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Background: NKCC1 is controversially discussed as the main chloride transporter in olfactory epithelium.
Results: Lack of NKCC1 results in impaired odorant detection and a decrease in the number of mature neurons.
Conclusion: NKCC1 is involved in chloride accumulation but also reveals an impact in neurogenesis.
Significance: This work contributes to the understanding of olfactory epithelium neurogenesis.

Olfaction is one of the most crucial senses for vertebrates
regarding foraging and social behavior. Therefore, it is of partic-
ular interest to investigate the sense of smell, its function on a
molecular level, the signaling proteins involved in the process
and the mechanism of required ion transport. In recent years,
the precise role of the ion transporter NKCC1 in olfactory sen-
sory neuron (OSN) chloride accumulation has been a controver-
sial subject. NKCC1 is expressed in OSNs and is involved in
chloride accumulation of dissociated neurons, but it had not
been shown to play a role in mouse odorant sensation. Here, we
present electro-olfactogram recordings (EOG) demonstrating
that NKCC1-deficient mice exhibit significant defects in per-
ception of a complex odorant mixture (Henkel100) in both air-
phase and submerged approaches. Using next generation
sequencing (NGS) and RT-PCR experiments of NKCC1-defi-
cient and wild type mouse transcriptomes, we confirmed the
absence of a highly expressed ion transporter that could com-
pensate for NKCC1. Additional histological investigations dem-
onstrated a reduced number of cells in the olfactory epithelium
(OE), resulting in a thinner neuronal layer. Therefore, we con-
clude that NKCC1 is an important transporter involved in chlo-
ride ion accumulation in the olfactory epithelium, but it is also
involved in OSN neurogenesis.

The primary odorant perception of vertebrates occurs in the
cilia of the olfactory sensory neuron (OSN).> In the majority of
the OSNs, odorant recognition is primarily mediated through a
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cAMP-dependent signaling pathway. This pathway’s mecha-
nism has been well characterized, while some of the ion trans-
porters and channels involved remain unclear. First, odorant
recognition is initiated by odorant molecule binding to its spe-
cific G protein-coupled receptor. Through G protein activa-
tion, the a subunit binds to adenylyl cyclase, which catalyzes
cyclic adenosine monophosphate (cAMP) formation (1, 2).
Subsequently, the increased cAMP concentration induces
cyclic nucleotide-gated channel opening, thereby inducing an
influx of calcium ions and initializing OSN depolarization (3).
Calcium ion binding to a calcium-activated chloride channel
leads to its opening and a subsequent efflux of chloride ions due
to the high chloride level in OSNs (4 —6). This chloride efflux
represents the primary depolarization (80%) of an olfactory
neuron (7). In conclusion, olfactory epithelium neurons require
the active accumulation of chloride ions, namely by a chloride
ion transporter.

The identity of the chloride transporter responsible for OSN
chloride accumulation has remained unclear for years. One
potential candidate is the Slcl12 transporter family member
NKCC1, which is a sodium-, potassium-, and chloride-sym-
porter that electroneutrally transports 1 Na*, 1 K, and 2 C1~
ions (8). NKCC1 is widely distributed throughout the entire
human body and in different cell types, where it functions as a
chloride accumulator. For example, it functions in colonic epi-
thelial cells, the cochlear exocrine glands, neurons in the brain
and in trigeminal ganglion neurons (9-12). The NKCC1 trans-
porter is highly expressed in the brain, and its expression
decreases during development (13). This change in chloride
concentrations alters GABA-induced responses in neurons,
and thus, is thought to play a major role in the plasticity of the
brain (14, 15). NKCC1 is also expressed in the OE, and it affects
chloride accumulation in acute dissociated olfactory neurons.
Loss of NKCC1 has been shown to affect electro-olfactogram
recordings (EOGs) of intact olfactory tissue (16, 17). It has pre-
viously been shown that mice lacking the ion transporter
exhibit a 39 or 57% reduction in generated amplitudes in EOGs
compared to wild type mice, depending on the study (17, 18). In
contrast, behavioral tests of mice lacking the transporter
showed no impairment in odorant perception (19). These con-
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troversial findings require further investigations into the role of
NKCCI in OSN function.

In addition to its ion accumulation function, NKCC1 plays a
major role in cell proliferation of cultured cell lines. NKCC1
regulates the resting phase and early interphase (G1) of the cell
cycle in mouse fibroblasts. Upon NKCC1 overexpression, pro-
liferation is induced, and mouse fibroblasts undergo pheno-
typic transformation (20, 21). Conversely, treatment of the
PC12D rat pheochromocytoma cell line with nerve growth fac-
tor induces NKCC1 up-regulation, demonstrating the relation-
ship between neurite outgrowth and NKCCI1 expression (22).
NKCCI1 also contributes to cell regeneration after both nerve
injury in dorsal root ganglia and traumatic brain injury (23, 24).
Moreover, pharmacological NKCC1 inhibition reduces the
proliferation of forebrain neuronal progenitor cells. These
results suggest that NKCC1 may regulate postnatal neurogen-
esis (25). Although several studies indicate the involvement of
NKCC1 in cell proliferation of numerous cell types, its impact
on olfactory neurogenesis has not been studied.

