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ABSTRACT 38 

The rodent peripheral gustatory system is especially plastic during early postnatal 39 

development and maintains significant anatomical plasticity into adulthood. Thus, taste 40 

information carried from the tongue to the brain is built and maintained on a background 41 

of anatomical circuits that have the capacity to change throughout the animal’s lifespan. 42 

Recently, the neurotrophin, Brain Derived Neurotrophic Factor (BDNF), was shown to be 43 

required in the tongue to maintain normal levels of innervation in taste buds at adulthood, 44 

indicating that BDNF is a key molecule in the maintenance of nerve/target matching in 45 

taste buds. Here, we tested if maintenance of the central process of these gustatory nerves 46 

at adulthood also relies on BDNF by using male and female transgenic mice with 47 

inducible CreERT2 under the control of the Keratin 14 promoter or under control of the 48 

Ubiquitin promoter to remove Bdnf from the tongue or from all tissues, respectively. We 49 

found that the terminal fields of gustatory nerves in the nucleus of the solitary tract were 50 

expanded when Bdnf was removed from the tongue at adulthood, and with even larger 51 

and more widespread changes in mice where Bdnf was removed from all tissues. 52 

Removal of Bdnf did not affect numbers of ganglion cells that made up the nerves and did 53 

not affect peripheral, whole-nerve taste responses. We conclude that normal expression 54 

of Bdnf in gustatory structures is required to maintain normal levels of innervation at 55 

adulthood, and that the central effects of Bdnf removal are opposite of those in the 56 

tongue. 57 

SIGNIFICANCE 58 

BDNF plays a major role in the development and maintenance of proper 59 

innervation of taste buds. However, the importance of BDNF in maintaining innervation 60 
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patterns of gustatory nerves into central targets has not been assessed. Here, we tested if 61 

Bdnf removal from the tongue or from all structures in adult mice impacts the 62 

maintenance of how taste nerves project to the first central relay. Deletion of Bdnf from 63 

the tongue and from all tissues led to a progressively greater expansion of terminal fields. 64 

This demonstrates, for the first time, that BDNF is necessary for the normal maintenance 65 

of central gustatory circuits at adulthood and further highlights a level of plasticity not 66 

seen in other sensory system subcortical circuits. 67 

 68 

INTRODUCTION 69 

Impressive morphological, physiological, and behavioral changes characterize the 70 

postnatal development of the rodent gustatory system. This is especially evident for the 71 

age-related changes in neural circuits that transmit taste information from taste buds 72 

directly to the brain. The terminal field size of the nerves carrying taste information from 73 

taste buds directly to the nucleus of the solitary tract (NST) in the medulla decreases by 74 

as much as 4X within a 20 postnatal day period (Mangold and Hill, 2008; Zheng et al., 75 

2014). This normal process can be interrupted by early embryonic and lifelong maternal 76 

dietary manipulations (May and Hill, 2006; Mangold and Hill, 2008) and by deleting the 77 

transduction channel for sodium salt taste throughout development (Sun et al., 2017). 78 

Surprisingly, these circuits remain plastic into adulthood. Sectioning two of three 79 

gustatory nerves at adulthood induces expansion of the intact nerve’s terminal field by 80 

5X within 15 days of the denervation (Corson and Hill, 2011). Moreover, inducibly 81 

deleting the sodium taste transduction channel at adulthood leads to an expanded 82 

organization similar to that found in immature animals (Skyberg et al., 2017). This 83 
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inherent and lifelong ability for taste neurons to remodel may be due, in part, to the 84 

continual turnover of taste bud cells throughout development. That is, the peripheral limb 85 

of these nerves must accommodate the change in receptive fields that occur 86 

approximately every 10 days (Beidler and Smallman, 1965).  87 

Studies of nerve/target matching during development and maintenance of 88 

innervation in taste buds at adulthood point to the neurotrophin, Brain Derived 89 

Neurotrophic Factor (BDNF), as a likely candidate molecule regulating proper 90 

innervation by taste axons. BDNF regulates the initial innervation of taste buds by 91 

directing gustatory nerve fibers to their targets (Mbiene and Mistretta, 1997; Ma et al., 92 

2009). It is then downregulated with age and expressed in a subpopulation of taste bud 93 

cells (Yee et al., 2003; Huang and Krimm, 2010). Although emerging evidence supports 94 

BDNF as being critical during development of peripheral gustatory circuits, the extent it 95 

is required for maintenance of these circuits at adulthood is unclear.  Recently, Meng et 96 

al. (2015) did the first study to examine the effects of BDNF removal at adulthood on the 97 

maintenance of innervation patterns in the gustatory system. They genetically removed 98 

BDNF from taste bud cells in adult mice, and showed a 40% loss of taste bud innervation 99 

and some taste bud cells. Maintenance of the peripheral innervation pattern was not 100 

retained. 101 

If BDNF is required to maintain the innervation of taste buds at adulthood, we 102 

asked here if it is also required to maintain the central limb of these same nerves. We 103 

used the same genetic strategy as Meng et al. (2015) to inducibly delete Bdnf from taste 104 

bud cells or from all tissues, and found that the terminal field sizes dramatically increased 105 
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in the brainstem. Thus, the same experimental manipulation led to opposite effects on the 106 

central process of gustatory nerves compared to that on the peripheral process. 107 

MATERIALS AND METHODS 108 
 109 
Animals. All experiments were approved by the University of Virginia Animal Care and 110 

Use Committee and followed guidelines set forth by the National Institutes of Health and 111 

the Society for Neurosciences. Experimental animals were transgenic mice in which the 112 

gene for Bdnf was inducibly removed from the tongue or from all cells at adulthood. 113 

These animals were made, respectively, by crossing mice that expressed CreERT2 under 114 

control of the Keratin 14 promoter (https://www.jax.org/strain/005107: 115 

RRID:IMSR_JAX:005107) or under control of the Ubiquitin promoter 116 

(https://www.jax.org/strain/007001: RRID:IMSR_JAX:007001) with mice in which exon 117 

5 of the Bdnf gene was floxed (https://www.jax.org/strain/004339: 118 

RRID:IMSR_JAX:004339). We, and others (Meng et al., 2015), found that 60-80% of 119 

Bdnf expression in the tongue remained in both groups of mice following a single 120 

injection of 6 mg tamoxifen, as measured by real-time transcription-polymerase chain 121 

reaction (qPCR). To decrease the amount of Bdnf expression to much lower levels, we 122 

bred mice so that one of the alleles was null for Bdnf  (https://www.jax.org/strain/002266: 123 

RRID:IMSR_JAX:002266) and the other allele was floxed. We also increased the 124 

administration of tamoxifen (T5648, Sigma, St. Louis, MO; mixed in corn oil, 188 ng/g 125 

body weight) to once each weekday for 3 weeks. Tamoxifen was delivered by oral 126 

gavage (Ruzankina et al., 2007), beginning at 40 days of age. No treatment was 127 

administered during the weekends. Therefore, our experimental animals had the genotype 128 

of K14-CreER Bdnflox/-TAM or UBC-CreER Bdnflox/-TAM for mice in which Bdnf 129 
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expression was deleted from the tongue or from all cells, respectively. For clarity, we will 130 

refer to these two inducible knockout mice as K14-Bdnf iKO and UBC-Bdnf iKO mice, 131 

respectively. 132 

Two control groups were used for comparisons with the two experimental groups. 133 

One group consisted of mice that were littermates to experimental animals, but did not 134 

have any of the transgenes (Control; Bdnf+/+). Another group had all of the transgenes for 135 

K14-CreER Bdnflox/- mice or for UBC-CreER Bdnf lox/- mice, but did not receive 136 

administration of tamoxifen (K14-Bdnf iKO No TAM and UBC-Bdnf iKO No TAM, 137 

respectively). Thus, these latter two groups were used to control for the effects of the 138 

heterozygous removal of the Bdnf gene throughout development. 139 

Tissue Collection. To establish that mice used here had reduced Bdnf expression in the 140 

anterior tongue, geniculate ganglion, and in the nucleus of the solitary tract (NST), we 141 

used qPCR procedures similar to that described by Huang and Krimm (2010) and Sun et 142 

al. (2015). Briefly, the anterior 2/3 of fresh tongues from mice (Controls, n=3: 2 males, 1 143 

female; K14-Bdnf iKO No TAM; n=6: 3 males, 3 females; K14-Bdnf iKO; n=7: 3 males, 144 

4 females; UBC-Bdnf iKO No TAM; n=6: 3 males, 3 females; UBC-Bdnf iKO; n=6: 4 145 

males, 2 females) were collected and cut at the midline, rinsed with cold PBS, and then 146 

incubated in sterile dispase I-solution (BD Biosciences; San Jose, CA) for 60 min at 147 

37°C. Epithelial sheets of the tongue were then peeled from the underlying mesenchyme 148 

and transferred into separate tubes containing RNAlater (ThermoFisher Scientific, 149 

Waltham, MA), and then stored at −80°C until RNA extraction. Epithelial sheets of the 150 

tongue were then peeled from the underlying connective tissue for RNA extraction. 151 

Similarly, fresh geniculate ganglia (Controls, n=3: 2 males, 1 female; K14-Bdnf iKO No 152 
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TAM; n=3: 1 male, 2 females; K14-Bdnf iKO; n=7: 3 males, 4 females; UBC-Bdnf iKO 153 

No TAM; n=3: 2 males, 1 female; UBC-Bdnf iKO; n=3: 2 males, 1 females) and the 154 

rostral portion of the NST (Controls, n=5: 2 males, 3 females; K14-Bdnf iKO No TAM; 155 

n=5: 2 males, 3 females; K14-Bdnf iKO; n=5: 2 males, 3 females; UBC-Bdnf iKO No 156 

