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ABSTRACT 34 
 Neural activity plays a critical role in the development of central circuits in 35 
sensory systems. However, the maintenance of these circuits at adulthood is usually not 36 
dependent on sensory-elicited neural activity. Recent work in the mouse gustatory system 37 
showed that selectively deleting the primary transduction channel for sodium taste, the 38 
epithelial sodium channel (ENaC), throughout development dramatically impacted the 39 
organization of the central terminal fields of three nerves that carry taste information to 40 
the nucleus of the solitary tract (NST). More specifically, deleting ENaCs during 41 
development prevented the normal maturation of the fields. The present study was 42 
designed to extend these findings by testing the hypothesis that the loss of sodium taste 43 
activity impacts the maintenance of the normal adult terminal field organization in male 44 
and female mice. To do this, we used an inducible Cre-dependent genetic recombination 45 
strategy to delete ENaC function after terminal field maturation occurred. We found that 46 
removal of sodium taste neural activity at adulthood resulted in significant reorganization 47 
of mature gustatory afferent terminal fields in the NST.  Specifically, the chorda tympani 48 
(CT) and greater superficial petrosal (GSP) nerve terminal fields were 1.4x and 1.6x 49 
larger than age-matched controls, respectively. By contrast, the glossopharyngeal nerve 50 
(IX), which is not highly sensitive to sodium taste stimulation, did not undergo terminal 51 
field reorganization. These surprising results suggest that gustatory nerve terminal fields 52 
remain plastic well into adulthood, which likely impacts central coding of taste 53 
information and taste-related behaviors with altered taste experience.  54 
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SIGNIFICANCE STATEMENT 55 
 Neural activity plays a major role in the development of sensory circuits in the 56 
mammalian brain. However, the importance of sensory-driven activity in maintaining 57 
these circuits at adulthood, especially in subcortical structures, appears to be much less. 58 
Here, we tested if the loss of sodium taste activity in adult mice impacts the maintenance 59 
of how taste nerves project to the first central relay. We found that specific loss of 60 
sodium-elicited taste activity at adulthood produced dramatic and selective reorganization 61 
of terminal fields in the brainstem. This demonstrates for the first time that taste-elicited 62 
activity is necessary for the normal maintenance of central gustatory circuits at adulthood 63 
and highlights a level of plasticity not seen in other sensory system subcortical circuits. 64 
INTRODUCTION 65 
 Neural activity plays an integral role in the proper development of sensory circuits 66 
in the central nervous system (Lee et al., 2005; Leake et al., 2006; Sun et al., 2017). For 67 
example, the development of mature retinogeniculate terminal fields into eye-specific 68 
layers in the dorsal lateral geniculate nucleus (dLGN) is dependent upon retinal ganglion 69 
cell activity early in life (Grubb et al., 2003; Pfeiffenberger et al., 2005; Hooks and Chen, 70 
2007, 2008; Huberman et al., 2008). Similarly, the development of gustatory nerve 71 
terminal fields in the mouse nucleus of the solitary tract (NST) depends on taste-elicited 72 
neural activity. During normal development, the chorda tympani (CT), greater superficial 73 
petrosal (GSP), and glossopharyngeal (IX) terminal fields are initially large and overlap 74 
extensively with each other in the NST. Then, from postnatal day 15 (P15) to P35, the CT 75 
and GSP terminal fields are “pruned” into a smaller, more segregated, mature 76 
organization (Sollars et al., 2006; Mangold and Hill, 2008; Zheng et al., 2014). 77 
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Interestingly, this period of terminal field reorganization closely follows the period when 78 
epithelial sodium channel (ENaC)-mediated sodium taste stimuli become progressively 79 
more effective in driving neural responses in the CT (Hill and Bour, 1985; Zheng et al., 80 
2014), and probably in driving neural responses in the GSP. The IX, which is not highly 81 
sodium sensitive and does not innervate taste buds with functional ENaCs (Doolin and 82 
Gilbertson, 1996; Ninomiya, 1998; Chandrashekar et al., 2010), has a terminal field that 83 
is mature by P15 (Zheng et al., 2014). Recently, Sun et al., (2017) demonstrated that the 84 
development of terminal fields was dependent on normal levels of sodium taste activity. 85 
