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Abstract

Biodiversity hotspots, which harbor more endemic species than elsewhere on Earth, are
increasingly threatened. There is a need to accelerate collection efforts in these regions
before threatened or endangered species become extinct. The diverse geographical, eco-
logical, genetic, morphological, and behavioral data generated from the on-site collection of
an individual specimen are useful for many scientific purposes. However, traditional meth-
ods for specimen preparation in the field do not permit researchers to retrieve neuroanatom-
ical data, disregarding potentially useful data for increasing our understanding of brain
diversity. These data have helped clarify brain evolution, deciphered relationships between
structure and function, and revealed constraints and selective pressures that provide con-
text about the evolution of complex behavior. Here, we report our field-testing of two com-
monly used laboratory-based techniques for brain preservation while on a collecting
expedition in the Congo Basin and Albertine Rift, two poorly known regions associated with
the Eastern Afromontane biodiversity hotspot. First, we found that transcardial perfusion fix-
ation and long-term brain storage, conducted in remote field conditions with no access to
cold storage laboratory equipment, had no observable impact on cytoarchitectural features
of lizard brain tissue when compared to lizard brain tissue processed under laboratory
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conditions. Second, field-perfused brain tissue subjected to prolonged post-fixation
remained readily compatible with subsequent immunohistochemical detection of neural
antigens, with immunostaining that was comparable to that of laboratory-perfused brain tis-
sue. Third, immersion-fixation of lizard brains, prepared under identical environmental con-
ditions, was readily compatible with subsequent iodine-enhanced X-ray microcomputed
tomography, which facilitated the non-destructive imaging of the intact brain within its skull.
In summary, we have validated multiple approaches to preserving intact lizard brains in
remote field conditions with limited access to supplies and a high degree of environmental
exposure. This protocol should serve as a malleable framework for researchers attempting
to rescue perishable and irreplaceable morphological and molecular data from regions of
disappearing biodiversity. Our approach can be harnessed to extend the numbers of spe-
cies being actively studied by the neuroscience community, by reducing some of the diffi-
culty associated with acquiring brains of animal species that are not readily available in
captivity.

1. Introduction

By one estimate [1], 86% of the world’s extant eukaryotic species still await identification and
description. It is believed that our current classification and taxonomic efforts are too slow to
overcome biodiversity loss [1]. As a result, many species may go extinct before their existence
is even known to us. Terrestrial biodiversity is concentrated in at least 35 biodiversity hotspots.
Although they account for only 2.3% of the Earth’s land surface, these areas harbor over 50%
of the world’s endemic plant species and an estimated 43% of endemic terrestrial vertebrate
species [2]. Intensive efforts are now underway to fully characterize and document the biota
within these hotspots, which are anticipated to yield the highest amount of data in the shortest
amount of time [3]. Thus, even if rapid global biodiversity loss cannot be fully prevented,
efforts can be made at these hotspots to mitigate data losses with targeted efforts at data rescue.
Such efforts can help inform rational strategies for conservation efforts that have been demon-
strated to slow the rate of global biodiversity decline [4] and help increase our understanding
of how traits vary across species.

An important part of such data rescue involves documenting biodiversity through the care-
ful and responsible on-site collection of individual members of poorly known species [5, 6].
On-site collection allows for a variety of information to be gathered for such species, including
geographical, ecological, genetic, biochemical, morphological, and behavioral datasets; e.g., [7-
11]. Having diverse datasets for a species, in turn, affords investigators flexibility in how the
data can later be used for a host of analytical approaches across molecular to macro-evolution-
ary scales [12-19], even if current paradigms of analysis favor some datasets over others.

A potentially useful—but often overlooked—source of variation is the brain. Mapping of
neuroanatomical characters onto molecular-based phylogenies has revealed new information
about differences in brain region size and encephalization among species [14-16], the evolu-
tion of species-specific communication [17], and the evolutionary origins of the neurological
configuration of the brain for certain taxa [18]. Moreover, comparing neuroanatomical charac-
ters in wild-caught animals with those in their domesticated counterparts has provided insights
about the genetic routes through which domestication becomes manifest in different species
[19]. Unfortunately, field methods used to preserve collected specimens traditionally have been
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incompatible with the preservation of neuroanatomy for several reasons. First, biodiversity
hotspots are often located in remote regions of developing countries where infrastructure is
inadequate to support laboratory-based neuroanatomical and neuromolecular research [20,
21]. Second, in remote field locations there is limited access to resources that ensure optimal
preservation of brain tissue, such as appropriate fixatives or stable cold storage conditions free
from environmental exposure. Finally, local regulations often prohibit the export of live ani-
mals to outside countries where adequate laboratory-based infrastructure may exist, further
discouraging researchers without access to regional laboratories from preserving brain tissues
optimally.

In addition to these challenges, the collection of rare and previously undocumented species
affords additional considerations related to brain tissue processing. In particular, dissecting
and sectioning preserved brains destroys important gross anatomical information that is
potentially useful for advancing knowledge of the brains of newly discovered or previously
undocumented species. Such information includes craniometric relationships between the
skull and underlying brain tissue structures that could potentially inform future stereotaxic
procedures, as well as three-dimensional relationships within the brain and between cranially
derived sensory and motor organs and the neural networks to which they are connected. This
information in turn can help enable classification of cell types, neural configurations, and
structure-function relationships for specific brain circuits across a far wider diversity of verte-
brate taxa than is currently understood.

In this study, portions of which have been presented in preliminary form [22], we have
developed a validated field protocol for brain tissue preservation that overcomes these chal-
lenges. Specifically, two of us (DFH and EG) undertook a 58-day collecting expedition to the
Congo Basin and Albertine Rift of Central Africa, both poorly known regions that form por-
tions of the Eastern Afromontane biodiversity hotspot [23, 24], and performed on-site eutha-
nasia of lizards and fixation of their intact brains under entirely remote conditions, with
limited access to supplies, and during a high degree of environmental exposure. We field-tested
two tissue fixation methods commonly used in the laboratory: immersion and transcardial per-
fusion with buffered formalin. We evaluated the efficacy of these methods in the laboratory by
examining the field-fixed samples collected in Central Africa at the cytoarchitectural, che-
moarchitectural, and gross-neuroanatomical levels by using semi-quantitative Nissl-based
structural analysis, immunohistochemistry, and diffusible iodine-based contrast-enhanced
computed tomography (diceCT) [25, 26], respectively. Our field protocols not only generated
high-quality tissue preservation at the cellular and regional tissue levels, but they are also com-
patible with non-destructive imaging, at the gross neuroanatomical level, of the intact skull and
underlying soft brain tissue. These fixation methods are simple to implement in the field,
require few resources that would otherwise be difficult to obtain in remote locations, and are
extensible to collection efforts for a variety of poorly known or undiscovered vertebrates found
in the world’s most fragile ecosystems.

2. Materials and Methods

2.1 Approvals and permissions

Permission to collect lizards in Uganda was obtained from the Uganda Wildlife Authority
(UWA), the National Biodiversity Data Bank at Makerere University, Institut Superieur d’Eco-
logie pour la Conservation de la Nature (ISEC), and Uganda’s CITES License (2888). Permission
to collect in Democratic Republic of Congo (DRC) was granted by the Centre de Recherche en
Sciences Naturelles (CRSN—LW1/27/BB/KB/BBY/60/2014) and the Institut Congolais pour la
Conservation de la Nature (ICCN— 1007/ICCN/DG/ADG/DT/04). The University of Texas at
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El Paso’s (UTEP) Institutional Animal Care and Use Committee (IACUC—A-200902-1)
approved field and laboratory methods.