TAM; n=5: 3 males, 2 females; UBC-Bdnf iKO; n=3: 2 males, 1 female) were dissected 157 

and transferred into separate tubes containing RNAlater (Ambion, Austin, TX), and then 158 

stored at −80°C until RNA extraction. Fresh geniculate ganglia were collected after 159 

removal of the brain and visualized within the ventral cranium. The rostral NST was 160 

removed after horizontally sectioning the brainstem with a vibratome at 200 μm in cold 161 

PBS. The region of interest (anterior half of the NST) was removed with a sterile scalpel 162 

under a dissecting microscope. The NST is visible in unstained tissue and can be easily 163 

seen as a clear structure compared to surrounding tissue. Brainstem landmarks (e.g., 4th 164 

ventricle, solitary tract, hypoglossal nucleus) were used to identify dorsal to ventral 165 

extents of the NST. 166 

RNA Extraction and Measurement. Total RNA from anterior tongue epithelia, geniculate 167 

ganglia, and NST, was extracted as described previously (Huang and Krimm, 2010; Sun 168 

et al., 2015). RNA Integrity Numbers (RIN) were used to estimate the RNA quality. Only 169 

RNA samples with RIN more than 8.0 were used. The same amount of RNA from control 170 

and tamoxifen-treated mice was used. RNA was also treated in parallel in the absence of 171 

reverse transcriptase to examine for genomic DNA contamination. qPCR was performed 172 

by 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA), using 173 

TaqMan Universal PCR kit (Applied Biosystems, Foster City, CA) and oligonucleotide 174 

primer/probe sets (Huang and Krimm, 2010; Sun et al., 2015). TaqMan probes were 175 
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labeled at the 5′-end with a fluorescent reporter dye (FAM) and at the 3′-end with a 176 

quencher dye (TAMRA).  177 

The sequences of primers and probes are as following:  178 

BDNF (Forward primer, TGCAGGGGCATAGACAAAAGG;  179 

Reverse primer, CTTATGAATCGCCAGCCAATTCTC;  180 

Probe, ACTGGAACTCGCAATGCCGAACTACCCA),  181 

GADPH (Forward primer, CTGGGACGACATGGAGAAGATC;  182 

Reverse primer, CAACCTGGTCCTCAGTGTAGC;  183 

Probe, CGTGCCGCCTGGAGAAACCTGCC).  184 

qPCR reactions were performed in a 20μl total volume with 1 × Master Mix, 185 

720/200 nM primer/probe sets. PCR efficiencies were determined by performing PCR 186 

with serial (10-fold) dilutions of cDNA in parallel. All samples were run in parallel with 187 

the housekeeping gene, mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH), to 188 

normalize cDNA loading. Each assay was carried out in triplicate. PCR was performed 189 

for 40 cycles at 95°C for 15 secs and at 60°C for 1 min. 190 

qPCR Analyses. For qPCR, the comparative 2–ΔΔCT method was used to determine the 191 

relative Bdnf gene expression levels (Huang and Krimm, 2010; Sun et al., 2015). The 192 

normalized expression of the Bdnf was calculated as normalized expression = 193 

(EBDNF)ΔCT
target(control – sample)/ (Eref)ΔCT

GAPDH(control – sample). EBdnf and EGAPDH represent the 194 

reaction efficiency of the respective gene, and ΔCT is the cycle difference between the 195 

control and the sample.  196 

BDNF Immunohistochemistry. To examine if the group-related effects of Bdnf expression 197 

are reflected in the presence of BDNF in the NST, we did immunohistochemical 198 
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experiments that focused on the NST in UBC-Bdnf iKO mice. Two control (1 male and 1 199 

female) and two UBC-Bdnf iKO mice (1 male and 1 female) were perfused as described 200 

in nerve labeling section. Sections were then incubated in BDNF antibody raised in rabbit 201 

at a concentration of 1:200 (Alomone Labs; ANT-010; RRID:AB_2039756) in 1% BSA 202 

and 0.3% Triton X-100 in 0.1 M PBS overnight. After rinsing with PBS (6 X 10 min), 203 

sections were incubated in a Donkey anti-rabbit secondary antibody conjugated with 204 

1:400 AlexaFluor-488 (Jackson ImmunoResearch Labs, Inc.; 711-545-152; 205 

RRID:AB_2313584) for 1.5 hours. Then sections were rinsed and mounted on slides and 206 

examined on a fluorescent microscope at 10X and 20X.  207 

Fluorescent Anterograde Nerve Labeling. Procedures used to fluorescently label the 208 

chorda tympani (CT), which innervates taste buds on the anterior two-thirds of the 209 

tongue, the greater superficial petrosal nerve (GSP), which innervates taste buds on the 210 

palate, and the glossopharyngeal nerve (IX), which innervates taste buds on the posterior 211 

tongue, were the same as that described previously in mouse (Sun et al., 2015; Sun et al., 212 

2017). Briefly, the CT, GSP, and IX nerves were labeled in 6 (3 males; 3 females) 213 

controls, 3 (1 male; 2 females) K14-Bdnf iKO No TAM, 7 (3 males; 4 females) K14-Bdnf 214 

iKO, 4 (2 males; 2 females) UBC-Bdnf iKO No TAM, and 5 (3 males; 2 females) UBC-215 

Bdnf iKO mice with anterograde tracers to determine the volume and densities of label 216 

among gustatory afferent terminal fields in the NST.  All animals were between 4 and 5 217 

months old at the time of nerve labeling. Therefore, for experimental groups, the nerve 218 

labeling occurred approximately 60 days following the last administration of tamoxifen. 219 

The anterograde labeling surgery for mice in the two control groups were aged-matched 220 

with the experimental groups. Mice were sedated with a 0.32 mg/kg injection of 221 
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Domitor® (medetomidine hydrochloride: Pfizer Animal Health, Exton, PA; I.M.) and 222 

anesthetized with 40 mg/kg Ketaset® (ketamine hydrochloride: Fort Dodge Animal 223 

Health, Fort Dodge, IA; I.M.).  A water-circulating heating pad was used to maintain 224 

body temperature.  Using the same surgical approach as detailed in Sun et al. (2015; 225 

2017), the CT and GSP nerves were cut near and peripheral to the geniculate ganglion in 226 

the tympanic bulla and crystals of 3kD tetramethylrhodamine dextran amine were then 227 

applied to the proximal cut end of the GSP, and 3kD biotinylated dextran amine was 228 

applied to the proximal cut end of the CT.  A small amount of Kwik-Sil (World Precision 229 

Instruments, Inc.; Sarasota, FL) was then placed over the cut end of the nerves to prevent 230 

crystals from diffusing from the site of the intended label.   The IX was isolated medial to 231 

the tympanic bulla and was cut peripheral to the petrosal ganglion and placed on a small 232 

piece of parafilm. Crystals of 3kD cascade blue dextran amine were applied to the 233 

proximal cut end of the IX nerve.  All dextran amine conjugates were purchased from 234 

Life Technologies (Grand Island, NY). Vaseline and a layer of parafilm were placed on 235 

top of the IX to keep the dextran in place. Animals were then injected with 5 mg/ml 236 

Antisedan® (atipamezole hydrochloride: Pfizer Animal Health, Exton, PA; I.M) to 237 

promote reversal of anesthesia.  Following 48-hour survival, animals were deeply 238 

anesthetized with urethane and transcardially perfused with Krebs-Henseleit buffer (pH 239 

7.3), followed by 4% paraformaldehyde (pH 7.2). 240 

Tissue preparation. Brains were removed, postfixed, and the medulla was blocked and 241 

sectioned horizontally on a vibratome at 50 m (Sun et al., 2015; Sun et al., 2017).  We 242 

sectioned tissue in the horizontal plane because it allows visualization of the entire 243 

rostral-caudal and medial lateral extent of the terminal fields in the NST with the smallest 244 
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number of sections (~10 sections/mouse), and is also the plane in which the axons branch 245 

from the solitary tract and project primarily medially in rodents (Davis, 1988; Whitehead, 246 

1988; Lasiter et al., 1989). Highly-detailed descriptions of the mouse NST and the 247 

projection of the CT to this nucleus and subnuclei have been described in coronal 248 

sections (Bartel and Finger, 2013; Ganchrow et al., 2014). Therefore, we also sectioned 249 

brainstems in coronal section to qualitatively examine group-related differences in the 250 

innervation of NST subnuclei. 251 

Sections were incubated for 1 hour in PBS containing 0.2% Triton with 1:500 252 

streptavidin Alexa Fluor 647 (Jackson ImmunoResearch Labs, Inc., West Grove, PA; 253 

016-600-084; RRID: AB_2341101) and 1:500 rabbit anti-Cascade Blue (ThermoFisher 254 

Scientific, Waltham, MA; A-5760; RRID: AB_2536192) at room temperature.  255 

Streptavidin Alexa Fluor 647 was used to visualize the biotinylated dextran amine-256 

labeled CT positive terminals.  Rabbit anti-Cascade Blue was used as a primary antibody 257 

to detect Cascade Blue labeled IX terminal fields and was followed with a 1 hr. reaction 258 

with 1:500 goat anti-rabbit Alexa Fluor 488 (ThermoFisher Scientific, Waltham, MA; A-259 

21206, RRID: AB_2535792). This secondary antibody was used to visualize IX nerve 260 

terminals.  Visualization of tetramethylrhodamine, which labeled GSP terminal fields, did 261 

not require further processing.  262 

Confocal Microscopy and Analyses of Terminal Fields.  263 

Imaging. Terminal fields were imaged using a Nikon 80i microscope fitted with a Nikon 264 

C2 scanning system (Nikon Instruments, Inc., Melville, NY) and a 10X objective (Nikon, 265 

CFIPlanApo; NA=0.45).  The nerve labels were matched for the wavelengths of the three 266 

lasers in the system (argon laser - 488 nm, 10 mW, IX; DPSS laser - 561 nm, 10mW, 267 
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GSP; Modulated Diode laser - 638 nm, 20 mW, CT). Sequential optical sections were 268 

captured every 3μm for each 50μm section. Images were obtained with settings adjusted 269 

so that pixel intensities were near (but not at) saturation. A transmitted light image at 4X 270 

