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Development/Plasticity/Repair

Maintenance of Mouse Gustatory Terminal Field
Organization Is Dependent on BDNF at Adulthood

Chengsan Sun,' “Robin Krimm,?> and “David L. Hill'
'Department of Psychology, University of Virginia, Charlottesville, Virginia 22904-4400 and 2Department of Anatomical Sciences and Neurobiology,
University of Louisville School of Medicine, Louisville, Kentucky 40292

The rodent peripheral gustatory system is especially plastic during early postnatal development and maintains significant anatomical
plasticity into adulthood. Thus, taste information carried from the tongue to the brain is built and maintained on a background of
anatomical circuits that have the capacity to change throughout the animal’s lifespan. Recently, the neurotrophin brain-derived neu-
rotrophic factor (BDNF) was shown to be required in the tongue to maintain normal levels of innervation in taste buds at adulthood,
indicating that BDNF is a key molecule in the maintenance of nerve/target matching in taste buds. Here, we tested whether maintenance
of the central process of these gustatory nerves at adulthood also relies on BDNF by using male and female transgenic mice with inducible
CreERT2 under the control of the keratin 14 promoter or under control of the ubiquitin promoter to remove Bdnffrom the tongue or from
all tissues, respectively. We found that the terminal fields of gustatory nerves in the nucleus of the solitary tract were expanded when Bdnf
was removed from the tongue at adulthood and with even larger and more widespread changes in mice where Bdnfwas removed from all
tissues. Removal of Bdnfdid not affect numbers of ganglion cells that made up the nerves and did not affect peripheral, whole-nerve taste
responses. We conclude that normal expression of Bdnf in gustatory structures is required to maintain normal levels of innervation at

adulthood and that the central effects of Bdnfremoval are opposite of those in the tongue.
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ignificance Statement

BDNF plays a major role in the development and maintenance of proper innervation of taste buds. However, the importance
of BDNF in maintaining innervation patterns of gustatory nerves into central targets has not been assessed. Here, we tested
whether Bdnfremoval from the tongue or from all structures in adult mice impacts the maintenance of how taste nerves project to
the first central relay. Deletion of Bdnf from the tongue and from all tissues led to a progressively greater expansion of terminal
fields. This demonstrates, for the first time, that BDNF is necessary for the normal maintenance of central gustatory circuits at
adulthood and further highlights a level of plasticity not seen in other sensory system subcortical circuits.
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Introduction

Impressive morphological, physiological, and behavioral changes
characterize the postnatal development of the rodent gustatory
system. This is especially evident for the age-related changes in
neural circuits that transmit taste information from taste buds
directly to the brain. The terminal field size of the nerves carrying
taste information from taste buds directly to the nucleus of the
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solitary tract (NST) in the medulla decreases by as much as four
times within a 20 postnatal day period (Mangold and Hill, 2008;
Zheng et al., 2014). This normal process can be interrupted by
early embryonic and lifelong maternal dietary manipulations
(May and Hill, 2006; Mangold and Hill, 2008) and by deleting the
transduction channel for sodium salt taste throughout develop-
ment (Sun et al., 2017). Surprisingly, these circuits remain plastic
into adulthood. Sectioning two of three gustatory nerves at
adulthood induces expansion of the intact nerve’s terminal
field by five times within 15 d of the denervation (Corson and
Hill, 2011). Moreover, inducibly deleting the sodium taste
transduction channel at adulthood leads to an expanded orga-
nization similar to that found in immature animals (Skyberg
et al., 2017). This inherent and lifelong ability for taste neu-
rons to remodel may be attributable, in part, to the continual
turnover of taste bud cells throughout development. That is,
the peripheral limb of these nerves must accommodate the
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change in receptive fields that occur approximately every 10 d
(Beidler and Smallman, 1965).

Studies of nerve/target matching during development and
maintenance of innervation in taste buds at adulthood point to
the neurotrophin brain-derived neurotrophic factor (BDNF) asa
likely candidate molecule regulating proper innervation by taste
axons. BDNF regulates the initial innervation of taste buds by
directing gustatory nerve fibers to their targets (Mbiene and Mis-
tretta, 1997; Ma et al., 2009). It is then downregulated with age
and expressed in a subpopulation of taste bud cells (Yee et al.,
2003; Huang and Krimm, 2010). Although emerging evidence
supports BDNF as being critical during development of periph-
eral gustatory circuits, the extent it is required for maintenance of
these circuits at adulthood is unclear. Recently, Meng et al. (2015)
did the first study to examine the effects of BDNF removal at
adulthood on the maintenance of innervation patterns in the
gustatory system. They genetically removed BDNF from taste
bud cells in adult mice and showed a 40% loss of taste bud inner-
vation and some taste bud cells. Maintenance of the peripheral
innervation pattern was not retained.

If BDNF is required to maintain the innervation of taste buds
at adulthood, we asked here whether it is also required to main-
tain the central limb of these same nerves. We used the same
genetic strategy as Meng et al. (2015) to inducibly delete Bdnf
from taste bud cells or from all tissues and found that the terminal
field sizes dramatically increased in the brainstem. Thus, the same
experimental manipulation led to opposite effects on the central
process of gustatory nerves compared with that on the peripheral
process.

Materials and Methods

Animals

All experiments were approved by the University of Virginia Animal Care
and Use Committee and followed guidelines set forth by the National
Institutes of Health and the Society for Neuroscience. Experimental an-
imals were transgenic mice in which the gene for Bdnf was inducibly
removed from the tongue or from all cells at adulthood. These animals
were made, respectively, by crossing mice that expressed CreERT2 under
control of the keratin 14 promoter (https://www.jax.org/strain/005107;
RRID:IMSR_JAX:005107) or under control of the ubiquitin promoter
(https://www.jax.org/strain/007001; RRID:IMSR_JAX:007001) with
mice in which exon 5 of the Bdnf gene was floxed (https://www.jax.org/
strain/004339; RRID:IMSR_JAX:004339). We, and others (Meng et al.,
2015), found that 60—80% of Bdnf expression in the tongue remained in
both groups of mice after a single injection of 6 mg of tamoxifen, as
measured by real-time transcription-PCR (qPCR). To decrease the
amount of Bdnf expression to much lower levels, we bred mice so that
one of the alleles was null for Bdnf (https://www.jax.org/strain/002266;
RRID:IMSR_JAX:002266) and the other allele was floxed. We also in-
creased the administration of tamoxifen (T5648, Sigma; mixed in corn
oil, 188 ng/g body weight) to once each weekday for 3 weeks. Tamoxifen
was delivered by oral gavage (Ruzankina et al., 2007), beginning at 40 d of
age. No treatment was administered during the weekends. Therefore, our
experimental animals had the genotype of K14-CreER Bdnf'” "TAM or
UBC-CreER Bdnf'* ~TAM for mice in which Bdnf expression was de-
leted from the tongue or from all cells, respectively. For clarity, we will
refer to these two inducible knock-out mice as K14-Bdnf iKO and UBC-
BdnfiKO mice, respectively.

Two control groups were used for comparisons with the two experi-
mental groups. One group consisted of mice that were littermates to
experimental animals but did not have any of the transgenes (control;
Bdnf*'*). Another group had all of the transgenes for K14-CreER
Bdnf'*'~ mice or for UBC-CreER Bdnf'~ mice but did not receive
administration of tamoxifen (K14-Bdnf iKO No TAM and UBC-Bdnf
iKO No TAM, respectively). Thus, these latter two groups were used to
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control for the effects of the heterozygous removal of the Bdnf gene
throughout development.

Tissue collection

To establish that mice used here had reduced Bdnf expression in the
anterior tongue, in the geniculate ganglion, and in the NST, we used
qPCR procedures similar to that described by Huang and Krimm (2010)
and Sun et al. (2015). Briefly, the anterior two-thirds of fresh tongues
from mice (controls, n = 3: two males, one female; K14-Bdnf iKO No
TAM, n = 6: three males, three females; K14-Bdnf iKO, n = 7: three
males, four females; UBC-BdnfiKO No TAM, n = 6: three males, three
females; UBC-Bdnf iKO, n = 6: four males, two females) were collected
and cut at the midline, rinsed with cold PBS, and incubated in sterile
dispase I solution (BD Biosciences) for 60 min at 37°C. Epithelial sheets
of the tongue were then peeled from the underlying mesenchyme, trans-
ferred into separate tubes containing RNAlater (Thermo Fisher Scien-
tific), and stored at —80°C until RNA extraction. Epithelial sheets of the
tongue were then peeled from the underlying connective tissue for RNA
extraction. Similarly, fresh geniculate ganglia (controls, n = 3: two males,
one female; K14-Bdnf iKO No TAM, n = 3: one male, two females;
K14-Bdnf iKO, n = 7: three males, four females; UBC-Bdnf iKO No
TAM, n = 3: two males, one female; UBC-Bdnf iKO, n = 3: two males,
one females) and the rostral portion of the NST (controls, n = 5: two
males, three females; K14-Bdnf iKO No TAM, n = 5: two males, three
females; K14-BdnfiKO, n = 5: two males, three females; UBC-BdnfiKO
No TAM, n = 5: three males, two females; UBC-BdnfiKO, n = 3: two
males, one female) were dissected, transferred into separate tubes con-
taining RNAlater (Ambion), and stored at —80°C until RNA extraction.
Fresh geniculate ganglia were collected after removal of the brain and
visualized within the ventral cranium. The rostral NST was removed after
horizontally sectioning the brainstem with a vibratome at 200 wm in cold
PBS. The region of interest (anterior half of the NST) was removed with
a sterile scalpel under a dissecting microscope. The NST is visible in
unstained tissue and can be easily seen as a clear structure compared with
surrounding tissue. Brainstem landmarks (e.g., fourth ventricle, solitary
tract, hypoglossal nucleus) were used to identify dorsal to ventral extents
of the NST.

