalCOFI) since 1949, and in-
cludes ~75,000 larvae spanning across ~550 species (Moser et al.,
2002). The majority of these specimens are fixed in 1.9 % formaldehyde
(5 % formalin) diluted with seawater and buffered with sodium tetra-
borate (3 g/L). Roughly 3 months to 1 year later, the collected larval fish
samples are sorted, then transferred to 1.1 % formaldehyde (3 %
formalin) diluted with tap-water and buffered with sodium tetraborate
(3 g/L). Ever since 1997, CalCOFI begun preserving samples from the
port side of bongo nets in 95% ethanol (Thompson et al., 2017). Various
PFA- and GTA-fixed specimens preserved for experimental analysis were
provided by the Tresguerres lab (SIO) and other research groups to be
used as a comparison with archival samples. Fish samples were immu-
nostained against the enzyme NKA due to the many existing studies that
have successfully imaged NKA-rich ionocytes within the skin (c.f. Var-
samos et al., 2002a; Kwan et al., 2019) and gill (c.f. Christensen et al.,
2012; Montgomery et al., 2022) of various teleost fishes, and its essential
role in maintaining ionic and acid-base homeostasis (reviewed in Var-
samos et al., 2005; Evans et al., 2005; Glover et al., 2013). Altogether, 10
fish species were whole-mount immunostained against NKA and visu-
alized with fluorescent secondary antibodies on epifluorescence and
confocal microscopy.

2. Methods
2.1. Tissue collection and fixation methods

Splitnose rockfish (Sebastes diploproa; N = 3) were collected via
bottom trawl at 340 m depth off Coronado Island, San Diego, California,
USA (trawl in: 32°40.88'N, 117° 23.5'W; trawl out: 32° 43.27'N, 117°
22.09'W) on May 12th, 2018. Rockfish gills were quickly extracted and
preserved with one of five fixation methods: 1) 4% PFA in phosphate
buffer saline (PBS) at 4 °C for 8 h, transferred to 50 % ethanol at 4 °C for
12 h, then stored in 70% ethanol at 4 °C until processing, 2) 3.7 % DI-
diluted borate-buffered formaldehyde (commonly referred to as 10%
buffered formalin) for 2 weeks, then stored in 50 % isopropyl alcohol at
room temperature until processing, 3) 7.4 % DI-diluted borate-buffered
formaldehyde (commonly referred to as 20 % buffered formalin) for 2
weeks, then stored in 50 % isopropyl alcohol at room temperature until
processing, 4) 95 % ethanol at 4 °C for 8 h, then switched to fresh 95 %
ethanol at room temperature until processing, or 5) 3 % PFA, 0.35 %
GTA in 0.1 M sodium cacodylate buffer at 4 °C for 8 h, transferred to 50
% ethanol at 4 °C for 12 h, then stored in 70 % ethanol at 4 °C until
processing. Processing began ~3 months later on August 15th, 2018. For
the sake of brevity, we will refer to the preservative “3 % PFA, 0.35 %
GTA in 0.1 M sodium cacodylate buffer” simply as “SEM fixative”.

2.2. Tissue embedding, sectioning, and epifluorescence imaging
Samples were processed following the protocol detailed in Kwan

et al. (2020). Gill samples were dehydrated in ethanol (70%, 95%,
100%, 10 min each), incubated in SafeClear (three times; 10 min each),
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Table 1
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List of fishes tested, and relevant fixation information. PFA=paraformaldehyde. PBS=phosphate buffer saline. DI=deionized water. AKA=also known as.

SW=seawater. FW=freshwater.

Species Life Collector (s); Source Year Fixative employed Fixing Storage Solution Storage
Stage Sampled Duration Duration
Splitnose Rockfish Adult Ben Frable, Garfield Kwan; SIO 2018 Five different treatments; see methods for fixative, duration, and additional details.
(Sebastes Student Cruise
diploproa)
Bluefin Tuna Juvenile Garfield Kwan, Martin 2020 4 % PFA; diluted & buffered 12h 70 % ethanol 2 years
(Thunnus thynnus) Tresguerres; Ichthus Unlimited in PBS
Bocaccio (Sebastes Adult Carl Hubbs; SIO Marine 1951 3.7 % formaldehyde; DI- ~2 weeks 50 % isopropyl alcohol 71 years
paucispinis) Vertebrate Collection, SIO 51-264 diluted, borate-buffered
(AKA 10 % formalin)
Shortspine Adult Harold J Walker, Peter Franks; 2007 3.7 % formaldehyde; DI- 15 years Same solution n/a
Combfish SIO Marine Vertebrate Collection. diluted, borate-buffered
(Zaniolepis SIO 07-167 (AKA 10 % formalin)
frenata)
Tilefish Adult Troy Baird; SIO Marine 1985 95 % ethanol 37 years Same solution n/a
(Malacanthus Vertebrate Collection, SIO 19-77
plumieri)
Splitnose Rockfish Juvenile Phil Zerofski, Kaelan Prime, 2019 3 % PFA, 0.35 GTA, 0.1 M 8h 70 % ethanol 3 years
(Sebastes Garfield Kwan; SIO Experimental sodium cacodylate buffer
diploproa) Aquarium
Cowcod (Sebastes Larvae Megan Human, Matt Craig, 2020 4 % PFA; diluted & buffered 12h 70 % ethanol 2 years
levis) Garfield Kwan; CalCOFI in PBS
Ichthyoplankton Collection
Yellowtail Kingfish Larvae Darren Parsons, Phil Munday, 2017 4 % formaldehyde in 20 months 70 % ethanol 3 years
(Seriola lalandi) Alvin Setiawan; Northland phosphate buffer saline
Marine Research Centre
Northern Anchovy Larvae CalCOFI Cruise PT5804; 1958 1.9 % formaldehyde; SW- 3 months - 1.1 % formaldehyde; FW- 63-65
(Engraulis mordax) CalCOFI Ichthyoplankton diluted, borate-buffered 2 years diluted, borate-buffered years
Collection (AKA 5 % formalin) (AKA 3 % formalin)
Shortbelly Rockfish Larvae CalCOFI Cruise NH1202; 2012 95 % ethanol 10 years Same solution n/a
(Sebastes jordani) CalCOFI Ichthyoplankton
Collection
Yellowfin Tuna Larvae Jeanne Wexler; Inter-American 2015 3 % PFA, 0.35 GTA, 0.1 M 6h 70 % ethanol 7 years