(Nikon PlanFluor; NA=0.13) and at 10X was captured for every physical section 271 

containing the labeled terminal field. This permitted an accurate registration of dorsal to 272 

ventral brainstem sections among animals using common brainstem landmarks (4X), and 273 

identification of NST borders (10X).  Group assignment for each set of confocal 274 

stacks/mouse was blind to the investigator thresholding the images.  275 

Analyses of Total Terminal Field Volume. Methods used to analyze terminal field 276 

volumes and densities were described previously in detail (Sun et al., 2015; Sun et al., 277 

2017). Briefly, quantification of terminal field volume was achieved through the use of 278 

custom ImageJ-based software. Each image stack was initially rotated so that the solitary 279 

tract was oriented vertically. The border of the NST was outlined for each physical 280 

section through the use of the corresponding transmitted light image, and the stack was 281 

then cropped to include only the NST. The IsoData thresholder algorithm (Ridler and 282 

Calvard, 1978) was applied to yield a binary image stack of the labeled pixels above 283 

threshold, and a particle analysis was then performed to quantify the pixel area above 284 

threshold for each channel. Volumes from each physical section were summed to yield 285 

the total terminal field volume for each mouse. The resultant volume represents an 286 

unbiased experimenter measure of the amount of label. Additionally, the volume of 287 

colocalization between the terminal fields of two nerves (CT with GSP, GSP with IX, CT 288 

with IX) and among all three nerves (CT, GSP, and IX) was determined in a similar 289 

manner as described for each single label. 290 
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We chose to include axons (e.g., the solitary tract) along with the terminal fields 291 

for all animals in our analyses because of the difficulty in accurately deleting these 292 

elements from each optical section. Accordingly, the absolute volumes that we show here 293 

include the composite terminal field and axons. Since there is no obvious reorganization 294 

of nerve tracts among groups, we make the assumption that including the solitary tract in 295 

our measurements had a similar quantitative effect among groups. 296 

Analyses of Terminal Field Volume and Density of Labels in Dorsal-Ventral Zones. The 297 

analyses of terminal field volumes and density here is the same as was done to study the 298 

role of Bdnf overexpression in the tongue on terminal field organization in the NST (Sun 299 

et al., 2015). The NST was subdivided into X, Y, and Z planes to help identify where 300 

terminal field organization of each nerve and the overlaps with other terminal fields 301 

occurred. For the medial-lateral and rostral-caudal analyses (X and Y), the NST in the 302 

horizontal plane was subdivided into a grid consisting of uniform boxes of 100 pixels X 303 

100 pixels. The NST was aligned relative to the grid, with the intersection of the most 304 

medial and most rostral borders of the NST as the 0,0 coordinate.  305 

For analyses in the dorsal-ventral planes (Z), we examined the volume of labeled 306 

terminal field in four dorsal-ventral zones and followed the method detailed in Sun et al., 307 

(2015). Briefly, in horizontal sections, we subdivided the NST into four zones -- Far 308 

Dorsal, Dorsal, Intermediate and Ventral Zones (see Sun et al., 2015 for definitions of 309 

zones). The landmarks used to define each zone were consistent among the groups. To 310 

check for reliability, a person naïve to previous assignment of sections into zones 311 

assigned sections for each animal into the 4 zones. With minor exceptions, the dorsal-312 

ventral zone assignments among investigators were the same. 313 
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Density by Dorsal – Ventral Zones.  Density measures were not statistically analyzed, but 314 

were qualitatively examined through heat maps for each dorsal-ventral zone containing a 315 

5 X 10 (column X row) grid.  316 

Examination of Terminal Fields in Coronal Sections. The NST from two UBC-Bdnf iKO 317 

No TAM mice (females, > 90 days old) and two UBC-Bdnf iKO mice (females, > 90 318 

days old) were sectioned coronally on a vibratome at 50μm and imaged as described 319 

above. Coronal sections were used to examine the extent of terminal field expansion and 320 

overlapping fields in the NST. No quantitative measurements were taken.  Coronal 321 

sections were also imaged with transmitted light to allow visualization of NST and 322 

brainstem landmarks to qualitatively compare terminal field labels among sections in the 323 

same rostral-caudal plane. 324 

Geniculate Ganglion and Petrosal Ganglion Cell Number. All mice were at least 3 325 

months old. The CT (UBC-Bdnf iKO No TAM, n=4: 2 males, 2 females; UBC-Bdnf iKO, 326 

n=8: 4 males, 4 females) or the GSP (UBC-Bdnf iKO No TAM: n=5, 2 females, 3 males; 327 

UBC-Bdnf iKO: n=5, 2 males, 3 females) nerve was labeled as described for the terminal 328 

field labeling procedure, with the exception that the 3 kD tetramethylrhodamine dextran 329 

was chosen as the only tracer because it did not require further processing for 330 

visualization. This allowed imaging the entire intact ganglion, thereby allowing us to 331 

count all labeled cells. Petrosal ganglia (UBC-Bdnf iKO No TAM: n=4, 2 males, 2 332 

females; UBC-Bdnf iKO: n=9, 6 males, 3 females) were also labeled by way of the IX, 333 

using the tetramethylrhodamine tracer. Ganglia collection, processing and imaging were 334 

similar to that described in Sun et al. (2015; 2017).  335 
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CT Nerve Neurophysiology. All animals used for taste recording experiments were at 336 

least 3 months old. Mice (Controls; n = 8: 4 males, 4 females; K14-Bdnf iKO No TAM; n 337 

= 6: 3 males, 3 females; K14-Bdnf iKO, n = 5: 2 males, 3 females; UBC-Bdnf iKO No 338 

TAM; n = 6: 3 males, 3 females; UBC-Bdnf iKO, n = 6: 4 males, 2 females) were 339 

anesthetized as described for the “Fluorescent Anterograde Nerve Labeling” procedure. 340 

Procedures for recording taste responses from the CT and data analyses were as described 341 

by Sun et al. (2015; 2017) and are only briefly described here. Taste responses were 342 

recorded to an ascending concentration series of 0.05, 0.1, 0.25, and 0.5 M NaCl, 10, 20, 343 

and 50 mM citric acid, 0.1, 0.25, 0.5 and 1.0M sucrose, and 10, 20, 50, and 100 mM 344 

quinine hydrochloride. All chemicals were reagent grade and prepared in artificial saliva 345 

(Hellekant et al., 1985). Each concentration series was bracketed by applications of 0.5M 346 

NH4Cl to monitor the stability of each preparation and for normalizing taste responses. 347 

Solutions were applied to the tongue in 5 ml aliquots with a syringe and allowed to 348 

remain to the tongue for ~20 sec. After each solution application, the tongue was rinsed 349 

with artificial saliva for >1 min. when the stimulus concentration was high. This period 350 

allows for full recovery of neural responses (i.e., the responses were not adapted by 351 

previous responses) (Shingai and Beidler, 1985). CT responses were calculated as 352 

follows: the average voltage of the spontaneous activity that occurred for the 5 secs 353 

before stimulus onset was subtracted from the average voltage that occurred from the 354 

period from the 5th to 15th sec after stimulus application. Response magnitudes were then 355 

expressed as ratios relative to the mean of 0.5M NH4Cl responses before and after 356 

stimulation. Whole nerve response data were retained for analysis only when 0.5M 357 

NH4Cl responses that bracketed a concentration series varied by <10%. In addition, 358 
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responses were recorded to the NaCl concentration series in the epithelial sodium channel 359 

blocker, amiloride (50 μM) (Benos, 1982). Rinses during this series were with amiloride. 360 

Experimental Design and Statistical Analysis. 361 

qPCR Results: Means of normalized Bdnf expression levels were compared between 362 

K14-Bdnf iKO No TAM and K14-Bdnf iKO mice for anterior tongue, geniculate 363 

ganglion and NST with a two-tailed unpaired t test. The same analysis was also done 364 

between UBC-Bdnf iKO No TAM and UBC-Bdnf iKO mice. 365 

Terminal Field Volumes:  The mean (± SEM) was calculated for the total CT, GSP, and 366 

IX nerve terminal field volumes, for their overlapping field volumes, and for terminal 367 

field volumes within the four, defined dorsal-ventral zones. We first analyzed the 368 

terminal fields by comparing volumes among the three nerves (i.e., IX, CT, GSP). We 369 

then separately analyzed terminal fields by comparing the overlaps among the nerves 370 

(e.g., CT with GSP). This was done through a 2-way Analysis of Variance (SPSS, 371 

ANOVA; RRID: SCR_002865; experimental group X nerve/overlap), with post-hoc 372 

pairwise comparisons done with Bonferroni post-tests (SPSS). For all statistical tests, we 373 

considered p values < 0.05 to be significant. 374 

Ganglion Cell Counts: Ganglion cell numbers for the CT, GSP and IX were compared 375 

among controls, K14-Bdnf iKO mice and UBC-Bdnf iKO mice and analyzed with a 2-376 

way Analysis of Variance (SPSS; ANOVA; experimental group X nerve), with post-hoc 377 

pairwise comparisons done with Bonferroni post-tests (SPSS). For all statistical tests, we 378 

considered p values < 0.05 to be significant. 379 

Whole-Nerve Taste Responses: A 2-Way Repeated Measures ANOVA (SPSS) was used 380 

to compare mean (+ SEM) relative CT responses (compared to 0.5M NH4Cl responses) 381 
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initially among control, K14-Bdnf iKO No TAM, and K14-Bdnf iKO mice, and then 382 

among control, UBC-Bdnf iKO No TAM, and UBC-Bdnf iKO mice to a concentration 383 

series of NaCl, sucrose, citric acid, and quinine hydrochloride (each -- 3 groups X 3 or 4 384 

concentrations. Post-hoc pairwise comparisons done with Bonferroni post-tests). For all 385 

statistical tests, we considered p values < 0.05 to be significant. 386 

RESULTS 387 

Bdnf mRNA Expression is Selectively Reduced in the Tongue of K14-Bdnf iKO Mice 388 

and Reduced in the Tongue, Geniculate Ganglion and NST in UBC-Bdnf iKO Mice 389 

Following Tamoxifen. 390 

K14-Bdnf iKO mice. Bdnf expression in mice that had the gene deleted on one allele 391 

throughout development (K14-Bdnf iKO No TAM mice) showed an approximate 32% 392 

decrease in the amount of expression in tongue compared to the control standard 393 