Here, we demonstrate that loss of NKCCI1 in mice results in
significant defects in olfactory perception and has additional
impacts on olfactory epithelium morphology. Thus, the ion
transporter NKCC1 is involved in chloride accumulation and
has an important influence on the continuous neurogenesis of
the murine olfactory epithelium.

EXPERIMENTAL PROCEDURES

Animals—NKCCl1-deficient mice were generated by Prof.
Dr. Gary Shull, University of Cincinnati and kindly provided by
Prof. Dr. med. Ursula Seidler, University of Hannover (26).
Genotyping was performed using the Phire® Animal Tissue
Direct PCR kit (Finnzyme, Finland) according to the instruc-
tion manual. Primers for the wild type gene were: NKCC1-for:
5'-GGA ACA TTC CAT ACT TAT GAT AGA TG-3' and
NKCCI1 rev: 5'-CTC ACC TTT GCT TCC CAC TCC ATT
CC-3’ (fragment size: 105 bp). Primers for the mutant gene
were: NKCCl1-for and dNEO-Poly(A): 5'-GAC AAT AGC
AGG CAT GCT GG-3' (fragment size: 156 bp) (26). Mice were
offered normal laboratory chow and water ad libitum in stand-
ard cages. All animal experiments were performed in accord-
ance with the European Union Community Council guidelines
and approved by the competent state office of the Federal Land
of Northrhine Westphalia (file number 87-51.04.2010.A180).

RNA-Seq: Preparation of Mice OE—OE from male and female
NKCC1*'* (12 = 1 week) and NKCC1 ™/~ mice (16.5 * 3.5
weeks, NMRI background) was prepared, and RNA was iso-
lated; total RNA was prepared from an OE pool of 4 (mixed-
gender pool RNA isolation) or 2 (gender RNA pool) different
mice for each condition.

RNA Isolation—Total RNA was isolated with the RNeasy
Plus Mini Kit (Qiagen, Hilden, Germany) according to the man-
ufacturer’s protocol including the optional on-column DNasel
digestion.

NGS Library Preparation and Illumina Sequencing—Librar-
ies for NGS sequencing were prepared from total RNA and
subjected to DSN normalization by standard Illumina proto-
cols. Afterward, Illumina sequencing was performed on a HiSeq
2000 by standard Illumina protocols (101-bp, paired-end).
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Alignment of RNA-Seq Reads using TopHat—We analyzed
the raw sequence data in fastq format as previously described
(27). RNA-Seq reads were aligned to version mm9 of mouse
reference genome and transcriptome using TopHat (v2.0.7)
(28), which utilizes the ultra-fast short-read mapping program
Bowtie to arrange the alignment (29). TopHat output files in
BAM format were sorted and indexed with SAMtools (30). To
reduce the alignment of repetitive reads a multiread-correction
was used allowing up to 5 hits per read.

Gene Expression Calculation using Cufflinks—Aligned RNA-
Seq reads for each sample were assembled into transcripts and
their abundance was estimated by the program Cufflinks
(v1.3.3) (31) using the RefSeq mm9 reference transcriptome in
Gene Transfer Format (GTF) obtained from the UCSC
Genome Bioinformatics database (University of California,
Santa Cruz Biotechnology). To estimate transcript expression,
the GTF-file was supplied to Cufflinks. The parameter -com-
patible-hits-norm was set to ensure that FPKM normalization
was performed based on reference transcriptome only. Cuf-
flinks was provided with a multifasta file (mm9.fa) to improve
accuracy of the relatively transcript abundance estimation (32).
We further used a masked command -M and the mask GTF
rmsk.gtf to mask all possible reads from RNA repeats (including
tRNA, snRNA, scRNA, srpRNA) short and long interspersed
nuclear elements (SINE, LINE) and other classes of repeats.
Cufflinks indicates and quantifies the relative abundances of
transcripts in the unit FPKM (31). The data sets were visualized
and investigated by the Integrative Genomics Viewer (www.
broadinstitue.org/igv) for proving sequence alignments and
correct mapping of reads for the top expressed genes. While the
raw data analysis was performed on a Linux based computer
further calculations were carried out with Microsoft Excel
2010. For a differential gene expression analysis, we used the
program Culffdiff, which identifies significant changes in tran-
script expression between two datasets (27).

Availability of Raw Data Sets—The raw RNA-Seq data sets
(FASTAQ file format) for OE of wild type and NKCC1-deficient
mice were deposited in Gene Expression Omnibus (GEO)
repository (www.ncbi.nlm.nih.gov/geo/) under the following
accession number: GSE65388.