2.2 Expedition details and experimental subjects collected for this study

The expedition took place May-July 2014. Table 1 lists the animals collected for this study,
including the locations where they were collected. Location 1 is in Bwindi Impenetrable
National Park, Uganda; Location 2 is in Rwenzori Mountains National Park, Uganda; and
Location 3 is in the small village of Boda in northeastern DRC. These collection sites are located
in the Albertine Rift (Locations 1, 2) and Congo Basin (Location 3), two regions that form por-
tions of the Eastern Afromontane biodiversity hotspot [23, 24].

In addition to animals collected in the field, control animals listed in Table 2 and processed
at UTEP under laboratory conditions were purchased from Underground Reptiles (Deerfield
Beach, FL).

2.3 Formaldehyde sources

2.3.1 Sources used for field studies. The buffered formalin solution used in this study was
derived from either of two sources: (1) stock formalin (37% v/v formaldehyde) sold commer-
cially in bottled liquid form in Kampala, Uganda and (2) paraformaldehyde powder (100%
formaldehyde) obtained from the University of Kisangani, DRC. These sources of formalde-
hyde were used to freshly prepare 1 L batches of ca. 4% and 10% buffered formalin (100 ml v/v
of source (1) or 100 g w/v of source (2) added to 900 ml of water) in the field using 4 g of
sodium phosphate monohydrate (NaH,PO,H,0) and 6.5 g of dibasic sodium phosphate anhy-
drate (Na,HPO,) per liter of formalin. The solution prepared from powdered formaldehyde
differed from the liquid commercial-grade formalin in a few important ways: (1) it was mixed
without heat-mediated depolymerization, due to a lack of electricity and laboratory facilities;
(2) it was not filtered; (3) it contained a final concentration of 10% formaldehyde; and (4) it
lacked methanol, a common stabilizer which can affect certain immunological reactions. In
order to facilitate semi-quantitative comparisons with laboratory-fixed chameleons (fixed
using formalin with a final concentration of 4% formaldehyde), the field-caught chameleons
listed in Table 1 (Locations 1 and 2) were all fixed using the diluted liquid stock solution (ca.
4% formaldehyde, final concentration). In contrast, the agamid (Location 3) was the only speci-
men perfused using the solution prepared from powdered fixative (10% formaldehyde, final
concentration). Although the pH values for these solutions were not measured in the field, they
were likely near neutral pH, based on the buffering ranges of the salts we used.

2.3.2 Source used for laboratory studies. The fixative used was prepared from freshly
depolymerized and cleared granular p-formaldehyde (Electron Microscopy Sciences Inc., Hat-
field, PA; Catalog #19210) as a 4% w/v solution in sodium borate buffer (pH 9.5 at 4°C). First
validated by Berod and colleagues [27], this high pH solution is used routinely in our labora-
tory for locating neural antigens with immunohistochemistry [28-31].

2.4 Methods pertaining to tissue fixed by transcardial perfusion

2.4.1 Transcardial perfusions. 2.4.1a: Transcardial perfusions under field conditions:
Fig 1 shows details of our field procedures, and Table 3 lists the supplies used to perform them.
Lizards were deeply sedated by placing them in closed plastic containers containing two cotton
balls saturated with liquid isoflurane. When the animals were sedated enough to remain immo-
bile, they were briefly removed from the container to record body weight and snout-vent
length before being returned to the container to complete the sedation. Other more detailed
morphometric measurements necessary for biodiversity studies, especially of the head, were
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Table 1. Details for the animals collected in the field.

Species ID SVL TL BW Sex Coordinates Elevation  Fixation Type, Duration w/o Cold
Time* Storage
Location 1: Uganda: Western Region, Kabale-Kanungu Districts, Bwindi Impenetrable National Park
Trioceros johnstoni [Figs UTEP 109 121 31.9 M S01.04836, 2284 m P, 58 min 54 d
2 & 6A] 21385 E29.77684
Rhampholeon boulengeri UTEP 48 13 25 Uy, S00.97828, 1563 m P, 42 min 54d
21386 M E29.69354
Location 2: Uganda: Western Region, Kasese District, Rwenzori Mountains National Park
Trioceros ellioti UTEP 59 53 3.9 M N00.34972, 1655 m P, 51 min 51d
21387 E30.02973
Trioceros johnstoni [Fig 7B UTEP 100 107 31.2 F N00.36033, 1909 m I, 18 min NA
and 7C] 21388 E30.00975
Rhampholeon boulengeri UTEP 47 12 3.6 F N00.36029, 1942 m I, 25 min NA
[Fig 7A] 21389 E30.00922
Rhampholeon boulengeri UTEP 46 14 3.1 M N00.36029, 1942 m P, 33 min 51d
[Fig 6C] 21390 E30.00922
Location 3: DR Congo: Orientale Province, Bas-Uele District, Boda village
Agama cf. finchi [Fig 4] UTEP 108 171 40.9 M N03.52319, 653 m P, 46 min 21d
21391 E26.39019

Details regarding the animals which underwent euthanasia and fixation under field conditions for this study. Abbreviations used: BW, body weight (g); F,

female; |, immersion fixation; ID, identification number (UTEP Biodiversity Collections); Jv, juvenile; M, male; NA, not applicable (these specimens did not

go to cold storage); P, perfusion fixation; SVL, snout-vent length (mm); TL, tail length (mm). Note that coordinates are expressed in decimal degrees.

Specimens indicated by underlining are those for which tissue photographs have been furnished in this study (brackets note the specific figures).
* The interval between sedation of the subject to storage of the fixed brain.

doi:10.1371/journal.pone.0155824.t001

also recorded at this time (e.g., head length and width, snout length, etc.). Once fully anesthe-
tized (i.e., no Labyrinthine righting reflex), animals were affixed to a silicone mat by a single
pin pierced through each appendage (Fig 1B).

For perfusion, the lizard’s snout was placed inside a 50-ml conical tube that contained an
isoflurane-soaked cotton ball at its base. To open the mediastinum (thoracic cavity), scissors,
aided with finer incisions from a scalpel, were used to cut anterior-posterior from mid-neck to
lower-abdomen. The thoracic cavity was opened without collapsing the pectoral girdle on the
brachiocephalic trunks and carotid arteries. The thoracic wall was removed—the sternum was
cut free from the ribs, connective tissue was excised, and portions of the ribs and lungs were
removed to further expose the heart, right atrium, and carotid arteries (Fig 1C and 1D). The
common carotid artery was gently seized with forceps to elevate the heart from the pericardial
cavity and better observe the flow of injected solutions toward the head (Fig 1C and 1D).

Table 2. Details for the animals used in the laboratory.

Species
Trioceros jacksonii [Fig 3]
Trioceros jacksonii
Rieppeleon kerstenii [Fig 6B and 6D]

ID SVL TL BW Sex Fixation Type Time* Duration w/o Cold Storage
UTEP 21382 111 92 40.9 F P 34 min od
UTEP 21383 119 114 43.5 M P 50 min 0d
UTEP 21384 49 10 3.2 F P 29 min 0d

Details regarding the animals which underwent euthanasia and fixation under lab conditions for this study. See Table 1 for abbreviations used. Specimens
indicated by underlining are those for which tissue photographs have been furnished in this study (brackets note the specific figures).
* The interval between sedation of the subject to storage of the fixed brain on ice.

doi:10.1371/journal.pone.0155824.t1002
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Fig 1. Images of field-based perfusion technique. The field laboratory setup (A); pinned lizard on silicone mat prior to opening of
the thoracic cavity (B); injections of solution through opening in apex of heart (C, D); partially dissected and exposed formaldehyde-

fixed brains (E, F, G).

doi:10.1371/journal.pone.0155824.9001
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Table 3. Materials for field perfusion procedures.

