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For adaptation to a high salinity marine environment, cartilaginous fishes have evolved a
ureosmotic strategy. They have a highly elaborate “four-loop nephron” in the kidney, which is con-
sidered to be important for reabsorption of urea from the glomerular filtrate to maintain a high
concentration of urea in the body. However, the function and regulation, generally, of the “four-
loop nephron” are still largely unknown due to the complicated configuration of the nephron and
its many subdivided segments. Laser microdissection (LMD) followed by RNA-sequencing (RNA-
seq) analysis is a powerful technique to obtain segment-dependent gene expression profiles. In
the present study, using the kidney of cloudy catshark, Scyliorhinus torazame, we tested several
formaldehyde-free and formaldehyde-based fixatives to optimize the fixation methods. Fixation by
1% neutral buffered formalin for 15 min resulted in sufficient RNA and structural integrities, which
allowed LMD clipping of specific nephron segments and subsequent RNA-seq analysis. RNA-seq
from the LMD samples of the second-loop, the fourth-loop, and the five tubular segments in the
bundle zone revealed a number of specific membrane transporter genes that can characterize each
segment. Among them, we examined expressions of the Na*-coupled cotransporters abundantly
expressed in the second loop samples. Although the proximal Il segment of the second loop is
known for the elimination of excess solutes, the present results imply that the Pll segment is also
crucial for reabsorption of valuable solutes. Looking ahead to future studies, the segment-
dependent gene expression profiling will be a powerful technique for unraveling the renal mecha-
nisms and regulation in euryhaline elasmobranchs.

Key words: cartilaginous fish, kidney, laser microdissection, RNA-sequencing, membrane transporter,
gene expression profiling

INTRODUCTION

The marine environment is a high salinity environment,
and organisms have adapted to this environment by adopt-
ing various physiological strategies. The strategy adopted
by cartilaginous fish (sharks, rays, skates, and chimaeras) is
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well recognized as urea-based osmoregulation (also referred
to as a ureosmotic strategy) (Pang et al., 1977; Hazon et al.,
2003). The ureosmotic animals maintain their plasma ions at
levels approximately half of seawater (SW), while plasma
osmolality is slightly hyperosmotic to the surrounding SW
through active production and retention of urea. As a result,
they do not suffer dehydration even in the high salinity
marine environment (Anderson et al., 2007).

Multiple organs are involved in maintaining body-fluid
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homeostasis of cartilaginous fishes. Among these, the
kidney is one of the most important organs to achieve the
ureosmotic strategy. Although urea is a key osmolyte to
maintain the high plasma osmolality of cartilaginous fish,
this osmolyte is freely filtered by the glomerulus. Despite the
potential loss, more than 90% of filtered urea is reabsorbed
from the glomerular filtrate by the renal tubules (Smith, 1936;
Kempton, 1953; Boylan, 1967). Therefore, renal excretion of
urea accounts for less than 20% of total urea loss (Goldstein
and Forster, 1971; Payan et al., 1973). Meanwhile, the pio-
neering works by Lacy and Reale (1985a, b) and Hentschel
et al. (1993) described the highly elaborated renal nephron
as follows. Each nephron begins at a renal corpuscle and
forms four loops that traverse repeatedly between two dis-
tinct regions, the bundle and sinus zones, within the kidney.
Beginning from Bowman’s capsule, each nephron consists
of the neck, proximal, intermediate, distal, and collecting
tubules. The proximal, intermediate, and distal tubules are
further subdivided into multiple segments with different mor-
phological characteristics (Lacy and Reale, 1985b;
Hentschel, 1987; Kakumura et al., 2015). The characteristic
structure of the “four-loop nephron” is considered to be
important to perform dedicated roles in each segment and
contribute to its overall function, such as urea reabsorption
from the glomerular filtrate (see Hyodo et al., 2014).

In order to clarify the function of elasmobranch neph-
rons, we have conducted mapping studies of various ion
pumps, channels, and transporters in the nephron seg-
ments. For instance, a facilitative urea transporter (UT;
Sic14a1/2) is expressed in the collecting tubule, the final
segment of the nephron, while Na*/K*-ATPase (NKA) and
Na*,K*,2Cl~ cotransporter (NKCC2; Slc12a2) are co-
localized in the early and late distal tubules, implying that the
distal tubules could be segments for desalination (Hyodo et
al., 2004; Kakumura et al., 2015; Imaseki et al., 2019;
Aburatani et al., 2020, 2022). Based on these results, our
group proposed a model for urea reabsorption where urea is
reabsorbed in the collecting tubule through the coordinated
reabsorption of water and NaCl in the first and/or the third
loops in the bundle zone (Hyodo et al., 2014). Likewise,
based on our findings, expressions of sulfate transporters
(Slc26a1, Slc26a6) were detected in the proximal Il (Pll) seg-
ment, indicating that the PIl segment in the sinus zone is
involved in sulfate excretion (Hasegawa et al., 2016). In
these investigations, expression analyses of target genes or
RNA-sequencing (RNA-seq) were conducted using a por-
tion of whole kidney. These whole tissue analyses lack the
needed resolution to allow comprehensive gene expression
analysis at segment levels, and thus it limits advancement in
functional and regulatory studies of each nephron segment.

Laser microdissection (LMD) clips a particular cell(s) or
a piece of tissue from a tissue section (Espina et al., 2006;
Murray, 2007). Recently, proximal and distal tubule cells
were dissected separately by laser capture microdissection
and relative mRNA expression levels of segment-specific
solute and water transporters were quantified in Atlantic
salmon acclimated to fresh water and SW (Madsen et al.,
2020). By using the LMD technique, we expect that seg-
ment-specific gene expression profiling can also be obtained
in the highly elaborate cartilaginous fish nephron. In the
LMD clipping, unfixed tissue sections instantly frozen are
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recommended to preserve RNA integrity for the subsequent
gene expression analysis. However, in the case of cartilagi-
nous fish kidney, multiple nephron segments are mixed in a
small area. To identify the segment accurately, it is neces-
sary to stain the fixed tissue briefly before conducting LMD.
In general, formaldehyde is used in many fixation proce-
dures because it preserves morphology. However, formal-
dehyde also cross-links nucleic acids and proteins (Park et
al., 1996; Chung et al., 2008) and covalently modifies RNA,
hindering the RNA extraction, reverse transcription, and
quantitation (Auerbach et al., 1977; Masuda et al., 1999).

In the present study, we therefore aimed to optimize the
fixation conditions and RNA extraction method, which
allowed LMD clipping of a specific nephron segment for sub-
sequent RNA-seq analysis. To confirm the segment-specific
clipping by LMD, four established marker genes (sodium-
glucose cotransporter 2 [sglt2, slcba2], nkcc2, Na*-Cl~
cotransporter [ncc, sic12a3], and ut) were used to evaluate
the clipping accuracy of each segment. Immunoreactive
SGLT2 is abundantly localized in the proximal | segment (the
first loop) in spiny dogfish Squalus acanthias (Althoff et al.,
2006), while nkcc2 and ncc are expressed in the third and
fourth loops, and the fourth loop, respectively (Kakumura et
al., 2015; Imaseki et al., 2019; Aburatani et al., 2022). ut is
almost exclusively found in the final segment (collecting
tubule) in all cartilaginous fish nephrons thus far examined
(Hyodo et al., 2004; Kakumura et al., 2015; Imaseki et al.,
2019; Aburatani et al., 2020). Following the segment-specific
gene profiling, selected co-transporter genes that were
highly expressed in the Pll segment (second loop of neph-
ron) were further examined by in situ hybridization. Since the
function of Pll segment is less well described, our approach
successfully increases the knowledge of the functions of this
nephron segment de novo.

MATERIALS AND METHODS

Animals

Adult cloudy catsharks (Scyliorhinus torazame) were trans-
ported from Ibaraki Prefectural Oarai Aquarium to the Atmosphere
and Ocean Research Institute at The University of Tokyo. They
were kept in 3000 L tanks with recirculating natural SW under a
constant photoperiod (light: dark; 12 h: 12 h) at 16°C. Fertilized
eggs were collected from captive individuals, and eggs and hatched
juveniles were maintained in 1000 L tanks under the same environ-
mental conditions. Both adults and juveniles were fed with chopped
squid or sardine to satiation twice a week. All experimental proce-
dures were approved by the Animal Ethics Committee of the Atmo-
sphere and Ocean Research Institute of The University of Tokyo
(P19-2). The present study was carried out in compliance with the
ARRIVE guidelines.