RNA extraction and measurement

Total RNA from anterior tongue epithelia, geniculate ganglia, and NST
was extracted as described previously (Huang and Krimm, 2010; Sun et
al., 2015). RNA integrity numbers (RINs) were used to estimate the RNA
quality. Only RNA samples with RINs >8.0 were used. The same amount
of RNA from control and tamoxifen-treated mice was used. RNA was
also treated in parallel in the absence of reverse transcriptase to examine
for genomic DNA contamination. gPCR was performed by the 7500 Fast
Real-Time PCR System (Applied Biosystems) using the TagMan Univer-
sal PCR kit (Applied Biosystems) and oligonucleotide primer/probe sets
(Huangand Krimm, 2010; Sun et al., 2015). TagMan probes were labeled
atthe 5" end with a fluorescent reporter dye (FAM) and at the 3" end with
a quencher dye (TAMRA).

The sequences of primers and probes are as follows: BDNF (forward
primer, TGCAGGGGCATAGACAAAAGG; reverse primer, CTTAT-
GAATCGCCAGCCAATTCTC; probe, ACTGGAACTCGCAATGC-
CGAACTACCCA) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; forward primer, CTGGGACGACATGGAGAAGATC; reverse
primer, CAACCTGGTCCTCAGTGTAGC; probe, CGTGCCGCCTG-
GAGAAACCTGCQ).

qPCRs were performed in a 20 ul total volume with 1X Master Mix,
720/200 nm primer/probe sets. PCR efficiencies were determined by per-
forming PCR with serial (10-fold) dilutions of cDNA in parallel. All
samples were run in parallel with the housekeeping gene mouse GAPDH,
to normalize cDNA loading. Each assay was performed in triplicate. PCR
was performed for 40 cycles at 95°C for 15 s and at 60°C for 1 min.

qPCR analyses

For qPCR, the comparative 2 method was used to determine the
relative Bdnf gene expression levels (Huang and Krimm, 2010; Sun et al,,
2015). The normalized expression of the Bdnfwas calculated as normalized

: — ACT ACT
expression = (EBDNF) target(control — sample)/ (Eref) GAPDH(control — sample)*

—AACT
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Epgne and Egppy; represent the reaction efficiency of the respective gene, and
ACT is the cycle difference between the control and the sample.

BDNF immunohistochemistry

To examine whether the group-related effects of Bdnf expression are
reflected in the presence of BDNF in the NST, we performed immuno-
histochemical experiments that focused on the NST in UBC-Bdnf iKO
mice. Two control mice (one male and one female) and two UBC-Bdnf
iKO mice (one male and one female) were perfused as described in the
nerve-labeling section. Sections were then incubated in BDNF antibody
raised in rabbit at a concentration of 1:200 (ANT-010, Alomone Labs;
RRID:AB_2039756) in 1% BSA and 0.3% Triton X-100 in 0.1 M PBS
overnight. After rinsing with PBS (six times for 10 min), sections were
incubated in a donkey anti-rabbit secondary antibody conjugated with
1:400 Alexa Fluor 488 (711-545-152, Jackson ImmunoResearch Labora-
tories; RRID:AB_2313584) for 1.5 h. Then sections were rinsed and
mounted on slides and examined on a fluorescent microscope at 10X
and 20X.

Fluorescent anterograde nerve labeling

Procedures used to fluorescently label the chorda tympani (CT), which
innervates taste buds on the anterior two-thirds of the tongue; the greater
superficial petrosal nerve (GSP), which innervates taste buds on the pal-
ate; and the glossopharyngeal nerve (IX), which innervates taste buds on
the posterior tongue, were the same as that described previously in
mouse (Sun et al., 2015, 2017). Briefly, the CT, GSP, and IX nerves were
labeled in six (three males, three females) controls, three (one male, two
females) K14-BdnfiKO No TAM, seven (three males, four females) K14-
Bdnf iKO, four (two males, two females) UBC-Bdnf iKO No TAM, and
five (three males, two females) UBC-Bdnf iKO mice with anterograde
tracers to determine the volume and densities of label among gustatory
afferent terminal fields in the NST. All animals were between 4 and 5
months old at the time of nerve labeling. Therefore, for experimental
groups, the nerve labeling occurred ~60 d after the last administration of
tamoxifen. The anterograde labeling surgery for mice in the two control
groups were aged matched with the experimental groups. Mice were
sedated with a 0.32 mg/kg injection of Domitor (medetomidine hydro-
chloride, Pfizer Animal Health; intramuscularly) and anesthetized with
40 mg/kg Ketaset (ketamine hydrochloride, Fort Dodge Animal Health;
intramuscularly). A water-circulating heating pad was used to maintain
body temperature. Using the same surgical approach detailed by Sun et
al. (2015, 2017), the CT and GSP nerves were cut near and peripheral to
the geniculate ganglion in the tympanic bulla, crystals of 3 kDa tetram-
ethylrhodamine dextran amine were then applied to the proximal cut
end of the GSP, and 3 kDa biotinylated dextran amine was applied to the
proximal cut end of the CT. A small amount of Kwik-Sil (World Preci-
sion Instruments) was then placed over the cut end of the nerves to
prevent crystals from diffusing from the site of the intended label. The IX
was isolated medial to the tympanic bulla and was cut peripheral to the
petrosal ganglion and placed on a small piece of Parafilm. Crystals of 3
kDa cascade blue dextran amine were applied to the proximal cut end of
the IX nerve. All dextran amine conjugates were purchased from Invit-
rogen. Vaseline and a layer of Parafilm were placed on top of the IX to
keep the dextran in place. Animals were then given intramuscular injec-
tions of 5 mg/ml Antisedan (atipamezole hydrochloride, Pfizer Animal
Health) to promote reversal of anesthesia. After a 48 h survival, animals
were deeply anesthetized with urethane and transcardially perfused with
Krebs—Henseleit buffer, pH 7.3, followed by 4% paraformaldehyde,
pH 7.2.

Tissue preparation

Brains were removed and postfixed, and the medulla was blocked and
sectioned horizontally on a vibratome at 50 wm (Sun et al., 2015, 2017).
We sectioned tissue in the horizontal plane because it allows visualization
of the entire rostrocaudal and mediolateral extent of the terminal fields in
the NST with the smallest number of sections (~10 sections per mouse)
and is also the plane in which the axons branch from the solitary tract and
project primarily medially in rodents (Davis, 1988; Whitehead, 1988;
Lasiter et al., 1989). Highly detailed descriptions of the mouse NST and
the projection of the CT to this nucleus and subnuclei have been de-
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scribed in coronal sections (Bartel and Finger, 2013; Ganchrow et al.,
2014). Therefore, we also sectioned brainstems in the coronal section to
qualitatively examine group-related differences in the innervation of
NST subnuclei.

Sections were incubated for 1 h in PBS containing 0.2% Triton X-100
with 1:500 streptavidin Alexa Fluor 647 (016-600-084, Jackson Immu-
noResearch Laboratories; RRID:AB_2341101) and 1:500 rabbit anti-
Cascade Blue (A-5760, Thermo Fisher Scientific; RRID:AB_2536192) at
room temperature. Streptavidin Alexa Fluor 647 was used to visualize the
biotinylated dextran amine-labeled CT-positive terminals. Rabbit anti-
Cascade Blue was used as a primary antibody to detect Cascade Blue-
labeled IX terminal fields and was followed with a 1 h reaction with 1:500
goat anti-rabbit Alexa Fluor 488 (A-21206, Thermo Fisher Scientific;
RRID:AB_2535792). This secondary antibody was used to visualize IX
nerve terminals. Visualization of tetramethylrhodamine, which labeled
GSP terminal fields, did not require further processing.