Reverse Transcriptase (RT)-PCR—Adult mice (over 3 months
old) of each genotype (NKCC1"/" and NKCC1 /") were sac-
rificed by cervical dislocation and subsequently decapitated.
OE was carefully collected to prevent olfactory bulb tissue con-
tamination. RNA purification was performed with the RNeasy
Mini kit (Qiagen, Hilden, Germany), and cDNA was prepared
with the iScript™ cDNA Synthesis kit (BioRad). Primers were
typically 22-bp long and designed to generate a 153—404 bp
DNA fragment. To avoid gDNA detection and false-positive
amplification, primers were designed to bind to an exon-exon
junction. RT-PCR was performed with iQ™ SYBR Green Super-
mix in an Eppendorf Mastercycler® realplex2 real-time PCR
machine (Eppendorf, Hamburg, Germany) whereby each
approach was divided for triple determination of CT-values (40
cycles: 50—60 °C for 45 s, 72 °C for 1 min, 95 °C for 45 s). PCR
products were analyzed on a 1% agarose gel. Control experi-
ments were performed with a -RT (no-reverse transcriptase)
template or water.
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Electro-olfactogram Recordings—EOGs were recorded on
olfactory epithelia located on the septum of adult NKCC1*/™,
NKCC1*/~, and NKCC1 ™/~ in an inbred NMRI background
according to previously described methods (33). The head was
flayed and sagittally hemisected to expose the septum, which is
covered with OE. The halved head was placed on an agarose
block in which the reference electrode was embedded. Addi-
tionally, the Ag/AgCl recording electrode filled with Ringer
solution was placed directly on the epithelium surface, exem-
plified by the increase in electrical resistance. The electro-ol-
factogram recordings were performed while a continuous
humidified air stream (2.4 liter/min) was applied to the OE on
the septum. Provoking a change in the surface potential, an
odorant mixture of 100 odorants [Henkel100 (Henkel, Diissel-
dorf, Germany), 1:1000 dilution in Ringer] was delivered for 100
ms on the OE, which was injected into the air stream via a
custom-made device. Ringer solution: 140 mm NaCl, 5 mm KCl,
2 mM CaCl,, 2 mm MgCl,, 10 mm HEPES pH 7 4. Surface poten-
tials were generated at 10 different OE locations, and in the case
of dose-dependent stimulation, at three different locations.
Responses were recorded, and the average amplitude and area
under curve were calculated for each mouse. Student’s ¢ test
was used for statistical analysis, and significant differences were
calculated (***: p < 0.001; **: p < 0.01; *: p < 0.05). In addition,
rise and decay time were calculated via curve fitting with Igor
Pro software (version 6.0).

Submerged Electro-olfactogram Recordings—The OE was
exposed as described. In addition, the halved head was placed in
low melting agarose to facilitate a transverse position of the
septum. The OE was continuously perfused with oxygenated
saline (95% O,, 5% CO,) using a custom-made air-pressure
application device (0.6 ml/min) whereby the application can-
nula was placed on the calvaria. Oxygenated saline buffer: 120
mM NaCl, 25 mMm NaHCOj,, 5 mm KCI, 5 mm BES, 1 mm MgSO,,
1 mMm CacCl,, and 10 mm glucose, pH 7.5. The continuous stream
of buffer solution was ensured by using a suction cannula
located under the septum edge. The recording pipette tip (2
MQQ) was first soaked with 3% agarose, filled with Ringer solu-
tion and placed on the OE surface before continuous oxygen-
ated saline application. In addition, the reference electrode was
embedded in the low melting agarose. OE stimulation was com-
puter-controlled (0.5 s), which allowed for rapid and consistent
application of the odorant mixture Henkel100. For blocking
experiments, 300 mm niflumic acid was applied for 20 s and
washed out with Ringer solution for 5 min. Surface potentials
were recorded and amplified with a DigiData 1200 Series inter-
face (WPI), a 5111A oscilloscope (Tektronix) and DP-311 dif-
ferential amplifier and visualized with the WinEDR V.3.1.2.
program (University of Strathclyde, Glasgow, Scotland).
Student’s ¢ test was used for statistical analysis of the amplitude,
and significant differences were calculated (***: p < 0.001; **:
p <0.01;* p <0.05).

Western Blot Analysis—Protein content of specific signal
transduction proteins in the wild type and NKCC1-deficient
OE was analyzed by Western blotting. Epithelium preparation
was performed as described previously, collected in RIPA
buffer (150 mm NaCl, 50 mm Tris-HCl, 1% Nonidet, 0.5%
sodium deoxycholate (w/v), 0.1% SDS (w/v), pH 7.5, and prote-
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ase inhibitors) and mechanically solubilized. Cell lysate was
loaded onto an SDS gel, and immunoblotting was executed
(Porablot NCL nitrocellulose membrane, Machery-Nagel). The
presence of protein was detected with specific antibodies (dilu-
tion 1:50-2,500) and a chemiluminescence detection system
(GE Healthcare).

Antibodies—The primary antibodies used were as follows:
NKCC1 (rabbit polyclonal, catalogue number ab59791,
Abcam), Ga,; (mouse monoclonal, catalogue number
sc55545, Santa Cruz Biotechnology) calmodulin (mouse mono-
clonal, catalogue number sc-137079, Santa Cruz Biotechnol-
ogy), CNGA2 (goat polyclonal, catalogue number sc-13700),
adenylyl cyclase III (rabbit polyclonal, catalogue number
sc-588), phosphodiesterase (PDE1C, rabbit polyclonal, cata-
logue number sc-67323, Santa Cruz Biotechnology), acetylated
a-tubulin (mouse monoclonal, catalogue number sc-23950,
Santa Cruz Biotechnology) and B-actin (rabbit polyclonal, cat-
alogue number ab-8227, Abcam). Secondary antibodies were
horseradish peroxidase (HRP)-coupled goat anti-mouse, don-
key anti-goat, and goat anti-rabbit IgGs (1:10,000) (Bio-Rad),
and goat anti-rabbit or -mouse and rabbit anti-goat IgG conju-
gated to Alexa Fluor 488 (Molecular Probes).