Tissue preparation for laser microdissection (LMD)

Juvenile catsharks were euthanized with 0.02% (w/v) ethyl
3-aminobenzoate methanesulfonate (Sigma-Aldrich, MO, USA),
and whole kidneys were dissected out. The dissected kidneys were
sliced transversely into approximately 2 mm-thick kidney blocks.
Some blocks were frozen immediately in liquid N2, and the other
blocks were fixed using various protocols summarized in Table 1.
The fixatives used in the present study are as follows: Methacarn
(methanol: chloroform: acetic acid = 6: 3: 1) (Puchtler et al., 1970);
UMFIX (methanol: polyethylene glycol 300 = 17: 3) (Vincek et al.,
20083); Z7 (0.5% zinc chloride, 17.16 mM zinc trifluoroacetate, 0.05%
calcium acetate in 0.1 M Tris-HCI, pH 6.4 to 6.7) (Lykidis et al.,
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Table 1. Fixatives used in the present study and corresponding
RNA integrity numbers.

_ Fixation  Fixation ~RNA integrity number (RIN)
Fixatives . .

condition  time Cryostat Scraped off
Unfixed frozen 7 48 54 46 27 65
Formaldehyde-free fixatives
Methacarn 4°C 1hr 7 6.2 73 29 24 6.7
UMFIX 4°C 3hr 3.4 7.6
UMFIX 4°C 12hr 6.8 8
z7 4°C 3 hr 8 75 56 77 8 8
z7 4°C 12 hr 8 54 6.2 6.9 3.6 77
Formaldehyde-containing fixatives
4% PFA RT overnight g8 @

4°C, under
10% NBF negative 5min 5.8 1

pressure
10% NBF 4°C 1 min 7.9 8
1% NBF 4°C 1min 73 841 75 7.8
1% NBF 4°C 15min 1.5 8.3 7.8 8.1

The shadowed entries are RIN values less than 5.0. “Cryostat” and
“Scraped off” represents the tissues following cryostat sectioning
without mounting on glass slide, and the tissues scraped off from
glass slides following hematoxylin staining, respectively.

2007); 4% PFA (4% paraformaldehyde in 0.1 M phosphate buffer
[pH 7.4] containing 150 mM NaCl and 350 mM urea); 10% NBF
(commercial 10% formalin neutral buffer solution [Wako Pure
Chemical Industries, Osaka, Japan]), and 1% NBF (1% NBF in 20%
sucrose).

Fixed blocks of kidney tissue were washed once in Optimal
Cutting Temperature (O.C.T.) compound (Sakura Finetek Japan,
Tokyo, Japan), and embedded in new O.C.T. compound. All of the
embedded blocks were stored at —80°C until sectioning. Frozen
blocks were cut at 10 um using a cryostat maintained at —20°C and
consecutive sections were mounted alternatively onto Mem-
braneSlide NF 1.0 PEN (Carl Zeiss Micro Imaging, Jena, Germany)
for LMD use or onto MAS-GP-coated glass slides (Matsunami
Glass, Osaka, Japan) for reference. This allows a reference histo-
logical image of the adjacent section for each LMD-slide. The slides
were dried in a cryostat for at least 2 min, followed by fixation in 70%
ethanol for 5 min, and then washed with distilled water (DW) for
1 min twice.

Sections on the LMD-slides were stained with Mayer’s hema-
toxylin solution (Wako Pure Chemical Industries) for 1 min, and
hematoxylin coloration was enhanced by incubation in DW at 40°C
for 1 min. Sections were washed with 70% ethanol for 5 min, dehy-
drated through graded ethanol of 70%, 95%, and 100% (1 min
each), and rapidly dried with a hair dryer. After spraying Liquid
Cover Glass (Carl Zeiss Micro Imaging) on the sections, the slides
were placed in 50 ml tubes and stored at —80°C until use. All of the
staining procedures were performed on ice, except for the color-
ation enhancement step after hematoxylin staining.

Sections on the reference-slides were stained with the Periodic
acid Schiff (PAS) method. Sections were stained with 0.5% Periodic
acid solution (Wako Pure Chemical Industries) for 5 min, washed
with tap water for 3 min once and then with DW for 5 min three
times. Sections were then incubated with Schiff's reagent (Wako
Pure Chemical Industries) for 15 min. After rinsing with sulfurous
acid solution (10% sodium bisulfite: 1 N HCl: DW = 6: 5: 100) for
3 min three times, the sections were washed with DW for 5 min
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three times, and then counterstained with Mayer’s hematoxylin
solution for 3 min. To promote hematoxylin coloration, the sections
were washed with running tap water for 15 min. The sections were
washed with DW for 3 min, and then dehydrated through the graded
ethanol series, cleared in xylene, and mounted with Permount
(Thermo Fisher Scientific, Waltham, MA, USA).

RNA extraction and evaluation of the quality of RNA

Total RNA was extracted from two sections (10 ym each)
directly from the cryostat, or six scraped-off sections after hema-
toxylin staining with a FastGene RNA Basic Kit according to the
manufacturer’s protocol (Nippon Genetics, Tokyo, Japan). RNA
quality was assessed by microcapillary electrophoresis with the
RNA 6000 Pico LabChip kit (Agilent Biotechnologies, Tokyo, Japan)
and the Agilent 2100 bioanalyzer (Agilent Biotechnologies), which
assigns an RNA integrity number (RIN) to each RNA electrophero-
gram. This number ranges from 1 (completely degraded RNA sam-
ple) to 10 (intact RNA sample) (Schroeder et al., 2006).

LMD and Quartz-Seq

The PALM MicroBeam System (Carl Zeiss Micro Imaging) at
Toyo University Itakura Campus was used to excise the selected
tissue areas on the LMD slides. The selected tissue areas were
determined according to the morphological identification in the ref-
erence slides that contain the adjacent sections after PAS-staining.
The frozen LMD slides were transferred to the laser microscope
(PALM) immediately after being brought to room temperature. The
narrow beam ultraviolet laser cut out the areas of interest from sur-
rounding tissue, and the laser was then used to catapult the micro-
dissected areas into collecting caps of AdhesiveCap 500 clear
tubes (Carl Zeiss Micro Imaging). In the present study, the bundle
zone (“Bundle”; a mixture of the first loop, third loop and final seg-
ment), the PIl segment of the second loop (“2nd”) and the late distal
tubule (LDT) of the fourth loop (“4th”) were excised from 12 cryosec-
tions, and stored at —80°C until being extracted.

Total RNA from LMD-excised renal segments was extracted
using an RNeasy® Micro Kit (Qiagen, Tokyo, Japan) according to
the manufacturer’s protocol. Total RNA concentration was mea-
sured using the QuantiFluor RNA System (Promega, Madison, W],
USA). Quartz-Seq (Sasagawa et al., 2013) was performed to
amplify cDNA from the low-yield total RNA. Firstly, total RNA was
added to Quartz-RT primer (5-TATAGAATTCGCGGCCGCTCGCG
ATAATACGACTCACTATAGGGCG(T)24-3"), dNTPs (Thermo Fisher
Scientific), and RNasin Plus (Promega) at 12 ul solution and the
mixtures were treated at 70°C for 90 s and at 35°C for 15 s to prime
the RNA with RT primers. Then, SuperScript Il (Thermo Fisher Sci-
entific) master mix was added to a final volume of 20 pul and the
reverse transcription reaction was performed at 35°C for 5 min and
45°C for 20 min, followed by a 10 min treatment at 70°C to inactivate
the reverse transcriptase. The resulting first-strand cDNA was puri-
fied with Agencourt AMPure XP beads (Beckman Coulter, Brea,
CA, USA) and treated with Exonuclease | (Takara Bio, Shiga,
Japan) at 37°C for 30 min to digest the excess RT primers. Exonu-
clease | was inactivated by incubation at 80°C for 20 min. After that,
the Poly-A tailing reaction was performed by adding reaction mix-
ture containing dATP (Thermo Fisher Scientific), RNase H (Thermo
Fisher Scientific), and Terminal Transferase (Roche Applied Sci-
ence, Mannheim, Germany). A reaction mix containing Quartz-
Tagging primer (5-TATAGAATTCGCGGCCGCTCGCGA(T)24-3")
and MightyAmp DNA polymerase (Takara Bio) was prepared on ice
and added to the cDNA templates. The double-stranded DNA syn-
thesis reaction was carried out at 98°C for 2 min 10 sec, 40°C for
1 min, and 68°C for 5 min. After the reaction, the solution was
placed on ice to stop the reaction. cDNA was then amplified in a
107 ul reaction system with Quartz-PCR primer (5-NH2-
GTATAGAATTCGCGGCCGCTCGCGAT-3’). cDNA amplification
was carried out in 18 amplification cycles at 98°C for 10 s, 65°C for
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15's, and 68°C for 5 min. To verify the quality of the amplified cDNA,
4 ul of the reaction product was electrophoresed on a 1.5% agarose
gel. A successful cDNA amplification resulted in a smear of DNA at
various lengths. Subsequently, the product was purified using Min-
Elute PCR Purification Kit (Qiagen) and the cDNA concentration
was measured using Qubit 4 (Thermo Fisher Scientific) and the
Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific) and Qubit
Assay Tubes (Thermo Fisher Scientific).