(control=1.0; Fig. 1A). By contrast, tamoxifen administration at adulthood in K14-Bdnf 394 

iKO mice resulted in an 88% decrease in Bdnf expression in the tongue at 2 months after 395 

the treatment compared to controls (Fig. 1A). This decrease in Bdnf expression was 396 

significantly more than found in K14-Bdnf iKO No TAM mice (t(11)=19.7; p=0.0001). 397 

The amount of Bdnf expression in the geniculate ganglion for K14-Bdnf iKO No TAM 398 

and K14-Bdnf iKO mice decreased approximately 30% and 27% below controls, 399 

respectively (Fig. 1B). A similar pattern of expression was apparent in the NST. In this 400 

structure, the amount of Bdnf expression decreased 30% and 23% in K14-Bdnf iKO No 401 

TAM and K14-Bdnf iKO mice, respectively, from the control standard (Fig. 1C). There 402 

were no significant differences in expression between these two groups for geniculate 403 
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ganglion or NST (t(8)=0.2; p=0.87 and t(8)=0.6; p=0.56, respectively). Therefore, Bdnf 404 

expression levels were dramatically and selectively reduced in the tongue at adulthood. 405 

UBC-Bdnf iKO mice. Our goal for experiments in this group of mice was to inducibly 406 

reduce Bdnf expression significantly at adulthood in all tissues. We found, for all three 407 

tissues, that Bdnf expression was drastically decreased in UBC-Bdnf iKO mice at 2-408 

months post tamoxifen. In the tongue, UBC-Bdnf iKO No TAM mice showed a decrease 409 

of approximately 34% compared to controls; whereas, there was a 90% decrease in Bdnf 410 

expression in UBC-Bdnf iKO mice compared to controls (Fig. 1D). The mean expression 411 

in the anterior tongue was significantly different between UBC-Bdnf iKO No TAM and 412 

UBC-Bdnf iKO mice (Fig. 1D) (t(10)=13.0; p=0.0001). Similarly, the amount of Bdnf 413 

expression was successively decreased in UBC-Bdnf iKO No TAM and in UBC-Bdnf 414 

iKO mice in both the geniculate ganglion and NST (Fig. 1E,F). Specifically, Bdnf 415 

expression decreased by 25% and 92% in the geniculate ganglia of UBC-Bdnf iKO No 416 

TAM and UBC-Bdnf iKO mice, respectively (comparison between groups: (t(5)=9.4; 417 

p=0.0002), and decreased by 30% and 94% in the NST of UBC-Bdnf iKO No TAM and 418 

UBC-Bdnf iKO  mice, respectively (comparison between groups: (t(6)=9.4; p=0.0001). 419 

 The differences in expression of Bdnf in the geniculate ganglion and NST 420 

between K14-Bdnf iKO and UBC-Bdnf iKO mice can be explained by the different sites 421 

where Bdnf was deleted. Unlike K14-Bdnf iKO mice, where Bdnf was only deleted in the 422 

tongue, it was deleted in tongue, geniculate ganglion, and NST in UBC-Bdnf iKO mice. 423 

All three of these structures normally express Bdnf (Conner et al., 1997; Meng et al., 424 

2015). We also found Bdnf expression in the NST at locations corresponding to the 425 

gustatory recipient zone for the three nerves (data not shown). Although we did not 426 
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measure Bdnf expression in the petrosal ganglion (cell soma of the IX), these cells also 427 

express Bdnf (Brady et al., 1999). Thus, it is likely that Bdnf was deleted in these cells 428 

also. 429 

The Rostral NST in UBC-Bdnf iKO Mice Shows Less Immunoreactivity to BDNF 430 

Antibodies Than in Control Mice. 431 

To test if our Bdnf expression data from the NST were reflected in 432 

immunoreactivity for BDNF, we qualitatively examined immune-stained tissue in two 433 

control and two UBC-Bdnf iKO mice. Figure 1G shows that there was robust immuno-434 

positive labeling in the rostral NST in control mice. The NST in UBC-Bdnf iKO mice 435 

lack the punctate labeling seen in controls and only showed background staining (Fig. 436 

1G). Interestingly, there was noticeably more immune-positive staining in the rostral 437 

NST in controls compared to adjacent regions in the brainstem (Fig. 1G). 438 

Total Terminal Field Volumes are Enlarged Differentially in Mice Where Bdnf 439 

Expression was Reduced in the Tongue or in All Tissues.  440 

Control Mice. Similar to what was found for control mice in a study where Bdnf was 441 

overexpressed in the tongue (Sun et al., 2015), the total terminal field volumes for all 442 

three nerves (IX, CT, GSP) in controls were similar to each other (Fig. 2A; black bars). 443 

Moreover, the total terminal field size for double (CT with GSP; IX with GSP, IX with 444 

CT) and the triple terminal field (CT with GSP with IX) overlaps were similar in size to 445 

control mice in the Sun et al. (2015) study (Fig. 2A; black bars). 446 

Bdnf iKO No TAM mice. As noted earlier, two additional control groups had all of the 447 

transgenes for K14-Bdnf iKO or for UBC-Bdnf iKO but did not receive administration of 448 

tamoxifen (No TAM). The terminal field volumes for these two groups were similar to 449 
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each other (p > 0.05); therefore, we pooled these data into one control group denoted as 450 

Bdnf iKO No TAM mice (Fig. 2A). This group represents the effects of the Bdnf 451 

knockout on a single allele throughout development. For all total terminal field volumes, 452 

the Bdnf iKO No TAM mice were statistically similar to littermate controls that lacked all 453 

of the transgenes (Fig. 2A; blue bars; Table 1; all posttests p>0.1).  454 

Total Terminal Field Volumes in Mice Where Bdnf Expression Was Reduced in the 455 

Tongue. 456 

In contrast to control mice, the CT and GSP terminal field volumes in mice in 457 

which Bdnf expression was significantly reduced in the tongue were greater than found 458 

for the IX. Moreover, the total terminal field volumes for the CT and GSP in K14-Bdnf 459 

iKO mice were 48% and 81% greater, respectively, than the total terminal field volumes 460 

found in controls (Fig. 2A; Table 1; posttest p values = 0.004 and 0.0001, respectively) 461 

and 61% and 86% greater, respectively, than in Bdnf iKO No TAM mice (Fig. 2A; Table 462 

1; posttest p values = 0.003 and 0.0001, respectively). Furthermore, the CT with GSP 463 

overlapping field volumes in K14-Bdnf iKO mice was 69% greater than in control mice 464 

(Table 1; posttest p value = 0.0001) and 105% greater than in Bdnf iKO No TAM mice 465 

(Table 1; posttest p value = 0.0001). All other terminal field sizes (IX and other 466 

overlapping fields) in K14-Bdnf iKO mice were similar to those in control and in Bdnf 467 

iKO No TAM mice (Fig. 2A; Table 1; range of posttest p values = 0.16 – 1.00). 468 

Total Terminal Field Volumes in Mice Where Bdnf Expression Was Reduced in All Cells. 469 

In contrast to mice in which Bdnf expression was significantly reduced only in the 470 

tongue at adulthood, large-scale increases in total terminal field volumes were apparent 471 

when Bdnf expression was reduced in all cells. Specifically, the total terminal field size 472 
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for the IX, CT, and GSP nerves in UBC-Bdnf iKO mice were 121%, 100%, and 77% 473 

greater than the respective terminal field volumes in control mice (Fig. 2A; Table 1; 474 

posttest p values = 0.0001, 0.0001, and 0.002, respectively) and 81%, 118%, and 83% 475 

greater than the respective terminal field volumes in Bdnf iKO No TAM mice (Fig. 2A; 476 

Table 1; posttest p values = 0.0001, 0.0001, and 0.001, respectively). Moreover, all of the 477 

overlapping fields were approximately 2X the total volume of the respective fields of 478 

overlap found in control mice (Fig. 2A; Table 1; posttest p value range = 0.01 – 0.0001) 479 

and 2X to 2.5X the total volume of the respective fields of overlap found in Bdnf iKO No 480 

TAM mice (Fig. 5; Table 1; posttest p value range = 0.001 – 0.0001).  481 

Total Terminal Field Volume Differences Between K14-Bdnf iKO and UBC-Bdnf iKO 482 

Mice.  483 

To further examine the role of BDNF in the organization of terminal fields in the 484 

rostral NST, we examined differences between the two tamoxifen-treated groups. As seen 485 

in Figure 2A, the terminal field volumes for the IX and CT in mice in which Bdnf 486 

expression was reduced in all cells were significantly larger (71%, IX; 36%, CT) than in 487 

mice where Bdnf expression was reduced only in the tongue (Table 1; posttest p values = 488 

0.0001). As could be expected from the terminal field volumes of the nerves, the IX with 489 

CT overlapping field volumes in UBC-Bdnf iKO mice were nearly 2X greater than that in 490 

K14-Bdnf iKO mice (Fig. 2A; Table 1; posttest p = 0.0001). No other group-related 491 

comparisons were significant (posttest p value range = 0.19 – 1.00). 492 

Total Terminal Field Volume Summary. 493 

Removal of Bdnf from the tongue at adulthood had effects on the total terminal 494 

field volumes of the CT and GSP within 2 months after tamoxifen administration. In 495 
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contrast, removal of Bdnf from all cells had a global effect on all terminal field volumes 496 

by significantly increasing them relative to controls. Moreover, the lack of the Bdnf gene 497 

on one allele throughout development had no effect on total terminal field volumes. 498 