Confocal microscopy and analyses of terminal fields

Imaging. Terminal fields were imaged using a Nikon 80i microscope
fitted with a Nikon C2 scanning system (Nikon Instruments) and a 10X
objective (NA, 0.45; CFIPlanApo, Nikon). The nerve labels were
matched for the wavelengths of the three lasers in the system (argon laser,
488 nm, 10 mW, IX; DPSS laser, 561 nm, 10 mW, GSP; modulated diode
laser, 638 nm, 20 mW, CT). Sequential optical sections were captured
every 3 um for each 50 um section. Images were obtained with settings
adjusted so that pixel intensities were near (but not at) saturation. A
transmitted light image at 4X (Nikon PlanFluor; NA, 0.13) and at 10X
was captured for every physical section containing the labeled terminal
field. This permitted an accurate registration of dorsal to ventral brains-
tem sections among animals using common brainstem landmarks (4 X)
and identification of NST borders (10X ). Group assignment for each set
of confocal stacks/mouse was blind to the investigator thresholding the
images.

Analyses of total terminal field volume. Methods used to analyze termi-
nal field volumes and densities were described previously in detail (Sun et
al., 2015, 2017). Briefly, quantification of terminal field volume was
achieved through the use of custom ImageJ-based software. Each image
stack was initially rotated so that the solitary tract was oriented vertically.
The border of the NST was outlined for each physical section through the
use of the corresponding transmitted light image, and the stack was then
cropped to include only the NST. The IsoData thresholder algorithm
(Ridler and Calvard, 1978) was applied to yield a binary image stack of
the labeled pixels above threshold, and a particle analysis was then per-
formed to quantify the pixel area above threshold for each channel. Vol-
umes from each physical section were summed to yield the total terminal
field volume for each mouse. The resultant volume represents an unbi-
ased experimenter measure of the amount of label. Additionally, the
volume of colocalization between the terminal fields of two nerves (CT
with GSP, GSP with IX, CT with IX) and among all three nerves (CT,
GSP, and IX) was determined in a similar manner as described for each
single label.

We chose to include axons (e.g., the solitary tract) along with the
terminal fields for all animals in our analyses because of the difficulty in
accurately deleting these elements from each optical section. Accord-
ingly, the absolute volumes that we show here include the composite
terminal field and axons. Since there is no obvious reorganization of
nerve tracts among groups, we make the assumption that including the
solitary tract in our measurements had a similar quantitative effect
among groups.

Analyses of terminal field volume and density of labels in dorsoventral
zones. The analyses of terminal field volumes and density here is the same
as was done to study the role of Bdnf overexpression in the tongue on
terminal field organization in the NST (Sun et al., 2015). The NST was
subdivided into X, Y, and Z planes to help identify where terminal field
organization of each nerve and the overlaps with other terminal fields
occurred. For the mediolateral and rostrocaudal analyses (X and Y), the
NST in the horizontal plane was subdivided into a grid consisting of
uniform boxes of 100 X 100 pixels. The NST was aligned relative to the
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grid, with the intersection of the most medial and most rostral borders of
the NST as the 0,0 coordinate.

For analyses in the dorsoventral planes ( Z), we examined the volume
of the labeled terminal field in four dorsoventral zones and followed the
method detailed by Sun et al. (2015). Briefly, in horizontal sections, we
subdivided the NST into four zones: far dorsal, dorsal, intermediate, and
ventral zones [see Sun et al. (2015) for definitions of zones]. The land-
marks used to define each zone were consistent among the groups. To
check for reliability, a person naive to previous assignment of sections
into zones assigned sections for each animal into the four zones. With
minor exceptions, the dorsoventral zone assignments among investiga-
tors were the same.

Density by dorsoventral zones. Density measures were not statistically
analyzed but were qualitatively examined through heat maps for each
dorsoventral zone containing a 5 X 10 (column X row) grid.

Examination of terminal fields in coronal sections. The NST from two
UBC-BdnfiKO No TAM mice (females, >90 d old) and two UBC-Bdnf
iKO mice (females, >90 d old) were sectioned coronally on a vibratome
at 50 um and imaged as described above. Coronal sections were used to
examine the extent of terminal field expansion and overlapping fields in
the NST. No quantitative measurements were taken. Coronal sections
were also imaged with transmitted light to allow visualization of NST and
brainstem landmarks to qualitatively compare terminal field labels
among sections in the same rostrocaudal plane.

Geniculate ganglion and petrosal ganglion cell number. All mice were at
least 3 months old. The CT (UBC-BdnfiKO No TAM, n = 4: two males,
two females; UBC-BdnfiKO, n = 8: four males, four females) or the GSP
(UBC-Bdnf iKO No TAM, n = 5: two females, three males; UBC-Bdnf
iKO, n = 5: two males, three females) nerve was labeled as described for
the terminal field labeling procedure, with the exception that the 3 kDa
tetramethylrhodamine dextran was chosen as the only tracer because it
did notrequire further processing for visualization. This allowed imaging
the entire intact ganglion, thereby allowing us to count all labeled cells.
Petrosal ganglia (UBC-Bdnf iKO No TAM, n = 4: two males, two fe-
males; UBC-BdnfiKO, n = 9: six males, three females) were also labeled
by way of the IX, using the tetramethylrhodamine tracer. Ganglia collec-
tion, processing, and imaging were similar to that described by Sun et al.
(2015, 2017).

CT nerve neurophysiology. All animals used for taste recording experi-
ments were at least 3 months old. Mice (controls, n = 8: four males, four
females; K14-Bdnf iKO No TAM, n = 6: three males, three females;
K14-BdnfiKO, n = 5: two males, three females; UBC-BdnfiKO No TAM,
n = 6: three males, three females; UBC-BdnfiKO, n = 6: four males, two
females) were anesthetized as described for the fluorescent anterograde
nerve labeling procedure. Procedures for recording taste responses from
the CT and data analyses were as described by Sun et al. (2015, 2017) and
are only briefly described here. Taste responses were recorded to an
ascending concentration series of 0.05, 0.1, 0.25, and 0.5 M NaCl; 10, 20,
and 50 mwM citric acid; 0.1, 0.25, 0.5, and 1.0 M sucrose; and 10, 20, 50, and
100 mm quinine hydrochloride. All chemicals were reagent grade and
prepared in artificial saliva (Hellekant et al., 1985). Each concentration
series was bracketed by applications of 0.5 M NH,Cl to monitor the
stability of each preparation and for normalizing taste responses. Solu-
tions were applied to the tongue in 5 ml aliquots with a syringe and
allowed to remain to the tongue for ~20 s. After each solution applica-
tion, the tongue was rinsed with artificial saliva for =1 min when the
stimulus concentration was high. This period allows for full recovery of
neural responses (i.e., the responses were not adapted by previous re-
sponses; Shingai and Beidler, 1985). CT responses were calculated as
follows: the average voltage of the spontaneous activity that occurred for
the 5 s before stimulus onset was subtracted from the average voltage that
occurred from the period from the 5th to 15th second after stimulus
application. Response magnitudes were then expressed as ratios relative
to the mean of 0.5 M NH,CI responses before and after stimulation.
Whole-nerve response data were retained for analysis only when 0.5 M
NH,Cl responses that bracketed a concentration series varied by <10%.
In addition, responses were recorded to the NaCl concentration series in
the epithelial sodium channel blocker amiloride (50 um; Benos, 1982).
Rinses during this series were with amiloride.
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Experimental design and statistical analysis

qPCR results. Means of normalized Bdnf expression levels were com-
pared between K14-Bdnf iKO No TAM and K14-Bdnf iKO mice for
anterior tongue, geniculate ganglion, and NST with a two-tailed un-
paired ¢ test. The same analysis was also done between UBC-BdnfiKO No
TAM and UBC-BdnfiKO mice.

Terminal field volumes. The mean (=SEM) was calculated for the total
CT, GSP, and IX nerve terminal field volumes, for their overlapping field
volumes, and for terminal field volumes within the four defined dorso-
ventral zones. We first analyzed the terminal fields by comparing vol-
umes among the three nerves (i.e., IX, CT, and GSP). We then separately
analyzed terminal fields by comparing the overlaps among the nerves
(e.g., CT with GSP). This was done through a two-way ANOVA (SPSS;
RRID:SCR_002865; experimental group X nerve/overlap), with post hoc
pairwise comparisons done with Bonferroni’s post-tests (SPSS). For all
statistical tests, we considered p values =0.05 to be significant.

Ganglion cell counts. Ganglion cell numbers for the CT, GSP and IX
were compared among controls, K14-Bdnf iKO mice, and UBC-Bdnf
iKO mice and analyzed with a two-way ANOVA (SPSS; experimental
group X nerve), with post hoc pairwise comparisons done with Bonfer-
roni’s post-tests (SPSS). For all statistical tests, we considered p values
=0.05 to be significant.

Whole-nerve taste Responses. A two-way repeated-measures ANOVA
(SPSS) was used to compare mean (£SEM) relative CT responses (com-
pared with 0.5 M NH,Cl responses) initially among control, K14-Bdnf
iKO No TAM, and K14-BdnfiKO mice and then among control, UBC-
BdnfiKO No TAM, and UBC-BdnfiKO mice to a concentration series of
NaCl, sucrose, citric acid, and quinine hydrochloride (each 3 groups X 3
or 4 concentrations; post hoc pairwise comparisons done with Bonferro-
ni’s post-tests). For all statistical tests, we considered p values =0.05 to be
significant.