Measurement of Neuronal Layer Thickness and Turbinate
Length and Cell Counting—OE cryosections (14 um) were pre-
pared as described previously (34). In addition, the tissue was
stained with hematoxylin and eosin (Sigma-Aldrich) and sub-
sequently analyzed by microscopy (Zeiss Axio Scope). Three
different cryosections were analyzed for each mouse whereby
images of the olfactory neuronal layer were acquired with a
40-fold magnification in the same area of the nasal cavity. Neu-
ronal layer thickness was measured 5 times in each nasal cavity
using Java-based Image] 1.46 for analysis (35). Moreover, cells
located in the OE neuronal layer were counted using a DAPI
stain. Therefore, three cryosections of each mouse were stained
with DAPI and analyzed with a Zeiss LSM 510 Meta confocal
microscope using a 40-fold magnification. Cell counting was
performed in Image] whereby the cell number was normalized
to the neuronal layer area. To obtain turbinate length, images
of the halved head were acquired. For individual distance cali-
bration, the head was placed on graph paper. The distance
between the tip of the nose and the olfactory bulb for each
mouse was measured and used for normalization of the turbi-
nate length using Image]J for analysis.

RESULTS

RNA-Seq of NKCC1~"~ versus NKCC1""" —To characterize
transporter gene expression in NKCC1~/~ mice, we examined
the OE gene profile (Fig. 1) using Illumina RNA-
Seq to generate OE transcriptomes from NKCC1 '~ and
NKCC1"* (wild type) mice. We prepared three OE samples
for each condition (wild type/NKCC1 /"), one sample of
mixed gender and two additional samples of male only and
female only. Each RNA sample was prepared from the OE of
three different mice; in the mixed gender pool, we used two OE
of each gender. In total, we amplified and sequenced up to 38
million 101-nt long fragments from NKCC1*/" and
NKCC17/~ adult mouse OEs (Fig. 14). We analyzed our
sequencing results using TopHat and Cufflinks software (27),
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FIGURE 1. Summary of RNA-Seq data. A, list of generated and mapped reads for each RNA-Seq analysis of different OE pools. B, distribution of different
housekeeping genes in OE samples of NKCC1~/~-deficient and WT mice. Heatmap showing the expression levels of different housekeeping genes in OE
samples of wild type (mixed gender, male, and female OE sample). Higher FPKM values are indicated by darker colors. Actb: actin, cytoplasmic 1, Tubb3: tubulin
B-3 chain, Gapdh: glyceraldehyde-3-phosphate dehydrogenase, Ldha: L-lactate dehydrogenase A chain isoform, Hprt: hypoxanthine-guanine phosphoribo-
syltransferase2, Ubc: polyubiquitin-C. C, Next Generation Sequencing results for putative chloride-related and anion/cation organic transporters of the olfac-
tory epithelium with FPKM averages over 1 (n = 3). Transporter families: Slc4 and Slc26 belong to anion exchangers, Slc6: sodium-/chloride-dependent
neurotransmitter and amino acids transporter, Slc12: electroneutral, cation-coupled cotransporters, Slc14/SIc22: organic anion/cation transporters.

and reads were mapped to the mouse reference genome mm9.
We calculated expression values from the number of reads per
kilobase per million reads in each sample. The quantitative
measurement of gene expression employed in the RNA-Seq
experiments was the FPKM (fragments per kilobase of exon per
million fragments mapped) value. Our analysis enabled us to
detect up to 14,124 genes in wild type/NKCC1-deficient mice
(FPKM>1) of the 22,310 genes interrogated with a Refseq-
based gene model. Including genes with an extremely low
expression level (FPKM<1), we counted an additional 3,481
genes. For differential gene expression analysis between wild
type and NKCCl1-deficient mice, we analyzed the three OE
transcriptome raw datasets for each condition (wild type/
NKCCI1-deficient) in Cuffdiff (27) (Fig. 1A). To ensure the com-
parability of datasets, we studied expression patterns of differ-
ent housekeeping genes (Fig. 1B). A general rough scale regards
FPKM values ~1 to indicate weakly expressed genes, ~10 indi-
cates medium expression, and ~100 indicates highly expressed
genes based on comparisons to housekeeping genes. Addition-
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ally, we used published RNA-Seq data from olfactory marker
protein (OMP) heterozygous FACS-sorted OSNs (34), which
enabled us to compare these data with the results of OE tissue
from wild type and NKCC1-deficient mice.
Chloride-associated Cotransporters—The OE consists of dif-
ferent cell types with distinct functions, including the olfactory
neurons, the supporting cells and the basal cells (36, 37). We
first screened the OE expression level of several chloride-re-
lated ion transporters that had a FPKM higher than 1 in wild
type mice and have been previously described in literature (17)
(Fig. 1C). Because our data referred to the whole OE transcrip-
tome, we compared our results to previously published RNA-
Seq data of fluorescence-activated cell sorted (FACS) heterozy-
gous OMP-GFP neurons (34). Comparing both data sets, we
identified transporters primarily expressed in ORNs or other
OE cell types. We identified 15 Slc-transporters whereby 9
showed a low expression profile in wild type (FPKM: 1-10), 4
displayed medium expression (FPKM: 10-50) and 2 demon-
strated high expression (FPKM>50). The RNA-Seq results
SASBMB
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FIGURE 2. Transcription level of chloride-related ion transporters. A, ACT values of ion transporters of olfactory epithelium. Values are normalized to B-actin
expression. B, relative mRNA transcription level of transporters found in NKCC1-deficient OE compared with wild type (100%, indicated by red dotted line).