Terminal Field Volumes and Densities Within NST Dorsal-Ventral Zones.  499 

Expansion of the Terminal Fields Volumes Occurs in Multiple Dorsal-Ventral Zones.  500 

To test if the terminal fields of experimental mice were reorganized in one or 501 

more dorsal-ventral zones in the NST, we examined differences in terminal field volumes 502 

in each of the four dorsal to ventral zones described earlier. 503 

Far Dorsal Zone 504 

For all groups, this zone contained the least volume of terminal field labeling 505 

(Fig. 2B; note difference in Y axis compared to Figs. 2C-E). Moreover, the far dorsal 506 

zone had more IX terminal field labeling than that for the CT and GSP (Fig. 2B). 507 

However, the only significantly differences in terminal field volumes among groups were 508 

that the IX terminal field volume in UBC-Bdnf iKO was approximately 3X and 2X 509 

greater than controls and Bdnf iKO No TAM mice, respectively (Fig. 2B; Table 1; 510 

posttest p values = 0.0001 and 0.005, respectively). For overlapping fields, the IX with 511 

CT overlap volume for UBC-Bdnf iKO mice was 4X greater than in controls (posttest p 512 

value = 0.0001), 5X greater than in Bdnf iKO No TAM mice (posttest p value = 0.0001), 513 

and 1.6X greater than in K14-Bdnf iKO mice (posttest p value = 0.001) (Fig. 2B; Table 514 

1). No other significant differences were found for this zone. 515 

Dorsal Zone 516 

As in the Far Dorsal Zone, the IX terminal field volume was 1.6X and 2X greater 517 

than in controls and Bdnf iKO No TAM mice, respectively (posttest p values = 0.03 and 518 
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0.002, respectively). It was also 1.5 X greater than in K14-Bdnf iKO mice (Fig. 2C; Table 519 

1; posttest p value = 0.05). Unlike that seen in the Far Dorsal Zone, the CT terminal field 520 

volume in K14-Bdnf iKO and UBC-Bdnf iKO mice were greater than the two control 521 

groups. For K14-Bdnf iKO mice, the CT terminal field volume was approximately 2X 522 

and 3.5X greater than in controls and in Bdnf iKO No TAM mice, respectively (Fig. 2C, 523 

Table 1; posttest values = 0.05 and 0.02, respectively). For UBC-Bdnf iKO mice, the CT 524 

terminal field volume was approximately 2.7X and 4.8X greater than in controls and in 525 

Bdnf iKO No TAM mice, respectively (Fig. 2C, Table 1; posttest values = 0.01 and 526 

0.001, respectively). Finally, the terminal field overlap volume between the IX and CT 527 

for UBC-Bdnf iKO mice was 4.8X greater than in controls (posttest p value = 0.0001), 528 

7.7X greater than in Bdnf iKO No TAM mice (posttest p value = 0.0001), and 1.9X 529 

greater than in K14-Bdnf iKO mice (posttest p value = 0.03) (Fig. 2C; Table 1). No other 530 

significant differences were found for this zone. 531 

Intermediate Zone 532 

This zone had similar proportions of terminal field labeling for the IX, CT and 533 

GSP within each of the four groups (Fig. 2D). Moreover, the pattern of terminal field 534 

volume differences described for the Dorsal Zone occurred here also. That is, group-535 

related differences in terminal field volumes were apparent for the IX, CT and IX with 536 

CT terminal field overlap (Fig. 2D). The only difference between the two zones was that 537 

the CT volume in UBC-Bdnf iKO mice was different than all of the other three groups 538 

(Fig. 2D). In this zone, the terminal field volume for the IX in UBC-Bdnf iKO mice was 539 

approximately 1.4X – 2X greater than in the other three groups (Fig. 2D; Table 1; 540 

posttest p value range = 0.006 – 0.05), the CT was approximately 1.5X greater than in the 541 
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other three groups (Fig. 2D; Table 1; posttest p values = 0.01 – 0.05), and the IX with CT 542 

overlap terminal volume was approximately 2X greater than in the other three groups 543 

(Fig. 2D; Table 1; posttest p value range = 0.07 – 0.04). No other significant differences 544 

were found for this zone. 545 

Ventral Zone 546 

For all groups, this zone contained the least amount of IX terminal field volume, 547 

and there were no significant differences among groups for the IX. Thus, the group-548 

related differences in this zone were confined to the CT, GSP, and CT with GSP overlap 549 

terminal field volumes (Fig. 2E). For the CT, GSP, and CT with GSP overlaps, both K14-550 

Bdnf iKO and UBC-Bdnf iKO mice had significantly greater (1.5X – 3X) terminal field 551 

volumes than in controls (Fig. 2E; Table 1; posttest p value range = 0.0001 – 0.03) and 552 

Bdnf iKO No TAM mice (Fig. 2E; Table 1; posttest p value range = 0.0001 – 0.02). No 553 

other significant differences were found for this zone. 554 

Summary of Terminal Field Volumes Across Zones. 555 

Group-related differences for terminal field volumes occurred through all dorsal-556 

ventral zones, but less so in the Far Dorsal Zone because of the relatively small amount 557 

of label for all nerves. Moreover, UBC-Bdnf iKO mice showed the most differences in 558 

terminal field volumes from controls and occurred in all three nerves distributed among 559 

all four zones. 560 

Group-Related Terminal Field Changes Occur in the Densest Regions of the NST 561 

Normally Occupied in Controls. 562 

To test if the group-related differences in terminal field volumes represent a 563 

spatial reorganization of the respective terminal fields, we qualitatively examined 564 
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representative photomicrographs and examined density plots of the IX, GSP, CT and 565 

triple overlap terminal field volumes in each zone for Bdnf iKO No TAM, K14-Bdnf 566 

iKO, and UBC-Bdnf iKO mice (Fig. 3). For clarity, we chose not to show data from 567 

Control mice in Figure 3 because they were qualitatively similar to Bdnf iKO No TAM 568 

mice. 569 

Far Dorsal Zone 570 

The terminal field volume differences shown in Figure 2B were reflected in 571 

photomicrographs of terminal fields from this zone (Fig. 3A). That is, the largest amount 572 

of IX labeling is evident in the photomicrograph for the UBC-Bdnf iKO mouse, followed 573 

by labeling in the K14-Bdnf iKO, and finally in the Bdnf iKO No TAM mouse. 574 

Moreover, it appears that the fields for the IX, GSP, and CT were not drastically 575 

rearranged in the two experimental groups. That is, the same pattern of innervation 576 

occurred among the Bdnf iKO No TAM, K14-Bdnf iKO, and UBC-Bdnf iKO mice (Fig. 577 

3A), and is reflected in the group measures of terminal field densities within the NST 578 

(Fig. 3B). For the density measures shown in Figure 3B, the primary characteristic that 579 

distinguishes differences among the three groups was the amount of label within specific 580 

locations containing the densest label within each group (Fig. 3B). The densest region of 581 

terminal fields (or “core” of labeling) for each group was approximately at the same 582 

location across the three groups for each nerve, but with the densest label across all 583 

nerves and for the triple overlap located at the “core” region for the IX in UBC-Bdnf iKO 584 

mice (see white rectangle in Fig. 3B).   585 

Dorsal Zone 586 
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As noted for the far dorsal zone, the terminal field distribution was similar among 587 

groups for each nerve and differences in amount of labeling in the same location is 588 

consistent with the differences in terminal field volumes (Fig. 3A). In this zone, however, 589 

there was also an extension of terminal field beyond the densest projection in the K14-590 

Bdnf iKO and UBC-Bdnf iKO mice compared to controls. This is especially apparent in 591 

the density representations between Bdnf iKO No TAM and UBC-Bdnf iKO mice (Fig. 592 

3B). As seen in the Far Dorsal Zone, the densest region among all nerves and across all 593 

three groups was for the IX in UBC-Bdnf iKO mice (Fig. 3B). 594 

Intermediate Zone 595 

The photomicrographs from this zone clearly shows a greater amount of IX, GSP, 596 

and CT labeling in UBC-Bdnf iKO mice compared to Bdnf iKO No TAM mice. 597 

However, as in the other zones, the location of labels was similar among the three groups 598 

(Fig. 3A). The amount of terminal field labeling in the K14-Bdnf iKO mouse was 599 

intermediate to the other two groups (Fig. 3A). These terminal field characteristics are 600 

also evident in the density measurements (Fig. 3B). Unlike the other zones, the location 601 

of the greatest amount of labeling occurred for the GSP in UBC-Bdnf iKO mice, although 602 

it was not much greater than the respective location of CT label in UBC-Bdnf iKO mice 603 

(Fig. 3B). 604 

Ventral Zone 605 

Here, as shown in Figure 2E, there was relatively little terminal field label of the 606 

IX compared to GSP and CT labels for all groups. Also, while there was more terminal 607 

field volume for the GSP and CT in K14-Bdnf iKO and UBC-Bdnf iKO mice compared 608 

to that in Bdnf iKO No TAM mice (Fig. 2E), the photomicrographs (Fig. 3A) and density 609 
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analyses (Fig. 3B) indicate that the difference in volume is likely due to spread of label 610 

beyond the densest region of the NST. That is, similar amounts of labeling within each 611 

nerve and for the triple overlap occurred among all groups in the “core” region, but with 612 

more spread of label laterally in K14-Bdnf iKO and UBC-Bdnf iKO mice compared to 613 

Bdnf iKO No TAM mice (Fig. 3B). As noted for the Intermediate Zone, the location of 614 

densest labeling among all nerves and groups in this zone occurred for the GSP in UBC-615 

Bdnf iKO mice (Fig. 3B). 616 

More Terminal Field Labeling is Also Seen in Coronal Sections from UBC-Bdnf iKO 617 

Mice. 618 

Figure 4 shows coronal sections of terminal fields of the three nerves (Fig. 619 

4A,C,E, for the IX, GSP, and CT, respectively in a UBC-Bdnf iKO No TAM mouse, 620 