(Thunnus
albacares)

Tropical Tuna Commission,
Achotines Laboratory

sodium cacodylate buffer

immersed in warm paraffin (65 °C; three times; 10 min each), then
embedded in paraffin on an ice pack overnight. The next day, gill
samples were sectioned using a microtome (12 pym thickness), mounted
onto glass slides, dried overnight in an incubator (35 °C), and stored at
room temperature.

On the day of imaging, paraffin was removed via SafeClear washes
(three times; 10 min each), and rehydrated in a series of decreasing
ethanol steps (100 %, 95 %, 70 %, 10 min each). Next, samples were
subjected to one of the following four quenching methods: 1) control
(PBS), 2) SBH (1.0 mg/ml) in ice cold PBS (six times; 10 min each), 3)
bath in heated CB (~95 °C for 15 min), or 4) CB then SBH quenching
procedure. Samples were then nuclear stained with Hoechst 33342 (5
ug/ml) at room temperature for 1 h, washed thrice with PBS with 0.1 %
Tween (PBS-T), immersed in Fluoro-gel with Tris (Electron Microscopy
Sciences; Hatfield, Pennsylvania, USA), mounted with a coverslip, and
imaged on an epifluorescence microscope (Zeiss AxioObserver Z1;
Oberkochen, Germany) equipped with filter cubes Zeiss 49 DAPI (exci-
tation: 352 nm, emission: 455 nm), Zeiss 38 HE GFP (excitation: 493 nm,
emission: 517 nm), and Zeiss 43 HE DsRed (excitation: 557 nm, emis-
sion: 572 nm) at 20x magnification (objective: Plan-Apochromat 20x/
0.8 M27).

Immunostained images were captured using Zeiss Axiovision soft-
ware at the same exposure duration (DAPI: 50 ms, GFP and DsRed: 1 s),
and their brightness and contrast were not adjusted. Immunostained
images were captured using Zeiss Axiovision software at the same
exposure duration (DAPL: 50 ms, GFP and DsRed: 1 s), and their
brightness and contrast were not adjusted. DAPI staining was excited at
335-383 nm, and detected at 420-470 nm. Fluorescence in the green
channel was excited at 450-490 nm, and detected at 500-550 nm.
Finally, fluorescence in the red channel was excited at 538-562 nm and
detected at 570-640 nm.

2.3. Quantifying mean fluorescence intensity

Gill images were separated into green and red channels, converted to
greyscale, then imported into FIJI (Schindelin et al., 2012). The fluo-
rescence intensity of both gill filament and background signal were
thrice measured (4 x4 ym; 16 pm? per measurement) using the mean
fluorescence intensity (MFI) quantification methods detailed in Shihan
et al. (2021). To ensure sampling consistency, we sampled the gill fila-
ment and ensured no background space was present. Autofluorescence
was calculated by subtracting gill filament signal from background
signal (thrice measured, 4 x4 um; 16 ym? per measurement). MFI values
are presented as a percentage by dividing from 255, the maximum value
possible. In total, we examined three gill samples per combination of
fixative and quenching method.

2.4. Validating IHC on archival samples

Whole-mount immunostaining using fluorescent secondary anti-
bodies were detailed in Kwan and Tresguerres (2022), respectively.
Comparison of quenching techniques across gill sections revealed SBH
was the best treatment (see Results), and was selected as the method
used to validate archival samples. In anticipation of higher background
signal due to longer fixation period, the concentration and number of
SBH washes were increased to 1.5 mg/ml and twelve times at 10 min
each, respectively. Next, samples were washed with PBS-T at room
temperature for 5 min, immersed in blocking buffer (PBS-T, 2% normal
goat serum, 0.02 % keyhole limpet hemocyanin) at room temperature
for 1 hr, then incubated with the primary antibodies (a5: 42 ng/ml in
blocking buffer; Developmental Studies Hybridoma Bank, University of
Iowa, Iowa City, USA) in blocking buffer at 4 °C overnight. The next day,
samples were washed in PBS-T (three times; 10 min each), incubated
with anti-mouse fluorescent secondary antibodies (Alexa Fluor 545;
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1:1000), anti-rabbit fluorescent secondary antibodies (Alexa Fluor 488;
1:1000) and Hoechst 33342 (5 pug/ml; Invitrogen) at room temperature
for 1 hr, washed in PBS-T (three times; 10 min each), then mounted onto
depression slides with a cover slip.