Slc12a2 corresponds to NKCC1 (n = 3).

revealed high mRNA transcription of the Slc6a6 transporter in
wild type (FPKM: 85.2), NKCC1-deficient OE (84.6) and FACS-
sorted heterozygous OMP-GFP neurons (71.9) (38). Interest-
ingly, Slc12a2, which encodes the protein NKCC1, displayed
the second highest FPKM in wild type OE (FPKM: 50.7). FACS-
sorted heterozygous OMP-GFP neurons also demonstrate the
outstanding FPKM value for NKCC1 (FPKM 188), which was
2.6 times higher than Slc6a6. In addition, we detected NKCC1
mRNA in knock-out mouse OE due to the nature of the mouse.
The neomycin cassette was inserted into exon 6 of the NKCC1
gene to disrupt the reading frame. Therefore, mRNA of the
NKCC1 gene is expressed resulting in a nonfunctional protein,
which is degraded in deficient mice (Fig. 3B). The FPKM value
(20.7) assigned for the NKCC1 gene was less than half of the
wild type value (50.7). The third highest expressed transporter
was the Slc26a7 anion exchanger. This transporter exhibited a
constant expression pattern with an average FPKM of 26 in the
three transcriptome pools. A slightly lower FPKM value was
obtained for the Slc4a2 anion exchanger in NKCC1-deficient
(25.9) and wild type OE (19.7). The cation-coupled cotrans-
porter members 6 and 7 demonstrated uniform expression in
both wild type and NKCC1-deficient OE. We verified the RNA-
Seq results with RT-PCR and obtained similar expression levels
(Fig. 2A). The RT-PCR results confirmed that the taurin trans-
porter TauT (Slc6a6) and NKCC1 (Slc12a2) were most highly
expressed in wild type and NKCC1-deficient olfactory epithe-
lium. Moreover, we analyzed the transcription of transporters
in deficient mice after normalizing to wild type mice ACT val-
ues to enable the direct comparison of mRNA expression levels.
We identified three Slc12 subfamily (Slc12a2/5/9) transporters
whose expression significantly decreased in knock-out OE (Fig.
2B). In contrast, we did not detect significant up-regulation of
any transporter transcripts in NKCC1-deficient mice.

Signal Transduction Proteins and Western Blotting—Mature
olfactory neurons play a major role in odorant recognition due
to their ability to convert chemical signals into an electrical cell
response (39). Additionally, immature olfactory neurons, like
global and horizontal basal cells, contribute to continuous OE
regeneration (36, 37). Interestingly, RNA-Seq data revealed
that signal transduction-related transcripts decreased in the OE
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of NKCCl1-deficient mice. We found a significant reduction in
the channel subunit Cnga4 expression (wild type/NKCC1-de-
ficient FPKM: 155.3/75), the chloride channel Ano2 (78.3/44)
and the phosphodiesterase PDE1C (73.6/40.5). In summary, the
NKCC1-deficients mouse OE transcriptome revealed nearly
half the transcript number of signal transduction-related genes
compared with their wild type littermates (Fig. 34). We addi-
tionally confirmed the RNA-Seq data by RT-PCR experiments
(Fig. 3C). We also performed Western blot analysis to verify
changes in protein expression between wild type and NKCC1-
deficient OE (Fig. 3D). The results validated reduced expression
of the olfactory G, subunit, adenylyl cyclase (ACIII), and cal-
modulin (CaM).

OR Distribution in Wild Type and NKCCI-deficient Mice—
OSNs are characterized by their chloride accumulation ability
and a dominant expression of mainly one odorant specific G
protein-coupled receptor, a so-called olfactory receptor (OR)
(39). To date, ~900 OR genes have been found to be functional
in mice (39-44). RNA-Seq of OE of NKCC1-deficient mice
showed that genes involved in the olfactory signal transduction
pathway were decreased compared with their wild type litter-
mates. Therefore, we analyzed the olfactory receptor (OR) tran-
scripts found in both mice transcriptomes. RNA-Seq detected
the expression of nearly all ORs (wild type: 1060, NKCC1-defi-
cient: 1040) in both transcriptomes (Fig. 44). Moreover, we
found 77 ORs with a FPKM value higher than 10 in wild type OE
(Fig. 4B). We performed Cuffdiff analysis to investigate differ-
entially expressed genes in the knock-out OE compared with
the wild type OE. We determined that 14% (149 ORs) of the
olfactory receptors found in wild type OE were significantly
higher (p < 0.05) compared with NKCC1-deficient littermates
(Fig. 4, C and D). Moreover, 16% of all ORs demonstrated more
than a 3-fold higher FPKM value, and 44% of ORs had a 2-fold
higher FPKM value in wild type OE (Fig. 4D). In contrast, 19.3%
of the annotated ORs in wild type OE displayed higher FPKM
values in the NKCC1-deficient transcriptome, whereby only
2.6% had a 2-fold higher FPKM compared with wild type OE.
We also verified the reduced expression for two ORs in
NKCCI1-deficient mice with RT-PCR (Fig. 4E). The reduced
FPKM values for 80% of the olfactory receptors are consistent
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with the previous findings of lower FPKM values for signal