RNA-seq analysis

RNA-seq library preparation, sequencing, mapping, and gene
expression analysis were performed by DNAFORM (Yokohama,
Kanagawa, Japan).

Double-stranded cDNA libraries (RNA-seq libraries) were pre-
pared from the cDNA amplified by Quartz-Seq using the SMART-
Seq Stranded Kit (Takara Bio) according to the manufacturer’s
instruction. The “Bundle”, the “2nd”, and the “4th” samples of
catshark kidney were analyzed (n = 3). RNA-seq libraries were
sequenced using 150 bp paired end reads on a NextSeq 500 instru-
ment (lllumina, San Diego, CA, USA). Qualified reads were mapped
to the catshark Genome assembly: Storazame_v1.0 using STAR
(version 2.7.2) (Dobin et al., 2013). Reads on annotated genes were
counted using featureCounts (version 1.6.1) (Liao et al., 2014). Tran-
scripts per million (TPM) values were calculated from the mapped
reads and normalized to total counts of transcript, and the TPM
values for each segment were arranged in a descending order. The
expression levels among the three segments (Bundle, 2nd, and 4th)
were then statistically analyzed. All of the coding nucleotide
sequences predicted on the catshark genome were subjected to
NCBI blastx (Expect threshold: 0.05) against the non-redundant
protein sequences to identify the putative proteins. The gene
names, protein names, and Gene Ontology (GO) terms correspond-
ing to all of the identified proteins were acquired through Uniprot
database. The genes containing GO terms of molecular function
“transporter activity” and cellular component “plasma membrane”
were then short-listed. The raw sequenced reads were deposited in
the DNA Data Bank of Japan (DDBJ) under the accession numbers
DRR413293-DRR413301.

cDNA cloning

Complementary DNA cloning was performed as previously
described in detail (Takagi et al., 2017) using frozen kidney of juve-
nile catshark. Total RNA was extracted using ISOGEN (Nippon
Gene, Toyama, Japan). DNase-treated total RNA (1 pg) was
reverse-transcribed into cDNA using a High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific), following the
manufacturer’s instructions. Putative nucleotide sequences of
mRNAs encoding catshark SGLT2, NKCC2, NCC, UT, Sic1ag3,
Slc5a8, Slc5all, Slc13a3, and B-actin were obtained by BLAST
search on catshark transcriptome database Squalomix (https:/
transcriptome.riken.jp/squalomix/) (Hara et al., 2018). Partial cDNA
fragments, which were amplified with Kapa Taq Extra DNA poly-
merase (Kapa Biosystems, Boston, MA, USA) and gene-specific
primer sets (see Supplementary Table S1), were ligated into pGEM-
T Easy plasmid vector (Promega). The nucleotide sequences were
determined using a DNA sequencer (ABI PRISM 3130, Life Tech-
nologies, Carlsbad, CA, USA). The sequence data were deposited
in the DDBJ under the accession numbers LC739024 (ncc),
LC739025 (sglt2), LC739026 (nkcc2), LC739027 (ut), LC739028
(slc1a3), LC739029 (slc5a8), LC739030 (slc5a11), and LC739031
(slc13a3).

In situ hybridization

Kidneys of adult female catsharks fixed in Bouin’s solution
without acetic acid were embedded in Paraplast (McCormick Sci-
entific, Richmond, IL, USA). Serial sections were prepared at 7 um
and mounted onto MAS-coated slides (Matsunami Glass). The
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cloned cDNAs were amplified from the plasmids with Primestar
GXL DNA polymerase (Takara Bio) using M13 forward and reverse
primers. The PCR products were subsequently purified using Wiz-
ard SV Gel and PCR Clean-up System (Promega) and used to syn-
thesize digoxigenin (DIG)-labeled antisense and sense cRNA
probes with a DIG RNA labeling kit (Roche Applied Science), fol-
lowing the manufacturer’s protocols. Hybridization and washing
were conducted using a previously described protocol (Aburatani et
al., 2022). Stained sections were counterstained with Kernechtrot
Stain Solution (MUTO PURE CHEMICALS, Tokyo, Japan) and
mounted using Permount (Thermo Fisher Scientific) (sglt2, nkcc2,
ncce, and ut), or mounted using CC/Mount (Diagnostic BioSystems,
Pleasanton, CA, USA) without counterstaning for weakly stained
sections (slc1a3, slc5a8, sic5al1, and slc13a3).

Quantitative real-time PCR (qPCR)

The gene expression levels were measured by qPCR using
7900HT Fast Real Time PCR System (Applied Biosystems, Forster
city, CA, USA) with a KAPA SYBR FAST gqPCR Kit (Kapa Biosys-
tems) and gene-specific primer sets (see Supplementary Table S1).
The cloned plasmids containing the target sequences were serially
diluted as standard templates for quantification. The expression
levels of B-actin mRNA were used as internal control.

Statistical analysis

Values are presented as means + S.E.M. The qPCR results
were analyzed by one-way ANOVA followed by Tukey’s multiple
comparison test or Kruskal-Wallis test followed by Dunn’s multiple
comparison test. The TPM values among the three segments
(Bundle, 2nd, and 4th) were analyzed by one-way ANOVA followed
by Tukey’s multiple comparison test. P values < 0.05 were consid-
ered as statistically significant. All analyses were performed using
Prism Ver. 9 for Windows (GraphPad, San Diego, CA, USA).

RESULTS

Evaluation of tissue preparation methods

For successful LMD dissection and subsequent RNA-
seq, an optimal fixation method that provides substantial
histological resolution and RNA integrity is required. To
avoid possible cross-linking damage to RNA integrity by
formaldehyde, several formaldehyde-free fixatives, Metha-
carn, UMFIX, and Z7, were examined (Table 1). The RNA
quality was assessed by the RNA integrity number (RIN) in
an RNA electropherogram. For each fixation method, RNA
samples were prepared from 1) the tissues following cryo-
stat sectioning without mounting on glass slides (“Cryostat”)
and 2) the tissues scraped off from glass slides following
hematoxylin staining (“Scraped off”). The RNA samples pre-
pared from the unfixed tissues had RIN values between
5.73 £ 0.66 (“Cryostat”) and 4.60 + 1.10 (“Scraped off”).
Most RNA samples from fixed tissues with formaldehyde-
free fixatives had RIN values higher than 5, but some sam-
ples from the Methacarn-fixed for 1 h, UMFIX-fixed for 3 h,
and Z7 for 12h had RIN values lower than 5 (Table 1). On the
other hand, RNA samples prepared from the formalin-fixed
paraffin-embedded (4% PFA overnight) tissues had RIN val-
ues less than 3.5, which was considerably lower than those
of formaldehyde-free fixatives.

Figure 1A shows the transverse section of the formalde-
hyde-fixed kidney of adult catshark. The kidney consists of
the sinus zone and the bundle zone, with single nephrons
traversing repeatedly between the two zones (see Fig. 1D).
The sinus zone is filled with the second and the fourth loops
(Fig. 1B), while five tubular segments (the descending and
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Fig. 1. Anatomical features of the cartilaginous fish kidney and histological preservation by the formaldehyde-free and formaldehyde-based
fixatives for LMD. (A) Transverse section of the formaldehyde-fixed adult catshark kidney stained with PAS. SZ, sinus zone; BZ, bundle zone.
(B) Magnified image of the sinus zone. The number labels 2 and 4 mark the Pll segment and the LDT, respectively. Note that, in the case of
Pll segment, the brush border of the apical surface is stained with PAS. (C) Magnified view of the bundle zone. The circle represents five
tubular segments of a single nephron. (D) Schematic illustration of cartilaginous fish nephron. CT, collecting tubule; EDT, early distal tubule;
IS, intermediate segment; LDT, late distal tubule; NS, neck segment; Pl and PII, proximal segment | and II, respectively; RC, renal corpuscle.
(E-L) Histological images of catshark kidney for LMD (hematoxylin-stained [E, G, I, K]) and reference (PAS-stained [F, H, J, L]) slides. Tis-
sues were fixed with UNFIX for 12 h (E, F), Z7 for 12 h (G, H), 10% NBF for 1 min (l, J), or 1% NBF for 15 min (K, L). The number label 2
represents the PIl segment of second loop. Scale bars: 1 mm (A), 100 um (B, C), 300 um (E-L).

ascending segments of the first and third loops and the col-
lecting tubule) are aggregated in the bundle zone. The five
bundle segments were closely wrapped by a sac-like peritu-
bular sheath (circled in Fig. 1C). Figure 1E, G represent the
sinus zone of UMFIX- and Z7-fixed kidney samples, respec-
tively, and histological preservation by the formaldehyde-
free fixatives was too low for identifying specific segments
for the subsequent LMD. In addition, during the preparation
of the adjacent sections for PAS staining, we noticed that
histological structures were easily distorted in the formalde-
hyde-free fixed sections, and thus confident identification of
specific tubular segments on the reference slides was not
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possible (Fig. 1F, H).

