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Abstract

Despite a widespread expression pattern in the central nervous system, the role of the sodium
bicarbonate cotransporter NBCn1/Slc4a7 has not been investigated for locomotor activity, emotion
and cognition. Here, we addressed the behavioral consequences of NBCn1 knockout and evaluated
hearing and vision that are reportedly impaired in an earlier line of NBCn1 knockout mice and
may contribute to behavioral changes. In a circular open field, the knockout mice traveled a shorter
distance, especially in the periphery of the chamber, than wildtype littermates. The knockout

mice also traveled a shorter total distance in a home cage-like open field. Rearing and grooming
behaviors were reduced. The knockout and control mice displayed similar time spent and number
of open and closed arms in the elevated plus maze test, indicating negligible change in anxiety.

In the Morris water maze test, both groups of mice learned the location of an escape platform
within comparable time on the training trials and showed similar platform identification on the
probe trial. The knockout mice maintained normal visual responses in the optokinetic drum and
produced evoked potentials in response to light stimuli. However, these mice failed to produce
auditory evoked potentials. qPCR revealed a robust expression of an alternatively transcribed
NBCn1 variant in the knockout mouse retina. These results indicate that NBCn1 deletion leads to
reduced locomotor activity in mice by affecting their exploratory behaviors or emotionality. The
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deletion also causes hearing loss, but its effect on vision varies between different lines of knockout

mice.
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Introduction

The sodium bicarbonate cotransporter NBCn1/SLC4A7 is a membrane protein that mediates
electroneutral uptake of Na* and HCO3 into cells [1,2]. The HCO3 movement via NBCnl

is responsible for intracellular pH (pH;) regulation in numerous cell types and facilitates
transepithelial HCO3 secretion and absorption across epithelial cells [3,4]. Genome-wide

association studies identified SLC4A7 nucleotide variations that are linked to breast cancer
[5], hypertension [6], addiction [7], and environmentally toxic metal accumulation in the
body [8]. Functional and physiological implication of some of these variations has been
examined [9-11], and the results show their close association with changes in transporter
protein expression. Conclusively, various studies demonstrate that NBCn1 plays important
roles in regulating cell, tissue, and organ functions in the body.

Knockout (KO) mouse models in which the S/c4a7 gene is disrupted have been valuable
for obtaining information on physiological and pathophysiological roles of NBCn1 [12].
Three lines of NBCn1 KO mice are reported [13-15]. The first line of KO mice, which was
generated by a deletion of 148 bp in exon 5, develops visual and hearing defects [13]. These
mice exhibit a progressive degeneration of photoreceptor cells in the retina, resulting in a
90 % loss of the electrical activity of the retina in response to a light stimulus at about one
year. The animals also develop hearing loss due to degeneration of hair cells in the organ

of Corti, a core component of the cochlea, and morphological changes in the cochlear duct
[16]. The second line of mice was produced by integration of a gene trap vector into the
intron sequence between exon 3 and exon 4, and shows a 70 % reduction in NBCn1 protein
expression [15]. The mice have normal viability but phenotypic details are not available.
The third line of mice, which has been most intensively investigated and is evaluated in

the current study, was produced by inactivation of the promoter site in which a gene trap
vector was inserted 434 bases upstream of the MEAD start codon [14]. These mice are
mildly hypertensive, which can be explained by impaired activity of nitric oxide synthase in
vascular endothelial cells with the consequence of abnormal vascular tone and contractility
[14,17]. The animals also fail to secrete HCO3 in the duodenum [18] and display delayed
build-up and decreased thickness of the adherent mucus layer in the colon [19]. In addition,
they show delayed breast tumor development and decelerated tumor growth [20-22].
Overall, studies using these knockout models have advanced our understanding of the
physiological and pathophysiological functions of NBCn1 in different organs and provided a
foundation for possible future NBCn1-directed treatment of pathological conditions.
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We recently reported that Amethyl-D-aspartate receptors (NMDARS) were downregulated
in NBCn1l KO mice, resulting in decreased susceptibility to NMDA-mediated excitotoxicity
and seizure activity [23]. NMDARs are not only important for neurotoxicity but also mediate
learning and memory, cognition and reward function [24]. The receptors also play a role

in controlling emotional states such as anxiety and fear [25]. These receptor properties

led to the question of whether NBCn1 KO mice experience altered learning ability and
emotional behaviors, especially anxiety. Furthermore, it is unclear whether these KO mice
develop vision and hearing impairments as shown in the first line of KO mice. Vision and
hearing defects can affect physical, emotional, and cognitive functions [26,27]. Thus, in this
study, we performed a battery of tests that examine general locomotor activity, anxiety-like
behavior, spatial learning, and visual and hearing function in NBCn1 KO mice. The results
show that, while some of the features are similar to those in wildtype mice and other

KO mouse lines, there are differences with respect to general locomotor activity and visual/
auditory function.

2. Materials and methods

2.1. Mice

The experiments in this study were conducted in accordance with the National Institute

of Health Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee at Emory University and the Danish Animal
Experiments Inspectorate. The generation and basic characterization of NBCn1 KO mice
on C57BL/6 J background, as well as genotyping by PCR, are described previously [14].
Controls were age-matched wildtype (WT) littermates. Behavioral tests were performed
with mice aged 8-12 weeks, an active stage of life. Vision and hearing tests were performed
with mice aged 10-12 months. At these ages, the first line of KO mice [13] severely

lost vision and hearing, thus permitting comparison of our study with the one previously
reported. The experiments were performed with male mice to minimize potential variation
caused by sex differences. Mice were housed on a 12-h light/dark cycle and experiments
were conducted during the light phase. The same group of animals was subjected to the
following sequence of behavioral tests: open field in a circular chamber, elevated plus-maze,
and Morris water maze. A period of 1-2 weeks was allowed between tests. For home
cage-like open fields and vision/hearing tests, different cohorts of mice were used. Mice
were provided standard chow and water ad /ibitum.