transduction proteins in NKCC1-deficient mice.
Electro-olfactogram Recordings of NKCC1~"~ Mice—Olfac-

tory receptor neurons were depolarized in two steps: 1) calcium
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and sodium influx, 2) chloride ion efflux, whereby the second
step plays the most crucial role for neuronal depolarization. To
address whether NKCC1~/~ mice have defects in odor percep-
tion, we performed air-phase electro-olfactogram recordings
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(EOQG) with an odorant mixture containing 100 different odor-
ants (Henkel100, dilution 1:1000). This mixture allows for the
stimulation of a variety of OSNs (45). The average EOG ampli-
tude in wild type mice was —12.19 = 1.1 mV, while the average
amplitude was —3.04 + 0.71 mV in NKCC1~/~ mice, which is
a highly significant (p <0.001) reduction (75%) (Fig. 5, A and E).
In addition, the EOG of heterozygous mice exhibited a slight
(~18%) but not significant reduction in amplitude (—9.95 *
1.12 mV, n = 15 mice) compared with wild type. The relative
rise time was fitted for each odor response, and it was prolonged
in NKCC1~/~ mice (Fig. 5B). In addition, the NKCC1-deficient
mice demonstrated a significant increase (~62%) in the relative
decay time (p < 0.01) (Fig. 5C). Because of the decreased ampli-
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tude, the area under the EOG trace was reduced by ~66% in
NKCCI1-deficient mice (p < 0.001) (Fig. 5D). We also tested the
dose dependence of odorant detection for both mice popula-
tions using different Henkell00 concentrations. The results
showed that for all tested dilutions, wild type mice OE displayed
significantly higher amplitudes than NKCC1 ™/~ mice except
for the highest dilution tested (1:100,000) (Fig. 6). In summary,
NKCC1-deficent mice exhibited a significant decrease in odor-
ant detection also in a dose-dependent manner. As illustrated
by the example traces for the generated surface potentials dur-
ing submerged EOGs, amplitudes were significantly reduced
(~85%) in NKCCl1-deficient mice (Fig. 7, A and B). In these
experiments, we inhibited 50% of the amplitude using niflumic
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acid, a calcium-activated chloride channel inhibitor (Fig. 7C).
Subsequent niflumic acid washout led to ~80% signal recovery
(46). Interestingly, niflumic acid had the same effect on
NKCCl1-deficient as wild type OE. This effect was previously
described by Nickell et al. (2007), suggesting that the measured
surface potentials rely on the same proportion of chloride efflux
as the amplitudes generated by wild type littermates.
Neuronal Layer Thickness and Cell Number—Our electro-
physiological experiments revealed a significant impact of
NKCCI in both air-phase and submerged EOGs. Submerged
EOG also demonstrated that the generated surface potentials
rely on the same proportion of chloride efflux in both wild type
and NKCCl1-deficient mice. These results suggest that
NKCC1-deficient OE still maintains functional chloride accu-
mulation due to another chloride transporter. These findings
combined with the RNA-Seq results led us to the hypothesis
that NKCC1-deficient mice exhibit a decreased number of
olfactory neurons compared with wild type littermates.
Because of NKCC1’s known role in brain plasticity and its
known function in cell homeostasis (47), we examined changes
in NKCC1~/"~ - OE morphology. We measured turbinate length
but found no significant difference between wild type and
NKCCI1-deficient populations (data not shown). We also per-
formed hematoxylin/eosin staining of coronal cryosections and
measured the neuronal layer thickness in the OE of wild type
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and NKCC1-deficient mice. Here, we measured a significant
20% decrease in neuronal layer thickness for NKCC1-deficient
mice (Fig. 84). We additionally stained OE cryosections with
DAPI for visualizing the cell nucleus and counted the cells in
the neuronal layer of the epithelium (Fig. 8B). Analyses of wild
type, heterozygous and NKCC1-deficient cryosections revealed
20% less cells in OE lacking NKCC1 compared with wild type
OE. There was no difference in cell number between wild type
and heterozygous OE. In conclusion, the reduced neuronal
layer thickness is due to a decrease in cell number in the OE of
NKCC1-deficient mice.