Results

Bdnf mRNA expression is selectively reduced in the tongue of
K14-Bdnf iKO mice and reduced in the tongue, geniculate
ganglion, and NST in UBC-Bdnf iKO mice after tamoxifen
K14-Bdnf iKO mice

Bdnf expression in mice that had the gene deleted on one allele
throughout development (K14-BdnfiKO No TAM mice) showed
an approximate 32% decrease in the amount of Bdnf expression
in tongue compared with the control standard (control, 1.0; Fig.
1A). By contrast, tamoxifen administration at adulthood in K14-
BdnfiKO mice resulted in an 88% decrease in Bdnf expression in
the tongue at 2 months after the treatment compared with con-
trols (Fig. 1A). This decrease in Bdnf expression was significantly
more than found in K14-BdnfiKO No TAM mice (t.,;, = 19.7;
p = 0.0001). The amount of Bdnf expression in the geniculate
ganglion for K14-Bdnf iKO No TAM and K14-Bdnf iKO mice
decreased ~30 and 27% below controls, respectively (Fig. 1B). A
similar pattern of expression was apparent in the NST. In this
structure, the amount of Bdnf expression decreased 30 and 23%
in K14-BdnfiKO No TAM and K14-BdnfiKO mice, respectively,
from the control standard (Fig. 1C). There were no significant
differences in expression between these two groups for geniculate
ganglion or NST (t) = 0.2, p = 0.87 and ¢, = 0.6, p = 0.56,
respectively). Therefore, Bdnfexpression levels were dramatically
and selectively reduced in the tongue at adulthood.

UBC-Bdnf iKO mice

Our goal for experiments in this group of mice was to inducibly
reduce Bdnf expression significantly at adulthood in all tissues.
We found, for all three tissues, that Bdnf expression was drasti-
cally decreased in UBC-BdnfiKO mice at 2 months after tamox-
ifen. In the tongue, UBC-Bdnf iKO No TAM mice showed a
decrease of ~34% compared with controls, whereas there was a
90% decrease in Bdnf expression in UBC-Bdnf iKO mice com-
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Figure1. A-F,Mean (==SEM) normalized expression levels of Bdnfin the anterior tongue (A)

, geniculate ganglion (B), and NST () in control (black bars), K14-BdnfiKO No TAM (blue bars), and

K14-BdnfiKO (magenta bars) mice and mean (== SEM) normalized expression levels of Bdnfin the anterior tongue (D), geniculate ganglion (E), and NST (F) in control (black bars), UBC-BdnfiKO No
TAM (blue bars), and UBC-BdnfiKO (magenta bars) mice. Means were calculated relative to the respective expression levels in control mice. The expression ratio of 1.0 represents the control mean.
Asterisks denote significantly less than the respective No TAM group (p << 0.05). G, Photomicrograph of a horizontal section through the anterior portion of the NST showing immunohistochemical
labeling to anti-BDNF in a control (left) and a UBC-BdnfiKO (right) mouse. Scale bar, 100 m. R, Rostral; L, lateral. White lines in G denote outlines of NST.

pared with controls (Fig. 1D). The mean expression in the ante-
rior tongue was significantly different between UBC-Bdnf iKO
No TAM and UBC-Bdnf iKO mice (Fig. 1D; t,o) = 13.0; p =
0.0001). Similarly, the amount of Bdnf expression was succes-

sively decreased in UBC-Bdnf iKO No TAM and in UBC-Bdnf
iKO mice in both the geniculate ganglion and NST (Fig. 1E,F).
Specifically, Bdnf expression decreased by 25 and 92% in the
geniculate ganglia of UBC-Bdnf iKO No TAM and UBC-Bdnf



6878 - J. Neurosci., August 1, 2018 - 38(31):6873— 6887

iKO mice, respectively (comparison between groups: t5) = 9.4;
p = 0.0002), and decreased by 30 and 94% in the NST of UBC-
BdnfiKO No TAM and UBC-BdnfiKO mice, respectively (com-
parison between groups: ¢ = 9.4; p = 0.0001).

The differences in expression of Bdnf in the geniculate gan-
glion and NST between K14-BdnfiKO and UBC-BdnfiKO mice
can be explained by the different sites where Bdnf was deleted.
Unlike K14-Bdnf iKO mice, where Bdnf was only deleted in the
tongue, it was deleted in tongue, geniculate ganglion, and NST in
UBC-Bdnf iKO mice. All three of these structures normally ex-
press Bdnf (Conner et al., 1997; Meng et al., 2015). We also found
Bdnf expression in the NST at locations corresponding to the
gustatory recipient zone for the three nerves (data not shown).
Although we did not measure Bdnf expression in the petrosal
ganglion (cell soma of the IX), these cells also express Bdnf (Brady
etal, 1999). Thus, it is likely that Bdnf was deleted in these cells
also.

The rostral NST in UBC-Bdnf iKO mice shows less
immunoreactivity to BDNF antibodies than in control mice
To test whether our Bdnf expression data from the NST were
reflected in immunoreactivity for BDNF, we qualitatively exam-
ined immune-stained tissue in two control and two UBC-Bdnf
iKO mice. Figure 1G shows that there was robust immunoposi-
tive labeling in the rostral NST in control mice. The NST in
UBC-Bdnf iKO mice lack the punctate labeling seen in controls
and only showed background staining (Fig. 1G). Interestingly,
there was noticeably more immune-positive staining in the ros-
tral NST in controls compared with adjacent regions in the brain-
stem (Fig. 1G).

Total terminal field volumes are enlarged differentially in
mice where Bdnf expression was reduced in the tongue or in
all tissues

Control mice

Similar to what was found for control mice in a study where Bdnf
was overexpressed in the tongue (Sun et al., 2015), the total ter-
minal field volumes for all three nerves (IX, CT, and GSP) in
controls were similar to each other (Fig. 2A, black bars). More-
over, the total terminal field size for the double (CT with GSP, IX
with GSP, IX with CT) and the triple (CT with GSP with IX)
terminal field overlaps were similar in size to control mice in the
study by Sun et al. (2015 ; Fig. 2A, black bars).

BdnfiKO No TAM mice

As noted previously, two additional control groups had all of the
transgenes for K14-Bdnf iKO or for UBC-Bdnf iKO but did not
receive administration of tamoxifen (No TAM). The terminal
field volumes for these two groups were similar to each other
(p > 0.05); therefore, we pooled these data into one control
group denoted as BdnfiKO No TAM mice (Fig. 2A). This group
represents the effects of the Bdnf knock-out on a single allele
throughout development. For all total terminal field volumes, the
Bdnf iKO No TAM mice were statistically similar to littermate
controls that lacked all of the transgenes (Fig. 2A, blue bars; Table
1; all post-tests p > 0.1).

Total terminal field volumes in mice where Bdnf expression
was reduced in the tongue

In contrast to control mice, the CT and GSP terminal field vol-
umes in mice in which Bdnf expression was significantly reduced
in the tongue were greater than found for the IX. Moreover, the
total terminal field volumes for the CT and GSP in K14-BdnfiKO
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mice were 48 and 81% greater, respectively, than the total termi-
nal field volumes found in controls (Fig. 2A, Table 1; post-test
p = 0.004 and 0.0001, respectively) and 61 and 86% greater,
respectively, than in BdnfiKO No TAM mice (Fig. 2A, Table 1;
post-test p = 0.003 and 0.0001, respectively). Furthermore, the
CT with GSP overlapping field volumes in K14-Bdnf iKO mice
was 69% greater than in control mice (Table 1; post-test p =
0.0001) and 105% greater than in BdnfiKO No TAM mice (Table
1; post-test p = 0.0001). All other terminal field sizes (IX and
other overlapping fields) in K14-BdnfiKO mice were similar to
those in control and in BdnfiKO No TAM mice (Fig. 2A, Table 1;
post-test p value range, 0.16—1.00).

Total terminal field volumes in mice where Bdnf expression
was reduced in all cells

In contrast to mice in which Bdnf expression was significantly
reduced only in the tongue at adulthood, large-scale increases in
total terminal field volumes were apparent when Bdnf expression
was reduced in all cells. Specifically, the total terminal field size
for the IX, CT, and GSP nerves in UBC-BdnfiKO mice were 121,
100, and 77% greater than the respective terminal field volumes
in control mice (Fig. 2A, Table 1; post-test p = 0.0001, 0.0001,
and 0.002, respectively) and 81, 118, and 83% greater than the
respective terminal field volumes in BdnfiKO No TAM mice (Fig.
2A, Table 1; post-test p = 0.0001, 0.0001, and 0.001, respectively).
Moreover, all of the overlapping fields were approximately two
times the total volume of the respective fields of overlap found in
control mice (Fig. 2A, Table 1; post-test p value range, 0.01-
0.0001) and 2-2.5 times the total volume of the respective fields
of overlap found in BdnfiKO No TAM mice (see Fig. 5, Table 1;
post-test p value range, 0.001-0.0001).