2.2. Open field test

The open field apparatus was a circular chamber with opaque gray Plexiglas walls (diameter
of 96.5 cm; height of 28 cm). A circle was inscribed 18 cm from the walls to divide

the chamber into a smaller inner circle (area of ~3100 cm?) and an outer ring (area of
~3800 cm?). Mice were placed individually in the center of the chamber and allowed to
freely explore for 10 min, during which their movement was recorded by an overhead
tracking system TopScan (CleverSys, Reston, VA) equipped with active infrared sensors. In
another set of open field tests, mice were placed in a home cage-like chamber (30.5 cm

x 15.9 cm x 14 ¢cm) and their travel distance was recorded for 30 min. Recordings were
then analyzed using the tracking software Toxtrac [28]. Rearing and grooming behaviors
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were manually analyzed using the open-source video analysis software VirtualDub (http://
www.virtualdub.org). Rearing was counted when animals stood on their hind legs, and
grooming was counted when animals displayed self-directed licking or scratching. An
experimenter who was blind to the animal’s genotype scored videotaped recordings.

Elevated plus maze test

The elevated plus maze apparatus was constructed of Plexiglas, raised 76.2 cm (30 in. above
the floor, and had two open arms and two enclosed arms arranged in a plus orientation. Each
arm was projected 30.5 cm from the center. Mice were placed in the center of the maze
facing one of the open arms and allowed to freely explore the apparatus for 5 min, during
which their movement was recorded using TopScan. Measures included /) time spent in open
arms and closed arms and 77) number of entries to open and closed arms. Animals that fell
off the plus maze during the test were excluded from the study.

2.4. Morris water maze

The Morris water maze test was performed as described previously [29]. Briefly, a water
maze consisted of a circular swim arena (132 cm diameter) in an environment rich with
extra maze cues for spatial reference. Mice were placed in the water maze with their paws
touching the wall from four different entry positions (south, north, east, west) in water at
23 °C. An invisible escape platform was located in the same spatial location (northeast) 1
cm below the water surface. Acquisition training was 4 trials per day for 5 days, and each
trial lasted a maximum of 60 s. Mice that did not reach the platform in time were manually
guided to the platform and allowed to sit on it for 10 s. A probe trial was conducted on

day 6, wherein the platform was removed and mice were allowed to swim for 60 s. A video
camera was mounted above the swim arena and linked to TopScan.

2.5. Optokinetic drum

The vision in mice was tested using an optokinetic drum as previously described [30].
Briefly, a mouse was placed on a stationary platform in the center of a drum that was
covered with vertical black and white stripes on the inner wall. The drum was rotated
clockwise for 1 min and counterclockwise for 1 min while head tracking movements were
recorded using a video camera. The experiment was done once with 1.6 mm wide stripes
(0.6 cycle per degree, cpd) and repeated on two separate days with 3.2 mm wide stripes (0.3
cpd). The recording was analyzed independently by two investigators blinded for genotype.
Head movement was counted when the mouse head moved a minimum of 15 degrees
horizontally in the stimulus direction.

2.6. Visual and auditory evoked potentials

Mice were sedated by intraperitoneal injection of ketamine/xylazine mixture and wrapped
in a towel with the heads free and eyes regularly moistened by saline. Two subdermal
needle electrodes (27 gauge, 12 mm) were placed close to the hyoid bone and over the
occipital bone with a grounding electrode placed in the tail. The electrodes were connected
to a RA4PA 4-channel Medusa Preamplifier (Tucker-Davis Technologies, Gainesville, FL)
and a TDT RM2 Mobile Processor sampling with a rate of 24,414 Hz and controlled
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by custom-built LabVIEW software. Signals were generated using a DA channel of a
USB-6251 multifunction device (National Instruments, TX) triggered by an output channel
of the RM2 Processor. Signals were average responses to 200 stimulations at a rate of

20 Hz for auditory stimuli and 1 Hz for visual stimuli. Visual stimuli of 10 ms duration
were generated using two green diodes positioned 5 cm from the eyes. For auditory
stimulation, a speaker was placed 20 cm above the mouse head and connected to a custom-
built electrostatic-driven power amplifier with 30 V polarization voltage (courtesy of Lee
Miller, University of Southern Denmark, and the Bioscience Electronics Workshop, Aarhus
University, Denmark). Sound stimuli of 300 ps duration (3 cycles) were sinusoidal 10 kHz
signals with a root mean square amplitude of 60 dB re 20 pPa, which at 10 kHz corresponds
to about 35 dB sensation level for normal hearing in mice [31]. Control experiments were
performed by moving either the occipital electrode (during visual stimulation) or the hyoid
electrode (during auditory stimulation) to the lower back of the mouse.

Retinas and inner ears were excised from mice by microdissection and lysed using

a TissueLyser Il (Qiagen, Denmark). Total RNA was isolated using RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions and first-strand cDNA was produced
using random decamer primers (Eurofins Genomics, Germany) and Superscript IV reverse
transcriptase (Thermo Fisher, Waltham, MA). A reaction without reverse transcriptase
served as a negative control to detect genomic contamination. g°PCR was performed

using TagMan real-time PCR assays (Thermo Fisher) with the primers specific to

NBCn1 mRNA transcribed from promoters P1 (MEAD-NBCn1), P2 (MERF-NBCnl), or
both (total-NBCn1). The primer sequences are available in the Supplementary Material.
Reference genes were ribosomal subunit S18 and transferrin receptor TFRC (Thermo
Fisher). Reactions were performed using MX3000 P (Agilent, Santa Clara, CA) at 95 °C
for 5 min, and then 50 cycles at 95 °C for 10 s, 56 °C for 20 s, and 72 °C for 30 s. The
cycle threshold Ct was determined using the MxPro gPCR software that was supplied with
the instrument. The expression of NBCs relative to a geometric mean from reference genes
was calculated and changes in mRNA expression were determined. The calculated NBCn1l
expression levels were then normalized to the mean value for total-NBCn1 transcripts in
retinas from WT mice.