AlexaFluor (to visualize NKA) was detected in archival samples using
the Zeiss AxioObserver Z1 with a 20x objective (Plan-Apochromat 20x/
0.8 M27). Samples were imaged for a total of four times: pre-SBH
treatment (epifluorescence, DAPI, GFP, and DsRed: 100 ms), post-SBH
treatment (epifluorescence, DAPI, GFP, and DsRed: 100 ms), post-
immunostaining epifluorescence microscopy (epifluorescence, DAPIL:
3 ms, GFP and DsRed: 40 ms), and post-immunostaining confocal mi-
croscopy (confocal, DAPL: 353 nm excitation at 0.8 % laser power, 465
nm emission, detection 410-470 nm; GFP: 493 nm excitation at 0.8 %
laser power, 517 nm emission, detection 510-575 nm; DsRed: 577 nm
excitation at 0.8 % laser power, 603 nm emission, detection 575-617
nm). Samples without primary antibodies (negative controls) revealed
background fluorescence, but no specific ionocyte staining. Adult fishes
were imaged on the trailing edge of the gill, whereas larval fishes were
imaged on their skin immediately posterior to their respective opercu-
lum. Both post-immunostaining epifluorescence and confocal micro-
scope images were Z-stacked imaged at the same location. Image
brightness and contrast were not adjusted.

2.5. Statistical analysis

Statistical tests were performed using R (version 4.0.3; R Develop-
ment Core Team, 2013). Shapiro-Wilks and Levene’s test were used
initially to test ANOVA’s assumption of normality and homoscedasticity
of variance. First, we ran Two-way ANOVA to evaluate the multiplica-
tive effects of fluorescence channel and fixative on gill sections prior to
quenching treatments. We followed this with Tukey’s Honest Significant
Difference (HSD) post-hoc to evaluate the significance of pairwise
treatments. Second, we again used Two-way ANOVAs and Tukey HSDs
tests to elucidate the effects of fixative and quenching. Because our first
analysis (see Results) indicated differences between the green and red
fluorescence, the two channels were evaluated as separate Two-way
ANOVAs.

3. Result and discussion
3.1. Comparison of fixative-induced autofluorescence

Shapiro-Wilks and Levene’s tests indicated that normality and vari-
ance assumptions were met for all comparisons. The interaction between
fluorescence channel and fixative (F420 =30.99, p = <0.0001) was
significant among control, non-quenched samples (Two-way ANOVA;
Supplemental Table 1). In addition, green MFI was significantly higher
than red in all fixatives except 4 % PFA (Tukey HSD; Fig. 1). In the green
channel, the autofluorescence of tissues fixed in 3.7 % formaldehyde,
7.4 % formaldehyde, and SEM fixative were significantly higher than
those preserved with 4 % PFA (Fig. 1). However, the autofluorescence of
tissues fixed in 95% ethanol was not significantly different from those
preserved with 4 % PFA (Fig. 1). In contrast, the type of fixative did not
affect autofluorescence in the red channel (Fig. 1). Altogether, these
results suggest fixative-induced autofluorescence are channel/wave-
length specific. Representative images of non-quenched rockfish gill
tissues are shown in Figs. 2 and 3, respectively.

3.2. Impact of quenching on fixative-induced autofluorescence

Due to the disparity in green and red MFI within non-quenched
samples, we conducted separate Two-way ANOVAS to analyze the ef-
fects of quenching on fixative-induced autofluorescence. For green
autoflorescence, the interaction between fixative and quenching
methods was highly significant (Two-way ANOVA; Fqp40 =22.83,
p = <0.0001; Supplemental Table 2), and varied greatly from 9 % (4%
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Fig. 1. Comparison of fixative-induced autofluorescence prior to quenching
treatments in A) green and B) red channels. Statistical analysis: 2-way ANOVA
with Tukey HSD. Results shown as mean =+ SE. G=green, R=red,
PFA=paraformaldehyde, Form.=formaldehyde, EtOH=ethanol, GTA=glutar-
aldehyde. Uppercased green letters denote significance among fixatives in the
green fluorescence channels, and lowercased red letters denote significance
among fixatives in the red fluorescence channels. Asterisk denote significance
between fluorescence channels within fixative treatments.

PFA and SBH) to 91 % (SEM fixative and CB). In general, PFA-, 3.7 % and
7.4 % formaldehyde-, and SEM-fixed samples exhibited significantly
reduced green autofluorescence following SBH quenching, and signifi-
cantly greater green autofluorescence after CB or combined CB and SBH
quenching (Fig. 2). The only exception was found in 4% PFA-fixed
samples: SBH quenching reduced green autofluorescence by ~10%
MFI (~50 % of control value), but statistical significance was not
detected (Fig. 2). On the other hand, 95% ethanol-fixed samples were
not affected by SBH and CB, but experienced greater green auto-
fluorescence following combined SBH + CB incubation (Fig. 2).