The above results suggest that the formaldehyde-free
fixatives examined so far are not suitable for excising spe-
cific nephron segments using LMD. Therefore, the use of
formaldehyde-based fixatives was examined (Table 1). The
low RIN score in the 4% PFA overnight samples might be
due to excessive cross-linking and modification of nucleic
acids by formaldehyde, and possible damage to nucleic
acids by formic acid produced by the oxidation of formalde-
hyde. Therefore, we next examined various fixation
conditions for frozen tissues using a commercial 10% neu-
tral buffered formalin (NBF; approximately 3.7% paraformal-
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dehyde) solution. Four conditions were examined: 1) 10%
NBF for 5 min under negative pressure, 2) 10% NBF for
1 min, 3) 1% NBF in 20% sucrose for 1 min, and 4) 1% NBF
in 20% sucrose for 15 min (Table 1). Fixation in 10% NBF
under negative pressure is considered to facilitate formalde-
hyde penetration into the tissues, thereby minimizing the
exposure time to formaldehyde. However, the RIN scores
were 5.80 and 1.00, indicating that the negative pressure
protocol was not compatible with RNA extraction. On the
other hand, the reduced fixation time for 1 min in 10% NBF
achieved high RIN scores of 7.90 and 8.00. Furthermore, a
low concentration of NBF at 1% for 1 min or 15 min also
improved RIN score to over 7.0 except for one sample fixed
in 1% NBF for 15 min (Table 1).

Cryostat sections with formaldehyde-based fixatives
improved histological preservation compared to those with
formaldehyde-free fixatives (Fig. 1, K). When adjacent sec-
tions were stained with PAS, the proximal segment of the
second loop and the distal segment of the fourth loop were
clearly distinguishable by the presence and absence,

<

respectively, of brush border on the apical surface of lumen
(Fig. 1J, L). Although both fixation times of 1 min and 15 min
resulted in satisfactory RIN values, the longer fixation time
reduced the hastiness of the procedures and thus produced
a more consistent fixation condition. Collectively, fixation in
a low-concentration formaldehyde (1% NBF) for 15 min
maintains a reasonable tissue morphology and RNA quality,
and thus allows LMD clipping of specific renal tubules for
subsequent RNA-seq.

Evaluation of segment specificity of LMD samples

Four membrane transporter genes were selected as
markers as they are specifically and abundantly expressed
in particular segments of the nephron according to previous
studies. Segment-specific expressions of these marker
genes were confirmed in the catshark kidney (Fig. 2). Sig-
nals for sg/t2 mRNA were detected in the bundle zone, but
not in the sinus zone (Fig. 2A—-C). In the bundle zone, sglt2
mRNA signals were observed only in a single nephron seg-
ment (open arrowheads in Fig. 2B). Observation using serial

3

aLDT

Fig.2. Expression of the marker genes used in the present study. (A—D) Na*-coupled glucose transporter (sg/t2 mRNA), (E-H) Na*,K*,2CI~
cotransporter (nkcc2 mRNA), (I-L) Na*,CI~ cotransporter (ncc mRNA), (M-P) urea transporter (ut mRNA). (A, E, I, M) Low magnification of
catshark kidney showing both the bundle and sinus zones. Magnified views of the bundle zone (B, F, J, N) and the sinus zone (C, G, K, O).
The marks represent the following: open arrowheads, the ascending part of the Pla segment (“ii” in the tubules); arrows, the EDT of the third
loop (“iv” in the tubules); arrowheads, the collecting tubule (“v” in the tubules); aLDT and pLDT, anterior and posterior LDT, respectively. (D,
H, L, P) Schematic images representing localization of sg/t2 (D), nkcc2 (H), ncc (L), and ut (P) mRNAs that are shown in red color. aPla,
ascending part of Pla segment. Scale bars: 200 um (A, E, I, M) and 50 um (B, C, F, G, J, K, N, O).
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sections revealed that the sg/t2 mRNA-expressing tubule is
the ascending (posterior) limb of the Pla segment (Fig. 2D).
On the other hand, nkcc2 mRNA signals were found both in
the bundle and sinus zones (Figs. 2E-G). In the bundle
zone, intense nkcc2 mRNA signals were detected in tubules
comprised of the largest columnar cells, indicating that the
early distal tubule (EDT; filled arrows) of the third loop
expresses nkcc2 mRNA (Fig. 2F, H). In the sinus zone,
nkcc2 mRNA was detected in tubules comprised of small
and thin squamous cells, indicating that nkcc2 mRNA is
expressed in the fourth loop (the late distal tubule; LDT) (Fig.
2G, H). The ncc mRNA signals were observed in the LDT
and the transitional region between LDT and CT (Fig. 2I, K).
In the sinus zone, however, the posterior half of LDT was
intensely stained by ncc mRNA signals, which was different
from the anterior half of the LDT that was intensely stained
by nkec2 mRNA (Fig. 2G, H, K, L). The ut mRNA signals
were found in the tubules in bundle zone (Fig. 2M), and the
ut mRNA positive segment (filled arrowheads in Fig. 2N) did
not overlap with segments expressing sg/t2 (open arrow-
heads) or nkcc? (filled arrows) mRNAs, indicating that the ut
mRNA-positive segment is the collecting tubule and preced-
ing transitional region between LDT and CT (Fig. 2P). These
results confirmed that the four marker genes are effective for
evaluating segment specificity of LMD samples.

In the present LMD study, three regions of catshark
nephron were excised: 1) five tubular segments wrapped by
the peritubular sheath in the bundle zone (“Bundle”, the
descending and ascending segments of the first and third
loops, and the collecting tubule), 2) the PIl segment of the
second loop (“2nd”), and 3) the LDT of the fourth loop (“4th”).
Although no significant difference
was observed in marker gene
expressions among the LMD sam-
ples due to the large variations in 15+

using three individuals. In the present study, we focused on
membrane transport proteins, including the solute carrier
(Slc) family, for deducing the reabsorbing and/or secreting
functions of each nephron segment. By searching GO terms
as described in the Methods section, we shortlisted the top
30 highly expressed membrane transporter genes in each
LMD segment (Tables 2 to 4), and we statistically analyzed
their expression levels among the three LMD segments. As
a result, five, 13, and four genes were found to be signifi-
cantly expressed in the “Bundle”, “2nd”, and “4th” segments,
respectively, which characterize the functions of those seg-
ments (Tables 2 to 4).

Many segment-dependent genes were detected in the
second loop samples, but generally these have not been
investigated yet in the elasmobranch kidneys. Therefore, we
selected four genes (slc13a3, sic5a8, slc5al1, and sic1a3)
and further investigated their localization by in situ hybridiza-
tion (Fig. 4). slc13a3 has the highest TPM values among Sic
family genes in the second loop, and its expression was
intensely detected in the sinus zone (Fig. 4A). The slc13a3-
positive segments were relatively large and did not express
nkcc2 and ncc mRNAs (Fig. 4P), indicating that s/c13a3
gene expression is specific to the PIl segment of second
loop. The intense signals observed in the second loop by in
situ hybridization were consistent with the results of RNA-
seq, where the TPM value of slc13a3 mRNA was signifi-
cantly higher in the “2nd” sample than that in the “4th” and
“Bundle” samples.

Two genes encoding SLC5 members (s/c5a8 and
slc5a11) were listed as genes abundantly expressed in the
second loop based on RNA-seq. However, the localization

observed data, qPCR analysis < °
revealed that the expression of four %
marker genes in the LMD samples g 109
corresponded to the local abun- §
dance of mMRNA shown by the results 5 054
of in situ hybridization (Fig. 3). 3 o
Expressions of sglt2, nkcc2, and ut e
were observed in the “Bundle” sam- 0.0- :
ples, in which the first loop, third
loop, and collecting tubule were
included. Expression of nkcc2
mRNA was also found in the “4th”
. 0.05+

samples. Expression of ncc mRNA «
was detected in the “4th” samples, Z 0.04-
while none of the four genes had § 0.03
high expression in the “2nd” sam- § '
ples. These results further demon- 8 0.024
strated that contamination of other S