Item

1. Containers
Falcon™ conical centrifuge tube (polypropylene, 50 ml)
field box with handle (11.6” x 5.1” x 7.1”)
Fisherbrand™ bottle (polyethylene, 125 ml)
2. Reagents and solutions
4% and 10% formalin, sodium phosphate buffered
Isosol™ (isoflurane, USP) (250 ml)
normal saline solution, sterile (250 ml)
sucrose (5 kg)
3. Perfusion and dissecting instruments
hypodermic needle (18 ga)
syringe (3 cc)
Dumont #5SF forceps (inox steel, super fine, straight tip)
Friedman-Pearson rongeurs (1 mm cup size, straight tip)
interchangeable blades (angled, 10 mm cutting edge)
Moria fine scissors (inox steel, extra sharp, straight tip)
insect pin (size 3, 0.5 mm diameter, 4 cm length)
scalpel handle #3 (stainless steel, 12 cm length)
spatula & probe (stainless steel, 14 cm length)
student surgical scissors (stainless steel, 14.5 cm length)
Vannas spring scissors (straight tip, 2 mm cutting edge)
4. Miscellaneous supplies
cotton ball (500/pack)
digital balance, battery-operated
Parafilm “M” (2" x 250')
silicone mat
plastic ruler

doi:10.1371/journal.pone.0155824.t003

Quantity

10

varied

10 (strips)
2
1

Supplier

Fisher
Plano Molding
Fisher

See Methods
Vedco
Vedco

Sigma-Aldrich

Nipro

Nipro
Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools

U.S. Cotton
Ohaus
Bemis
OXO

Catalog #

352070
131200
02911952

NA
NDC 50989-150-15
NDC 50989-641-15
S8501

AH+1825
JD+03L
11252-00
16020-14
10035-15
1437022
26001-50
10003-12
10090-13
91402-14
15000-03

PM992
372100V2

Lizards were exsanguinated from an incision to the right atrium with fine scissors. Two 3-ml
syringes, equipped with 18-gauge needles, were used for successive injections into the apex of
the heart (Fig 1C and 1D). The needle tip was inserted carefully into the apex and extended
through the ventricle to settle visibly just beyond the base of the common carotid. Saline was
injected first, followed by buffered formalin solution. In both cases, due to lack of ice or cold
storage, the solutions injected were not cold. The small amount of liquid formalin waste (ca. 2
ml) collected after perfusion was diluted with water to a nonhazardous concentration of <0.1%
and disposed of down a drain.
2.4.1b: Transcardial perfusions under laboratory conditions: Control-group animals
(Table 2) perfused transcardially under laboratory conditions at UTEP underwent identical
procedures to those described above for field perfusions with a few notable differences. First,
the formulation and source of formaldehyde used were different than the sources used in the
field (see Section 2.3.2). Second, when saline and fixative were successively injected into the ani-
mal, both solutions were ice cold. Finally, perfusions were performed in a chemical fume hood.

2.4.2 Brain dissection

2.4.2a: Dissections in the field: The head of the euthanized and perfused animal was removed
above the shoulders with large surgical scissors. If still attached, cervical vertebrae were removed
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with rongeurs. T'o uncover the occipital and parietal skull bones, the postcranial musculature
and surrounding connective tissue were gently removed with fine scissors or scraped away by
scalpel. To facilitate manipulation of the cranium, the lower mandible was separated from the
head with rongeurs. Dorsal portions of the parietal and temporal skull bones were removed, and
the entire occipital skull bone was excised. Saline irrigation helped to maintain moisture levels
in the brain tissue once it was exposed to the environment. All connective tissues between the
skull and brain (i.e., meninges) were gently teased apart, and the roots of the cranial nerves sev-
ered, thereby releasing the brain from its remaining attachments to the skull. The unattached
brain was removed from the cranial cavity and placed immediately into storage solution (see
Section 2.4.3a).

2.4.2b: Dissections in the laboratory: One major difference between field-based dissections
and those performed in the laboratory involved temperature control. Specifically, following
transcardial perfusions in the laboratory, the heads were removed and placed immediately on
ice. Fixed and chilled brains were excised a few hours later as described previously. After dissec-
tion, these brains were stored immediately in storage solution (Section 2.4.3b) at 4°C.

2.4.3 Brain storage

2.4.3a: Storage conditions in the field: Following dissection, brains were stored in individually
labeled 100 ml plastic vials filled with a buffered formalin solution containing 12% w/v sucrose
(“storage solution”) [28-31]. The solution was topped off to minimize evaporative loss and to
ensure that the brain would be wholly submerged. Infiltration of sucrose was confirmed when
each brain lost buoyancy and sank to the bottom of the vial. Liquid levels in the vials were
checked daily and replenished if low. Care was taken to avoid exposing the vials to excessive
heat. Upon arrival at the UTEP Systems Neuroscience Laboratory, these brains were placed ini-
tially in a cold room (4°C), and after a brief period (ca. 48 hours), the perfusion-fixed brains
were frozen as described (Section 2.4.4).

2.4.3b: Storage conditions in the laboratory: Each brain remained in storage solution (the
same fixative solution noted in Section 2.3.2, with 12% w/v sucrose [28-31]) at 4°C, until sink-
ing to the bottom of its vial.

2.4.4 Freezing of brains and histology

The following procedures were conducted at the UTEP Systems Neuroscience Laboratory.
Brains collected in the field or in the laboratory were removed from their respective storage
solutions, blotted dry, and then flash frozen in a plastic container filled with hexane super-
cooled over a bed of powdered dry ice. The frozen brains were then stored at -80°C until fur-
ther processing. To prepare them for sectioning, all brain samples were placed into small
plastic molds, embedded in Tissue-Tek OCT embedding medium (10.24% polyvinyl alcohol,
4.26% polyethylene glycol, and 85.5% non-reactive ingredients; Sakura Finetek USA, Inc., Tor-
rance, CA), and returned to the —-80°C storage until the embedding medium hardened. The
OCT medium helped to maintain tissue stability, especially for the smallest lizard brain sam-
ples, throughout the sectioning process. Each OCT-embedded brain block was cut into 20-

30 um-thick sections in the transverse (coronal) plane using a Reichert sliding microtome
(Reichert Austria Nr. 15 156) fitted with a modified brass freezing stage (Brain Research Labo-
ratories, Newton, MA; Cat #3488-R]) chilled with powdered dry ice. Four serial series of brain
sections were collected in 24-well plates filled with anti-freeze cryoprotectant solution (50% 0.1
M sodium phosphate buffer, 30% ethylene glycol, and 20% glycerol; [32]). Sections were main-
tained in cryoprotectant at ~20°C until further processing.
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2.4.5 Nissl staining. Freely floating sections were rinsed twice in an isotonic Tris-buffered
saline (TBS; pH 7.6 at room temperature) to wash out cryoprotectant. Sections were mounted
on gelatin-coated slides using a fine-tipped paintbrush. Mounted sections were dried overnight
(24 h) at room temperature (ca. 20°C) in a vacuum chamber. They were then dehydrated in
ascending ethanol concentrations (50-100%; 3 min each), defatted in xylene, stained in 0.5%
w/v thionine solution (thionin acetate, Catalog #T7029; Sigma-Aldrich Corporation, St. Louis,
MO) [33, 34], and differentiated in 0.4% anhydrous glacial acetic acid. Slides were coverslipped
with DPX mounting medium (Catalog # 06522; Sigma-Aldrich) and stored flat within covered
slide trays.

2.4.6 Photomicrography and post-acquisition image processing of Nissl-stained tis-
sues. Nissl-stained tissues were examined under bright field illumination using a Zeiss M2
Axiolmager microscope equipped with an X-Y-Z motorized stage (Carl Zeiss Corporation,
Thornwood, NY). Wide field mosaic images of stained histological sections were obtained
using a cooled EXi Blue camera (QImaging, Inc., Surrey, British Columbia, Canada) driven by
Volocity Software (Version 6.1.1; Perkin-Elmer, Inc., Waltham, MA) installed on the Apple
Mac Pro computer. Images were exported from Volocity as lossless TIFF formatted files and
imported into Adobe Photoshop (Version CS6; Adobe Systems, Inc., San Jose, CA). In Photo-
shop, images were cropped via the lasso tool, converted and resampled to 300 dpi gray scale,
and brightness- and contrast-adjusted via the curves tool. For hollow spaces within the tissue
(e.g., third ventricle), any background illumination of the slide remaining after white balancing
was not cropped. Care was taken to make all adjustments judiciously across photomicrographs
of field- and lab-processed tissue sections and also to track changes in scale during any size
conversion.