For red autofluorescence, the interaction between fixative and
quenching methods was also highly significant (Two-way ANOVA; F12 40
=36.61, p = <0.0001; Supplemental Table 3) and varied from 2 % (4 %
PFA and SBH) to 55 % (SEM fixative and CB). The direction in which red
autofluorescence responds to the various quenching treatments was
mostly consistent with those observed for green autofluorescence.
Tukey’s HSD indicated SBH quenching significantly reduced red auto-
fluorescence in 4 % PFA-, 7.4 % formaldehyde-, and SEM-fixed samples,
but did not significantly affect 3.7 % formaldehyde- and 95 % ethanol-
fixed samples (Fig. 3). Next, CB quenching significantly increased red
autofluorescence in 3.7 % and 7.4 % formaldehyde- and SEM-fixed
samples, but did not significantly affect samples preserved with 4 %
PFA and 95 % ethanol (Fig. 3). Finally, combined SBH and CB resulted in
significantly higher red autofluorescence in 3.7 % formaldehyde-fixed
samples, and did not significantly change samples preserved in 4 %
PFA, 7.4 % formaldehyde, 95 % ethanol, or SEM fixative (Fig. 3).

In summary, SBH incubation generally reduced a considerable
amount of red and green autofluorescence in PFA-, formaldehyde- and
GTA-fixed samples. Because SBH is a known aldehydic reducing agent
(Abdel-Akher et al., 1952), its capacity to reduce cross-linkage caused by
aldehyde fixatives (i.e. PFA, formaldehyde, GTA) (Thavarajah et al.,
2012) should not be surprising. Moreover, this may explain why samples
preserved with 95 % ethanol failed to improve following SBH incubation
since their observed autofluorescence was not derived from the alde-
hyde. Finally, quenching with CB alone or in combination with SBH
barely reduced autofluorescence, indicating that high temperature and
alkaline hydrolysis are not appropriate for reducing background signal
in aldehyde- and ethanol-preserved archival fish samples.

3.3. Validating fluorescent IHC on whole-mount archival samples

Because SBH was the most effective at quenching autofluorescence
on cross sections, we tested this treatment on whole-mount archival fish
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Fig. 2. A) Comparison of quenching treatments on fixative-specific autofluorescence in the green channel (excitation: 450-490 nm, detection: 500-550 nm), and B)
representative image of gill autofluorescence. All images were captured using the same settings, and none of the images were altered. Alphabet letters denote
significance among quenching treatment within fixative. Statistical analysis: Two-way ANOVA with Tukey HSD. Results shown as mean + SE. Ctrl=control (no
quenching), PFA=paraformaldehyde, GTA=glutaraldehyde, EtOH=ethanol, SBH=sodium borohydride, CB=citrate buffer. Scale bar= 20 pm.

samples to determine if it could help make IHC viable on natural history
collections. To this aim, we selected archived fish samples from different
species that had been fixed and preserved under various conditions and
durations (Table 1). We chose NKA as the protein-of-interest because its
presence and localization has been abundantly documented using IHC
both in larval fish skin (reviewed in Varsamos et al., 2005) and adult fish
gills (reviewed in Hwang and Lee, 2007; Hwang et al., 2011). Similar to
our results in cross-sections, SBH incubation dramatically reduced
autofluorescence in whole-mount samples fixed with PFA, formalde-
hyde, and GTA - but not in samples fixed with 95% ethanol (Supple-
mental Figs. 1, 2).

Next, we assessed whether we could visualize NKA within the skin
and gill of various archival samples using epifluorescence microscopy
(Fig. 4). As expected, NKA-rich ionocytes were most discernable in
samples with low background signals such as the recently PFA-fixed
bluefin tuna gill and cowcod skin (Fig. 4A,B). Additionally, the SBH
treatment successfully increased the signal-to-noise ratio in
formaldehyde-fixed yellowtail kingfish skin (fixed for 20 months) to
levels comparable to the PFA-fixed samples (Fig. 4D). However, this

improvement was not consistently observed across all formaldehyde-
fixed samples. For instance, NKA signal in bocaccio gill and shortspine
combfish gill (formaldehyde-fixed for 2 weeks and 15 years, respec-
tively; Fig. 4C,E) were somewhat visible despite relatively high auto-
fluorescence, whereas NKA signal was not detectable in Northern
anchovy skin (formaldehyde fixed for 71 years) despite relatively low
autofluorescence (Fig. 4F). This indicates that the duration of formal-
dehyde fixation affects the signal-to-noise ratio. The tilefish gill and
shortbelly rockfish skin samples (Fig. 4G,H), which respectively had
been fixed and stored in 95% ethanol for 37 and 10 years, had intensely
bright autofluorescence that drowned out any NKA signal that may have
been present. Conversely, despite relatively low autofluorescence, NKA
signal was not observed in PFA+GTA-fixed splitnose rockfish gill and
yellowfin tuna skin (Fig. 4L,J).

In an attempt to filter the NKA signal from the background and out-
of-focus noise, we next tried confocal microscopy. This technique greatly
enhanced signal-to-noise ratio and allowed us to identify NKA-rich
ionocytes even in samples with high background tissue auto-
fluorescence and dim NKA signal, regardless of fixative and fixation
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Fig. 3. A) Comparison of quenching treatments on fixative-specific autofluorescence in the red channel (excitation: 538-562 nm, detection: 570-640 nm), and B)
representative image of gill autofluorescence. All images were captured using the same settings, and none of the images were altered. Alphabet letters denote
significance among quenching treatment within fixative. Statistical analysis: Two-way ANOVA with Tukey HSD. Results shown as mean =+ SE. Ctrl=control (no
quenching), PFA=paraformaldehyde, GTA=glutaraldehyde, EtOH=ethanol, SBH = sodium borohydride, CB=citrate buffer. Scale bar= 20 pm.