2.8. Statistical analysis

Data were reported as mean + standard error of the mean (SEM). Data were analyzed

using unpaired, two-tailed Student’s #test for comparison between groups in the open

field, elevated plus maze, optokinetic drum, and visual/auditory evoked potentials. Two-way
repeated measure ANOVA with Sidak post hoc test was used for comparison between
subjects in the Morris water maze test and gPCR, and with Fisher LSD post hoctest for
travel distance in 5 min bins. A pvalue of less than 0.05 was considered significant.
Analysis was made using GraphPad Prism 7 (GraphPad; La Jolla, CA) and Microsoft Office
Excel add-in Analysis ToolPak (Redmond, WA).
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3. Results

3.1. NBCn1l KO mice show reduced locomotor activity in the open field

The general locomotor/anxiety-like activity in NBCnl KO mice was tested by measuring the
distance traveled in a circular open-field chamber (diameter of 96.5 cm). Fig. 1A shows the
total distance traveled for 10 min in NBCnl KO mice and WT littermates (7= 15/group).
NBCn1 KO mice traveled a shorter total distance (62.8 + 3.5 m for WT mice vs. 48.2 + 3.9
m for KO mice; p= 0.01). However, this difference was observed mainly in the periphery (p
< 0.01) of the chamber as both groups of mice traveled similar distances in the center. Both
groups showed similar time spent in each region (Fig. 1B) and number of entries into the
center (Fig. 1C), indicating that NBCn1 KO mice had proportionally less locomotor activity
in the periphery. NBCn1 KO mice produced a higher amount of fecal boli deposits (Fig.
1D).

3.2. Locomotor activity and rearing/grooming behaviors are reduced in NBCn1 KO mice

The locomotor activity in NBCnl KO mice was also assessed using a home cage-like open
field chamber as ambulation can be affected by the chamber size and shape [32]. Fig. 2A is
the distance traveled in 5 min bins for 30 min (7= 8/group). NBCn1 KO mice traveled less
distance (£, 14 = 5.14, two-way repeated measure ANOVA; p < 0.05 between genotypes).
The total distance traveled was, thus, shorter in KO mice (p < 0.05; Student #test; Fig.

2B), consistent with the results from the circular open-field chamber. NBCn1 KO mice
also displayed reduced rearing and grooming behaviors (p < 0.05 for each; Fig. 2C & D),
which are associated with exploratory activity (rearing) [33] or emotional state (rearing and
grooming) [34]. The reduction was 34 % and 60 % for rearing and grooming, respectively.

3.3. Anxiety-related behaviors are normal in NBCn1 KO mice

In the circular open field, NBCn1 KO mice traveled normal in the center, indicating their
anxiety-related behaviors are normal [35]. However, the animals produced a higher amount
of fecal boli deposits, a common measure of anxiety. To address these conflicting results,
we performed the elevated plus maze test. As shown in Fig. 3A, WT and KO mice spent
similar amounts of time on closed arms and open arms (p > 0.05 for each; 7= 16 WT and
15 KO mice). The time spent in the center was also similar between genotypes (14.2 £ 1.4
% for WT mice vs. 16.4 + 2.2 % for KO mice). The number of entries into open arms was
also similar (Fig. 3B). Thus, anxiety-related behaviors were normal in NBCn1 KO mice. The
distance traveled was similar between genotypes (Fig. 3C), inconsistent with the result from
the open field tests. We note that the elevated plus maze is specified to test anxiety and the
measure of locomotor activity using this test can be variable [32,36].

3.4. Spatial learning and memory are normal in NBCnl1 KO mice

Next, we examined hippocampal-based spatial learning and memory in NBCn1 KO mice
using the Morris water maze. During the 5 days of training, in which animals navigated a
swim arena to locate a submerged escape platform using visual cues, both WT and KO mice
displayed progressively decreased latency (time to locate the platform), as shown in Fig.
4A. Two-way repeated measure ANOVA with Sidak post hoc test revealed no significant
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difference between genotypes (F436 = 1.22, p> 0.05 for genotype x latency interaction; 77
= 10/group). The distance traveled was similar between groups (Fig. 4B). NBCn1 KO mice
traveled a shorter distance on the first day of training (o = 0.04), for which the reason is
unclear. The swim speed was also similar between groups (Fig. 4C) but there was a trend
toward a lower swim speed in KO mice throughout the training period. In the probe trials
on day 6, both groups spent more time in the trained quadrant that previously contained the
platform (Fig. 4D), thus the animals learned the platform location. Nonetheless, the time
spent in the trained quadrant was similar between genotypes. These results indicate that
hippocampal-based spatial learning is not altered in NBCn1 KO mice.

is normal in NBCn1 KO mice

Mice use visual cues to learn the platform location in the Morris water maze, indicating that
10-12 week-old KO mice have normal vision. This normal vision was unexpected because
the first line of NBCn1 KO mice developed moderate defects in vision and hearing at these
ages [13]. This disparity between our finding and the previous report led us to evaluate the
vision in NBCn1 KO mice. Mice aged 10-12 months, at which the previous KO mice are
reported to lose vision by 90 %, were subjected to an optokinetic response test that measures
head tracking movements during the rotation of a black/white stripe-containing optokinetic
drum. As shown in Fig. 5, WT and KO mice displayed similar head tracking movements at
spatial frequencies of 0.3 and 0.6 cpd (p > 0.05 for both; 7= 3-5). The marked decrease

at 0.6 cpd is consistent with a poor performance of C57BL/6 mice to resolve a stimulus

at a similar spatial frequency [37]. Importantly, similar head tracking movements between
groups at both spatial frequencies indicate that visual perception in NBCn1 KO mice is
equal to that in WT mice.