DISCUSSION

In this study, we demonstrated that the ion transporter
NKCC1 is not only responsible for chloride accumulation, but
itis also involved in the continuous neurogenesis of the murine
OE. The impact of NKCC1 on chloride accumulation in OSNs
has been controversially discussed for several years. To over-
come this controversy and to uncover the role of NKCC1, we
generated RNA-Seq transcriptome data of NKCC1-deficient
and wild type mice to monitor OE gene expression.

Focusing on chloride-related transporters, our RNA-Seq
data revealed a high number of mRNA transcripts for a Na™-
and Cl -dependent taurin transporter (Slc6a6) in both wild
type and NKCC1-deficient mice. Slc6a6 encodes a neurotrans-
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mitter transporter that carries 3-amino acids and taurine to the
neuronal apical membrane. Chloride ions are essential for opti-
mal taurin uptake by the transporter whereby chloride influx is
coupled to an efflux mediated by another transporter such that
the net stoichiometry is 1 Taurin: 2 Na " -ions (48 —50). Further-
more, RNA-Seq data from isolated neurons displayed de-
creased Slc6ab mRNA transcript levels compared with whole
OE (34). This suggests that the taurin transporter is predomi-
nantly expressed in other OE cell types than neurons. Thus, the
involvement of Slc6a6 in olfactory neuron chloride accumula-
tion is unlikely. The electroneutral chloride transporter
NKCC1 was the second highest expressed Slc-transporter in
the OE and the highest in FACS-sorted OSNs (34). These find-
ings explain NKCC1’s chloride accumulation function during
suction-pipette measurements of isolated neurons (16). The
third highest expressed ion transporter in the OE was the
DIDS-sensitive CI~/HCO3™ -exchanger Slc26a7. This trans-
porter is thought to accumulate chloride ions in different cell
types (51, 52). In contrast, when expressed in Xenopus laevis
oocytes or HEK293 cells, human SLC26A7 functions as a pH;-
regulated Cl™-channel with minimal OH/HCO,-permeability
(53). Therefore, its function in OSNs remains unclear. The sec-
ond anion exchanger Slc4a2 (AE2) detected via RNA-seq is a
presumed chloride accumulator in olfactory neurons (54).
Nonetheless, Nickell and coworkers previously investigated
AE2’s effect on chloride accumulation in olfactory neurons
(17). Their EOG measurements of an AE2 knock-out mouse
revealed that the ion exchanger has no impact on chloride accu-
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mulation and thus no effect on odorant detection. The RNA-
Seq results demonstrated a slightly higher FPKM value for
Slc4a2 in the NKCC1-deficient transcriptome, while RT-PCR
revealed that there was no significant increase in transcription
of this chloride transporter gene. Nevertheless, if a transporter
is primarily expressed in OSNs and the number of OSNs is
reduced in NKCC1-deficient mice, both the RNA-Seq data and
RT-PCR data should display reduced expression of this trans-
porter. Indeed, RT-PCR demonstrated a significant decrease in
Slc12a9 expression, which is more highly expressed in OSN
than in OE, Slc12a2, a highly expressed transporter in OSN, and
neuron-specific Slc12a5. Thus, the decrease in transporter
expression can be explained by the reduced OSN number in
NKCC1-deficient mice. These results also imply that trans-
porter Slc4a3, Slc26a7, Slc4a2, Slc12a7, and Slc12a6 expression
is enhanced compared with wild type mice. The Slc4a3,
Slc26a7, and Slc4a? transporters are possible chloride accumu-
lators in the OSN. However, only Slc26a7 is a likely chloride
accumulator candidate beside NKCC1, as Slc4a2 knock-out
mice have no defects in odorant perception in EOG (17), and
Slc4a3 showed low expression in both RNA-Seq and RT-PCR
experiments. In summary, RNA-Seq analysis demonstrated
that NKCC1 is the most highly expressed chloride transporter
in both OE and OSN, and the transporter Slc26a7 may also be
involved in chloride accumulation.

RNA-Seq analysis of wild type and NKCC1-deficient tran-
scriptomes demonstrated a reduction in mRNA of signaling
pathway-related genes and olfactory receptors. Cuffdiff analysis
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revealed a significant mRNA decrease of the calcium channel
subunit 4 (Cnga4), the chloride channel Ano2 and the phospho-
diesterase PDE1C. Additionally, statistics revealed that 14% of
ORs in NKCC1 knock-out mice exhibited significantly reduced
FPKM values for these receptor genes. Calculation of the FPKM
ratios of wild type and NKCC1-deficient mice for signal trans-
duction-related and OR genes revealed an average ratio of
1.68 £ 0.25and 4.76 = 2.56, respectively. The ratio indicates an
~2-fold change in expression of signal transduction-related
genes. The average FPKM ratio for OR genes demonstrates that
ORs display higher FPKM values in wild type mice, but these
values had large ranges. RT-PCR experiments additionally val-
idated the reduction of signaling pathway genes and olfactory
receptors. For the first time, these results implied decreased
transcription of these genes, resulting in lower OSN sensitivity
or reduced neuron number in NKCC1-deficient mice.