duration (Fig. 5). In recently PFA-fixed bluefin tuna gill and cowcod
skin, the NKA signal was very sharp (Fig. 5A,B) and greatly enhanced
compared to that obtained using epifluorescence (compare to Fig. 4A,B).
A sharp NKA signal was also observed in samples that were
formaldehyde-fixed for relatively short periods (bocaccio gill, 2 weeks;
yellowtail kingfish skin, 20 months) (Fig. 5 C,D), which was comparable
to that of PFA-fixed samples. Confocal microscopy also greatly enhanced
NKA signal in samples that were formaldehyde-fixed for longer dura-
tions (shortspine combfish gill, 15 years; Northern anchovy skin, 63-65
years) (Fig. 5 E,F), though their background signals remained apparent.
In addition, confocal microscopy was able to distinguish the NKA signal
in ethanol-fixed tilefish gill and Northern anchovy skin (albeit with high
background signal; Fig. 5G,H) and in PFA+GTA-fixed splitnose rockfish
gill and yellowfin tuna skin (Fig. 5I,J). These results demonstrate the
combination of SBH quenching and confocal microscopy can be used to
successfully immunolabel archival samples with fluorescent probes and
produce images of higher quality compared to those captured using
epifluorescence microscopy.

3.4. Implications for natural history collections

This study demonstrates the feasibility of using immunofluorescence
microscopy on archival samples, including those that have been
immersed in formaldehyde- or ethanol for multiple decades. We found
repeated SBH washes greatly reduced autofluorescence in tissues pre-
served with aldehyde-based fixatives, and greatly enhanced downstream
immunostaining and imaging. While epifluorescence imaging could not
adequately detect our protein-of-interest in formaldehyde-, ethanol-,
and GTA-fixed samples, confocal microscopy was able to resolve the
NKA signal from the background in both red and green channels
regardless of fixative and fixation duration. Altogether, this study sug-
gests archival samples from natural history collections can be immu-
nostained with relatively high success.

The duration of formaldehyde fixation ranges from weeks to years
depending on specimen size, collection protocols, and resource con-
straints. Here, we demonstrated that formaldehyde-fixed samples that
were transferred into isopropyl alcohol after ~2-weeks (bocaccio gill)
and into ethanol after 2-years’ time (yellowtail kingfish skin) can be
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Fig. 4. NKA (green, red) within fish samples preserved with various fixatives and fixation duration were whole-mount imaged with epifluorescence microscopy.
Images show a single image as high background signal prevents maximum intensity projection. Brightness and contrast were not adjusted. PFA=paraformaldehyde,

Form.=formaldehyde, GTA=glutaraldehyde, EtOH=ethanol. Scale bar= 20 pm.

sufficiently quenched of autofluorescence to produce IHC at a quality
that rival samples preserved with PFA (bluefin tuna gill, cowcod skin). In
particular, the 2-week, 3.7% formaldehyde-fixed bocaccio sample had
been stored in isopropyl alcohol for ~71 years, and the quality of the
resulting IHC images are particularly encouraging as many archival
samples are eventually transferred into alcohol for long-term storage
once the specimen is thought to be properly preserved.

Natural history collections sometimes opt to keep specimens in
formaldehyde to avoid the shrinkage effect associated with ethanol
preservation. We observed extended formaldehyde fixation resulted in
higher autofluorescence and obvious differences in IHC quality when

compared to the formaldehyde-fixed specimens that were eventually
transferred into alcohol (e.g. bocaccio and yellowtail kingfish). Even so,
the signal-to-noise ratio was sufficiently high to identify the NKA signal
in samples fixed in formaldehyde for 15 (shortspine combfish gill) and
65 years (Northern anchovy skin). Thus, specimens that have been
completely formaldehyde-immersed for extended periods of time can
still be viable for IHC. We believe this study is the first to successfully
immunostained an archival fish specimen that was formaldehyde-
preserved for 65 years.

Ethanol- and PFA+GTA-fixed samples were included to demonstrate
their capacity as a last resort. Although SBH had little impact on the
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Fig. 5. NKA (green, red) in fish samples preserved with various fixatives and fixation duration were whole-mount imaged with confocal microscopy. Images are
shown as maximum intensity projection. Brightness and contrast were not adjusted. PFA=paraformaldehyde, Form.=formaldehyde, GTA=glutaraldehyde,

EtOH=ethanol. Scale bar= 20 um.

autofluorescence of ethanol-fixed samples, confocal microscopy was still
capable of immunostaining our protein-of-interest. In contrast, although
SBH reduced autofluorescence in PFA+GTA-fixed samples, these still
exhibited high background autofluorescence, and the resulting quality
was similar to those fixed with ethanol- and formaldehyde-fixed
specimens.

Due to the comparative nature of this study, we standardized im-
aging parameters including exposure duration, laser intensity, and
channel-specific brightness and contrast levels. However, sample-
specific adjustments would undoubtedly have enhanced the image
quality of specimens fixed with non-optimal preservation methods; for

example by fine-tuning laser settings and utilizing fluorophores that
emit at wavelengths that do not overlap with tissue autofluorescence. In
addition, confocal microscope software has the capacity to subtract
specific wavelengths, which can also be used to reduce auto-
fluorescence. On another note, SBH could be used to quench auto-
fluorescence for other techniques such as fluorescent in situ
hybridization (FISH), especially in ethanol-fixed, DNA/RNA stable
specimens (Oliveira et al., 2010; Benerini Gatta et al., 2012).