3.6. Hearing is impaired in NBCn1 KO mice

Next, we measured visual and auditory evoked potentials (VEP and AEP, respectively) in
mice. For this experiment, VEP was recorded from the primary visual cortex in response to
10 ms light flashes, and AEP from the brainstem in response to 10 kHz signals with 60 dB
sound pressure level. Both WT and KO mice produced VEP to the light stimuli (n7 = 3/group;
Fig. 6B & D), consistent with the results from the optokinetic drum. However, whereas WT
mice produced AEP to the sound stimuli, NBCn1 KO mice produced no response (Fig. 6A
& C). Control experiments by moving the recording electrodes to the lower back of the mice
resulted in no response. Taken together, these results indicate that NBCn1 KO mice at the
age of 10-12 months maintain normal vision but lose hearing function.

3.7. An alternatively transcribed NBCn1 variant is expressed in the retina of NBCnl1 KO

mice

The Slc4a7 gene encoding NBCnl contains promoter P1 (responsible for MEAD variant

of NBCn1l) located upstream of promoter P2 (responsible for MERF variant) [38]. Because
NBCn1 KO mice in this study were generated by a gene trap vector insertion in P1, it

is possible that the difference in vision and hearing functions could be due to different
expressions of the two NBCn1 variants in the eye and ear. To address this possibility, we
performed gPCR of NBCnl in the retina and inner ear with three sets of primers that
recognize MEAD-NBCn1, MERF-NBCn1, and both. As shown in Fig. 7A, MEAD-NBCn1l
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and MERF-NBCn1 were abundant in the retina of WT mice, but only MERF-NBCn1 was in
the corresponding tissue of KO mice. Two-way repeated measure ANOVA revealed p< 0.01
for genotype x expression interaction (n7 = 4/group). In the inner ear of WT mice, MEAD-
NBCn1 was abundant but MERF-NBCn1 was negligible (Fig. 7B). Thus, the gene knockout
resulted in a basal level of NBCn1 expression in the inner ear of KO mice. Conclusively,

the different expression of NBCn1 variants in the retina and inner ear correlates with the
different sensory activities in vision and hearing between WT and KO mice.

4. Discussion

In this study, we found that NBCn1 KO mice have unequal locomotor activities in the
center vs. periphery of the circular open field chamber. The unequal locomotor activities in
different areas suggest that the motor coordination is not altered. NBCn1 is found at the
neuromuscular junction [39], but its role in neurotransmission and muscle contraction is
presently unclear. The previous line of NBCn1 KO mice at 1-12 months showed no apparent
abnormalities in vestibular and motor function during rotarod and tilt-table experiments
(stated in the discussion of the report by Bok et al. [13]). Thus, it is likely that NBCn1 plays
a minor role in motor function. We think that reduced locomotor activity in our KO mice

is probably due to changes in exploratory behaviors or emotionality, which are important
dependent parameters in the open field test and can influence locomotor activity in rodents
[40]. NBCn1 KO mice exhibit reduced rearing behaviors, which are considered exploratory
activity or anxiety-related behavior [32,41,42]. Exploratory behaviors involve sensory cues
such as tactile, olfactory, visual, and auditory cues to develop a spatial representation of the
environment in the brain [43]. Changes in sensory perception thus affect animals’ capability
to explore their environments for survival and adaptation; for example, mice with severe
hearing loss display rearing deficits [44]. Given such involvement of sensory perception, we
envision that the hearing defect in NBCn1 KO mice is responsible for reducing exploratory
behaviors. In addition, rodent locomotor activity is also affected by emotionality such as
anxiety, fear, and depression [40]. NBCn1 KO mice had reduced grooming activities, a
complex repetitive and self-directed behavior that is considered as an indirect index of
several emotional phenomena [34]. NBCnl KO mice had normal behaviors in the elevated
plus maze (Fig. 3); thus, anxiety is not the factor that reduces locomotor activity in these
mice. The number of fecal boli in the open field was different between genotypes, but

the validity of fecal boli as a measure of anxiety has been questioned because defecation
can be altered by unrelated factors such as food intake [45], and we know that intestinal
function is abnormal in NBCn1 KO mice [18,19]. The mechanism that underlies such
reduced behaviors in NBCnl KO mice is unclear. Given the current lack of information on
pH involvement in mouse behavioral activity, it is difficult to discuss a mechanistic view on
our study. We recently demonstrated that intracellular pH is low and membrane excitability
is depressed in neurons from NBCn1 KO mice [46]. Thus, abnormal pH and excitability in
neurons associated with exploratory behaviors or emotional activity may play a role.

NBCn1 KO mice maintain normal spatial learning behaviors in the water maze test.

This result was unexpected because these mice developed marked downregulation of the
NMDAR subunit GIuN1 and the postsynaptic density protein PSD-95 in the hippocampus
[23]. While the water maze test can be affected by factors other than spatial memory [47],
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we also note that there is controversy over whether NMDARs underlie spatial memory
acquisition in the water maze test. In the early report [48], mice with the GIuN1 deletion
restricted to the hippocampal CAL region showed impaired spatial memory in the water
maze test. However, a later study using mice with the GIuN1 deletion in dentate gyrus

and pyramidal neurons including CAL1 neurons revealed normal spatial memory [49].
Furthermore, mice with GluN1 knockout in CA3 neurons were impaired in the early stage of
learning, when animals located an escape platform based on single-trial memory, but not the
later stage, when animals relied on trial-independent memory [50]. Thus, NMDAR-mediated
spatial memory depends on trials in the water maze, such that NMDARS are required in
rapidly learning a novel platform location but not for the learning that relies on a previously
experienced location [24]. Consistent with this view, there was negligible change in latency
to locate and mount the platform for the first 2 training days but then KO mice improved the
performance for the remaining training days (Fig. 4A). The animals subsequently learned
the platform location, similar to WT mice. Overall, our results are in agreement with the
current understanding that NMDARSs are not always essential for all forms of hippocampus-
based learning [51].

NBCnl1 KO mice at 10-12 months lost hearing but maintained normal vision, different from
severe losses of both vision and hearing in the first line of KO mice [13]. Both lines of

KO mice have similar genetic backgrounds as they were generated by injecting 129/sv or
129/sv-derived ES cells into C57BL/6 blastocysts followed by cross breeding with C57BL/6
mice. Thus, the difference in vision and hearing between the two lines is not related to
genetic background. The gPCR results (Fig. 7) demonstrate that this difference is due to
alternative transcription activities of P1 and P2 promoters in the retina and inner ear. Both
P1 and P2 are highly active in the retina, whereas only P1 is active in the inner ear.