2.4.7 Semi-quantitative histological evaluation. To evaluate the relative efficacies of the
lab- and field-based perfusion methods for tissues fixed with 4% formaldehyde (final concen-
tration), the condition of the sections obtained by each procedure was evaluated using a semi-
quantitative approach. Three members of the UTEP Systems Neuroscience Laboratory (EMW,
AM, and KN), who were blind to the treatment conditions of the tissue, independently rated
tissue sections from both treatments using a three-point quality scale: poor (1), good (2), and
excellent (3). This rating was performed by viewing the tissue sections under bright field illumi-
nation. To understand the effect of perfusion treatment (laboratory vs. field) on various aspects
of both tissue and stain quality, independent raters were instructed to apply this scale across six
criteria: (A) presence of blood in the tissue; (B) evenness of stain; (C) integrity of tissue at the
center of the section; (D) integrity of tissue at the edges of the section; (E) clarity of lamination
patterns; and (F) visibility and clarity of nuclei and cell clusters. A total of 204 stained tissue
sections were evaluated, representing 166 sections prepared under laboratory conditions and
38 sections prepared under field conditions. The sample size discrepancy between treatments
was not believed to influence the overall results because the model-based statistical approach
we used (see below) is a function of the size of the largest cluster rather than of the number of
clusters (i.e., population-averaged estimates).

2.4.8 Statistical analyses. A heat map of the scores obtained by our independent observers
was generated using R function heat map [35]. Because criteria C-F (see Section 2.4.7) are not
independent from criteria A and B (i.e., the criteria are interdependent) and because both fixed
effects (field vs. lab conditions) and random effects (order of tissue sampling onto slides, vari-
able sample thickness, and subject selected for perfusion fixation) were present, we employed a
variation of a general linear mixed model to analyze the results. Specifically, to best compare
the scores between the two fixation methods, a generalized estimating equation (GEE)
approach [36] was used to account for the dependence structure among clustered ordinal
scores, as implemented in geepack package [37] in R. We tested each variable separately. The
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analyses were conducted based on the raw data and a reduced dataset using the mode score for
each slide from each observer. This data reduction did not influence the results.

2.4.9 Immunohistochemistry. To evaluate the effect of the perfusion method on the
immunoreactivity of neural antigens in the tissue samples, we performed a series of indirect
immunohistochemistry experiments using distinct primary antibodies (Table 4) across both
field- and laboratory-processed tissue samples preserved using solutions containing 4% formal-
dehyde. In the first set of experiments, we incubated tissue sections from field- (Trioceros john-
stoni) and laboratory-perfused (Rieppeleon kerstenii) chameleons with a rabbit polyclonal
antibody targeting the catecholamine-synthesizing enzyme tyrosine hydroxylase (TH). Impor-
tantly, the specificity of this TH antibody has been validated in Western blots as recognizing a
single, 62 kDa protein band from both amphibian and reptile brain homogenates and shown to
be immunogenically identical to that of mammalian TH [38, 39]. In a second set of experi-
ments, field- (Rhampholeon boulengeri) and laboratory-perfused (Rieppeleon kerstenii) chame-
leon tissue sections were incubated with an antibody targeting neuropeptide Y (NPY). In some
initial experiments, we also co-incubated the TH antibody with an antibody targeting dopa-
mine beta-hydroxylase (DBH), and the NPY antibody with an antibody targeting calbindin
(Table 4). However, since these antibodies produced little to no specific staining, they were not
used in subsequent immunohistochemical runs.

Tissues were processed for immunohistochemistry as described previously [28-31]. Briefly,
all sections were placed for 1.5 hr in a blocking solution consisting of normal donkey serum
(2%; EMD Millipore; Catalog #S30-100ML, Lot #2510142), Triton X-100 (0.1%; Sigma-
Aldrich; Catalog #18532-500ML, Lot #MKBH4307V) and TBS (pH 7.4 at room temperature).
With the exception of selected tissue sections where the primary antibody step was omitted
(w/o 1°), sections were then removed from blocking solution and incubated in a cocktail of
primary antibodies according to the reaction parameters summarized in Table 4. All primary
and secondary antibodies were prepared in blocking solution. After five washes in TBS, each
for five min (5 x 5), all sections (including w/o 1° were then incubated in a cocktail of second-
ary antibodies (Table 4). All sections were washed again (5 x 5) in TBS, reacted with fluoro-
phore conjugates also prepared in blocking solution, and counterstained (Table 4). Following
another 5 x 5 rinse in TBS, sections were mounted onto Superfrost slides and coverslipped
with sodium bicarbonate-buffered glycerol (pH 8.6 at room temperature) and sealed with
clear nail polish.

2.4.10 Photomicrography and post-acquisition image processing of immunostained tis-
sues. Immunostained and w/o 1° sections were visualized with the appropriate filters under
epifluorescence illumination using the same microscope and software (and were photographed
and images exported in the same manner) as described in Section 2.4.6 for the Nissl-stained
sections. Files of both individual and merged channels were imported into Adobe Photoshop,
linearly adjusted for brightness and contrast across experiments, cropped, and saved as lossless
TIFF-formatted images.

2.5 Methods pertaining to tissue fixed by immersion

2.5.1 Immersion fixation. In two instances, during collection efforts at Location 2
(Table 1), animals were deeply sedated and their morphological measurements recorded as
described in Section 2.3.1, but were then subjected to immersion fixation rather than transcar-
dial perfusion. Specifically, fully anesthetized animals were manually decapitated in the field
between the second and third cervical vertebrae using large surgical scissors. The heads were
placed immediately in buffered formalin (bottled liquid fixative containing a final concentra-
tion of 4% formaldehyde; i.e., “Source 1” in Section 2.3.1).
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Table 4. Summary of Inmunohistochemistry Reagent Combinations Used in This Study.

Reagent!
1:Primary
1:Secondary
1:Primary
1:Secondary
1:Fluorophore
1:Counterstain
2:Primary
2:Secondary
2:Fluorophore
2:Primary
2:Secondary
2:Counterstain

Antibody, Conjugate, or Counterstain Host Type Source Catalog # 2 Titer® Incubatio (h,°C)*
anti-TH Rb poly IgG E AB152° 1:5,000 17,4
anti-rabbit Cy3 Dk IgG J 711-165-152° 1:500 5, RT
anti-DBH Ms mono IgG E MAB308° 1:10,000 17,4
anti-mouse IgG Dk biotinylated J 715-065-150¢ 1:500 5, RT
streptavidin - Alexa 488 L S11223° 1:2,000 1, RT
DAPI - UV label T D1306" 1:4,000 1, RT
anti-NPY Rb mono IgG | 229409 1:1,000 17,4
anti-rabbit IgG Dk biotinylated J 711-065-152" 1:500 5, RT
streptavidin - Alexa 488 L S11223° 1:2,000 1, RT
anti-calbindin Ms mono IgG A AB66185' 1:1,000 17,4
anti-mouse Cy3 Dk 1gG J 715-165-150/ 1:500 5, RT
DAPI - UV label T D1306 1:4,000 1, RT

' Reagents used in a common reaction set are grouped by reaction number in the left column. Each number represents a common set of reagents applied

to one series of tissue sections.

2 Superscript letters next to each catalog number refer to the following lot numbers for the batches of reagent used: a, 2219225; b, 120991; ¢, 2029625; d,
107814; e, 1037281; f, 1159932; g, 1112001; h, 116529; i, GR61453-4; j, 118982.