B,D,F for the IX, GSP, and CT, respectively in a UBC-Bdnf iKO mouse) and their triple 621 

overlap (Fig. 4G in a UBC-Bdnf iKO No TAM mouse, H in a UBC-Bdnf iKO mouse). 622 

The section shown in Figure 4 is approximately 200 μm caudal to the anterior pole of the 623 

NST (Fig. I,J), which corresponds to the Ventral Zone of the NST noted in Figures 2 and 624 

3. Here, there is little IX labeling compared to the GSP and CT in the UBC-Bdnf iKO No 625 

TAM mouse. By comparison, in the UBC-Bdnf iKO mouse shown, there is more IX 626 

labeling than would be expected from the terminal field volume data (Fig. 3D) and 627 

significant amounts of GSP and CT labels. The photomicrographs support the 628 

conclusions drawn from Figure 3 in that the primary group-related differences in GSP 629 

and CT terminal field labels occur in the “core” region of the fields and not a significant 630 

rearrangement of the fields. 631 

Ganglion Cell Counts of the CT, GSP, and IX.  632 
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Since BDNF plays a significant role in cell death of neurons (Levi-Montalcini and 633 

Angeletti, 1963), we were interested to find if loss of BDNF at adulthood resulted in a 634 

loss of neurons in the peripheral gustatory system. We counted the number of neurons in 635 

the geniculate ganglion that made up the CT and GSP nerves, and in the petrosal ganglion 636 

that made up the IX. 637 

In control mice, the number of geniculate ganglion cells that made up the CT 638 

were similar to those of the GSP (Mean + SEM: CT, 210.0 +18.3; GSP, 196.0 + 11.0) 639 

and both were significantly less than (Table 1; posttest p values = 0.0001) the number of 640 

petrosal ganglion cells that made up the IX (IX, 307.2 + 4.8). The differences in cell 641 

numbers between the two ganglia likely relates to the size of the respective nerves, the 642 

relative greater field size of innervation by the IX, and relative differences in the type of 643 

sensory neurons (i.e., taste vs mechanosensory) (Frank, 1991). The same pattern of 644 

ganglion cell numbers also occurred in K14-Bdnf iKO mice (CT, 212.0 + 8.0; GSP, 190.2 645 

+ 7.3; IX, 311.7 + 12.7) and in UBC-Bdnf iKO mice (CT, 193.8 + 7.6; GSP, 191.0 + 9.1; 646 

IX, 279.2 + 4.0). For these experimental groups, the number of CT and GSP neurons 647 

were significantly less than the respective number of IX ganglion cell neurons (Table 1; 648 

posttest p values = 0.0001). There were no group-related differences in ganglion cell 649 

counts for any of the three nerves (Table 1; p value range = 0.57 – 1.000). Therefore, 650 

deletion of Bdnf from either the tongue or from all cells at adulthood did not impact the 651 

number of ganglion cells that represent the CT, GSP or IX. 652 

Neurophysiological Taste Responses in the CT.  653 

To test if the terminal field volume changes that we see here may be due to 654 

activity-dependent alterations in the function of at least one of these nerves, we recorded 655 
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whole-nerve taste responses from the CT to an array of taste stimuli.  Such a hypothesis 656 

is driven by the decreased innervation of taste buds on the anterior tongue when Bdnf was 657 

removed from the gustatory system at adulthood (Meng et al., 2015), and the 658 

demonstrated role of taste-elicited activity on the development and maintenance of these 659 

terminal fields (Skyberg et al., 2017; Sun et al., 2017). Surprisingly, there were no 660 

significant differences among taste responses among control, K14-Bdnf iKO No TAM, 661 

and K14-Bdnf iKO mice (Tables 1 & 2; Fig. 5; posttest p value range = 0.07 – 1.00; 52% 662 

of comparisons p = 1.00) to any concentration of any stimulus. Similarly, with the 663 

exception of one posttest comparison, there were no significant differences among taste 664 

responses from control, UBC-Bdnf iKO No TAM, and UBC-Bdnf iKO mice (Tables 1 & 665 

2; Fig. 5; posttest p value range = 0.04 – 1.00l; 74% of comparisons p = 1.00). The only 666 

significant difference between mean relative responses (total posttest comparisons = 114) 667 

was to 0.5M NaCl after amiloride application. The responses in UBC-Bdnf iKO No TAM 668 

mice were significantly less than in controls (Fig. 5; posttest p = 0.04). We do not regard 669 

this difference as biologically significant because it involves two control groups and the 670 

means are small, with a relatively small difference between them (Fig. 5). Collectively, 671 

these findings strongly indicate that the arborizations of the CT, particularly in the taste 672 

bud, do not translate to functional taste response changes in this nerve.  673 

DISCUSSION 674 

Deleting Bdnf in the tongue or in all tissues at adulthood resulted in an expansion 675 

of the terminal fields of gustatory nerves as they made their central contacts in the NST. 676 

We show here that deleting Bdnf in all tissues had more widespread effects on terminal 677 

field organization than if deleted only in the tongue. Thus, the maintenance of gustatory 678 
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terminal field organization at adulthood requires normal expression of Bdnf in the 679 

peripheral targets of taste nerves, taste buds, and is exaggerated when Bdnf is removed 680 

from other tissues. These effects are not due to changes in numbers of neurons or to 681 

changes in whole nerve taste responses from the CT. 682 

Deleting Bdnf at Adulthood has Opposite Effects on Maintenance of Axonal 683 

Branching of Peripheral Processes Compared to Central Processes. 684 

The expansion of terminal fields is especially surprising because similar 685 

experimental treatments as those used here produced decreased branching of the CT in 686 

the tongue (Meng et al., 2015). Thus, the peripheral process of the CT decreases in 687 

branching while the central process of the same nerve expands when Bdnf is deleted at 688 

adulthood. Meng et al. (2015) showed that inducibly deleting Bdnf in the tongue or in all 689 

tissues in adult mice with the same genetic strategy used here resulted in an approximate 690 

40% loss of innervation, a 30% decrease in taste bud cells size and in taste cell numbers, 691 

without a loss of neurons or taste buds. These effects were attributed, in part, to 692 

deficiencies in nerve/target (i.e., CT/taste bud) matching (Meng et al., 2015). Briefly, 693 

taste bud cells produce BDNF during development to recruit incoming axons (Nosrat et 694 

al., 1996; Nosrat et al., 2001; Hoshino et al., 2010; Huang and Krimm, 2010). BDNF 695 

production continues into adulthood (Yee et al., 2003), which likely maintains normal 696 

taste bud morphology and numbers (Farbman, 1969; Cheal and Oakley, 1977; Whitehead 697 

et al., 1987; Guagliardo and Hill, 2007) during the lifelong renewal of taste bud cells 698 

(Beidler and Smallman, 1965). Therefore, deleting Bdnf in the tongue at adulthood leads 699 

to the loss of a critical factor that maintains normal, mutual interactions between taste 700 

buds and their innervating neurons.  701 
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The Central Effects of Bdnf Deletion are Unusual in Their Effects. 702 

Our finding here that terminal fields are expanded in the NST in mice where Bdnf 703 

is deleted at adulthood, suggests different mechanisms operate at both ends of the same 704 

nerve. Moreover, this increase in size of the central projections does not match what may 705 

be expected from many other studies that examine the role of BDNF on axonal arbors 706 

and dendritic structures.  707 

In addition to a key feature of neurotrophins to support neuronal survival during 708 

early development (Levi-Montalcini and Hamburger, 1951; Levi-Montalcini and Cohen, 709 

1956; Levi-Montalcini and Angeletti, 1963), they also impact the architecture of axonal 710 

arbors and dendritic structure during development as well as maintaining pre- and post-711 

synaptic structures. Such roles have been identified for BDNF. An excess of this 712 

neurotrophin produces more complex and longer axonal arbors in projecting neurons 713 

during development (Davies et al., 1986; Cohen-Cory and Fraser, 1995; Huang and 714 

Reichardt, 2001; Poo, 2001; Cohen-Cory et al., 2010) and at adulthood (Thanos et al., 715 

1989), and increases in the number of synapses on dendrites, dendritic lengths, and 716 

branching (Cohen-Cory and Fraser, 1995; Alsina et al., 2001; Cohen-Cory et al., 2010). 717 

Conversely, loss of BDNF and/or its receptor, TrkB, often results in a paring back of the 718 

terminal fields (Cohen-Cory, 1999). Given these findings, we would predict smaller 719 

instead of expanded terminal fields when Bdnf was deleted. However, there is an 720 

important finding from studies in the Xenopus visual system that may inform our results. 721 

In the Xenopus retinotectal pathway, BDNF has opposite effects on the branching of 722 

terminal fields in the tectum than it does on retinal ganglion cell dendrites (Lom and 723 

Cohen-Cory, 1999; Lom et al., 2002). Thus, the differential spatial effects on branching 724 
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of the same neuron are similar to what we and Meng et al. (2015) show in the peripheral 725 

gustatory system, and point to the importance of spatially-dependent processes (i.e., 726 

peripheral vs central) in determining how axonal processes respond to alterations in Bdnf 727 

expression. 728 

Lack of “Competition” Among Gustatory Terminal Fields in the NST Produces an 729 

Immature Organization. 730 

We are struck by the similarity of terminal field organization in our experimental 731 

mice here with that described in multiple experimental studies of the terminal field 732 

organization in rodents. In particular, it appears that a diverse set of experimental 733 

manipulations leads to a “reversion” to the immature terminal field organization found in 734 

early postnatal rats and mice (May and Hill, 2006; Zheng et al., 2014). Briefly, during 735 

early development, the CT, GSP, and IX all send extensive and largely overlapping 736 

projections to the NST. This organization is then significantly refined in control animals 737 

from approximately postnatal P15 to P30, at which age each of the terminal fields occupy 738 

distinct and more focused regions in the NST (Mangold and Hill, 2008). The immature 739 

terminal field organization is shared with adult rodents that have a history of early or 740 

lifelong dietary NaCl manipulations (May and Hill, 2006; Mangold and Hill, 2008; 741 