NBCn1 KO mice are a selective knockout of P1 activity; thus, P2 activity is intact in the
retina and normal vision is maintained. We previously analyzed alternative transcriptions of
human SCL4A7 gene using a transcription database and found that P1 is responsible for the
majority of NBCn1 in the brain while P2 and another internal promoter are also active [9].
P2 activity in the KO mouse retina shows an example of this alternative transcription that
allows the production from the same gene with different 5" untranslated and protein-coding
regions. We think that these variations would impact the translational efficiency of the
NBCn1 transcript or contribute to the transcriptome and/or proteome diversity. Despite this
importance, alternative transcription of P1 and P2 implies that there is a limit on the current
NBCn1 KO mouse model. There should be other places, in addition to retinas, where P2
activity plays a significant role but is phenotypically undetected from the current KO mice.

In testing mouse vision and hearing, we used NBCn1 KO mice aged 10-12 months for

fair comparison of our study with the one previously reported. The previous line of KO
mice developed moderate defects in vision and hearing at younger ages, determined by

the amplitude of maximum saturated b-wave in rod-mediated electroretinogram and the
amplitude of auditory brainstem response [13]. We did not examine vision and hearing in
our KO mice at < 10 months in this study; nonetheless, we think these mice develop similar
hearing defects at these ages as both lines of KO mice lack NBCn1 expression in their inner
ear. It will be interesting to examine age-dependent hearing defects in the current KO mice
in future studies. The normal vision in NBCn1 KO mice recalls a discussion about NBCn1

Behav Brain Res. Author manuscript; available in PMC 2022 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al. Page 10

involvement in sensory disorders. NBCnl KO mice have been suggested as an animal
model for type 2 Usher syndrome in humans [16,52]. However, the genomic association of
SLC4A 7 with type 2 Usher phenotype was later retracted [53], and no SLC4A7mutation
was found in Usher patients [54]. Thus, it is unlikely that NBCn1 is a candidate gene for
Usher syndrome. Nonetheless, most KO mice lacking Usher proteins do not possess severe
mutant phenotypes in their retinas [55]; thus, we do not completely exclude a possibility of
NBCn1 contribution to this disorder.

In summary, our study shows that NBCn1 is involved in maintaining locomotor activity,
exploratory behavior, and hearing function. Normal vision in NBCn1 KO mice contrasts
with the early report of selective loss of photoreceptor cells and blindness caused by Slc4a7
gene knockout. The negligible change in spatial learning is intriguing, considering that these
mice develop NMDAR downregulation. It will be interesting to test whether a selective and
complete deletion of NBCn1 in the hippocampus leads to learning and memory defects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Jason Schroeder for assisting with mouse behavioral tests. This work was supported by the URC award
and American Heart Association14GRNT20480379 (/.C.) and in part by Emory Rodent Behavioral Core and
Emory Neuroscience NINDS Core FacilitiesP30NS055077. Ebbe Boedtkjer was supported by the Independent
Research Fund Denmark (7025-00050A).

References

[1]. Pushkin A, Abuladze N, Lee I, Newman D, Hwang J, Kurtz I, Cloning, tissue distribution,
genomic organization, and functional characterization of NBC3, a new member of the sodium
bicarbonate cotransporter family, J. Biol. Chem 274 (23) (1999) 16569-16575. [PubMed:
10347222]

[2]. Choi I, Aalkjaer C, Boulpaep EL, Boron WF, An electroneutral sodium/bicarbonate cotransporter
NBCn1 and associated sodium channel, Nature 405 (6786) (2000) 571-575. [PubMed:
10850716]

[3]. Aalkjaer C, Boedtkjer E, Choi I, Lee S, Cation-coupled bicarbonate transporters, Compr. Physiol 4
(2014) 1605-1637. [PubMed: 25428855]

[4]. Liu Y, Yang J, Chen LM, Structure and function of SLC4 family [formula: see text] transporters,
Front. Physiol 6 (2015) 355. [PubMed: 26648873]

[5]. Ahmed S, Thomas G, Ghoussaini M, Healey CS, Humphreys MK, Platte R, et al. , Newly
discovered breast cancer susceptibility loci on 3p24 and 17g23.2, Nat. Genet 41 (5) (2009) 585-
590. [PubMed: 19330027]

[6]. Ehret GB, Munroe PB, Rice KM, Bochud M, Johnson AD, Chasman DI, et al. , Genetic variants
in novel pathways influence blood pressure and cardiovascular disease risk, Nature 478 (7367)
(2011) 103-109. [PubMed: 21909115]

[7]. Uhl GR, Liu QR, Naiman D, Substance abuse vulnerability loci: converging genome scanning
data, Trends Genet 18 (8) (2002) 420-425. [PubMed: 12142011]

[8]. Whitfield JB, Dy V, McQuilty R, Zhu G, Heath AC, Montgomery GW, Martin NG, Genetic effects
on toxic and essential elements in humans: arsenic, cadmium, copper, lead, mercury, selenium,
and zinc in erythrocytes, Environ. Health Perspect 118 (6) (2010) 776—782. [PubMed: 20053595]

Behav Brain Res. Author manuscript; available in PMC 2022 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al.