Total terminal field volume differences between K14-Bdnf
iKO and UBC-Bdnf iKO mice

To further examine the role of BDNF in the organization of ter-
minal fields in the rostral NST, we examined differences between
the two tamoxifen-treated groups. As seen in Figure 24, the ter-
minal field volumes for the IX and CT in mice in which Bdnf
expression was reduced in all cells were significantly larger (IX,
71%; CT, 36%) than in mice where Bdnf expression was reduced
only in the tongue (Table 1; post-test p = 0.0001). As could be
expected from the terminal field volumes of the nerves, the IX
with CT overlapping field volumes in UBC-BdnfiKO mice were
nearly two times greater than that in K14-BdnfiKO mice (Fig. 24,
Table 1; post-test p = 0.0001). No other group-related compari-
sons were significant (post-test p value range, 0.19-1.00).

Total terminal field volume summary

Removal of Bdnf from the tongue at adulthood had effects on the
total terminal field volumes of the CT and GSP within 2 months
after tamoxifen administration. In contrast, removal of Bdnf
from all cells had a global effect on all terminal field volumes by
significantly increasing them relative to controls. Moreover, the
lack of the Bdnf gene on one allele throughout development had
no effect on total terminal field volumes.

Terminal field volumes and densities within NST
dorsoventral zones

Expansion of the terminal field volumes occurs in multiple
dorsoventral zones

To test whether the terminal fields of experimental mice were
reorganized in one or more dorsoventral zones in the NST, we
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A, Mean (==SEM) total terminal field volumes for the IX, CT, and GSP nerves and their double and triple overlaps of terminal fields in control (black bars), BdnfiKO No TAM (blue bars),

K14-BdnfiKO (teal bars), and UBC-BdnfiKO (magenta bars) mice. B—E, Mean (== SEM) terminal field volumes for the IX, CT, and GSP nerves and their double and triple overlaps of terminal fields in
the far dorsal zone (B), dorsal zone (C), intermediate zone (D), and ventral zone (E) of the NST in the same animals shown in A. *Significantly different from all other three groups; *Significantly

different from control and BdnfiKO No TAM mice.

examined differences in terminal field volumes in each of the four
dorsal to ventral zones described previously.

Far dorsal zone. For all groups, this zone contained the least
volume of terminal field labeling (Fig. 2B; note difference in y-axis
compared with Fig. 2C—E). Moreover, the far dorsal zone had more
IX terminal field labeling than that for the CT and GSP (Fig. 2B).
However, the only significant differences in terminal field volumes
among groups were that the IX terminal field volume in UBC-Bdnf

iKO was approximately three and two times greater than controls
and BdnfiKO No TAM mice, respectively (Fig. 2B, Table 1; post-test
p = 0.0001 and 0.005, respectively). For overlapping fields, the IX
with CT overlap volume for UBC-BdnfiKO mice was 4 times greater
than in controls (post-test p = 0.0001), 5 times greater than in Bdnf
iKO No TAM mice (post-test p = 0.0001), and 1.6 times greater than
in K14-Bdnf iKO mice (post-test p = 0.001; Fig. 2B, Table 1). No
other significant differences were found for this zone.
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Table 1. ANOVA results
Measure Factor af F Significance
Total volume—single nerves Group 3,63 351 0.0001
Total volume—single nerves Group X nerve 663 29 0.02
Total volume—overlap Group 3,84 453 0.0001
Total volume—overlap Group X nerve 984 25 0.2
Far dorsal volume—single nerves Group 363 7.7 0.0001
Far dorsal volume—single nerves Group X nerve 663 17 012
Far dorsal volume—overlap Group 3,84 98 0.0001
Far dorsal volume—overlap Group X nerve 984 22 0.03
Dorsal volume—single nerves Group 3,63 142 0.0001
Dorsal volume—single nerves Group X nerve 663 1.1 039
Dorsal volume—overlap Group 3,84 162 0.0001
Dorsal volume—overlap Group X nerve 984 1.1 039
Intermediate volume—single nerves  Group 3,63 6.8 0.0001
Intermediate volume—single nerves ~ Group X nerve 663 12 034
Intermediate volume—overlap Group 3,84 9.9 0.0001
Intermediate volume—overlap Group X nerve 984 0.6 0.76
Ventral volume—single nerves Group 3,63 229 0.0001
Ventral volume—single nerves Group X nerve 663 17 0.3
Ventral volume—overlap Group 3,84 228 0.0001
Ventral volume—overlap Group X nerve 984 19 0.06
Ganglion count Group 240 0.7 0.52
Ganglion count Nerve 2,40 99.9 0.0001
Ganglion count Group X nerve 440 03 089
K14-BdnfiKO mice
Nadl taste response Group 216 08 047
NaCl taste response Group X concentration 6,48 0.1 0.99
Nadl after amiloride Group 214 05 065
NaCl after amiloride Group X concentration 6,42 2.8 0.02
Citric acid taste response Group 218 12 031
Citric acid taste response Group X concentration 4,36 2.7 0.05
Sucrose taste response Group 219 02 083
Sucrose taste response Group X concentration 6,57 0.9 0.47
Quinine taste response Group 218 0.6 055
Quinine taste response Group X concentration 6,54 0.6 0.72
UBC-BdnfiKO mice
Nadl taste response Group 218 04 0.9
NaCl taste response Group X concentration 6,54 0.6 0.75
NaCl after amiloride Group 2,16 35 0.06
Nadl after amiloride Group X concentration 6,48 1.6 0.18
Citric acid taste response Group 221 06 054
Citric acid taste response Group X concentration 4,42 19 0.12
Sucrose taste response Group 217 01 092
Sucrose taste response Group X concentration 6,51 0.6 0.72
Quinine taste response Group 219 0.0 099
Quinine taste response Group X concentration 6,57 0.6 0.70

The table shows the specific measure tested, the factor, degrees of freedom (df), F value, and significance of each
ANOVA statistical test presented in Results. They appear in the order presented in Results.

Dorsal zone. As in the far dorsal zone, the IX terminal field
volume was 1.6 and 2 times greater than in controls and BdnfiKO
No TAM mice, respectively (post-test p = 0.03 and 0.002, respec-
tively). It was also 1.5 times greater than in K14-BdnfiKO mice
(Fig. 2C, Table 1; post-test p = 0.05). Unlike that seen in the far
dorsal zone, the CT terminal field volume in K14-BdnfiKO and
UBC-Bdnf iKO mice were greater than the two control groups.
For K14-Bdnf iKO mice, the CT terminal field volume was ~2
and 3.5 times greater than in controls and in BdnfiKO No TAM
mice, respectively (Fig. 2C, Table 1; post-test p = 0.05 and 0.02,
respectively). For UBC-Bdnf iKO mice, the CT terminal field
volume was ~2.7 and 4.8 times greater than in controls and in
BdnfiKO No TAM mice, respectively (Fig. 2C, Table 1; post-test
p =0.01and 0.001, respectively). Finally, the terminal field over-
lap volume between the IX and CT for UBC-BdnfiKO mice was
4.8 times greater than in controls (post-test p = 0.0001), 7.7 times
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greater than in BdnfiKO No TAM mice (post-test p = 0.0001),
and 1.9 times greater than in K14-BdnfiKO mice (post-test p =
0.03; Fig. 2C, Table 1). No other significant differences were
found for this zone.

Intermediate zone. This zone had similar proportions of ter-
minal field labeling for the IX, CT, and GSP within each of the
four groups (Fig. 2D). Moreover, the pattern of terminal field
volume differences described for the dorsal zone occurred here
also. That is, group-related differences in terminal field volumes
were apparent for the IX, CT, and IX with CT terminal field
overlap (Fig. 2D). The only difference between the two zones was
that the CT volume in UBC-BdnfiKO mice was different than all
of the other three groups (Fig. 2D). In this zone, the terminal field
volume for the IX in UBC-Bdnf iKO mice was ~1.4-2 times
greater than in the other three groups (Fig. 2D, Table 1; post-test
p value range, 0.006—0.05), the CT was ~1.5 times greater than in
the other three groups (Fig. 2D, Table 1; post-test p value range,
0.01-0.05), and the IX with CT overlap terminal volume was ~2
times greater than in the other three groups (Fig. 2D, Table 1;
post-test p value range, 0.07—0.04). No other significant differ-
ences were found for this zone.

Ventral zone. For all groups, this zone contained the least
amount of IX terminal field volume, and there were no significant
differences among groups for the IX. Thus, the group-related
differences in this zone were confined to the CT, GSP, and CT
with GSP overlap terminal field volumes (Fig. 2E). For the CT,
GSP, and CT with GSP overlaps, both K14-BdnfiKO and UBC-
Bdnf iKO mice had significantly greater (1.5-3 times) terminal
field volumes than in controls (Fig. 2E, Table 1; post-test p value
range, 0.0001-0.03) and BdnfiKO No TAM mice (Fig. 2E, Table
1; post-test p value range, 0.0001-0.02). No other significant dif-
ferences were found for this zone.