3 The dilutions listed are calculated from suppliers’ stock. All secondary antibody and conjugate stocks from suppliers were diluted 1:2 in glycerol (i.e.,
50% glycerol, 50% buffer), and the dilution listed (e.g., 1:500) is the final dilution. Thus, we calculated a 1:250 dilution of the 1:2 working stock to obtain
the final 1:500 dilution.
“ The total duration of incubation (in hours) is expressed as a range based on the parameters of reactions run on separate occasions, followed by the
temperature at which the incubations proceeded.

Abbreviations: A, Abcam, Cambridge, MA; DAPI, 4',6-diamidino-2-phenylindole dihydrochloride; DBH, dopamine B-hydroxylase; Dk, donkey; E,
EMD-Millipore, Billerica, MA; I, ImmunoStar, Hudson, WI; IgG, immunoglobulin G; J, Jackson ImmunoResearch Labs, West Grove, PA; L, Life
Technologies, Carlsbad, CA; mono, monoclonal; Ms, mouse; NPY, neuropeptide Y; poly, polyclonal; Rb, rabbit; RT, room temperature; T, ThermoFisher
Scientific, Waltham, MA; TH, tyrosine hydroxylase; UV, ultraviolet.

doi:10.1371/journal.pone.0155824.t004

2.5.2 Diffusible iodine-based contrast-enhanced computed tomography (DiceCT). The
specimens immersion-fixed in the field (Section 2.5.1) were transferred into aqueous solutions
of Lugol's iodine (I,KI) at the Oklahoma State University Center for Health Sciences [25, 26].
Specimen UTEP 21389 (Rhampholeon boulengeri) (trans-quadratic width (TQW) = 8.1 mm)
was fully submerged in a 3.75% (i.e., 1.25% w/v of I, and 2.5% w/v of KI) for seven days
without replacement (of Lugol’s iodine solution). Specimen UTEP 21388 (Trioceros johnstoni)
(TQW = 15.5 mm) was fully submerged in a 5.25% (i.e., 1.75% w/v of I, and 3.5% w/v of KI)
for 21 days without replacement. Upon immersion in Lugol’s iodine, both specimens were agi-
tated for 60 sec using a vortex mixer to remove air bubbles and ensure that the contrast agent
accessed the deepest openings within the specimen (e.g., the endocranial space). Stained speci-
mens were removed from the Lugol's solution, rinsed with tap water to remove excess stain,
blotted dry, sealed individually in polyethylene bags to prevent dehydration, and then loaded
into plastic mounting units for scanning.

Specimens were pCT-scanned at the Microscopy and Imaging Facility at the American
Museum of Natural History (New York, NY), with a 2010 GE phoenix v|tome|x s240 high-res-
olution microfocus computed tomography system (General Electric, Fairfield, CT). A stan-
dard X-ray scout image was obtained prior to scanning to confirm specimen orientation and
define the scan volume. The specimen UTEP 21389 was uCT-scanned at 130 kV and 150 pA
for approximately 45 min and the specimen UTEP 21388 was uCT-scanned at 140 kV and
180 pA for approximately 90 min. Both specimens were imaged using a 0.1 mm copper filter,
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a tungsten target, air as the background medium, and 400 ms X-ray exposure timing with 3-
times multi-frame averaging. Both were scanned at isometric voxel sizes (at 16.185 and
29.476 pm, respectively), and slices were assembled on an HP z800 workstation (Hewlett-
Packard, Palo Alto, CA) running VG Studio Max (Volume Graphics GmbH, Heidelberg,
Germany).

3. Results
3.1 Fixation and storage

Field-perfused specimens. Five lizards were perfusion-fixed under similar conditions in the
field (Table 1, Fixation Type = ‘P’). The field-perfusion procedure, from initial sedative expo-
sure to brain storage, averaged 47.8 min (range 33-58 min), including 32 min (range 21-39
min) from exsanguination to brain storage. The brains remained unfrozen in storage solution
(Section 2.4.3a) for an average of 46.2 days (range 21-54 days) (Table 1).

Laboratory-perfused specimens. Three lizards were perfused in the UTEP Biodiversity Col-
lections Laboratory. These laboratory-based perfusions, from initial sedative exposure to brain
storage (for these cases, on ice), averaged 37.7 min (range 29-50 min) (Table 2).

Immersion-fixed specimens. For the two lizards whose brains were immersion-fixed in the
field (Table 1, Fixation Type = T’), the process, from initial sedative exposure to immersion in
buffered formalin (Section 2.5.1), averaged 21.5 min (range 18-25 min), which included time
for full sedation and for morphometric measurements to be performed.

3.2 Qualitative evaluation of tissue integrity and cytoarchitecture of
perfusion-fixed tissues

With the unaided eye surface vessels and sinuses free of blood, together with a uniformly pale,
opaque color (Fig 1E-1G), indicated successful formaldehyde infusion and fixation of the
brain under field conditions. This observation was corroborated at the light microscope level,
where we observed that qualitatively the Nissl staining for the field-perfused animals was
robust (Fig 2) and appeared comparable, in terms of color richness and stain evenness, to
stained sections obtained from brains perfused under our standard laboratory protocol (Fig 3;
see Section 2.4.1b and [28]). Specific brain regions and landmarks were delimited easily in the
stained sections under both field and lab perfusion fixation conditions (Figs 2 and 3). Fig 4
shows a field-perfused agamid, the only specimen perfused with the fixative containing 10%
formaldehyde, displaying tissue quality that was comparable to the field-caught specimens per-
fused with fixative solutions containing 4% formaldehyde. Similar to these latter specimens,
the agamid displayed clearly defined cytoarchitectural features, including discernible laminated
structures (e.g., cortex medialis, C m, Fig 4A) and white matter tracts (e.g., optic tract, Op tr,
Fig 4B). Both largely acellular (Fig 4D, Layer 2) and cell-dense layers (Fig 4D, Layers 3/4), with
observable Nissl substance in neuronal perikarya, were visible. The results show qualitatively
that field fixation using solutions containing 4% formaldehyde produce tissue that is fixed suf-
ficiently for obtaining excellent preservation of brain cytoarchitecture.

3.3 Semi-quantitative evaluation of tissue integrity and cytoarchitecture
of tissues perfusion-fixed using solutions containing 4% formaldehyde

The raw scored data obtained from the tissue evaluations of three independent raters (see S1
File) are represented as a heat map in Fig 5. The map clearly shows distinct patterns between
the two perfusion methods. For example, inter-observer variability was high, but intra-

observer variability across criteria was generally not. In some cases, all observers agreed well
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Fig 2. Representative tissue section at the level of the optic tectum, obtained from a field-perfused
specimen of Trioceros johnstoni. (A) Wide field image of a hemisphere from a section of the specimen. The
black box outlines the area enlarged in (B), which provides details regarding the level of background staining
and cellular labeling demonstrable by our Nissl-based staining procedure.

doi:10.1371/journal.pone.0155824.9002
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Fig 3. Representative tissue section at the level of the optic tectum, obtained from a laboratory-perfused specimen
of Trioceros jacksonii. (A) Wide field image of a hemisphere from a section of the specimen. The black box outlines the area
enlarged in (B), which provides details regarding the level of background staining and cellular labeling demonstrable by our
Nissl-based staining procedure.