Page 11

[9]. Park HJ, Lee S, Ju E, Jones JA, Choi I, Alternative transcription of sodium/bicarbonate transporter

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

SLCA4AT gene enhanced by single nucleotide polymorphisms, Physiol. Genomics 49 (3) (2017)
167-176. [PubMed: 28087757]

Ng FL, Boedtkjer E, Witkowska K, Ren M, Zhang R, Tucker A, Aalkjaer C, Caulfield MJ,

Ye S, Increased NBCn1 expression, Na+/HCO3- co-transport and intracellular pH in human
vascular smooth muscle cells with a risk allele for hypertension, Hum. Mol. Genet 26 (5) (2017)
989-1002. [PubMed: 28087731]

Wang L, Li H, Yang B, Guo L, Han X, Li L, Li M, Huang J, Gu D, The hypertension risk variant
Rs820430 functions as an enhancer of SLC4A7, Am. J. Hypertens 30 (2) (2017) 202-208.
[PubMed: 27784683]

Parker MD, Mouse models of SLC4-linked disorders of HCO3(-)-transporter dysfunction, Am. J.
Physiol., Cell Physiol 314 (5) (2018) C569-C588. [PubMed: 29384695]

Bok D, Galbraith G, Lopez |, Woodruff M, Nusinowitz S, BeltrandelRio H, Huang W, Zhao

S, Geske R, Montgomery C, Van S, Friddle IC, Platt K, Sparks MJ, Pushkin A, Abuladze N,
Ishiyama A, Dukkipati R, Liu W, Kurtz 1, Blindness and auditory impairment caused by loss

of the sodium bicarbonate cotransporter NBC3, Nat. Genet 34 (3) (2003) 313-319. [PubMed:
12808454]

Boedtkjer E, Praetorius J, Matchkov VYV, Stankevicius E, Mogensen S, Fuchtbauer AC, Simonsen
U, Fuchtbauer EM, Aalkjaer C, Disruption of Na+, HCO3 cotransporter NBCn1 (slc4a7) inhibits
NO-mediated vasorelaxation, smooth muscle Ca2+ sensitivity, and hypertension development in
mice, Circulation 124 (17) (2011) 1819-1829. [PubMed: 21947296]

Boedtkjer E, Praetorius J, Fuchtbauer EM, Aalkjaer C, Antibody-independent localization of the
electroneutral Na+-HCO3 cotransporter NBCn1 (Slc4a7) in mice, Am. J. Physiol. Cell Physiol
294 (2) (2008) C591-C603. [PubMed: 18077606]

Lopez IA, Acuna D, Galbraith G, Bok D, Ishiyama A, Liu W, Kurtz I, Time course of auditory
impairment in mice lacking the electroneutral sodium bicarbonate cotransporter NBC3 (slc4a7),
Brain Res. Dev. Brain Res 160 (1) (2005) 63-77. [PubMed: 16181686]

Thomsen AB, Kim S, Aalbaek F, Aalkjaer C, Boedtkjer E, Intracellular acidification alters
myogenic responsiveness and vasomotion of mouse middle cerebral arteries, J. Cereb. Blood
Flow Metab 34 (1) (2014) 161-168. [PubMed: 24192638]

Chen M, Praetorius J, Zheng W, Xiao F, Riederer B, Singh AK, Stieger N, Wang J, Shull GE,
Aalkjaer C, Seidler U, The electroneutral Na(+):HCO(3)(-) cotransporter NBCn1 is a major pHi
regulator in murine duodenum, J. Physiol 590 (Pt 14) (2012) 3317-3333. [PubMed: 22586225]
Singh AK, Xia W, Riederer B, Juric M, Li J, Zheng W, Cinar A, Xiao F, Bachmann O, Song P,
Praetorius J, Aalkjaer C, Seidler U, Essential role of the electroneutral Na+-HCO§ cotransporter
NBCn1 in murine duodenal acid-base balance and colonic mucus layer build-up /in vivo, J.
Physiol 591 (8) (2013) 2189-2204. [PubMed: 23401617]

Lee S, Axelsen TV, Andersen AP, Vahl P, Pedersen SF, Boedtkjer E, Disrupting Na(+), HCO(3)
(=)-cotransporter NBCn1 (Slc4a7) delays murine breast cancer development, Oncogene 35 (16)
(2016) 2112-2122. [PubMed: 26212013]

Lee S, Axelsen TV, Jessen N, Pedersen SF, Vahl P, Boedtkjer E, Na(+),HCO3 (-)-cotransporter
NBCn1 (Slc4a7) accelerates ErbB2-induced breast cancer development and tumor growth in
mice, Oncogene 37 (41) (2018) 5569-5584. [PubMed: 29907770]

Boedtkjer E, Na(+),HCO3(-) cotransporter NBCn1 accelerates breast carcinogenesis, Cancer
Metastasis Rev 38 (1-2) (2019) 165-178. [PubMed: 30715643]

Park HJ, Gonzalez-Islas CE, Kang Y, Li JM, Choi I, Deletion of the Na/HCO3 transporter
NBCn1 protects hippocampal neurons from NMDA-induced seizures and neurotoxicity in mice,
Sci. Rep 9 (1) (2019) 15981. [PubMed: 31690738]

Nakazawa K, McHugh TJ, Wilson MA, Tonegawa S, NMDA receptors, place cells and
hippocampal spatial memory, Nat. Rev. Neurosci 5 (5) (2004) 361-372. [PubMed: 15100719]
Barkus C, McHugh SB, Sprengel R, Seeburg PH, Rawlins JN, Bannerman DM, Hippocampal
NMDA receptors and anxiety: at the interface between cognition and emotion, Eur. J. Pharmacol
626 (1) (2010) 49-56. [PubMed: 19836379]

Behav Brain Res. Author manuscript; available in PMC 2022 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al.