By optimizing IHC on archival samples, we provide a valuable tool to
examine biological responses across archives collected from decades to
centuries ago. For instance, the NKA-rich ionocytes are ion-transporting
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cells responsible for maintaining osmotic and acid-base homeostasis in
fish (reviewed in Evans et al., 2005; Marshall and Grosell, 2006). As
climate change progresses and aquatic habitats are modified due to
anthropogenic activities, immunostained gill and skin NKA-rich ion-
ocytes can be used as biomarkers of the physiological status of fish to
establish baselines, monitor changes, and better predict physiological
responses of fishes. For instance, the ion-transporting protein machinery
within NKA-rich ionocytes changes according to environmental salinity
(reviewed in Hiroi and McCormick, 2012), and the abundance of
NKA-rich ionocytes may increase in response to hyper- (Varsamos et al.,
2002b) and hypo-osmotic stress (Uchida and Kaneko, 1996; Sasai et al.,
1998; Hirai et al., 1999; Zydlewski and McCormick, 2001). Today, rivers
are increasingly diverted for use in farmlands, dams, and cities (e.g. San
Francisco Estuary), and estuarine environments are becoming more sa-
line due to saltwater intrusion (Cloern et al., 2011; Hutton et al., 2016).
The SBH-quenching and IHC techniques described here can allow to
identify potential changes in protein expression and ionocyte abundance
by comparing archived estuarine fishes to contemporary specimens.
Similarly, IHC on archived fish specimens can be applied to other
aquatic habitats to assess the biological responses of climate change
across decadal and centurial timescales.

The techniques described in this paper should also be applicable to
other proteins and biological samples as long as adequate antibodies
exist or are developed. These techniques could also be used for other fish
organs that have already been immunostained with NKA and other an-
tibodies including inner ear (Kwan and Tresguerres, 2022), intestine
(Tresguerres et al., 2010), muscle, liver (Salmeron et al., 2021), and eye
(Damsgaard et al., 2020). And since the basic principles of immuno-
staining and quenching are universal, these techniques should also be
applicable to tissues from other organisms (e.g. annelids, arthropods,
mollusks) archived within natural history collections. However, further
optimization should be expected due to differences in fixation speed: the
fixative requires more time to permeate through a larger sample and
thus internal organs such as the intestine or muscles would take longer
to get fixed compared to the skin and gills. Furthermore, external
chitinous and calcium carbonate exoskeletons can also slow fixation and
affect IHC. Therefore, further research is needed to optimize and vali-
date THC on other archived organs and organisms, which could use the
SBH quenching and IHC techniques described here as a starting point.
Other quenching strategies worth exploring include photobleaching
with UV irradiation, ammonia + ethanol washes, and staining with
Sudan Black B dye (Ramos-Vara, 2005; Oliveira et al., 2010; Allmon and
Esbaugh, 2017). On another note, antigen-retrieval techniques should
be explored in the event that background autofluorescence is dim yet
IHC signal remains low. Antigen-retrieval techniques were mainly
developed in formalin-fixed paraffin-embedded mammalian tissue sec-
tions, and some common techniques include a combination of temper-
ature, salt additives (e.g. urea, lead thiocyanate), and acid-base changes
(Shi et al., 1993, 2004, 2011).

In summary, this study showcases the potential for using SBH
quenching coupled with confocal microscopy to immunostain and
analyze both freshly collected and historical specimens thereby
providing researchers with another tool to explore biological responses
over time. These techniques also allow studying archived endangered
and extinct species, overall elevating the inherent value of natural his-
tory collections.
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Supplemental Material

Supplemental Table 1: Relevant Tukey’s HSD statistical details on green
autofluorescence ~ fixative*quenching. 0=0.05.

Pairwise Comparison Mean Lower Upper Adjusted P | Significant?
Difference | Hinge Hinge Value