doi:10.1371/journal.pone.0155824.9003
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Fig 4. Photomicrographs of Nissl-stained brain sections from an agamid lizard. (A—C) Major brain regions are represented (A—forebrain; B—
midbrain; C—hindbrain). (D) Detailed image of the optic tectum. The brain schematic was adapted from a drawing of a lizard rendered by artist Christiaan
van Huijzen for Poster 2 of the poster book accompanying [40]. Delineation of major brain regions (A—C) generally follows [41-49] with only cosmetic
changes made to the abbreviation style. The laminar organization of the optic tectum (D) follows [50]. Abbreviations: Ant med—Anterior medulla; Cx d—
Cortex dorsalis (dorsal cortex); Cx dm—Cortex dorsomedialis (dorsomedial cortex); Cx lat—Cortex lateralis (lateral cortex); Cx m-Cortex medialis
(medial cortex); DVR—Dorsal Ventricular Ridge; Fo v—Fourth ventricle; L h—Lateral hypothalamus; Lat v—Lateral ventricle; Neost—Neostriatum; N tr
olf lat—Nucleus tractus olfactori lateralis (nucleus of the lateral olfactory tract); Op tr—Optic tract; Op tec—Optic tectum; Palst—Paleostriatum; P—
Periventricular hypothalamus; P c—Posterior commissure; S—septal nuclei; Th v—Third ventricle; V h—Ventral hypothalamus.

doi:10.1371/journal.pone.0155824.9004

on the conditions of the tissue (Fig 5, see black box outlines). Table 5 shows the GEE analysis
results for the correlated ordinal response based on the reduced mode scores (see S2 File for
the original R script). The analyses based on the raw data yielded similar conclusions (data
not shown). Specifically, no significant difference was found between perfusion methods for
criteria A and B (i.e., degree of blood in brain [P = 0.59] and evenness of stain [P = 0.63]). We
did detect significant differences between perfusion methods for the remaining four criteria
(C-F), with p-values varying from 0.0386 to <0.0001 (Table 5). More specifically, tissue sec-
tions obtained from field perfusions received generally higher scores for these criteria, as sug-
gested by the positive signs of the beta estimates and patterns readily deducible in the heat
map (Fig 5).
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Fig 5. Heat map of scored semi-quantitative data for six qualitative variables from three independent observers. Observers evaluated Niss|-
stained tissue sections (n = 204) from laboratory and field treatments using solutions containing 4% formaldehyde. Each column indicated with a small
number (1, 2, or 3) represents an observer. Columns are grouped according to the qualitative variable being rated: presence of blood in tissue (A);
evenness of stain (B); integrity of tissue at center of section (C); integrity of tissue at edges of section (D); clarity of lamination patterns (E); visibility of
cell areas and nuclei (F). Tissue sections prepared under laboratory conditions are positioned on top (n = 166) and those prepared under field conditions
on bottom (n = 38). The color code for the scored data is shown above the heat map. The black box outlines denoted with a *-* or a ‘+’ indicate selected
regions of tissue ratings (negative or positive, respectively) that were largely uniform across observers.

doi:10.1371/journal.pone.0155824.9005
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Table 5. Results of GEE analyses of clustered ordinal scores for scored data from stained tissue sections comparing field and lab fixation treat-
ments using solutions containing 4% formaldehyde.

Variable Description beta Estimate Robust SE z P-Value
A presence of blood 0.376 0.702 0.536 0.5922
B evenness of stain -0.375 0.771 —0.487 0.6261
Cc tissue integrity at center 1.579 0.763 2.068 0.0384
D tissue integrity at edge 7.091 0.631 11.231 0.0000
E lamination patterns visible 26.920 0.492 54.726 0.0000
F cell clusters and nuclei visible 23.577 6.194 3.806 0.0001

Results of GEE analyses of clustered ordinal scores for scored data from stained tissue sections comparing field and laboratory fixation treatments using
solutions containing 4% formaldehyde.

doi:10.1371/journal.pone.0155824.t005

3.4 Immunohistochemical staining of perfusion-fixed tissue

The results of our immunohistochemical staining are presented in Fig 6A-6D. Robust TH-
immunoreactive (-ir) neurons were observed in the periventricular hypothalamus of tissues
fixed under field conditions for Trioceros johnstoni (Fig 6 A, white arrows). Fine TH-ir neurites
(many of them likely axonal) were also observed within this region (Fig 6A, solid yellow hori-
zontal lines). Fluorescent counterstaining additionally revealed that delicate structures, such as
the ependymal layer lining the third ventricle, were largely intact under field fixation condi-
tions (Fig 6A, large arrowheads). Similarly, laboratory-fixed tissues revealed robust TH-ir neu-
rons in the periventricular hypothalamus of Rieppeleon kerstenii (Fig 6B), yet the ependymal
layer lining the third ventricle did not remain entirely intact and fine TH-ir neurites were less
prominently visible. Additionally, NPY-labeled neurons and/or axonal fibers were localized
readily in the field-fixed tissues of Rhampholeon boulengeri (Fig 6C), and the laboratory-fixed
tissues of Rieppeleon kerstenii (Fig 6D). In contrast to these observations, tissue sections pro-
cessed through all reaction steps but in the absence of primary antibody did not display any
specific staining (see insets: Fig 6a—6d).

3.5 Immersion-fixed samples scanned using diffusible iodine-based
contrast-enhanced computed tomography (diceCT)

Two lizards (Rhampholeon boulengeri and Trioceros johnstoni) were prepared for diceCT scan-
ning under the field conditions described in Section 2.5.1. In addition to bony tissues that are
typically captured with X-ray imaging techniques, our contrast-enhanced specimens revealed,
in great detail, differentiation between muscular, epithelial, glandular, and neural tissues (Fig
7). This was equally true for superficial structures (e.g., hyobranchial muscles, distal branches
of peripheral nerves) as it was for tissues located more deeply within the head, such as the
brain. Indeed, even the internal anatomy of the brain was visualized clearly owing to the ability
for Lugol’s iodine to differentiate between myelinated and non-myelinated components of the
central (and peripheral) nervous systems (compare, for example, optic tectum [Op tec] and the
optic tract [Op tr] in Fig 7C). The high levels of contrast for these scans make them amenable
to successful 3-D reconstruction of the soft anatomy (e.g., the brain and its peripheral cranial
nerves), registration with the surrounding skull, and finer, Nissl-based visualization methods.

4. Discussion

In this study, we have evaluated two standard laboratory brain fixation methods for use in
remote field locations where resources are limited and environmental conditions for tissue
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Fig 6. Comparison of immunohistochemical staining of brain tissue fixed under field and laboratory conditions. (A, B). The images show
tyrosine hydroxylase immunoreactivity (-ir) (TH; red) with DAPI fluorescent counterstain (blue) for (A) Trioceros johnstoni fixed under field conditions, and
(B) Rieppeleon kerstenii fixed under laboratory conditions. (C, D). The images show neuropeptide Y-ir (NPY; green), again with DAPI (blue) for (C)
Rhampholeon boulengeri fixed under field conditions and (D) Rieppeleon kerstenii fixed under laboratory conditions (note that tissues in B and D are from
the same animal). Both immunoreactive neurons (arrows) and neuronal extensions (small solid horizontal lines ending in hollow circles) are clearly
visible, many of the latter being identifiable axons with varicosities. The ependymal cell layers lining the third ventricle (Th v) in A, C and D are indicated
by arrowheads. The single-plane image in A rendered a portion of the image slightly out of focus (asterisk). Insets (a—d) show views of sections processed
in the absence of the primary antibody. For inset b, the image has been brightened linearly so that the tissue section can be clearly seen in the photo.
Scale bars (panel A, inset a) apply to all remaining panels and insets, respectively.

doi:10.1371/journal.pone.0155824.9006

preservation are suboptimal. First, we found that transcardial perfusion-based methods to pre-
serve lizard brain tissue, performed in parts of a remote biodiversity hotspot, are comparable to
laboratory-based use of these methods in maintaining tissue quality at the cellular level. This
conclusion is based on careful validation of the field fixation methods against laboratory meth-
ods by semi-quantitative cytoarchitectonic analysis of the processed brain tissue and by indi-
rect immunohistofluorescence cytochemistry. Second, we found that immersion fixation in the
field preserves gross neuroanatomical features of the brain very well, as evaluated using diceCT
imaging. Moreover, the visualization of myelinated and unmyelinated components of the brain
using diceCT imaging supports the efficacy of our field immersion fixation approach. To our
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Fig 7. Diffusible iodine-based contrast-enhanced computed tomography (DiceCT) through the heads of two chameleon species. (A)
Parasagittal view of an adult male representative of Rhampholeon boulengeri; (B) parasagittal and (C) frontal views of an adult female representative of
Trioceros johnstoni. These images illustrate the extraordinary diversity of soft anatomical structures that can be clearly visualized with our approach,
including myelinated and unmyelinated components of the brain. Abbreviations for selected structures: ACC—M. accelerator linguae; BH—basihyoid; BS
—brain stem; DVR—dorsal ventricular ridge; ENT—entoglossal process; HG—M. hyoglossus; ON—optic nerve; Op tec—Optic tectum; OTr—olfactory
tract; OV—optic ventricle; RET—retina; SC—spinal cord; Th v—third ventricle; TP—tongue pad.

doi:10.1371/journal.pone.0155824.9007

knowledge, this paper is the first published account of a successful attempt to perform and rig-
orously validate protocols for transcardial perfusion and immersion fixation of brain tissue in a
completely mobile field setting.