Page 12

[26]. Heine C, Browning CJ, Mental health and dual sensory loss in older adults: a systematic review,
Front. Aging Neurosci 6 (2014) 83. [PubMed: 24860496]

[27]. Cosh S, von Hanno T, Helmer C, Bertelsen G, Delcourt C, Schirmer H, Group SEC, The
association amongst visual, hearing, and dual sensory loss with depression and anxiety over 6
years: the Tromso Study, Int. J. Geriatr. Psychiatry 33 (4) (2018) 598-605. [PubMed: 29193338]

[28]. Rodriguez A, Zhang H, Klaminder J, Brodin T, Andersson M, Toxld: an efficient algorithm
to solve occlusions when tracking multiple animals, Sci. Rep 7 (1) (2017) 14774. [PubMed:
29116122]

[29]. Lee SE, Simons SB, Heldt SA, Zhao M, Schroeder JP, Vellano CP, Cowan DP, Ramineni S, Yates
CK, Feng Y, Smith Y, Sweatt JD, Weinshenker D, Ressler KJ, Dudek SM, Hepler JR, RGS14 is
a natural suppressor of both synaptic plasticity in CA2 neurons and hippocampal-based learning
and memory, Proc. Natl. Acad. Sci. U. S. A 107 (39) (2010) 16994-16998. [PubMed: 20837545]

[30]. Thaung C, Arnold K, Jackson 1J, Coffey PJ, Presence of visual head tracking differentiates
normal sighted from retinal degenerate mice, Neurosci. Lett 325 (1) (2002) 21-24. [PubMed:
12023058]

[31]. Heffner RS, Koay G, Heffner HE, Audiograms of five species of rodents: implications for the
evolution of hearing and the perception of pitch, Hear. Res 157 (1-2) (2001) 138-152. [PubMed:
11470193]

[32]. Gould TD, Dao DT, Kovacsics CE, The Open Field Test, Humana Press, Totowa, NJ, 20009.

[33]. Paulus MP, Geyer MA, Three independent factors characterize spontaneous rat motor activity,
Behav. Brain Res 53 (1-2) (1993) 11-20. [PubMed: 8466655]

[34]. Kalueff AV, Stewart AM, Song C, Berridge KC, Graybiel AM, Fentress JC, Neurobiology of
rodent self-grooming and its value for translational neuroscience, Nat. Rev. Neurosci 17 (1)
(2016) 45-59. [PubMed: 26675822]

[35]. Bailey KR, Crawley JN, Anxiety-related behaviors in mice, in: Buccafusco JJ (Ed.), Methods of
Behavior Analysis in Neuroscience, 2009. Boca Raton (FL).

[36]. Walf AA, Frye CA, The use of the elevated plus maze as an assay of anxiety-related behavior in
rodents, Nat. Protoc 2 (2) (2007) 322-328. [PubMed: 17406592]

[37]. Abdeljalil J, Hamid M, Abdel-Mouttalib O, Stephane R, Raymond R, Johan A, Jose S, Pierre C,
Serge P, The optomotor response: a robust first-line visual screening method for mice, Vision Res
45 (11) (2005) 1439-1446. [PubMed: 15743613]

[38]. Wang DK, Liu Y, Myers EJ, Guo YM, Xie ZD, Jiang DZ, Li JM, Yang J, Liu M, Parker MD,
Chen LM, Effects of Nt-truncation and coexpression of isolated Nt domains on the membrane
trafficking of electroneutral Na+/HCO3- cotransporters, Sci. Rep 5 (2015) 12241. [PubMed:
26192895]

[39]. Damkier HH, Nielsen S, Praetorius J, An anti-NHy-terminal antibody localizes NBCnl1 to heart
endothelia and skeletal and vascular smooth muscle cells, Am. J. Physiol Heart Circ. Physiol 290
(1) (2006) H172—-H180. [PubMed: 16126812]

[40]. Walsh RN, Cummins RA, The open-field test: a critical review, Psychol. Bull 83 (3) (1976)
482-504. [PubMed: 17582919]

[41]. Seibenhener ML, Wooten MC, Use of the Open Field Maze to measure locomotor and anxiety-
like behavior in mice, J. Vis. Exp (96) (2015), €52434. [PubMed: 25742564]

[42]. Lever C, Burton S, O’Keefe J, Rearing on hind legs, environmental novelty, and the hippocampal
formation, Rev. Neurosci 17 (1-2) (2006) 111-133. [PubMed: 16703946]

[43]. Simon P, Dupuis R, Costentin J, Thigmotaxis as an index of anxiety in mice. Influence of
dopaminergic transmissions, Behav. Brain Res 61 (1) (1994) 59-64. [PubMed: 7913324]

[44]. Soler-Martin C, Diez-Padrisa N, Boadas-Vaello P, Llorens J, Behavioral disturbances and hair
cell loss in the inner ear following nitrile exposure in mice, guinea pigs, and frogs, Toxicol. Sci
96 (1) (2007) 123-132. [PubMed: 17159233]

[45]. Lister RG, Ethologically-based animal models of anxiety disorders, Pharmacol. Ther 46 (3)
(1990) 321-340. [PubMed: 2188266]

[46]. Schank JR, Lee S, Gonzalez-Islas CE, Nennig SE, Fulenwider HD, Chang J, Li JM, Kim
Y, Jeffers LA, Chung J, Lee JK, Jin Z, Aalkjaer C, Boedtkjer E, Choi I, Increased alcohol

Behav Brain Res. Author manuscript; available in PMC 2022 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al.

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

Page 13

consumption in mice lacking sodium bicarbonate transporter NBCn1, Sci. Rep 10 (1) (2020)
11017. [PubMed: 32620847]

Wolfer DP, Stagljar-Bozicevic M, Errington ML, Lipp HP, Spatial memory and learning in
transgenic mice: fact or artifact? News Physiol. Sci 13 (1998) 118-123. [PubMed: 11390774]

Tsien JZ, Huerta PT, Tonegawa S, The essential role of hippocampal CA1 NMDA receptor-
dependent synaptic plasticity in spatial memory, Cell 87 (7) (1996) 1327-1338. [PubMed:
8980238]

Bannerman DM, Bus T, Taylor A, Sanderson DJ, Schwarz I, Jensen V, Hvalby O, Rawlins

JN, Seeburg PH, Sprengel R, Dissecting spatial knowledge from spatial choice by hippocampal
NMDA receptor deletion, Nat. Neurosci 15 (8) (2012) 1153-1159. [PubMed: 22797694]

Nakazawa K, Sun LD, Quirk MC, Rondi-Reig L, Wilson MA, Tonegawa S, Hippocampal CA3
NMDA receptors are crucial for memory acquisition of one-time experience, Neuron 38 (2)
(2003) 305-315. [PubMed: 12718863]