7.4%f:Green-3.7%f:Green -4.6849673 | -14.29998 | 4.9300458 0.769763 | No

4%pfa:Green-3.7%f:Green -40.979521 - | -31.364508 0 | Yes
50.594534

95%EtOH:Green-3.7%f:Green -32.468453 - -22.85344 0 | Yes
42.083466

EMS:Green-3.7%f:Green -27.59573 - | -17.980717 | 0.0000001 | Yes
37.210743

EMS:Green-95%EtOH:Green 4.8727233 -4.74229 | 14.4877365 0.731247 | No

95%EtOH:Green-4%pfa:Green 8.5110675 | -1.103946 | 18.1260807 | 0.1107787 | No

EMS:Green-4%pfa:Green 13.3837909 3.768778 | 22.998804 | 0.0025509 | Yes

4%pfa:Green-7.4%f:Green -36.294553 - -26.67954 0 | Yes
45.909567

95%EtOH:Green-7.4%f:Green -27.783486 - | -18.168473 | 0.0000001 | Yes
37.398499

EMS:Green-7.4%f:Green -22.910763 - | -13.295749 | 0.0000019 | Yes
32.525776

7.4%f:Red-3.7%f:Red 2.262963 -7.35205 | 11.8779761 | 0.9969485 | No

4%pfa:Red-3.7%f:Red -5.3539869 -14.969 | 4.2610262 | 0.6256692 | No

95%EtOH:Red-3.7%f:Red -4.232244 - | 5.3827691 | 0.8522834 | No
13.847257

EMS:Red-3.7%f:Red -1.7864488 - | 7.8285643 | 0.9995053 | No
11.401462

4%pfa:Red-7.4%f:Red -7.6169499 - | 1.9980633 | 0.1997706 | No
17.231963

95%EtOH:Red-7.4%f:Red -6.495207 | -16.11022 | 3.1198062 | 0.3792554 | No

EMS:Red-7.4%f:Red -4.0494118 - | 5.5656014 | 0.8804908 | No
13.664425

95%EtOH:Red-4%pfa:Red 1.1217429 -8.49327 | 10.7367561 | 0.9999896 | No

EMS:Red-4%pfa:Red 3.5675381 | -6.047475 | 13.1825513 | 0.9387269 | No

EMS:Red-95%EtOH:Red 2.4457952 | -7.169218 | 12.0608084 | 0.9946261 | No

EMS:Red-EMS:Green -15.463486 - | -5.8484727 | 0.0004805 | Yes
25.078499

95%EtOH:Red-95%EtOH:Green -13.036558 - | -3.4215446 | 0.0033762 | Yes
22.651571

7.4%f:Red-7.4%f:Green -34.324837 | -43.93985 | -24.709824 0| Yes

3.7%f:Red-3.7%f:Green -41.272767 | -50.88778 | -31.657754 0| Yes

4%pfa:Red-4%pfa:Green -5.6472331 - 3.96778 | 0.5595127 | No

15.262246




Supplemental Table 2: Relevant Tukey’s HSD statistical details on green
autofluorescence ~ fixative*quenching. a=0.05.

Pairwise Comparison Mean Lower Upper Adjusted P | Significant?
Difference | Hinge Hinge Value
4%pfa:CB+SBH-4%pfa:CB -14.123007 | -27.576062 -0.669951 | 0.0308279 | Yes
4%pfa:Ctrl-4%pfa:CB -25.944967 | -39.398023 | -12.491912 | 0.0000012 | Yes
4%pfa:SBH-4%pfa:CB -36.268105 -49.72116 | -22.815049 0| Yes
4%pfa:Ctrl-4%pfa:CB+SBH -11.821961 | -25.275016 | 1.6310948 | 0.1459944 | No
4%pfa:SBH-4%pfa:CB+SBH -22.145098 | -35.598154 | -8.6920425 | 0.0000359 | Yes
4%pfa:SBH-4%pfa:Ctrl -10.323137 | -23.776193 | 3.1299183 0.329417 | No
3.7%f:CB+SBH-3.7%f:CB 4.25424837 | -9.1988072 | 17.7073039 | 0.9994179 | No
3.7%f:Ctrl-3.7%f.CB -22.837124 -36.29018 | -9.3840686 | 0.0000194 | Yes
3.7%f:SBH-3.7%f.CB -37.804444 -51.2575 | -24.351389 0| Yes
3.7%f:Ctrl-3.7%f.CB+SBH -27.091373 | -40.544428 | -13.638317 | 0.0000004 | Yes
3.7%f:SBH-3.7%f:CB+SBH -42.058693 | -55.511748 | -28.605637 0| Yes
3.7%f:SBH-3.7%f:Ctrl -14.96732 | -28.420376 | -1.5142647 | 0.0162849 | Yes
7.4%f:CB+SBH-7.4%f.CB -7.1879739 | -20.641029 | 6.2650817 | 0.8734535 | No
7.4%f:Ctrl-7.4%f.CB -27.435556 | -40.888611 -13.9825 | 0.0000003 | Yes
7.4%f:SBH-7.4%f.CB -43.62841 | -57.081465 | -30.175354 0| Yes
7.4%f:Ctrl-7.4%f.CB+SBH -20.247582 | -33.700637 | -6.7945261 | 0.0001931 | Yes
7.4%f:SBH-7.4%f.CB+SBH -36.440436 | -49.893491 -22.98738 0| Yes
7.4%f:SBH-7.4%f:Ctrl -16.192854 -29.64591 | -2.7397985 | 0.0061561 | Yes
95%EtOH:CB+SBH- 9.34501089 | -4.1080447 | 22.7980664 | 0.5008772 | No
95%EtOH:CB
95%EtOH:Ctrl-95%EtOH:CB -9.295817 | -22.748873 | 4.1572386 | 0.5102015 | No
95%EtOH:SBH-95%EtOH:CB 1.57494554 -11.87811 | 15.0280011 1| No
95%EtOH:Ctrl- -18.640828 | -32.093883 | -5.1877723 | 0.0007856 | Yes
95%EtOH:CB+SBH
95%EtOH:SBH- -7.7700654 | -21.223121 | 5.6829902 | 0.7908445 | No
95%EtOH:CB+SBH
95%EtOH:SBH-95%EtOH:Ctrl 10.8707625 -2.582293 | 24.3238181 | 0.2501752 | No
EMS:CB+SBH-EMS:CB -39.000087 | -52.453143 | -25.547032 0| Yes
EMS:Ctrl-EMS:CB -58.055425 -71.50848 | -44.602369 0| Yes
EMS:SBH-EMS:CB -72.748192 | -86.201247 | -59.295136 0| Yes
EMS:Ctrl-EMS:CB+SBH -19.055338 | -32.508393 | -5.6022821 | 0.0005486 | Yes
EMS:SBH-EMS:CB+SBH -33.748105 -47.20116 | -20.295049 0| Yes
EMS:SBH-EMS:Ctrl -14.692767 | -28.145822 | -1.2397113 | 0.0201049 | Yes




Supplemental Table 3: Relevant Tukey’s HSD statistical details on red
autofluorescence ~ fixative*quenching. o=0.05.