4.1 Methodological considerations

We found that field-perfused lizard brains are similar in condition to lizard brains perfused
under standard laboratory conditions. In particular, cytoarchitectural features normally found
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in Nissl-stained brain sections were evident within the field specimens we processed, including
discrete nuclear boundaries and structurally intact patterns of lamination. Moreover, the gen-
eral appearance of the tissue, cleared completely of any blood, indicated complete perfusion.
Whereas traditional methods to preserve brain tissue involve perfusing animals with ice-cold
fixative solutions [51, 52], our collected animals were perfused with fixative solutions that were
exposed to environmental conditions produced in the rainy season of a humid tropical climate,
where we had no access to ice or cold storage. Specifically, our field-collected samples were sub-
jected to high ambient temperatures (33-37°C) and a wide range of climates during their ship-
ment from Central Africa to the southwestern United States. Considering the potential damage
to delicate brain tissues from exposure to environmental variables and warm fixative solutions,
our observations of no demonstrable differences between field- and lab-processed tissues for
the first two criteria we evaluated (presence of blood and evenness of staining) is somewhat
surprising. However, it has been shown that varying formaldehyde concentration within fixa-
tive solutions has little effect on the size of nuclei over a 10-fold range (1-20%), and extreme
changes have only been observed in tissues fixed in at least 40% formaldehyde [53]. Further-
more, tissue shrinkage was not evident with the naked eye, which is known to occur in tissues
incompletely fixed in formaldehyde or those subjected to varying temperatures [53].

The greatest negative effect on tissue quality for Nissl staining is arguably the interval
between the time post mortem and the time of fixation [54]. It has been observed that fixation
within 10 h post mortem has no effect on the intensity of stains, yet the ability for the tissue to
be stained gradually deteriorates as the time interval increases, until staining capacity is entirely
lost if fixation occurs 60-72 h post mortem [55]. On average, our field-collected animals were
fixed in under an hour. Therefore, the mean duration between the time post mortem and the
time of fixation for our field procedure does not compromise tissue quality. However, to mini-
mize operational time, adequate training and multiple practice runs in a controlled environ-
ment are warranted before trying this procedure in the field.

4.1.1 Cytoarchitectonics. We used a semi-quantitative approach to evaluate the cytoarchi-
tecture of the tissue sets processed under laboratory and field conditions of perfusion fixation.
A recent survey of semi-quantitative methods used to evaluate histology has found that there is
no accepted standard for the types of criteria used for such evaluations [56]. Given the many
diverse approaches used to rate the quality of brain tissue, the study recommended that at the
very least, investigators should provide a rationale for the specific criteria they use [56]. In line
with this recommendation, we note here that the criteria we used were selected on the basis of
the goals of our larger experimental research program involving these species, which are to
examine the gross neuroanatomical relationships among their gray and white matter structures
and the general cytoarchitectonic features of their brain tissue such as aggregations of neurons
forming nuclei and laminae. These scales of comparative analysis are informed, in part, by
seminal comparative neuroanatomical studies published at the turn of the twentieth century by
Ramon [50], Edinger [57], and Brodmann [58]. Our approach necessarily constrains the crite-
ria we use to those listed in Section 2.4.7, guided as we are by a rationale of general histological
evaluation at the tissue level rather than its examination at the single-cell or subcellular levels.
If the focus were on more fine-grained studies of the morphology or intracellular structure of
the cells (e.g., the appearance of neurites, the condition of the organelles), then the criteria cho-
sen using Nissl-based methods would likely be different (e.g., see Chapters X-XIV of Barker
[59]), and alternatives to the Nissl method would also have been considered (e.g., see Chapter
ITin Vol. I of Cajal [60]).

Our statistical analyses show that, on the basis of the two major criteria we used to evaluate
fixation efficacy (presence of blood and evenness of stain), no differences in tissue quality were
observed between field- and laboratory-perfused specimens. This result supports our qualitative
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observations of the tissue samples. Further, on the basis of the remaining four criteria (integrity
of tissue in center, integrity of tissue at edges, visualization of lamination patterns, visualization
of cell clustering and nuclei), the field-perfused tissue apparently displayed significantly better
tissue quality than lab-perfused tissue. While these results may be somewhat surprising given
the more controllable fixation conditions generally available in a laboratory setting, we must
interpret these findings with caution for a few reasons. First, from a qualitative standpoint, it is
difficult to separate these four criteria from underlying effects that could be due to other con-
founding factors, such as tissue damage that was incurred during the mounting of the tissue sec-
tions onto glass slides, tissue adherence to the slides during their mechanical transfer through
separate reagent reservoirs during the thionin staining procedure, and any differences in tissue
stability resulting from variations in section thickness or in the pH and salt composition of the
fixative solutions we used. Second, our analysis is limited by the variability we observed among
the three independent raters, despite the fact that the mixed model we used to analyze our
results mitigates this issue to some extent. Finally, these latter four criteria are interdependent to
a large degree on the first two criteria; this interdependence of predictors makes it possible that
the statistically significant effects we obtained may be more apparent than real, given that the
first two major criteria (which are not dependent, or as dependent, on issues such as mounting
and mechanical transfer) show no differences between the two groups.

4.1.2 Immunohistochemistry. In addition to providing validation of our fixation proce-
dures in the field by evaluating cytoarchitectonic criteria within Nissl-stained tissue sections,
we sought indications that our fixation was compatible with standard chemoarchitectural
localization methods. In particular, given that the field conditions required prolonged post-fix-
ation in formalin-sucrose, we were concerned about the possibilities of over-fixing the tissue.
The duration of formaldehyde fixation may lead to absent or weak binding for some epitopes,
preventing effective chemoarchitectural studies with immunohistochemistry [61]. At times,
poor penetration of the fixative can occur with too short of an exposure time and excessive
cross-linkage can occur from prolonged exposure [62]. In addition, prolonged formalin fixa-
tion can cause irreversible damage to some epitopes, but this is largely dependent on the anti-
body used [63].

For our immunohistochemical procedures, we first aimed to identify dopamine-containing
neurons in the periventricular hypothalamus, a well-studied neuronal subpopulation that has
been documented previously to be present within the lizard brain [64-66]. Our results demon-
strating robust TH-immunoreactivity (-ir) in neurons of field-fixed tissues that is comparable
to that observed in laboratory-fixed tissues, confirms the findings of others [64-66] that have
characterized this cell population as dopaminergic and extends them by demonstrating that
the field conditions of prolonged post-fixation did not prevent chemical identification of these
neurons. Relative to the field-fixed sample, the lab-fixed sample displayed apparently elevated
levels of TH expression in cell bodies and low levels in fibers. Whether this staining difference
indicates a difference in species, fixation efficacy, or peptide transport from the cell bodies to
distal neurites between animals, is unclear. We also found comparable labeling of NPY-ir,
reported to be present in chameleon brain [67], in cell bodies and/or axonal fibers within field-
and lab-fixed tissues. These findings demonstrate the extensibility of our field-based fixation
methods to antigens of different types (i.e., those that mark the presence of small neurotrans-
mitters or those that mark neuropeptides). Although immunohistochemical labeling and visu-
alization was feasible using our approach, further research is required to understand the degree
of immunohistochemical reactivity across a broader range of antigens within field-perfused
brains under our protocol conditions.