; . £ 0.011
segments is negligible for the S
obtained LMD samples. 0.00-_ -e--e-
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Expression profiles of membrane
transporter mRNAs in the LMD
samples
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Fig. 3. Expression of the marker genes in the LMD samples for “Bundle” (five tubular seg-
ments in the bundle zone), “2nd” (the PIl segment of second loop), and “4th” (the LDT of fourth
loop). Data are presented as means = S.E.M. with each sample value as an open circle (n =
3). No significant differences were observed in expressions of the marker genes among the

expression profiles were examined LMD samples due to the large variations.
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Fig. 4. Expression of sic13a3 (A-E), sicba11 (F-J) and s/c5a8 (K-0) mRNAs in the sinus zone (A, B, F, G, K, L) and the bundle zone (C,
D, H, I, M, N) of catshark kidney. Sections were hybridized with antisense (A, C, F, H, K, M) or sense (B, D, G, I, L, N) probes. (P-S) Adjacent
sections were stained with ncc ([P] sinus zone), nkcc2 ([Q] bundle zone), sgl/t2 ([R] bundle zone), or ut ([S] bundle zone) MRNA. The labels
ii, iv, and v mark the ascending part of Pla segment, the EDT, and the collecting tubule, respectively. Both s/c13a3 and s/c5a77 mRNA signals
were localized in the Pll segment of the second loop (A, F), while the weak mRNA signals of s/c5a8 were found in the ascending part of Pla
segment (arrows in [M]), where mRNA signals of sg/t2 were co-localized (arrows in [R]). Schematic images represent localization of s/lc13a3
(E), slc5a11 (J), and slc5a8 (O) mRNAs that are shown in red color. Scale bars, 50 um.

patterns of slc5a8 and sic5a17 mRNAs in the nephron were
different. The slc5a77 mRNA signals were found only in the
sinus zone (Fig. 4F). The slc5a11-positive tubules were the
same tubules expressing sic13a3 mRNA, although the sig-
nal intensity of slc6a77 mRNA was much lower than that of
slc13a3 mRNA. Meanwhile, slc5a8 mRNA signals were
faintly detected in one segment within the bundle zone
(arrows in Fig. 4M). The slc5a8 mRNA-positive segment co-
expressed sglt2 mRNA (Fig. 4R) but was negative for nkcc2
(Fig. 4Q) and ut (Fig. 4S) mRNAs, suggesting that sic5a8 is
expressed in the ascending part of the Pla segment of the
first loop.

Although slc1a3 mRNA was listed as a gene character-
istic of the second loop, expression levels were too low to be
detected by in situ hybridization. In all in situ hybridization
experiments, negative control slides using sense cRNA
probes resulted in no signals (Fig. 4B, D, G, I, L, N).

DISCUSSION

The cartilaginous fish nephron forms four loops that tra-
verse repeatedly between the bundle and sinus zones. The
single nephron is composed of over 10 morphologically dis-
tinct segments (Lacy and Reale, 1985b; Hentschel, 1987;
Kakumura et al., 2015), and those multiple segments most
likely have separate secretory and/or reabsorption functions
(Hyodo et al., 2014; Hasegawa et al., 2016). However, due to
technical limitations, comprehensive gene expression anal-
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yses have been conducted only using whole kidney (or a
portion of whole kidney) homogenates, which has limited the
search for segment-dependent gene expression that can
characterize each segment. This study is the first to apply
the LMD technique to analyze gene expression in the carti-
laginous fish nephron, and we successfully obtained gene
expression profiles that characterized three segments of the
catshark nephron.

Successful clipping and gene expression profiling in
each segment requires that both RNA integrity and histo-
logical preservation be relatively high. Since formaldehyde-
based fixatives form cross-linkages between mRNAs and
surrounding proteins, RNA integrity is often higher when the
tissue is treated with formaldehyde-free fixatives. Indeed,
our results showed that alcohol-based and zinc-based fixa-
tives such as Methacarn, UMFIX, and T7 maintained high
nucleic acid qualities (Table 1). However, the histological
preservation by these fixatives was too low to provide essen-
tial guidance for clipping of specific nephron segments by
LMD. Therefore, we tested several formaldehyde-based fix-
atives with modifications of fixation strength and time.
Although an initial trial with 10% NBF for 5 min under nega-
tive pressure resulted in low RIN score (less than 6.0),
reduction of fixation time without negative pressure or reduc-
tion of fixative concentration to 1% NBF improved the RIN
scores (higher than 7.0). For RNA-seq analysis, RIN scores
higher than four (Romero et al., 2014) or five (Fleige and
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Table 2. List of top 30 highly expressed membrane transporter genes in the “Bundle” samples.
TPM Average + SEM
GenelD Accession Gene name
B_1 B_2 B_3 2nd_12nd_22nd_3 4th_1 4th_2 4th_3 Bundle 2nd 4th
1 22033 1953.14293.31895.5 25.0 26.6 11.4 1046.1 419.1 2418.8 2714.0 £ 789.8%  21.0 £ 4.8° 1294.6 + 590.5%°P55014  Slc12al Nkcc2
2 11021 464.8 9258 9018 0.2 07 12 00 0.0 3.2 7641+ 149.82 0.7 £ 0.3° 11+ 1.1° Q92317  Sic5a2 Sglt2
3 21706 166.9 202.8 690.5 477 517 93.8 215.9 144.3 250.8 3534 +168.9  64.4 + 147 203.6 + 31.3 000299 CLIC1 G6 NCC27
4 21677 346.2 4245 246.2 313 277 252 540 407 124 339.0 £ 51.62  28.0 + 1.8° 35.6 + 12.3° P07355 ANXA2 ANX2
ANX2L4 CAL1H
LPC2D
5 16009 205.7 628.2 169.6 2.0 19 17 945 161 5387 334.5+ 1472 1.9+01 216.4 + 162.7 P55016  Slc12al Nkec2
6 16487 139.1 2139 2423 13 24 38 230 123 1.6 1984 +30.82 2.5+0.7° 12.3 £ 6.2° FIQZE9 tmc2b si:229d2.2
7 21113 187.3 307.8 92.3 193.7 377.8 153.8 238.8 117.6 237.0 1958 + 62.4 241.8 + 69.0 197.8 + 40.1 Q5ZJ06 MAGT1
RCJMBO04_22a7
8 1172 56.9 300.3 71 23.2 403 704 0.1 0.1 2541 121.4 £ 90.6 44.6 + 13.8 8.4 +83 Q28614 SLC14A2UT2
9 8888 66.3 210.2 454 258 626 56.3 676 78.0 88.0 107.3 £ 51.8  48.2+ 11.4 779 +5.9 Q8N8Q9 NIPA2
10 8312 719 1321 551 13 09 23 1595 59.6 859.6 86.4 + 23.4 1.5+ 04  359.6 £ 251.7 Q9W701 clcnkb
11 13947 29.8 1257 378 35 23 222 01 00 19 64.4 £ 30.7 9.3+6.4 0.7 £ 0.6 Q2A865 Sic6al9 Boat1
12 8550 46.7 1216 219 63.9 1105 157.0 717 421 1107 63.4 +£30.0 110.4 +26.9 74.8+19.9 QINRA2 SLC17A5
13 6217 417 772 647 159 70 735 852 63.0 23.8 61.2+ 104 321 +20.8 57.3 £ 18.0 A8WHP3 slc5a9 si:dkey-706.5
14 15730 76.5 55.0 47.0 255.3 2479 191.0 718 125 295 59.5 + 8.82 231.4 + 20.3° 37.9 £ 17.6% A1L2R7 tmem120a
15 26142 467 341 825 23 43 120 129 70 186 54.4 + 14.52 6.2 +2.9° 12.9 + 3.3 Q6BBL6 CLDN4
16 8632 53.3 80.3 176 112.3 158.8 90.0 164 26.0 43.6 50.4 + 18.23° 120.3 + 20.32 28.7 + 7.9° P82251  SLC7A9 BAT{
17 18278 43.9 440 63.0 221 235 457 410 323 452 50.3 + 6.3 304 £ 76 39.5+ 3.8 Q5R826 TMEM63A
18 7638 346 856 29.0 314 542 1076 419 286 93.8 49.7 £18.0 644 226 54.8 + 19.9 P28288 ABCD3 PMP70
PXMP1
19 15955 425 846 218 01 3.9 25 165.6 269.2 520.9 49.6 + 18.52 2.2+ 113 318.6 £ 105.5° 014764 GABRD
20 18634 421 523 528 515 289 372 31 137 0.0 49.0 £3.52 39.2+6.62 5.6 + 4.1° Q90YM4 slc51b ostb
21 14778 256 66.9 375 18.6 379 1045 356 21.5 200.3 433+ 123  53.6 +26.0 85.8 + 57.4 Q9XT97 PSEN1
22 10050 436 51.3 300 87 74 06 0.2 101 0.1 41.6 + 6.22 5.6 +2.5° 3.5 £3.3° Q9Y691 KCNMB2
23 14176 545 39.8 29.4 1527 107.6 142.6 0. 01 271 41.2 +7.3% 134.3 £ 13.7° 9.1 +9.0% Q62273  Slc26a2 Dtd Dtdst
24 7835 371 30.8 490 31.3 377 766 143 297 1024 39.0+53  48.6+ 14.2 48.8 + 27.2 Q9Z351 Kcng2 Kqt2
25 23082 19.2 613 337 985 1187 4580 55 11.8 108.8 381+ 124 2251 t 116.6 42.0 + 334 014863 SLC30A4 ZNT4
26 2390 501 434 19.0 11.3 204 139 765 465 511 375 +95% 152 +272 58.0 + 9.3° Q5ZL05 ORAI1 CRACM1
TMEM142A
RCJMBO04_8f15
27 15690 72.3 311 8.2 64.5 108.8 12.88052.8 7545.6 4206.9 372 +18.82 62.0 + 27.726601.8 + 1206.4° Q8R2N1 Aqp3
28 18524 395 373 250 8.8 51 45 470 22 363 34.0 £ 4.5 6.1+13 28.5+ 13.5 Q7RTPO NIPA1 SPG6
29 16950 22.0 455 33.6 201.2 161.9 2470 01 241 58.9 33.7 £ 6.82 203.4 +24.6° 27.7 £ 1712 Q32KX5 LRRC28
30 306 45 956 02 37 350 17 1194 740 68.2 33.4 + 311 13.5 + 10.8 87.2 + 16.2 Q9BQ31 KCNS3

Different alphabet letters indicate statistically significant difference among segments (P < 0.05).