Pairwise Comparison Mean Lower Upper Adjusted P | Significant?
Difference Hinge Hinge Value
4%pfa:CB+SBH-4%pfa:CB -7.1691503 -16.31833 | 1.98002953 | 0.2961427 | No
4%pfa:Ctrl-4%pfa:CB -1.1801743 | -10.329354 | 7.96900556 1| No
4%pfa:SBH-4%pfa:CB -12.260915 | -21.410095 | -3.1117352 | 0.0013291 | Yes
4%pfa:Ctrl-4%pfa:CB+SBH 5.98897603 | -3.1602038 | 15.1381559 | 0.6042016 | No
4%pfa:SBH-4%pfa:CB+SBH -5.0917647 | -14.240945 | 4.05741515 | 0.8336959 | No
4%pfa:SBH-4%pfa:Ctrl -11.080741 | -20.229921 | -1.9315609 | 0.0056729 | Yes
3.7%f:CB+SBH-3.7%f:CB 6.78867102 | -2.3605088 | 15.9378509 | 0.3854476 | Yes
3.7%f:Ctrl-3.7%f.CB -10.891721 | -20.040901 | -1.7425413 | 0.0071086 | Yes
3.7%f:SBH-3.7%f.CB -16.420741 | -25.569921 | -7.2715609 0.000006 | Yes
3.7%f:Ctrl-3.7%f.CB+SBH -17.680392 | -26.829572 | -8.5312123 | 0.0000012 | Yes
3.7%f:SBH-3.7%f:CB+SBH -23.209412 | -32.358592 | -14.060232 0| Yes
3.7%f:SBH-3.7%f:Ctrl -5.5290196 -14.6782 | 3.62016025 | 0.7302007 | No
7.4%f:CB+SBH-7.4%f.CB -13.19207 -22.34125 | -4.0428899 | 0.0004071 | Yes
7.4%f:Ctrl-7.4%f.CB -19.887582 | -29.036762 | -10.738402 | 0.0000001 | Yes
7.4%f:SBH-7.4%f.CB -29.337255 | -38.486435 | -20.188075 0| Yes
7.4%f:Ctrl-7.4%f.CB+SBH -6.695512 | -15.844692 | 2.45366787 | 0.4092248 | No
7.4%f:SBH-7.4%f.CB+SBH -16.145185 | -25.294365 | -6.9960053 | 0.0000086 | Yes
7.4%f:SBH-7.4%f:Ctrl -9.4496732 | -18.598853 | -0.3004934 | 0.0364347 | Yes
95%EtOH:CB+SBH-95%EtOH:CB 1.83389978 | -7.3152801 | 10.9830796 | 0.9999993 | No
95%EtOH:Ctrl-95%EtOH:CB -4.1815686 | -13.330749 | 4.96761122 | 0.9638366 | No
95%EtOH:SBH-95%EtOH:CB 3.0908061 | -6.0583738 | 12.239986 | 0.9986403 | No
95%EtOH:Ctrl-95%EtOH:CB+SBH -6.0154684 | -15.164648 | 3.13371144 | 0.5967071 | No
95%EtOH:SBH-95%EtOH:CB+SBH 1.25690632 | -7.8922735 | 10.4060862 1| No
95%EtOH:SBH-95%EtOH:Ctrl 7.27237473 | -1.8768051 | 16.4215546 | 0.2743122 | No
EMS:CB+SBH-EMS:CB -42.988976 | -52.138156 | -33.839796 0| Yes
EMS:Ctrl-EMS:CB -38.079434 | -47.228613 | -28.930254 0| Yes
EMS:SBH-EMS:CB -51.946318 | -61.095498 | -42.797138 0| Yes
EMS:Ctrl-EMS:CB+SBH 4.90954248 | -4.2396374 | 14.0587223 | 0.8696027 | No
EMS:SBH-EMS:CB+SBH -8.957342 | -18.106522 | 0.19183781 | 0.0608723 | No
EMS:SBH-EMS:Ctrl -13.866885 | -23.016064 | -4.7177047 | 0.0001703 | Yes




Pre-SBH Quenching: 100 ms Post-SBH Quenching: 100 ms

Bluefin Tuna Gill
4% PFA (12 hours)

Bocaccio Gill
3.7% Form. (2 weeks)

Shortspine Combfish Gill|
3.7% Form. (15 years)

Tilefish Gill
95% EtOH (37 years)

Splitnose Rockfish Gill
3% PFA, 0.35% GTA (8 hours)

Supplemental Figure 1: Whole-mount epifluorescence images of various archival fish
gills before and after sodium borohydride (SBH) quenching. PFA=paraformaldehyde,
GTA=glutaraldehyde, EtOH=ethanol. Scale bar=20 um.




Pre-SBH Quenching: 100 ms Post-SBH Quenching: 100 ms

Yellowtail Kingfish skin Cowcod skin
4% PFA (12 hours)

1.1-1.9% Form. (71 years)| 4% Form. (20 months)

Shortbelly Rockfish skin| Northern Anchovy skin
95% EtOH (10 years)

Yellowfin Tuna skin
3% PFA, 0.35% GTA (6 hours)

Supplemental Figure 2: Whole-mount epifluorescence images of various archival fish
skin before and after sodium borohydride (SBH) quenching. PFA=paraformaldehyde,
GTA=glutaraldehyde, EtOH=ethanol. Scale bar=20 um.
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