4.1.3 DiceCT imaging. In addition to cytoarchitectonic and immunohistochemical vali-
dation of our procedures in the field, diceCT scans from immersion-fixed field-collected
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samples show that our field protocol is compatible with the non-destructive visualization of
gross neuroanatomical features in relation to other soft-tissue structures of the head as well as
the skull. Our approach to prepare specimens for diceCT scans, immersion fixation and pro-
longed storage in fixative followed by iodine-enhancement, was demonstrated to have no nega-
tive effects on the contrast and visual quality of the scans. Gray and white matter regions were
clearly distinguishable in the soft tissue, further demonstrating that our specimen preparation
was successful. Importantly, diceCT can be achieved without encephalectomy, allowing for the
interrelationships between central and peripheral components of the nervous system to be pre-
served. Another advantage of diceCT is that 3-D rendering software can be used to rapidly
visualize the high-resolution scans as complex, 3-D soft-tissue anatomy [25, 26]. In turn, these
datasets can be analyzed to quantify and compare neuroanatomical structures among different
body regions and species [68]. Indeed, the possibility with field-fixed samples to visualize neu-
ral circuitry from the cellular level to that of entire brain regions sets up the potential for a com-
prehensive mapping of brain interconnectedness in three dimensions across multiple scales.

4.1.4 Summary remarks about methodology. In sum, both our qualitative and semi-
quantitative comparisons of field- and laboratory-perfused brain samples indicate that none of
several variables that differed between laboratory and field experiments (post-fixation dura-
tion, formalin pH and buffer composition, environmental exposure) was sufficient to produce
major differences in tissue quality, staining or visualization. Moreover, immersion fixation of
samples in the field produced tissue that was readily compatible with non-destructive diceCT
imaging. Further studies are needed to determine whether laboratory-based immersion fixa-
tion with less environmental exposure produces comparable tissue quality for these species
that is amenable to diceCT imaging. We anticipate this to be the case given the evidence pro-
vided by other lab-based studies [25, 26].

4.2 Considerations in the field

Access and/or availability of supplies are the major limiting factors for field research, especially
for long-term expeditions in remote locations with poor infrastructure. Biodiversity hotspots
[2] are distributed disproportionally in tropical countries, which have generally high levels of
poverty [69]. Most of the equipment and supplies detailed herein should be procured before
travel, as they may not be available in certain countries, especially underdeveloped ones. Our
expedition was no different from other carefully planned herpetological collecting expeditions
in which it was realized in retrospect that certain supplies should have been brought to the field
[70, 71]. For example, including pH test strips (pH paper) or a battery-powered pH meter in
our field kit would have allowed for us to make accurate pH measures of our fixatives, and we
recommend researchers to include this item before embarking on their own collecting trips.
Indeed, our list of supplies was far from complete, and can also be modified to facilitate more
specialized perfusion approaches intending to address specific research questions. With respect
to essential supplies, particular attention should be paid to formaldehyde, a hazardous material
that is not permitted on commercial airlines. Researchers attempting this procedure in under-
developed countries or countries without reliable access to formaldehyde (at a range of concen-
trations) must ensure that this material can be acquired upon their arrival as it will be a major
limiting factor. Typical sources of formaldehyde include universities, morgues, or laboratory
supply companies. Researchers should also bear in mind the disposal of chemical waste gener-
ated from this procedure, which takes the form of a very small amount of waste formalin (~2
ml/perfusion). We recommend researchers attempting this procedure to store any amount of
hazardous waste in a labeled container and dispose of this waste at a proper facility when one is
made available.
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To accomplish this procedure under completely mobile conditions in the field over a rela-
tively long period of time without access to a laboratory, both a substantial amount of fluids
and replacements of most supplies are required. Ideally, a researcher would have access to
some sort of basecamp with basic shelter from the elements, where most of the supplies can be
stored. In this case, animals can be captured and transported to basecamp for the fixation pro-
cedure, which will likely cut down on waste, sample exposure to environmental conditions,
and potential equipment loss.

Perfusion fixation of brain tissue has been performed in various forms for at least the better
part of a century; e.g., [72, 73]. Clearly, our methodology is only one approach to conduct per-
fusion fixation of brain tissue. Pump-assisted perfusions, for example, can also be used. Electric
pumps are optimal because both the hydrostatic pressure and flow rate of the fixative solutions
are controllable [74, 75]. However, pumps require a reliable source of electricity, which is often
not available in the field. Gravity assisted approaches are also a viable alternative to transcardial
perfusions [76] and are arguably superior to syringes for controlling the pressure of injected
solutions. However, it can be challenging to bring an entire gravity-fed perfusion system (e.g.,
containers, fluid lines) when working in very remote locations; yet, a resourceful scientist can
utilize a variety of common items to replace containers, such as water bottles. Nevertheless, if
the containers are too small, it can be difficult to properly regulate the flow rate of solutions in
the fluid lines as they are drained from their elevated positions (E. D. Roth, personal communi-
cation). Immersion fixation is arguably the easiest fixation method to achieve in the field. This
approach can help avoid inflicting physical damage to the brain tissue during dissection. How-
ever, it is widely recognized that transcardial perfusion fixation produces superior results to
immersion fixation with respect to staining efficacy and visible immunoreactivity [77-80].
Finally, our procedure works well for small lizards; however, larger animals require greater
amounts of fixative to penetrate deep brain tissues and a small syringe will likely not suffice.
This problem should be recognized before an expedition is undertaken and can be easily
resolved with the use of a larger syringe or gravity-assisted perfusion set-up with a sizable ele-
vated container. For very large animals where such a set-up is not feasible, some unique brain
fixation methods in the field have been described [81, 82].

4.3 Concluding remarks

We have shown that field-based brain fixation methods can preserve effectively the cytoarchi-
tecture, chemoarchitecture, and gross neuroanatomy of the brains of wild-caught herpeto-
fauna. Specifically, performing transcardial perfusion fixation in a mobile field setting is an
advantageous alternative to laboratory-based perfusion. The tissue integrity and stain intensity
obtained in this study indicate, qualitatively and semi-quantitatively, that the degree of envi-
ronmental exposure and amount of formaldehyde concentration did not negatively impact our
visualization of neural substrates within the tissues. Also, we found that immersion fixation of
the intact brain and skull is highly feasible for preserving gross anatomy and for preparing
specimens for diceCT imaging. Collectively, these protocols should serve as a flexible frame-
work for researchers attempting field-based fixation of brain tissue. Our approach also has the
potential to liberate researchers from laboratory limitations imposed by traditional methods
and can be harnessed to explore species diversity that is critically needed for neuroscientific
and gross anatomical research.

Accelerated declines in global biodiversity are associated inescapably with losses in
unknown amounts of trait variation. We must endeavor to mitigate these losses with higher
rates of rescue for as many types of data as possible. Our understanding of the anatomical
diversity of the vertebrate brain is rudimentary; for this reason, there recently have been efforts
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to increase the level of species diversity in neuroscientific research [83]. Although novel ways
to salvage existing brain specimens will undoubtedly help in this effort [5], this goal will best be
accomplished by the continued active collection of brain specimens from wild animals in the
field.

Supporting Information

S1 File. The raw scored data obtained from the tissue evaluations of three independent rat-
ers, in Microsoft Excel format.
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