Pfaffl, 2006) are recommended. Indeed, consistent PCR
amplification of segment-specific marker genes was suc-
cessfully obtained using the RNA samples excised by LMD
from the sections fixed in 1% NBF for 15 min.

In the present study, the five tubular segments (the
descending and ascending segments of first and third loops
and the collecting tubule) were excised together by LMD.
EDT of the third loop, comprised of large columnar cells, is
distinguishable from the other four segments within the bun-
dle. Except for EDT, however, morphological characteristics
under general staining methods (e.g., HE or PAS) are not
sufficient to identify other segments. To identify each seg-
ment in the tubular bundle, it is necessary to stain the refer-
ence section or the LMD section for marker genes/proteins.
The present study confirmed that SGLT2, NKCC2, and UT
can be used as specific marker genes/proteins for the
ascending segment of first loop, the EDT of third loop, and
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the collecting tubule, respectively. The formaldehyde-based
fixative protocol established in the present study is appropri-
ate for in situ hybridization and immunohistochemistry for
improving the LMD protocol in the future.

In the kidney of cloudy catshark, the localization of sg/t2
mRNA signals was confined to the ascending segment of
Pla of the first loop. To date, there has been no report show-
ing that the Pla segment is further subdivided into segments
with different functions. In the kidney of spiny dogfish, immu-
noreactive SGLT2 is widely localized in the Pla, Plb, Plib,
LDT, and collecting tubule (Althoff et al., 2006). The observed
difference between cloudy catshark and spiny dogfish could
be due to methodology, where the former relied on probe
specificity for the mRNA and the latter depended on anti-
body specificity for the protein. The localization of sglt2
mRNA in the catshark nephron was consistent with that in
mammalian nephrons, where SGLT2 is expressed predomi-
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Table 3. List of top 30 highly expressed membrane transporter genes in the “2nd” samples.

TPM Average = SEM
GenelD Accession Gene name
2nd_1 2nd_2 2nd_3 4th_1 4th_2 4th_.3 B_1 B_2 B_3 2nd 4th Bundle
1 6923 1103.1 1360.4 2624.5 162.4 38.1 102.6 7.2 4.3 20.4 1696.0 + 470.22 101.0 £ 35.9®  10.6 + 5.0° Q8WWT9 SLC13A3 NADC3
SDCT2
2 9560 501.2 7442 7135 56.8 213 101 79 3.3 10.2 653.0 £ 76.42 29.4 + 14.1° 71 +£2.0° AIL1IP9  sic47al mated
zgc:158231
3 15146 307.0 382.3 12653 26.7 141 359 124 6.9 8.2 651.5 + 307.7 25.6 + 6.3 9.2+ 16 075751 SLC22A3 EMTH
OCT3
7236 331.2 369.9 4734 215 0.9 9.5 19.7 167 3.4 391.5 + 42.42 10.6 + 6.0° 13.2 + 5.0° Q9Z2J0 SlIc23al Svctl Yspl3
5 21113 193.7 377.8 153.8 238.8 117.6 237.0 187.3 307.8 92.3 241.8 £ 69.0 197.8 £ 40.1 195.8 £ 62.4 Q5ZJ06 MAGT1
RCJMBO04_22a7
6 22039 183.6 143.8 368.9 9.3 5.1 40 08 02 14 2321 + 6942 6.1 £1.6° 0.8 + 0.4° Q66J54 slc22a6-a oatl-a
7 15730 255.3 2479 191.0 718 125 29.5 76.5 55.0 470 231.4 £ 20.32 37.9 + 17.6® 595 + 8.8° AIL2R7 tmemi20a
8 23082 98.5 118.7 458.0 55 11.8 108.8 19.2 61.3 33.7 2251 + 116.6 42.0 + 334 38.1 £ 124 014863 SLC30A4 ZNT4
9 959 52.5 115.8 479.4 1.5 0.3 20 2.8 11 3.6 2159 +133.0 1.3 £ 0.5 2.5+ 0.7 Q8N695 SLC5A8 AIT SMCT
SMCT1
10 16950 201.2 161.9 247.0 01 241 589 22.0 455 33.6 203.4 £ 2462 277 £171°  33.7 £ 6.8° Q32KX5 LRRC28
ihl 1474 80.3 755 4049 620 409 3922 45 0.8 44 186.9 £ 109.0 165.1 + 113.8 3.2+ 1.2 QOIlIV2 rhbg
12 18739 1729 1172 260.8 12.9 0.0 49 32 21 341 183.6 = 41.82 59+ 3.8° 2.8 £ 0.4° P33527 ABCC1 MRP MRP1
183 2499 111.6 86.3 297.6 0.0 0.0 0.2 6.0 34 25 165.2 + 66.6 0.1 £0.1 4.0+ 11 Q07837 SLC3A1 RBAT
14 16881 123.8 93.8 2165 10.1 5.1 84 125 278 16.0 144.7 + 36.92 7.9 £ 1.5° 18.8 + 4.6° Q6NUT3 MFSD12 C190rf28
15 15871 123.8 67.0 223.6 16.1 0.0 36 03 00 1.6 138.1 £ 45.82 6.6 + 4.9 0.6 + 0.5 Q9Z1F2 Slic5al1 Kst1 Smit2
16 7298 1157 226.2 681 255 174 00 79 23 07 136.6 + 46.82 14.3 + 7.5° 3.6 £2.2° Q3T9X0 SlIc2a9 Glut9
17 11034 82.0 124.8 198.2 3.2 6.7 26 181 177 194 135.0 £ 34.02 4.2 +1.3° 18.4 + 0.5 Q62687 Slc6al8 Xtrp2
18 14176 152.7 107.6 142.6 0.1 01 271 545 39.8 294 134.3 £ 13.72 9.1 +9.0° 41.2 £ 7.3° Q62273 SIc26a2 Dtd Dtdst
19 8632 112.3 158.8 90.0 16.4 26.0 43.6 53.3 80.3 176 120.83 £ 20.32 28.7 +7.9° 50.4 + 18.22°P82251  SLC7A9 BAT1
20 8550 63.9 1105 157.0 71.7 421 110.7 46.7 121.6 21.9 110.4 £ 26.9 74.8 £19.9 63.4 £30.0 Q9NRA2 SLC17A5
21 20672 0.0 0.0 267.8 0.0 0.0 04 00 0.1 197 89.3 + 89.3 0.1 £0.1 6.6 £ 6.6 P14222 PRF1 PFP
22 19995 241 66.9 1494 0.1 0.0 26.6 25.2 304 8.5 80.1 £ 36.8 8.9+8.8 214 £6.6 A2A8Z1 Osbpl9 Orp9
23 5700 21.9 68.6 113.4 0.0 2.0 01 32 1.8 1.6 68.0 £ 26.42 0.7 + 0.6" 2.2 + 0.52? 057321 SLC1A3 EAAT1
24 22569 431 522 106.7 13.8 0.0 236 6.1 206 11.9 67.3 + 19.92 12.5 + 6.8° 12.9 + 4.2° Q9N1R6 SLC7A9 BAT1
25 3374 220 612 118.0 156 0.0 42 04 06 05 67.1 £ 27.9 6.6 £4.7 0.5+ 0 P58353 SLC2A5GLUT5S
26 21706 477 517 93.8 2159 144.3 250.8 166.9 202.8 690.5 64.4 + 14.7 203.6 £ 31.3 353.4 £ 168.9 000299 CLIC1 G6 NCC27
27 7638 314 542 1076 419 28.6 93.8 346 856 29.0 64.4 +22.6 54.8 + 19.9 49.7 £ 18.0 P28288 ABCD3 PMP70
PXMP1
28 15690 64.5 108.8 12.8 8052.8 7545.6 4206.9 72.3 311 8.2 62.0 + 27.726601.8 + 1206.4°® 37.2 + 18.82 Q8R2N1 Aqp3
29 21430 216 26.2 1357 15.0 0.1 35 02 0.0 0.0 61.2 £ 37.3 6.2+ 45 0.1 £+ 0.1 Q8NGO04 SLC26A10
30 19373 6.2 29.4 1431 1.1 0.0 01 52 74 14 59.6 + 42.3 04+04 47 £1.8 Q6UXY8 TMC5 UNQ8238/
PRO33604

Different alphabet letters indicate statistically significant difference among segments (P < 0.05). The genes indicated in bold letters with shadow were examined their

localization by in situ hybridization.

nantly on the luminal surface of cells of the first part of the
proximal tubule (S1 and S2 segments) (Gerich, 2010). The
SGLT2 transporter protein is responsible for reabsorbing
approximately 90% of the glucose filtered at the glomerulus
in mammalian nephrons (see Marsenic, 2009), thus it is rea-
sonable to consider that glucose is predominantly reab-
sorbed in the early proximal tubules in different vertebrate
lineages, including cartilaginous fishes.