Zheng et al., 2014), deletion of the primary sodium taste transduction pathway during 742 

development (Sun et al., 2017) or at adulthood (Skyberg et al., 2017), overexpression of 743 

Bdnf  at inappropriate locations in the tongue throughout development (Sun et al., 2015), 744 

and in the CT of rodents that have the GSP and IX cut at adulthood (Corson and Hill, 745 

2011). Our conclusion from these diverse studies is that alterations in the normal 746 

“competition” among the three terminal fields (e.g., changes in taste-elicited activity, 747 
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amount of innervation) during development or at adulthood leads to a reestablishment of 748 

the immature terminal field seen in young control rodents. That is, a lack of competition 749 

for factors, which may include neurotrophins, modulatory molecules, and synaptic sites, 750 

leads to the expanded terminal field organization (Thoenen, 1995; Singh and Miller, 751 

2005; Singh et al., 2008). One hypothesis, which may more directly relate to the findings 752 

here, may be that a decrease in the amount of anterogradely-transported release of BDNF 753 

from the terminals (Zhou and Rush, 1996; Conner et al., 1997; Altar and DiStefano, 754 

1998; Fawcett et al., 1998; Tonra et al., 1998; Tonra, 1999) of one or more gustatory 755 

nerves, could destabilize taste nerve synapses onto their target NST cells. Findings from 756 

rat show that central taste neurons in the NST become less narrowly tuned, but increase 757 

in response frequencies (i.e., amplify the taste signal) with age (Hill et al., 1983), 758 

suggesting that more synapses from more peripheral neurons are recruited during 759 

development. Lack of an organizing signal, such as BDNF, may lead to a disassembly of 760 

these circuits that resemble the immature organization. Indeed, evidence from other 761 

systems demonstrates that BDNF stabilizes synapses (Hu et al., 2005; Je et al., 2012).  762 

We also suggest that expanded terminal fields in both K14-Bdnf iKO and UBC-763 

Bdnf iKO mice are due primarily to the reduced amount of anterogradely-transported, 764 

taste bud-derived BDNF. The additive Bdnf deletion in ganglia and NST may explain the 765 

exaggerated effects seen in UBC-Bdnf iKO mice. Obviously, this hypothesis is 766 

speculative and requires more careful, mechanistic investigations that will enable an 767 

explanation of the significant amount of plasticity of these terminal fields during 768 

development and at adulthood. 769 

Implications for Central Taste Function and Taste-Related Behaviors. 770 
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Our findings that functional CT taste responses are not affected in mice with Bdnf 771 

deletion is surprising, given there are significant group-related differences in axonal 772 

branching and numbers of taste bud cells (Meng et al., 2015). However, a recent report in 773 

which taste buds were removed pharmacologically, showed that CT relative taste 774 

responses were intact even with an approximate 50% decrease in the number of taste 775 

buds (Kumari et al., 2017). This not only supports our functional data, but also illustrates 776 

how resilient the peripheral gustatory system is in sending stimulus-specific information 777 

to the brain. Nonetheless, because we can only analyze relative response magnitudes 778 

from whole nerves (Beidler, 1953), there may be an overall decrease in afferent activity 779 

in our experimental animals that could influence activity-dependent processes impacting 780 

synapse formation and stabilization. Regardless of the mechanism(s), our findings of the 781 

enlarged terminal fields strongly indicate that functional changes in the central gustatory 782 

circuitry likely occur. For example, if more functional synapses accompany the increase 783 

terminal field volumes, there may be a broadening of gustatory information received by 784 

single NST neurons. This would potentially lead to significant changes in coding of taste 785 

quality and concentration at the first central relay. In turn, the deletion of Bdnf at 786 

adulthood could also lead to significant behavioral consequences, including alterations in 787 

taste thresholds, taste discrimination, and taste-related ingestive behaviors. 788 

In short, we show that the maintenance of the adult mouse central gustatory 789 

system is especially plastic and dependent on Bdnf expression in the tongue and in other 790 

tissues. As such, it is an ideal system to study circuit plasticity at adulthood and the role 791 

of neurotrophins in controlling neuronal structure and function. 792 
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LEGENDS 956 

Figure 1. Mean (±SEM) normalized expression levels of Bdnf in (A) the anterior tongue, 957 

(B) geniculate ganglion, and (C) nucleus of the solitary tract (NST) in Control (black 958 

bars), K14-Bdnf iKO No TAM (blue bars), and K14-Bdnf iKO (magenta bars) mice, and 959 

mean (±SEM) normalized expression levels of Bdnf in (D) the anterior tongue, (E) 960 

geniculate ganglion, and (F) nucleus of the solitary tract (NST) in Control (black bars), 961 

UBC-Bdnf iKO No TAM (blue bars), and UBC-Bdnf iKO (magenta bars) mice.  Means 962 

were calculated relative to the respective expression levels in Control mice. The 963 

expression ratio of 1.0 represents the Control mean.  G. Photomicrograph of a horizontal 964 

section through the anterior portion of the NST showing immunohistochemical labeling 965 

to anti-BDNF in a Control (left) and a UBC-Bdnf iKO (right) mice. Asterisks in A-F 966 

denotes significantly less than the respective No TAM group (p < 0.05). Scale bar in G = 967 

100 μm. R-Rostral, L-Lateral. White lines in G denote outlines of NST. 968 

Figure 2. (A) Mean (±SEM) total terminal field volumes for the IX, CT, and GSP nerves 969 

and their double and triple overlaps of terminal fields in Control (black bars), Bdnf iKO 970 

No TAM (blue bars), K14-Bdnf iKO (teal bars), and UBC-Bdnf iKO (magenta bars) 971 

mice. Mean (±SEM) terminal field volumes for the IX, CT, and GSP nerves and their 972 

double and triple overlaps of terminal fields in the (B) Far Dorsal Zone, (C) Dorsal Zone, 973 

(D) Intermediate Zone, and (E) Ventral Zone of the NST in the same animals shown in 974 

A.  975 

# - significantly different than all other three groups.  976 

* - significantly different than Control and Bdnf iKO No TAM mice.  977 
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Figure 3. (A) Horizontal sections of labeled terminal fields of IX (green), GSP (red), CT 978 

(blue), and merged images of all three nerves (TRIPLE) for a Bdnf iKO No TAM (top 979 

row for each Zone), a K14-Bdnf iKO (middle row of each panel), and a UBC-Bdnf iKO 980 

mouse (bottom row of each panel). For the triple label photomicrographs, the CT-GSP 981 

overlap is shown as magenta, the IX-GSP overlap is shown as yellow, the IX-CT overlap 982 

in shown as blue-green, and the CT-GSP-IX terminal field overlap is shown as white 983 

(Refer to the color guide in the panel for CT label in the Ventral Zone of the UBC-Bdnf 984 

iKO mouse). Scale bar = 200μm. R, rostral; L, lateral. (B) Heat maps showing the 985 

terminal field densities (volume of terminal field label in a division/total volume of the 986 

division) for IX, CT, and GSP nerves, and for the triple overlap of all three nerve 987 

terminal fields (TRIPLE) for Bdnf iKO No TAM mice (top row for each Zone), K14-988 

Bdnf iKO (middle row of each panel), and UBC-Bdnf iKO mice (bottom row of each 989 

panel). The NST (borders shown in white) has been rotated so that the solitary tract is 990 

oriented vertically (see Methods section and see R, rostral, and L, lateral orientations in 991 

B, TRIPLE overlap). The NST for each zone is divided into a maximum of 100 X 100 992 

pixel divisions for each optical image (see Methods). The colors for the heat map of 993 

densities are on the relative scale shown for the Far Dorsal Zone in B, with 0% of 994 

maximum density noted as dark blue and 100% noted as red. This relative scale was 995 

applied to each of the four zones; therefore, the maximum density was obtained from all 996 

of the divisions from Bdnf iKO No TAM, K14-Bdnf iKO, and UBC-Bdnf iKO mice for 997 

the Far Dorsal Zone, and similarly for the Dorsal, Intermediate and Ventral Zones. The 998 

division representing 100% (brightest red) for each zone is shown by a white border 999 
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around the respective 100 X 100-pixel division (e.g., contained in the IX terminal field of 1000 

UBC-Bdnf iKO mice in the Far Dorsal Zone).  1001 

Figure 4. A-J Coronal sections through the rostral/ventral NST showing the IX nerve 1002 

terminal field (green; A,B), GSP nerve terminal field labeling (red; C,D), CT nerve 1003 

terminal field labeling (blue; E,F), and merged (G,H) terminal fields, and the terminal 1004 

fields in the right hemifield of medulla captured with transmitted light (I,J) in a Bdnf iKO 1005 

No TAM (A,C,E,F,I) and UBC-Bdnf iKO (B,D,F,H,J) mouse. The orientation of the 1006 

sections is shown in E. D, Dorsal; L, Lateral. The color wheel for the merged images is 1007 

shown in G. Scale bars: H, 200 μm; J, 500 μm. The white lines shown in I and J 1008 

demarcate the NST. 4V, Fourth ventricle; 7, Facial nucleus; DC, Dorsal cochlear nucleus; 1009 

icp, inferior cerebellar peduncle; MVePC, Medial vestibular nucleus, parvicellular; sol, 1010 

solitary tract; Sp5O, spinal trigeminal nucleus, oral; SpVe, spinal vestibular nucleus. 1011 

Figure 5. (A) Integrated taste responses from the chorda tympani nerve (CT) in a Control 1012 

(top panel), K14-Bdnf iKO (middle panel), and a UBC-Bdnf iKO mouse to a 1013 

concentration series of NaCl and to 0.5M NH4Cl. Scale bar shown near response to 0.5M 1014 

NH4Cl in UBC-Bdnf iKO mouse = 20 sec. B. Mean (+ SEM) relative taste responses to a 1015 

concentration series of NaCl from the CT in Control, K14-Bdnf iKO No TAM, and K14-1016 