The Cuffdiff analysis of RNA-Seq experiments revealed 45
genes with a significant regulation in NKCC1-deficient mice
(data not shown). We identified 6 olfactory receptors with sig-
nificantly lower FPKM values in NKCC1-deficient mice. These
findings support our analysis in which we identified 149 ORs
(p < 0.05) that had notably decreased expression in NKCC1-
deficient mice. Focusing on ion-related proteins, we recognized
two Slc-transporters, the urea transporter Slc14a2 (55) and the
sodium/potassium/calcium Exchanger 2 (Slc24a2) (56) that
had reduced expression in NKCC1-deficient mice. The Slc24a2
transporter functions as a calcium extruder in neurons (57).
Therefore, its down-regulation impairs calcium transport and
could negatively influence the excitability of the NKCC1-defi-
cient neurons. We also identified a calcium-activated potas-
sium channel (Kenmb3) involved in neuronal excitability (58,
59) and a channel-associated protein (DIg2) that acts as a scaf-
folding protein in neurons (60) that had increased expression in
wild type OE. DIg?2 is involved in mitotic cell organization in
neuronal synapses in Drosophila melanogaster (61, 62). Conse-
quently, the decreased Dlg2 expression in NKCC1-deficient
mice might negatively influence OE neurogenesis. We addi-
tionally identified genes with higher expression levels in knock-
out compared with wild type mice. A calcium-activated chlo-
ride channel (Clca2) (63) exhibited a higher FPKM value in the
NKCC1-deficient transcriptome. This chloride channel is
expressed in a subset of OSNs and may play a role in odorant
transduction in cilia (64). Moreover, protocadherin 10
(Pcdh10), a gene with key roles in suppressing cell proliferation
(65), displayed a higher FPKM value in NKCC1-deficient mice.
Therefore, Pcdh10 overexpression might contribute to the neu-
rogenesis defects in the NKCC1-deficient OE. We also identi-
fied the transient receptor potential channel melastatin 5
(Trpm5) and two claudins (Cldn2, Cldn4) that were more
highly expressed in deficient OE. Trpm5 channels mediate
pheromone transduction in the OE (66), and claudins are tight
junction components that maintain the cellular polarity (67). In
summary, we identified several ion-/development-related
genes with modified expression levels in NKCCI1-deficient
mice that may contribute to the impaired odorant transduction
and/or OE development.

The electro-olfactogram recordings demonstrated that
NKCC1 affects surface potentials, confirmed by the highly sig-
SASBMB
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nificant decrease (~75%) in surface amplitudes generated by
NKCCI1-deficient mice. We also measured surface potentials
with different Henkel100 dilutions and generated amplitudes
with an overall significant decrease in deficient mice. The
results also displayed the same concentration dependence for
generated surface potentials and the achievement of the maxi-
mal amplitude in both approaches. These findings exclude the
hypothesis that NKCC1 loss induces olfactory neuron insensi-
bility. Submerged EOGs displayed reduced amplitudes and
implied insufficient odorant recognition in NKCC1-deficient
mice. In contrast, the inhibition of calcium-gated chloride
channels demonstrated that OSN depolarization of both mouse
populations relies on the same proportion of the chloride efflux.
This effect was previously described by Nickell and coworkers
using EOG recordings (17). Although they measured a minor
57% reduction in amplitudes of NKCC1 /~ mice (18), we
observed a ~75% decrease in amplitudes in knock-out mice.
These differences in amplitude are likely due to slightly differ-
ent application systems and different aged mice (NKCC1*/™:
109 * 4 days, NKCC1~/7:109 * 3, Nickell: NKCC1*/*:87 = 5
days, NKCC1~/7: 111 * 11 days), resulting in strong signal
amplitudes (NKCC1*/*: ~12mV,NKCC1~/~: ~3mV), which
was also reported by Nickell (17). In 2006, he presumed a 39%
amplitude reduction in NKCC1 knock-out mice, and con-
versely, he reported a 57% decrease in 2007 due to the age of
mice and technique. The finding that the lack of NKCC1 has no
impact on the proportion of chloride efflux in olfactory neurons
is in contrast to the large amplitude reduction measured during
EOG experiments. Electrophysiological and RNA-Seq experi-
ments suggest that: (i) NKCC1-deficient OSNs actively accu-
mulate chloride ions via an unidentified ion transporter and/or
(ii) the OE contains less mature neurons than wild type OE.

The measurements of neuronal layer thickness and cell num-
ber of wild type, heterozygous, and NKCC1 knock-out mice
revealed a decrease of ~20% in both thickness and cell number
in the NKCC1-deficient mice. These findings were supported
by both the RNA-Seq and RT-PCR results. In summary, the
lack of NKCC1 leads to a reduced number of mature neurons
due to an inhibition of cell proliferation. NKCC1 is a well-
known cell cycle regulator in cultured cell lines (20, 21). In
addition, previous studies suggested a role of NKCC1 in regen-
eration after nerve injuries and postnatal neurogenesis in the
brain (23, 25). The association of our results and previous stud-
ies suggest that NKCC1 is involved in continuous OE neuro-
genesis. This study reveals a new aspect of NKCC1 loss and its
consequences for odorant sensation in mice. It also attempts to
explain the different results regarding the impact of NKCC1 in
olfaction obtained by several researchers over the years. Never-
theless, further investigations will focus on the molecular
mechanism of NKCC1 in adult OE neurogenesis.
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