Summary of terminal field volumes across zones
Group-related differences for terminal field volumes occurred
through all dorsoventral zones, but less so in the far dorsal zone
because of the relatively small amount of label for all nerves.
Moreover, UBC-Bdnf iKO mice showed the most differences in
terminal field volumes from controls and occurred in all three
nerves distributed among all four zones.

Group-related terminal field changes occur in the densest regions
of the NST normally occupied in controls

To test whether the group-related differences in terminal field
volumes represent a spatial reorganization of the respective ter-
minal fields, we qualitatively examined representative photomi-
crographs and examined density plots of the IX, GSP, CT, and
triple-overlap terminal field volumes in each zone for Bdnf iKO
No TAM, K14-BdnfiKO, and UBC-Bdnf iKO mice (Fig. 3). For
clarity, we chose not to show data from control mice in Figure 3
because they were qualitatively similar to Bdnf iKO No TAM
mice.

Far dorsal zone. The terminal field volume differences shown
in Figure 2B were reflected in photomicrographs of terminal
fields from this zone (Fig. 3A). That is, the largest amount of IX
labeling is evident in the photomicrograph for the UBC-BdnfiKO
mouse, followed by labeling in the K14-BdnfiKO, and finally in
the BdnfiKO No TAM mouse. Moreover, it appears that the fields
for the IX, GSP, and CT were not drastically rearranged in the two
experimental groups. That is, the same pattern of innervation
occurred among the Bdnf iKO No TAM, K14-Bdnf iKO, and
UBC-BdnfiKO mice (Fig. 3A) and is reflected in the group mea-
sures of terminal field densities within the NST (Fig. 3B). For the



Sun et al. @ BDNF Maintains Terminal Fields at Maturity J. Neurosci., August 1,2018 - 38(31):6873— 6887 + 6881

IX GSP CT TRIPLE IX  GSP CT TRIPLE

BdnfiKO
No TAM

K14-Bdnf iKO

Far Dorsal

UBC-BdnfiKO

BdnfiKO
No TAM

K14-BdnfiKO

Dorsal

UBC-BdnfiKO

BdnfiKO
No TAM

K14-BdnfiKO

Intermediate

UBC-Bdnf iKO

BdnfiKO
No TAM

K 14-Bdnf iKO

Ventral

UBC-BdnfiKO

Figure 3. A, Horizontal sections of labeled terminal fields of IX (green), GSP (red), CT (blue), and merged images of all three nerves (TRIPLE) for a BdnfikO No TAM (top row for each zone), a K14-BdnfiKO
(middle row of each zone), and a UBC-BdnfiKO (bottom row of each zone) mouse. For the triple photomicrographs, the CT-GSP overlap is shown as magenta, the IX-GSP overlap is shown as yellow, the IX—CT
overlapis shown as blue-green, and the CT-GSP—IX terminal field overlap is shown as white (refer to the color guide in the CT column in the ventral zone of the UBC-BdnfiKO mouse). Scale bar, 200 rum. R, Rostral;
L, lateral. B, Heat maps showing the terminal field densities (volume of terminal field label in a division/total volume of the division) for IX, CT, and GSP nerves and for the triple overlap of all three nerve terminal
fields (TRIPLE) for BdnfiKO No TAM mice (top row for each zone), K14-BdnfikO mice (middle row of each zone), and UBC-BdnfiKO mice (bottom row of each zone). The NST (borders shown in white) has been
rotated so that the solitary tract is oriented vertically [see Materials and Methods and rostral (R) and lateral (L) orientations in triple overlap]. The NST for each zone is divided into a maximum of 100 < 100 pixel
divisions for each optical image (see Materials and Methods). The colors for the heat map of densities are on the relative scale shown for the far dorsal zone, with 0% of maximum density noted as dark blue and
100% noted as red. This relative scale was applied to each of the four zones; therefore, the maximum density was obtained from all of the divisions from BdnfiKO No TAM, K14-BdnfiK0, and UBC-BdnfiKO mice
forthe far dorsal zone and similarly for the dorsal, intermediate, and ventral zones. The division representing 100% (brightest red) for each zone s shown by a white border around the respective 100 X 100 pixel
division (e.g., contained in the IX terminal field of UBC-BdnfiKO mice in the far dorsal zone).
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density measures shown in Figure 3B, the primary characteristic
that distinguishes differences among the three groups was the
amount of label within specific locations containing the densest
label within each group (Fig. 3B). The densest region of terminal
fields (or “core” of labeling) for each group was approximately at
the same location across the three groups for each nerve, but with
the densest label across all nerves and for the triple overlap lo-
cated at the core region for the IX in UBC-BdnfiKO mice (Fig. 3B,
white rectangle).

Dorsal zone. As noted for the far dorsal zone, the terminal field
distribution was similar among groups for each nerve, and differ-
ences in amount of labeling in the same location is consistent with
the differences in terminal field volumes (Fig. 3A). In this zone,
however, there was also an extension of terminal field beyond the
densest projection in the K14-BdnfiKO and UBC-BdnfiKO mice
compared with controls. This is especially apparent in the density
representations between BdnfiKO No TAM and UBC-BdnfiKO
mice (Fig. 3B). As seen in the far dorsal zone, the densest region
among all nerves and across all three groups was for the IX in
UBC-Bdnf iKO mice (Fig. 3B).

Intermediate zone. The photomicrographs from this zone
clearly shows a greater amount of IX, GSP, and CT labeling in
UBC-Bdnf iKO mice compared with Bdnf iKO No TAM mice.
However, as in the other zones, the location of labels was similar
among the three groups (Fig. 3A). The amount of terminal field
labeling in the K14-Bdnf iKO mouse was intermediate to the
other two groups (Fig. 3A). These terminal field characteristics
are also evident in the density measurements (Fig. 3B). Unlike the
other zones, the location of the greatest amount of labeling oc-
curred for the GSP in UBC-Bdnf iKO mice, although it was not
much greater than the respective location of CT label in UBC-
BdnfiKO mice (Fig. 3B).

Ventral zone. Here, as shown in Figure 2E, there was relatively
little terminal field label of the IX compared with GSP and CT
labels for all groups. Also, whereas there was more terminal field
volume for the GSP and CT in K14-BdnfiKO and UBC-BdnfiKO
mice compared with that in BdnfiKO No TAM mice (Fig. 2E), the
photomicrographs (Fig. 3A) and density analyses (Fig. 3B) indi-
cate that the difference in volume is likely caused by spread of
label beyond the densest region of the NST. That is, similar
amounts of labeling within each nerve and for the triple overlap
occurred among all groups in the core region, but with more
spread of label laterally in K14-Bdnf iKO and UBC-Bdnf iKO
mice compared with BdnfiKO No TAM mice (Fig. 3B). As noted
for the intermediate zone, the location of densest labeling among
all nerves and groups in this zone occurred for the GSP in UBC-
Bdnf iKO mice (Fig. 3B).

More terminal field labeling is also seen in coronal sections
from UBC-Bdnf iKO mice

Figure 4 shows coronal sections of terminal fields of the three
nerves (Fig. 4, A, C, and E, for the IX, GSP, and CT, respectively,
in a UBC-BdnfiKO No TAM mouse; B, D, and F, for the IX, GSP,
and CT, respectively, in a UBC-BdnfiKO mouse) and their triple
overlap (Fig. 4G in a UBC-Bdnf iKO No TAM mouse, H in a
UBC-Bdnf iKO mouse). The section shown in Figure 4 is ~200
pm caudal to the anterior pole of the NST (Fig. 41,]), which
corresponds to the ventral zone of the NST noted in Figures 2 and
3. Here, there is little IX labeling compared with the GSP and CT
in the UBC-Bdnf iKO No TAM mouse. By comparison, in the
UBC-Bdnf iKO mouse shown, there is more IX labeling than
would be expected from the terminal field volume data (Fig. 3D)
and significant amounts of GSP and CT labels. The photomicro-
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graphs support the conclusions drawn from Figure 3 in that the
primary group-related differences in GSP and CT terminal field
labels occur in the core region of the fields and not a significant
rearrangement of the fields.

Ganglion cell counts of the CT, GSP, and IX

Since BDNF plays a significant role in cell death of neurons (Levi-
Montalcini and Angeletti, 1963), we were interested to find
whether loss of BDNF at adulthood resulted in a loss of neurons
in the peripheral gustatory system. We counted the number of
neurons in the geniculate ganglion that made up the CT and GSP
nerves and in the petrosal ganglion that made up the IX.