Bannerman DM, Sprengel R, Sanderson DJ, McHugh SB, Rawlins JN, Monyer H, Seeburg PH,
Hippocampal synaptic plasticity, spatial memory and anxiety, Nat. Rev. Neurosci 15 (3) (2014)
181-192. [PubMed: 24552786]

Reiners J, van Wijk E, Marker T, Zimmermann U, Jurgens K, te BH, Overlack N, Roepman

R, Knipper M, Kremer H, Wolfrum U, Scaffold protein harmonin (USH1C) provides molecular
links between Usher syndrome type 1 and type 2, Hum. Mol. Genet 14 (24) (2005) 3933-3943.
[PubMed: 16301216]

Hmani-Aifa M, Benzina Z, Zulfigar F, Dhouib H, Shahzadi A, Ghorbel A, Rebai A, Soderkvist
P, Riazuddin S, Kimberling WJ, Ayadi H, Identification of two new mutations in the GPR98 and
the PDE6B genes segregating in a Tunisian family, Eur. J. Hum. Genet 17 (4) (2009) 474-482.
[PubMed: 18854872]

Le Quesne SP, Saihan Z, Rangesh N, Steele-Stallard HB, Ambrose J, Coffey A, Emmerson

J, Haralambous E, Hughes Y, Steel KP, Luxon LM, Webster AR, Bitner-Glindzicz M,
Comprehensive sequence analysis of nine Usher syndrome genes in the UK National
Collaborative Usher Study, J. Med. Genet 49 (1) (2012) 27-36. [PubMed: 22135276]

Williams DS, Usher syndrome: animal models, retinal function of Usher proteins, and prospects
for gene therapy, Vision Res 48 (3) (2008) 433-441. [PubMed: 17936325]

Behav Brain Res. Author manuscript; available in PMC 2022 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Choi et al.

A

Page 14

W

= 501 O wrt 50071 O wT
£ B KO T B KO -
5 40- % 4001
2 304 i S 300-
= I %
Q 20 © 200 =
= £
% 101 = 100-
(@)
0 I I 0 L] L]
Center  Periphery Center  Periphery
60 4-
8 T g ; i
< 40 g
5 5 2-
q’ | .
£ 20- 8
= E 11
Z =z 1
0 ; 0 .
WT KO WT KO
Fig. 1.

Open field test performance in NBCnl KO mice. NBCnl KO mice and age-matched WT
littermates were individually placed in an open field chamber and their travel distance and
time spent in the center and periphery of the chamber during 10 min were measured (/7=
15/group). (A) Distance (in meters) traveled in the center vs. periphery of the chamber. (B)
Time spent (in seconds) in the center vs. periphery. (C) Number of entries into the center.
(D) Fecal boli deposits. **p < 0.01 compared to WT mice.
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Behavioral changes in NBCnl1 KO mice. Mice were individually placed in a home cage-
like open field chamber and their locomotor activity and behaviors were recorded for 30

min (n=8/group). (A) Distance traveled measured in 5-min bins (in meters). (B) Total

distance traveled during 30 min. (C) Rearing episodes. (D) Grooming episodes. Rearing and
grooming data were obtained during 10 min. *p < 0.05 and **p < 0.01 compared to WT
mice.
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Elevated plus maze test performance in NBCnl KO mice. (A) Time spent in closed arms
and open arms. (B) Number of entries into the open arms. (C) Distance traveled. Data were
collected from 7= 16 WT & 15 KO mice.
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Morris water maze test performance in NBCnl KO mice. (A) Escape latency to find the
platform during the acquisition training for 5 days. (B) Distance traveled during the training.
(C) Swim speed. (D) Percent of time spent in each quadrant during the probe trial on day

6. The quadrant (P) previously contained the platform during the acquisition training. NE,
northeast; NW, northwest; SE, southeast; SW, southwest. Data were collected from n=
10/group. *p < 0.05 compared to WT mice.

Behav Brain Res. Author manuscript; available in PMC 2022 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Choi et al.

—~ 20- O WT

=i
@)
1

-
()
1

&)

Head tracking (min

0.3 0.6
Cycle per degree

Fig. 5.

Ogtokinetic responses in NBCnl KO mice. Mice at 10-12 months were placed on a
stationary platform in the center of an optokinetic drum with vertical black and white stripes
at a spatial frequency of 0.3 and 0.6 cycle per degree (cpd). Head tracking movement (more
than 15 degrees movement of the head in the same, clockwise or anticlockwise, direction as
the stripes) per minute was counted (77 = 3-5/group).
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Auditory and visual responses in NBCn1 KO mice. (A & C) Auditory evoked potentials

in the brainstems of WT and KO mice in response to the auditory stimuli (10 kHz signals
with 60 dB sound pressure level). (B & D) Visual evoked potentials in the primary visual
cortex of WT and KO mice in response to the visual stimuli (10 ms flashes of light). Traces
in red are negative controls produced by moving either the hyoid electrode during auditory
stimulation or the occipital electrode during visual stimulation, to the lower back of the
mouse. Data were collected from 1= 3/group.
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Fig. 7.

gPCR of NBCn1 variants in the mouse retina inner ear. (A & B) Expression levels of
NBCn1 variants MEAD-NBCn1 and MERF-NBCn1 in mouse retina (A) and inner ear (B).
gPCR was performed with three sets of primers to recognize NBCn1 mRNA produced by P1
promoter (MEAD-NBCn1), P2 promoter (MERF-NBCn1), and both (total). The C value of
each NBCn1 variant was normalized to a geometric mean of reference genes 18 s RNA and
TFRC using the 272CT method. NBCn1 expression levels were then compared relative to the
mean value for total-NBCn1 in the retina of WT mice. The dotted lines are the detection
limit. Data were collected from 7=4 WT and 3 KO mice. **p < 0.01 compared to WT
mice. ns: not significantly different.
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