Segment-dependent gene expression profiles

In the present study, we successfully obtained lists of
genes abundantly expressed in the second loop, fourth loop,
and the tubular bundle from the RNA-seq analyses on the
LMD samples. We focused on membrane transporter genes,
including the slc family, as they play crucial roles in reab-
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sorption and secretion of solutes across the epithelial cells
of renal nephrons (Hediger et al., 2004). We found that the
marker genes used in the present study were on the lists:
nkcc2, sglt2, and ut genes on the “Bundle” list, and nkcc2
and ncc on the “4th” list.

Among the genes on the lists, we further focused on the
Na™*-coupled cotransporters abundantly expressed in the
second loop because of the following reasons: 1) Na*-
coupled cotransporters are the secondarily active transport-
ers directly contributing to reabsorption or secretion of sol-
utes in nephron segments, and 2) little information has been
available on the function of proximal segment(s) in the sec-
ond loop except possible divalent ion secretion (Hasegawa
et al., 2016). The most abundantly expressed slc gene in the
second loop was s/c13a3. In situ hybridization clearly
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Table 4. List of top 30 highly expressed membrane transporter genes in the “4th” samples.
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TPM Average + SEM
GenelD Accession Gene name
4th_1 4th_2 4th_3 2nd_1 2nd_2 2nd_3 B_1 B_.2 B_3 4th 2nd Bundle
1 15690 8052.8 7545.6 4206.9 64.5 108.8 128 72.3 311 8.2 6601.8 £ 1206.42 62.0 + 27.7° 37.2 + 18.8° Q8R2N1 Aqp3
2 15250 2377.4 1801.0 2514.4 94 129 100 117 6.7 70 2231.0 + 218.62 10.8 + 1.1° 8.5+ 1.6 A9Y006 AQP3
3 20990 356.8 196.0 5062.4 5.0 1.6 8.4 1.6 0.1 3.2 1871.7 £ 1596.0 5.0 £2.0 1.6 £ 0.9 H1AFJ6 scnnib enacbeta
4 22033 1046.1 419.1 2418.8 25.0 26.6 11.4 1953.1 4293.3 1895.5 1294.6 + 590.52° 21.0 + 4.82 2714.0 + 789.8® P55014  Sic12al Nkcc2
5 8312 159.5 59.6 859.6 1.3 0.9 23 719 1321 5541 359.6 + 251.7 15+ 04 86.4 £ 23.4 Q9W701 clenkb
6 15955 165.6 269.2 520.9 0.1 3.9 25 425 846 218 318.6 £ 105.52 22+ 11° 49.6 + 18.5° 014764 GABRD
7 7120 577 555 8023 344 122 589 13.3 629 13.0 305.2 + 248.6 35.2+£ 135 29.8 £ 16.6 Q99712 KCNJ15 KCNJ14
8 15691 271.2 413.0 84.0 0.8 6.1 01 123 123 5.6 256.1 £ 95.32 2.3+ 19° 10.1 £ 2.2 QO8DE6 AQP3
9 16009 945 161 5387 2.0 1.9 1.7 205.7 628.2 169.6 216.4 £ 162.7 1.9+ 0.1 334.5 + 147.2 P55016  Slc12al Nkcc2
10 21706 215.9 144.3 250.8 477 517 93.8 166.9 202.8 690.5 203.6 £ 31.3 64.4 £ 147 353.4 + 168.9 000299 CLIC1 G6 NCC27
11 21113 238.8 1176 237.0 193.7 3778 153.8 187.3 307.8 92.3 197.8 = 40.1 241.8 £ 69.0 195.8 + 62.4 Q52J06 MAGT1
RCJMB04_22a7
12 1474 62.0 409 392.2 80.3 75.5 404.9 4.5 0.8 4.4 165.1 £ 113.8 186.9 + 109.0 3.2+1.2 Qollv2 rhbg
13 12788 84.7 63.7 288.6 96 124 206 9.4 428 28.0 1456 + 71.7 142 £ 3.3 26.7 £ 9.7 Q3MHW6 SLC16A1
14 6923 162.4 381 102.6 1103.1 1360.4 2624.5 7.2 43 204 101.0 + 35.92 1696.0 + 470.2° 10.6 + 5.02 Q8WWT9 SLC13A3 NADC3
SDCT2
15 7628 3.4 4.4 287.6 0.5 0.8 0.4 0.6 17 0.1 98.5 £ 94.6 0.6 £ 0.1 0.8 £ 0.5 P55017 SLC12A3NCC TSC
16 22145 40 11.6 258.0 0.0 0.0 0.1 0.0 0.0 5.2 91.2 £ 83.4 0+0 1.7 £ 1.7 K7GET2 SCNN1A
17 306 1194 740 68.2 3.7 35.0 1.7 45 95.6 0.2 87.2 £ 16.2 13.5 £ 10.8 334 +£31.1 Q9BQ31 KCNS3
18 14778 356 21.5 2003 186 379 1045 256 66.9 375 85.8 £ 57.4 53.6 £ 26.0 43.3 + 12.3 Q9XT97 PSEN1
19 8888 676 780 88.0 258 626 56.3 66.3 210.2 454 779 £5.9 482 + 114 107.3 + 51.8 Q8N8Q9 NIPA2
20 8550 71.7 421 1107 68.9 110.5 157.0 46.7 121.6 219 74.8 £ 19.9 110.4 + 26.9 63.4 £ 30.0 Q9NRA2 SLC17A5
21 2390 76.5 465 511 11.3 204 139 501 434 19.0 58.0 £ 9.32 15.2 + 2.7° 37.5 £+ 9.5 Q5ZL05 ORAI1 CRACM1
TMEM142A
RCJMBO04_8f15
22 6217 852 63.0 238 159 70 735 417 772 647 57.3 + 18.0 32.1 +20.8 61.2 £ 10.4 A8WHP3 slc5a9 si:dkey-706.5
23 6841 33.3 9.3 1245 0.0 0.3 0.3 0.2 1.0 0.1 55.7 + 35.1 0.2+ 0.1 0.4 + 0.3 Q8NBS3 SLC4A11 BTR1
24 7638 419 286 93.8 314 542 1076 346 856 29.0 54.8 + 19.9 64.4 + 22.6 49.7 £ 18.0 P28288 ABCD3 PMP70
PXMP1
25 7835 143 297 1024 313 377 76.6 371 30.8 49.0 48.8 + 27.2 48.6 £ 14.2 39.0 £ 5.3 Q97351 Kcng2 Kqt2
26 6469 17.3 5.7 123.1 94 181 433 159 326 232 48.7 £ 37.3 23.6 £ 10.2 23.9 + 4.8 Q6GPA5 ttyh3
27 14266 6.6 16.8 113.5 0.0 42 161 115 213 154 45.6 + 341 6.8 + 4.8 16.1 £ 2.8 Q4R6K2 SLC30A1 ZNT1
QtsA-11880
QtsA-17815
28 17857 0.4 7.0 120.3 28 113 626 103 325 6.5 42.6 = 38.9 25.6 £ 18.7 16.4 £ 8.1 Q4GZT3 PKD2 TRPP2
29 9331 3.2 0.3 1240 257 176 937 3.0 9.4 0.6 42.5 £ 40.8 45.7 £ 241 43+26 060346 PHLPP1KIAA0606
PHLPP PLEKHE1
SCOP
30 23082 55 11.8 108.8 98.5 118.7 458.0 19.2 61.3 337 42.0 + 334 2251 + 116.6 38.1 £ 12.4 014863 SLC30A4 ZNT4

Different alphabet letters indicate statistically significant difference among segments (P < 0.05).

showed that s/c13a3 mRNA is abundantly expressed in the
PIl segment of the second loop. The Sic13 family is com-
prised of five members that encode electrogenic Na®-
coupled cotransporters for anions or di- and tri-carboxylates
(Markovich and Murer, 2004). In mammalian kidneys,
SIc13a8 is localized on the basolateral membrane of the
proximal tubule, and transport intermediates of the Krebs
cycle such as succinate, citrate, and o-ketoglutarate
(Bergeron et al., 2013). Slc13a3 also plays an important role
in the renal elimination of xenobiotics by secreting organic
anions into urine.