In control mice, the number of geniculate ganglion cells that
made up the CT were similar to those of the GSP (mean = SEM:
CT,210.0 = 18.3; GSP, 196.0 £ 11.0), and both were significantly
less than (Table 1; post-test p = 0.0001) the number of petrosal
ganglion cells that made up the IX (IX, 307.2 = 4.8). The differ-
ences in cell numbers between the two ganglia likely relate to the
size of the respective nerves, the relative greater field size of in-
nervation by the IX, and relative differences in the type of sensory
neurons (i.e., taste vs mechanosensory; Frank, 1991). The same
pattern of ganglion cell numbers also occurred in K14-BdnfiKO
mice (CT,212.0 = 8.0; GSP, 190.2 * 7.3;1X,311.7 + 12.7) and in
UBC-Bdnf iKO mice (CT, 193.8 = 7.6; GSP, 191.0 * 9.1; IX,
279.2 * 4.0). For these experimental groups, the number of CT
and GSP neurons were significantly less than the respective num-
ber of IX ganglion cell neurons (Table 1; post-test p = 0.0001).
There were no group-related differences in ganglion cell counts
for any of the three nerves (Table 1; p value range, 0.57-1.000).
Therefore, deletion of Bdnf from either the tongue or from all
cells at adulthood did not impact the number of ganglion cells
that represent the CT, GSP, or IX.

Neurophysiological taste responses in the CT

To test whether the terminal field volume changes that we see
here may be attributable to activity-dependent alterations in the
function of at least one of these nerves, we recorded whole-nerve
taste responses from the CT to an array of taste stimuli. Such a
hypothesis is driven by the decreased innervation of taste buds on
the anterior tongue when Bdnf was removed from the gustatory
system at adulthood (Meng et al., 2015) and the demonstrated
role of taste-elicited activity on the development and mainte-
nance of these terminal fields (Skyberg et al., 2017; Sun et al.,
2017). Surprisingly, there were no significant differences among
taste responses among control, K14-Bdnf iKO No TAM, and
K14-Bdnf iKO mice (Tables 1, 2; Fig. 5; post-test p value range,
0.07-1.00; 52% of comparisons p = 1.00) to any concentration of
any stimulus. Similarly, with the exception of one post-test com-
parison, there were no significant differences among taste re-
sponses from control, UBC-Bdnf iKO No TAM, and UBC-Bdnf
iKO mice (Tables 1, 2; Fig. 5; post-test p value range, 0.04—1.001;
74% of comparisons p = 1.00). The only significant difference
between mean relative responses (total post-test comparisons,
114) was to 0.5 M NaCl after amiloride application. The responses
in UBC-Bdnf iKO No TAM mice were significantly less than in
controls (Fig. 5; post-test p = 0.04). We do not regard this differ-
ence as biologically significant because it involves two control
groups and the means are small, with a relatively small difference
between them (Fig. 5). Collectively, these findings strongly indi-
cate that the arborizations of the CT, particularly in the taste bud,
do not translate to functional taste response changes in this nerve.
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UBC-Bdnf iKO
No TAM UBC-Bdnf iKO

Figure4.  Coronal sections through the rostral/ventral NST showing the IX nerve terminal field (green; 4, B), GSP nerve terminal
field labeling (red; C, D), CT nerve terminal field labeling (blue; E, F), and merged terminal fields (G, H) and the terminal fields in
the right hemifield of medulla captured with transmitted light (/,J) in a BdnfiKO No TAM (4, C, E, F, I) and a UBC-BdnfiKO (B, D,
F, H,J) mouse. The orientation of the sections is shown in E. D, Dorsal; L, lateral. The color wheel for the merged images is shown
in G.Scale bars: H, 200 em; J, 500 um. The white lines shown in /and J demarcate the NST. 4V, Fourth ventricle; 7, facial nucleus;
DG, dorsal cochlear nucleus; icp, inferior cerebellar peduncle; MVePC, medial vestibular nucleus, parvicellular; sol, solitary tract;
Sp50, spinal trigeminal nucleus, oral; SpVe, spinal vestibular nucleus.
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Discussion

Deleting Bdnf in the tongue or in all tissues
at adulthood resulted in an expansion of the
terminal fields of gustatory nerves as they
made their central contacts in the NST. We
show here that deleting Bdnf in all tissues
had more widespread effects on terminal
field organization than if deleted only in the
tongue. Thus, the maintenance of gustatory
terminal field organization at adulthood re-
quires normal expression of Bdnfin the pe-
ripheral targets of taste nerves and taste buds
and is exaggerated when Bdnf is removed
from other tissues. These effects are not at-
tributable to changes in numbers of neurons
or to changes in whole-nerve taste responses
from the CT.

Deleting Bdnf at adulthood has
opposite effects on maintenance of
axonal branching of peripheral
processes compared with central
processes

The expansion of terminal fields is especially
surprising because similar experimental
treatments as those used here produced de-
creased branching of the CT in the tongue
(Meng et al., 2015). Thus, the peripheral
process of the CT decreases in branching
whereas the central process of the same
nerve expands when Bdnfis deleted at adult-
hood. Mengetal. (2015) showed that induc-
ibly deleting Bdnf in the tongue or in all
tissues in adult mice with the same genetic
strategy used here resulted in an ~40% loss
of innervations and a 30% decrease in taste
bud cell size and in taste cell numbers, with-
out a loss of neurons or taste buds. These
effects were attributed, in part, to deficien-
cies in nerve/target (ie., CT/taste bud)
matching (Meng et al., 2015). Briefly, taste
bud cells produce BDNF during develop-
ment to recruit incoming axons (Nosrat et
al.,, 1996, 2001; Hoshino et al., 2010; Huang
and Krimm, 2010). BDNF production con-
tinues into adulthood (Yee et al., 2003),
which likely maintains normal taste bud
morphology and numbers (Farbman, 1969;
Cheal and Oakley, 1977; Whitehead et al.,
1987; Guagliardo and Hill, 2007) during the
lifelong renewal of taste bud cells (Beidler
and Smallman, 1965). Therefore, deleting
Bdnfin the tongue at adulthood leads to the
loss of a critical factor that maintains nor-
mal, mutual interactions between taste buds
and their innervating neurons.