Bdnf iKO mice before (solid lines) and with lingual application of amiloride (dotted 1017 

lines). C. Mean (+ SEM) relative taste responses to a concentration series of NaCl from 1018 

the CT in control, UBC-Bdnf iKO No TAM, and UBC-Bdnf iKO mice before (solid lines) 1019 

and with lingual application of amiloride (dotted lines). 1020 

Table 1. Table showing the specific measure tested (MEASURE), the factor (FACTOR), 1021 

degrees of freedom (df), F value (F), and significance (SIGNIFICANCE) of each 1022 
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Analysis of Variance (ANOVA) statistical tests presented in the Results section. They 1023 

appear in the order presented in the Results section. 1024 

 1025 

Table 2. Table showing the Mean, SEM, and number of animals/group (n) for relative 1026 

taste responses from the CT to a concentration series of NaCl before and after lingual 1027 

application to amiloride, and to a concentration series of citric acid, sucrose, and quinine 1028 

hydrochloride in Controls, K14-Bdnf iKO No TAM, and K14-Bdnf iKO mice and for the 1029 

CT in Controls, UBC-Bdnf iKO No TAM, and UBC-Bdnf iKO mice. 1030 
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TABLE 1 -- ANOVA Results 

      MEASURE        FACTOR df F SIGNIFICANCE 
Total Volume--Single Nerves Group 3,63 35.1 0.0001 

Total Volume--Single Nerves Group X Nerve 6,63 2.9 0.02 

Total Volume--Overlap Group 3,84 45.3 0.0001 

Total Volume--Overlap Group X Nerve 9,84 2.5 0.02 

Far Dorsal Volume--Single Nerves Group 3,63 7.7 0.0001 

Far Dorsal Volume--Single Nerves Group X Nerve 6,63 1.7 0.12 

Far Dorsal Volume--Overlap Group 3,84 9.8 0.0001 

Far Dorsal Volume--Overlap Group X Nerve 9,84 2.2 0.03 

Dorsal Volume--Single Nerves Group 3,63 14.2 0.0001 

Dorsal Volume--Single Nerves Group X Nerve 6,63 1.1 0.39 

Dorsal Volume--Overlap Group 3,84 16.2 0.0001 

Dorsal Volume--Overlap Group X Nerve 9,84 1.1 0.39 

Intermediate Volume--Single Nerves Group 3,63 6.8 0.0001 

Intermediate Volume--Single Nerves Group X Nerve 6,63 1.2 0.34 

Intermediate Volume--Overlap Group 3,84 9.9 0.0001 

Intermediate Volume--Overlap Group X Nerve 9,84 0.6 0.76 

Ventral Volume--Single Nerves Group 3,63 22.9 0.0001 

Ventral Volume--Single Nerves Group X Nerve 6,63 1.7 0.13 

Ventral Volume--Overlap Group 3,84 22.8 0.0001 

Ventral Volume--Overlap Group X Nerve 9,84 1.9 0.06 

Ganglion Count Group 2,40 0.7 0.52 

Ganglion Count Nerve 2,40  99.9 0.0001 

Ganglion Count Group X Nerve 4,40     0.3 0.89 
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K14-Bdnf iKO mice     

NaCl Taste Response Group 2,16 0.8 0.47 

NaCl Taste Response Group X Concentration 6,48 0.1 0.99 

NaCl After Amiloride Group 2,14 0.5 0.65 

NaCl After Amiloride Group X Concentration 6,42 2.8 0.02 

Citric Acid Taste Response Group 2,18 1.2 0.31 

Citric Acid Taste Response Group X Concentration 4,36 2.7 0.05 

Sucrose Taste Response Group 2,19 0.2 0.83 

Sucrose Taste Response Group X Concentration 6,57 0.9 0.47 

Quinine Taste Response Group 2,18 0.6 0.55 

Quinine Taste Response Group X Concentration 6,54 0.6 0.72 

UBC-Bdnf iKO mice     

NaCl Taste Response Group 2,18 0.4 0.69 

NaCl Taste Response Group X Concentration 6,54 0.6 0.75 

NaCl After Amiloride Group 2,16 3.5 0.06 

NaCl After Amiloride Group X Concentration 6,48 1.6 0.18 

Citric Acid Taste Response Group 2,21 0.6 0.54 

Citric Acid Taste Response Group X Concentration 4,42 1.9 0.12 

Sucrose Taste Response Group 2,17 0.1 0.92 

Sucrose Taste Response Group X Concentration 6,51 0.6 0.72 

Quinine Taste Response Group 2,19 0.0 0.99 

Quinine Taste Response Group X Concentration 6,57 0.6 0.70 
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TABLE 2 – Mean (+ SEM) Taste Responses 
(Response/0.5M NH4Cl Response) 

 
NaCl           

 Controls K14-Bdnf iKO No TAM K14-Bdnf iKO  
Concentration (M) Mean + SEM N Mean + SEM N Mean + SEM N  

0.05 0.181 0.04 8 0.117 0.02 6 0.108 0.01 5  
0.10 0.331 0.05 8 0.287 0.02 6 0.284 0.03 5  
0.25 0.664 0.07 8 0.580 0.04 6 0.612 0.06 5  
0.50 0.915 0.06 8 0.859 0.06 6 0.864 0.05 5  

           
NaCl with 
amiloride 

          

 Controls K14-Bdnf iKO No TAM K14-Bdnf iKO  
Concentration (M) Mean + SEM N Mean + SEM N Mean + SEM N  

0.05 0.000 0.00 6 0.030 0.02 6 0.004 0.00 5  
0.10 0.010 0.01 6 0.042 0.02 6 0.026 0.01 5  
0.25 0.108 0.02 6 0.124 0.03 6 0.154 0.02 5  
0.50 0.336 0.02 6 0.290 0.01 6 0.340 0.03 5  

           
NaCl           

 Controls UBC-Bdnf iKO No TAM UBC-Bdnf iKO  
Concentration (M) Mean + SEM N Mean + SEM N Mean + SEM N  

0.05 0.104 0.02 8 0.138 0.02 6 0.115 0.02 7  
0.10 0.245 0.02 8 0.314 0.02 6 0.253 0.03 7  
0.25 0.556 0.04 8 0.545 0.05 6 0.571 0.03 7  
0.50 0.735 0.05 8 0.763 0.03 6 0.770 0.05 7  

 
NaCl with 
amiloride 

          

 Controls UBC-Bdnf iKO No TAM UBC-Bdnf iKO  
Concentration (M) Mean + SEM N Mean + SEM N Mean + SEM N  

0.05 0.013 0.01 7 0.000 0.00 5 0.006 0.00 7  
0.10 0.032 0.02 7 0.016 0.01 5 0.049 0.02 7  
0.25 0.167 0.03 7 0.150 0.01 5 0.227 0.03 7  
0.50 0.324 0.02 7 0.258 0.02 5 0.360 0.03 7  

           
Citric Acid           

 Controls K14-Bdnf iKO No TAM K14-Bdnf iKO  
Concentration 

(mM) 
Mean + SEM N Mean + SEM N Mean + SEM N  
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10 0.126 0.04 9 0.185 0.07 6 0.191 0.04 9  
20 0.320 0.04 9 0.356 0.06 6 0.476 0.04 9  
50 0.588 0.04 9 0.511 0.07 6 0.642 0.06 9  
           

Citric Acid           
 Controls UBC-Bdnf iKO No TAM UBC-Bdnf iKO  

Concentration 
(mM) 

Mean + SEM N Mean + SEM N Mean + SEM N  

10 0.143 0.05 7 0.154 0.05 6 0.165 0.02 9  
20 0.356 0.04 7 0.330 0.06 6 0.376 0.04 9  
50 0.620 0.05 7 0.583 0.06 6 0.627 0.06 9  
           

Sucrose           
 Controls K14-Bdnf iKO No TAM K14-Bdnf iKO  

Concentration (M) Mean + SEM N Mean + SEM N Mean + SEM N  
0.10 0.237 0.06 9 0.241 0.09 6 0.323 0.07 7  
0.25 0.462 0.08 9 0.508 0.12 6 0.536 0.08 7  
0.50 0.529 0.07 9 0.604 0.09 6 0.571 0.08 7  
1.00 0.544 0.06 9 0.605 0.08 6 0.566 0.07 7  

           
Sucrose           

 Controls UBC-Bdnf iKO No TAM UBC-Bdnf iKO  
Concentration (M) Mean + SEM N Mean + SEM N Mean + SEM N  

0.10 0.237 0.06 9 0.196 0.04 5 0.253 0.04 6  
0.25 0.462 0.08 9 0.382 0.04 5 0.492 0.09 6  
0.50 0.529 0.07 9 0.519 0.08 5 0.548 0.08 6  
1.00 0.544 0.06 9 0.565 0.09 5 0.524 0.06 6  

           
Quinine HCl           

 Controls K14-Bdnf iKO No TAM K14-Bdnf iKO  
Concentration 

(mM) 
Mean + SEM N Mean + SEM N Mean + SEM N  

10 0.060 0.02 9 0.084 0.02 6 0.104 0.02 6  
20 0.121 0.05 9 0.147 0.02 6 0.154 0.04 6  
50 0.265 0.04 9 0.275 0.06 6 0.315 0.05 6  

100 0.282 0.03 9 0.381 0.06 6 0.328 0.04 6  
           

Quinine HCl           
 Controls UBC-Bdnf iKO No TAM UBC-Bdnf iKO  

Concentration 
(mM) 

Mean + SEM N Mean + SEM N Mean + SEM N  
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10 0.060 0.02 9 0.030 0.03 7 0.063 0.05 6  
20 0.121 0.05 9 0.089 0.03 7 0.097 0.04 6  
50 0.265 0.04 9 0.294 0.04 7 0.265 0.06 6  

100 0.282 0.03 9 0.311 0.04 7 0.310 0.05 6  
 
 
 