The renal secretion of organic anions is considered to
be achieved with several steps as follows (Breljac et al.,
2016): 1) primary active NKA creates an inwardly directed
Na* gradient, 2) secondary active Na*-coupled dicarboxyl-
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ate cotransporter (Slc13a3) creates an outwardly directed
gradient of o-ketoglutarate, and 3) tertiary active organic
anion transporters (such as Slc22a6 and Slc22a8) transport
organic anions into epithelial cells by exchanging organic
anions with o-ketoglutarate. All three components (NKA,
Slc13a3, and Slc22a6 or Slc22a8) were localized on the
basolateral membrane (see Breljac et al., 2016). On the api-
cal membrane, 4) multiple ATP-binding cassette (ABC) and
Slc transporters secrete organic anions into the lumen of the
proximal tubule (Schlatter et al., 2006). In this regard, our
RNA-seq data supported such a scheme for the shark neph-
ron since the transcripts of slc22a6 and abcc? genes were
on the list of highly expressed membrane transporter genes
in the second loop. These results suggest that the Pl seg-
ment of the second loop contributes to secretion of organic
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anions in the elasmobranch nephron, in addition to divalent
ion secretion.

In the list of highly expressed transporters in the second
loop, two Slc5 members were found, slc5a8 and sic5aii.
The slc5a11 mRNA was localized in the PIl segment of the
second loop, while sic5a8 mRNA signals were co-localized
with sg/t2 mRNA in the ascending part of the Pla segment in
the bundle zone (Figure 4). The Sic5 family is known as the
Na*-coupled glucose cotransporter family, but these pro-
teins also transport monocarboxylates such as lactate and
pyruvate, short-chain fatty acids, and ketone bodies (Plata
et al.,, 2007). Sic5a8 transports monocarboxylates and
ketone bodies, and thus was named Na*-coupled monocar-
boxylate transporter (SMCT1) (Gopal et al., 2004). In mam-
malian kidneys, the reabsorption fraction of lactate from the
glomerular filtrate is over 95%. In the renal tubular system,
lactate and ketone bodies are also used as the major fuels
for active reabsorption of electrolytes and nutrients (Yanase
et al., 2008). Since an increased reliance on ketone bodies
as an energy source was observed following prolonged star-
vation in elasmobranchs (Zammit and Newsholme, 1979),
Slc5a8 could have a regulatory role in energy metabolism in
the elasmobranch nephron. Since both sg/t2 and sic5a8
mRNAs were expressed in the ascending part of Pla seg-
ment, it is likely that this segment is important for reabsorp-
tion of energy substrates such as glucose, lactate, and
ketone bodies. On the other hand, Sic5al1 (SGLT6) is a
Na*-coupled myo-inositol cotransporter in the apical mem-
brane of renal tubule cells, where it mediates myo-inositol
reabsorption from the primary urine (Kottgen et al., 2018).
Myo-inositol and its derivatives have functions including
regulation of ion channels, metabolic flux, mRNA transcrip-
tion and translation, stress response, and embryonic devel-
opment (Kiani et al., 2021). In the kidney, myo-inositol is also
important as a protective osmolyte against osmotic stress.

slc1a3, which is another slc gene examined in the pres-
ent study, is a member of glutamate/neutral amino acid
transporters. The TPM value of slc7a3 was less than 5% of
that of slc13a3, and we could not confirm the gene expres-
sion site by in situ hybridization due to the low expression
level. Slc1a3 is a glial-type glutamate transporter (also
known as a glutamate-aspartate transporter, GLAST, or an
excitatory amino acid transporter, EAAT1) abundantly
expressed in the cerebellum in mammals (Kanai and
Hediger, 2004). Sic1a3 is responsible for glutamate uptake
in the brain, which is crucial for glutamatergic neurotrans-
mission by removing glutamate from the synaptic cleft
(Berger and Hediger, 2006). However, expression of the
Slc1a3 gene has not been proven in mammalian renal
tubules. Instead, another glutamate transporter, Siclal, is
localized in the apical membrane of proximal tubules in the
mammalian kidneys (Berger and Hediger, 2006). Sic1ai-
knockout mice exhibited dicarboxylic aminoaciduria,
confirming its crucial role for reabsorbing glutamate in the
proximal tubule (Kanai and Hediger, 2004). Further investi-
gations on sl/c1al and slc1a3 mRNAs are required to under-
stand their roles in the kidney of elasmobranchs.

Seawater is an environment of excess divalent ions, and
thus the kidneys of marine teleosts and cartilaginous fishes
must excrete divalent ions. Excretion of NaCl is achieved by
the branchial ionocytes (teleost fishes) and the rectal gland
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(cartilaginous fishes), whereas it has been well documented
that kidneys are responsible for the excretion of divalent ions
(see Takvam et al., 2021). We previously revealed co-
localization of sulfate transporters Slc26al and Sic26a6 in
the basolateral and apical membranes, respectively, in the
Pll segment of the elephant fish nephron, implying that the
Pll segment of the second loop is a secretory segment for
excess solutes (Hasegawa et al., 2016). In the present study,
we found intense expression of slc73a3 mRNA in the PII
segment. As mentioned above, Slc13a3 most likely contrib-
utes to the renal elimination of xenobiotics by secreting
organic anions into urine, further supporting the secretory
role of the PIl segment. On the other hand, expression of
Na™*-coupled myo-inositol transporter (slc5a77) mRNA was
also found in the PIl segment. Although the cellular localiza-
tion of Slcbal1 is uncertain in the cartilaginous fish nephron,
distribution of these transporters in the apical membrane
has been well documented in the mammalian nephron.
These results imply that the PIl segment may not be a sim-
ple secretory segment, but it may also be involved in reab-
sorption of valuable solutes. In the catshark nephron, at
least four segments can be identified in the proximal tubule:
the descending Pla (the first loop with no expression of sgl/t2
mRNA), the ascending Pla (the first loop with sg/t2 and
slc5a8 mRNAs), Plb, and PIl (with slc13a3 and slcbai1
mRNAs). To understand further the function of each seg-
ment, finer-scale clipping of each segment by the LMD is
required, with the guidance of reference section stained with
in situ hybridization and/or immunohistochemistry.

Among the four slc transporters examined in the second
loop, expressions of sicba11 and slc13a3 were only detected
in the PIl segment by in situ hybridization, confirming the
quantitative results of RNA-seq from the LMD samples.
However, expression of slc5a8 mRNA was detected in the
ascending part of Pla segment in the bundle zone, which is
inconsistent with the low TPM values of slc5a8 in the
“Bundle” samples (4.4 £ 1.0). Since the TPM values of sglt2
(slc5a2) that marked the Pla segment were significantly
high in the “Bundle” samples, it is uncertain why the TPM
values of sic5a8 mRNA were low in the “Bundle” samples.
Perhaps unannotated contig(s) encoding Sic5a8 exists in
the RNA-seq data of the “Bundle” samples, leading to
incomplete counting of transcripts.

Conclusion and perspectives

In the present study, we developed a protocol for clip-
ping specific nephron segments of catshark kidney by LMD,
and successfully conducted subsequent RNA-seq analysis
for profiling the segment-dependent gene expressions. Most
cartilaginous fishes are obligatory marine species, while a
limited number of sharks and rays have the ability to inhabit
low salinity environments (Ballantyne and Robinson, 2010).
During the acclimation to low salinity environments, euryha-
line sharks and rays produce large volumes of dilute urine to
excrete excess water; they do this by increasing glomerular
filtration and solute reabsorption in the renal tubules (Janech
et al,, 2006; Imaseki et al., 2019; Aburatani et al., 2022).
Indeed, we found marked increase in the expression of the
ncc gene in the LDT of FW-acclimated bull shark,
Carcharhinus leucas (Imaseki et al., 2019), and of the nkcc2
gene in the EDT of FW-acclimated red stingray, Hemitrygon
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akajei (Aburatani et al., 2020). It is likely that water reabsorp-
tion in renal tubules would also be decreased in low salinity
environments. Currently, regulatory mechanisms of renal
function remain poorly resolved in euryhaline elasmo-
branchs, and therefore, the segment-dependent gene
expression profiling that we report here will be a powerful
technique for unraveling the renal mechanisms and regula-
tion in euryhaline elasmobranchs.
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