The central effects of Bdnf deletion are
unusual in their effects

Our finding here that terminal fields are ex-
panded in the NST in mice where Bdnf is
deleted at adulthood suggests different
mechanisms operate at both ends of the
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Table 2. Mean (== SEM) taste responses (response/0.5 m NH,Cl response) Table 2. Continued
K14-Bdnf K14-Bdnf
Controls iKO No TAM K14-BdnfiKO Controls iKO No TAM K14-BdnfiKO
Concentration(v) ~ Mean *=SEM n Mean =*=SEM »n Mean =*=SEM n  C(oncentration(mm) Mean =*=SEM »n Mean =*=SEM »n Mean =SEM n
NaCl 50 0265 004 9 0275 006 6 0315 005 6
0.05 0.181  0.04 8 0117 0.2 6 0108 0.01 5 100 0.282  0.03 9 0381 0.06 6 0328 0.04 6
0.10 0331 005 8 0287 002 6 0284 003 5 UBC-Bdnf
0.25 0.664 0.07 8 0580 0.04 6 0.612 0.06 5 Controls iKO No TAM UBC-BdnfiKo
Nag'\fv?th amiloride 0915 006 8 089 006 6 084 005 3 Concentration (mm) Mean +SEM n  Mean =SEM n Mean =SEM n
0.05 0000 000 6 0030 002 6 0004 000 5  QuinineHd
0.10 0.010  0.01 6 0042 0.02 6 0.026 0.01 5 10 0.060 0.02 9 0030 003 7 0063 0.05 6
0.25 0.108  0.02 6 0124 0.03 6 015 0.2 5 20 0.121  0.05 9 0089 003 7 0097 004 6
0.50 0.336  0.02 6 029 0.01 6 0340 0.03 5 50 0265 0.04 9 029 0.04 7 0265 0.06 6
UBC-Bdnf 100 0.282  0.03 9 0311 0.04 7 0310 0.05 6
Controls KO No TAM UBC-BdnfiKO The table shows the mean, SEM, and number of animals per group (n) for relative taste responses from the (T to a
Concentration (m) Mean +SEM n Mean +SEM n Mean =*+SEM n concentration series of NaCl before and after lingual application to amiloride and to a concentration series of itric
acid, sucrose, and quinine hydrochloride in controls, K14-BdnfiKO No TAM, and K14-BdnfiKO mice and for the T in
Nadl controls, UBC-BdnfiKO No TAM, and UBC-BdnfiKO mice.
0.05 0104 002 8 0138 002 6 0115 002 7
0.10 0.245  0.02 8 0314 0.2 6 0253 0.03 7 .. L .
025 055 004 8 0545 005 6 051 003 7 samenerve. Moreover, thisincrease in size of the central projections
0.50 0735 005 8 0763 003 6 0770 o005 7  doesnotmatch what maybeexpected from many other studies that
NaCl with amiloride examine the role of BDNF on axonal arbors and dendritic structures.
0.05 0013 001 7 0000 000 5 0006 000 7 In addition to a key feature of neurotrophins to support neu-
0.10 0032 002 7 0016 001 5 0049 002 7  ronal survival during early development (Levi-Montalcini and
0.25 0.167 0.03 70150 001 5 0227003 7 Hamburger, 1951; Levi-Montalcini and Cohen, 1956; Levi-
0.0 0324 002 7 028 002 5 0360 03 7 Npohalcing and Angeletti, 1963), they also impact the architec-
K1d-Banf . ture of axonal arbors and dendritic structure during development
Controls iKO No TAM K14-BdnfiKO R X X
as well as maintaining presynaptic and postsynaptic structures.
Concentration (mw) Mean *SEM n Mean *SEM n Mean *5EM n  gych roles have been identified for BDNF. An excess of this neu-
Citric acid rotrophin produces more complex and longer axonal arbors in
10 0126 004 9 018 007 6 0191 004 9  projecting neurons during development (Davies et al., 1986;
2 0320 004 9 0356 006 6 0476 004 9  Cohen-Coryand Fraser, 1995; Huang and Reichardt, 2001; Poo,
30 0588 004 9 0511 007 6 0642 006 9 2001; Cohen-Cory et al., 2010) and at adulthood (Thanos et al.,
Controls H(%(NidTnKM UBC_BAnfikD 19§?) and increases in the pumber of synapses on dendrites, den-
dritic lengths, and branching (Cohen-Cory and Fraser, 1995; Al-
Concentration (mm) ~ Mean  *=SEM n Mean =SEM n Mean =SEM n  ojng et al, 2001; Cohen-Cory et al., 2010). Conversely, loss of
Citric acid BDNF and/or its receptor, TrkB, often results in a paring back of
10 0143 005 7 015 005 6 0165 002 9  theterminal fields (Cohen-Cory, 1999). Given these findings, we
20 035 004 7 0330 006 6 0376 004 9  would predict smaller instead of expanded terminal fields when
50 0620 005 7 0583 006 6 0627 006 9  Biufwas deleted. However, there is an important finding from
K14-Bdnf ) studies in the Xenopus visual system that may inform our results.
Controls KO No TAM K14-BnfiKO In the Xenopus retinotectal pathway, BDNF has opposite effects
Concentration (w) ~ Mean ~ *SEM n  Mean =SEM 1n Mean *SEM n  on the branching of terminal fields in the tectum than it does on
Sucrose retinal ganglion cell dendrites (Lom and Cohen-Cory, 1999; Lom
0.10 0237 006 9 0241 009 6 0323 007 7 etal,2002). Thus, the differential spatial effects on branching of
025 0462 008 9 0508 012 6 0536 008 7 the same neuron are similar to what we and Meng et al. (2015)
0.50 0529 007 9 0604 009 6 051 008 7  show in the peripheral gustatory system and point to the impor-
1.00 0544 006 9 0605 008 6 0366 007 7  anceof spatially dependent processes (i.e., peripheral vs central)
UBC-Bdnf ) in determining how axonal processes respond to alterations in
Controls iKO No TAM UBC-Bdnf iKO .
Bdnf expression.
Concentration (v) Mean *=SEM n Mean *=SEM n Mean =*=SEM n
Sucrose Lack of “competition” among gustatory terminal fields in the
0.10 0237 006 9 019 004 5 023 004 6 NST producesanimmature organization
0.25 0462 008 9 0382 004 5 0492 009 6  We are struck by the similarity of terminal field organization in
0.50 0529 007 9 0519 008 5 0548 008 6  oyurexperimental mice here with that described in multiple ex-
100 0544006 9 0565 009 5 0524 006 6 perimental studies of the terminal field organization in rodents.
Controls %Nlmm K14-BdnfikO In p?lrticular, it appears tha'F a cliverse set of experimenta.l manip-
ulations leads to a “reversion” to the immature terminal field
Concentration (mw) Mean SEM n Mean *SEM n Mean =SEM 0 organization found in early postnatal rats and mice (May and
Quinine HCl Hill, 2006; Zheng et al., 2014). Briefly, during early development,
10 0060 002 9 0084 002 6 0104 002 6 the CT, GSP, and IX all send extensive and mostly overlapping
20 0121 005 9 0147 002 6 0154 004 6  projections to the NST. This organization is then significantly
(Table continues.)

refined in control animals from approximately P15 to P30, at
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A, Integrated taste responses from the (T in a control (top), a K14-BdnfiK0 (middle), and a UBC-BdnfiKO (bottom) mouse to a concentration series of NaCl and to 0.5 m NH,Cl. The scale

bar shown near response to 0.5 m NH,Clin a UBC-BdnfiKO mouse is 20 5. B, Mean (== SEM) relative taste responses to a concentration series of NaCl from the CT in control, K14-BdnfiKO No TAM, and
K14-BdnfiKO mice before (solid lines) and with lingual application of amiloride (dashed lines). C, Mean (== SEM) relative taste responses to a concentration series of NaCl from the CT in control,
UBC-BdnfiKO No TAM, and UBC-Bdnf iKO mice before (dashed lines) and with lingual application of amiloride (dotted lines).

which age each of the terminal fields occupy distinct and more
focused regions in the NST (Mangold and Hill, 2008). The im-
mature terminal field organization is shared with adult rodents
that have a history of early or lifelong dietary NaCl manipulations
(May and Hill, 2006; Mangold and Hill, 2008; Zheng et al., 2014),
deletion of the primary sodium taste transduction pathway dur-
ing development (Sun etal., 2017) or at adulthood (Skyberg et al.,
2017), and overexpression of Bdnf at inappropriate locations in
the tongue throughout development (Sun et al., 2015) and in the
CT of rodents that have the GSP and IX cut at adulthood (Corson
and Hill, 2011). Our conclusion from these diverse studies is that
alterations in the normal competition among the three terminal
fields (e.g., changes in taste-elicited activity, amount of innerva-
tion) during development or at adulthood lead to a reestablish-
ment of the immature terminal field seen in young control
rodents. That is, a lack of competition for factors, which may
include neurotrophins, modulatory molecules, and synaptic
sites, leads to the expanded terminal field organization (Thoenen,
1995; Singh and Miller, 2005; Singh et al., 2008). One hypothesis,
which may more directly relate to the findings here, may be thata
decrease in the amount of anterogradely transported release of
BDNF from the terminals (Zhou and Rush, 1996; Conner et al.,
1997; Altar and DiStefano, 1998; Fawcett et al., 1998; Tonra et al.,
1998; Tonra, 1999) of one or more gustatory nerves could desta-
bilize taste nerve synapses onto their target NST cells. Findings
from rat show that central taste neurons in the NST become less
narrowly tuned but increase in response frequencies (i.e., amplify
the taste signal) with age (Hill et al., 1983), suggesting that more
synapses from more peripheral neurons are recruited during de-

velopment. Lack of an organizing signal, such as BDNF, may lead
to a disassembly of these circuits that resemble the immature
organization. Indeed, evidence from other systems demonstrates
that BDNF stabilizes synapses (Hu et al., 2005; Je et al., 2012).

We also suggest that expanded terminal fields in both K14-
Bdnf iKO and UBC-Bdnf iKO mice are attributable primarily to
the reduced amount of anterogradely transported, taste bud-
derived BDNF. The additive Bdnf deletion in ganglia and NST
may explain the exaggerated effects seen in UBC-BdnfiKO mice.
Obviously, this hypothesis is speculative and requires more care-
ful, mechanistic investigations that will enable an explanation of
the significant amount of plasticity of these terminal fields during
development and at adulthood.

Implications for central taste function and

taste-related behaviors

Our findings that functional CT taste responses are not affected
in mice with Bdnf deletion is surprising, given there are signifi-
cant group-related differences in axonal branching and the num-
bers of taste bud cells (Meng et al., 2015). However, a recent
report in which taste buds were removed pharmacologically
showed that CT-relative taste responses were intact even with an
~50% decrease in the number of taste buds (Kumari et al., 2017).
This not only supports our functional data but also illustrates
how resilient the peripheral gustatory system is in sending
stimulus-specific information to the brain. Nonetheless, because
we can only analyze relative response magnitudes from whole
nerves (Beidler, 1953), there may be an overall decrease in affer-
ent activity in our experimental animals that could influence
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activity-dependent processes impacting synapse formation and
stabilization. Regardless of the mechanism(s), our findings of the
enlarged terminal fields strongly indicate that functional changes
in the central gustatory circuitry likely occur. For example, if
more functional synapses accompany the increase terminal field
volumes, there may be a broadening of gustatory information
received by single NST neurons. This would potentially lead to
significant changes in coding of taste quality and concentration at
the first central relay. In turn, the deletion of Bdnf at adulthood
could also lead to significant behavioral consequences, including
alterations in taste thresholds, taste discrimination, and taste-
related ingestive behaviors.

In short, we show that the maintenance of the adult mouse
central gustatory system is especially plastic and dependent on
Bdnfexpression in the tongue and in other tissues. As such, itisan
ideal system to study circuit plasticity at adulthood and the role of
neurotrophins in controlling neuronal structure and function.
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