By selectively eliminating functional ENaCs in taste buds throughout pre- and postnatal 86 
development, the CT, GSP and IX terminal fields in these mice were up to 2x larger than 87 
age-matched controls at adulthood. 88 
 While it is clear that neural activity is crucial for proper development of sensory 89 
circuits, it is not as clear that neural activity plays a role in maintaining circuits at 90 
adulthood. Although there is evidence that cortical sensory circuits are susceptible to 91 
changes in afferent sensory information at adulthood (Willott et al., 1993; Trachtenberg 92 
et al., 2002; Sawtell et al., 2003; Hooks and Chen, 2007), subcortical, central relays are 93 
far less plastic – or resistant – to sensory-driven alterations at adulthood (O'Leary et al., 94 
1994; Hooks and Chen, 2007). Unlike other sensory systems, however, subcortical 95 
gustatory nuclei seem unusually plastic into adulthood. For example, functional taste 96 
responses in the NST can be modified by learning and taste experience at adulthood 97 
(Giza and Scott, 1983; Chang and Scott, 1984; Giza et al., 1997). Moreover, the 98 
anatomical terminal field organization of the rat CT reverts to the immature pattern of 99 
enlarged terminal fields when the GSP and IX are cut at adulthood (Corson and Hill, 100 
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2011). While findings from this study suggest a life-long plasticity exists in CT terminal 101 
fields, it did not directly test the hypothesis that taste-elicited activity maintains gustatory 102 
terminal fields at adulthood. Here, we provide a direct test of the hypothesis by 103 
selectively deleting ENaCs in adult mice. Through this method, we deleted the primary 104 
taste transduction pathway responsible for sodium taste in rodents (Heck et al., 1984; 105 
Bernstein and Hennessy, 1987; Hill et al., 1990; Spector et al., 1996; Lindemann, 2001; 106 
Chandrashekar et al., 2010; Breza and Contreras, 2012), while leaving other pathways 107 
intact that include non-sodium components of salt transduction (e.g., transduction of 108 
halogens) (Formaker and Hill, 1988; Hill et al., 1990; Lyall et al., 2004; Oka et al., 2013; 109 
Lewandowski et al., 2016). Our results show that loss of sodium taste input has profound 110 
effects on the maintenance of mature CT and GSP terminal fields. Moreover, these two 111 
terminal fields reverted to an organization resembling that seen in immature (P15) mice 112 
(Zheng et al., 2014). By contrast, the terminal field of the IX was unaffected by the 113 
removal of ENaC function in adulthood.  114 
MATERIALS AND METHODS 115 
Animals 116 
 All experiments were approved by the University of Virginia Animal Care and 117 
Use Committee and followed guidelines set forth by the National Institutes of Health and 118 
the Society for Neuroscience. To examine the role of neural activity on the maintenance 119 
of mature gustatory terminal fields in the NST, we employed an inducible Cre-dependent 120 
genetic recombination paradigm. To generate these mice, we crossed animals expressing 121 
a tamoxifen-inducible variant of Cre recombinase (CreERT2) under the control of the 122 
cytokeratin 8 (K8-CreERT2) promoter (Jackson Labs; 017947, RRID: 123 
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IMSR_JAX:017947) with mice that were homozygous for the floxed Scnn1a ( ENaC) 124 
gene (Scnn1aflox/flox). Therefore, our experimental animals had the genotype K8-CreERT2 125 
Scnn1aflox/flox ( ENaC KO, n=7; 4 males/3 females). As keratin 8 (K8) is expressed in all 126 
mature taste bud cells and in the luminal epithelium of the gastrointestinal tract; these 127 
animals have the Scnn1a ( ENaC) gene removed from all these cells following 128 
tamoxifen treatments (Moll et al., 1982; Knapp et al., 1995). Dr. Edith Hummler 129 
generously gifted the Scnn1aflox/flox mice to us. 130 
 The control group consisted of mice that were littermates to experimental animals, 131 
but were not given tamoxifen at adulthood.  This group contained animals that either 132 
expressed the CreERT2 promoter (K8-CreERT2 Scnn1aflox/flox, n=3; 2 males, 1 female) or 133 
lacked the CreERT2 promoter (Scnn1aflox/flox, n=5; 2 males, 3 females).  There were no 134 
differences between these two groups in any of the terminal field measurements; 135 
therefore, we pooled data from all 8 mice (Controls). 136 
 To confirm that tamoxifen administration was capable of inducing recombination 137 
within taste bud cells, we created a final group of mice by crossing the K8-CreERT2 138 
mice with Cre-dependent Ai14 mice, which express a floxed tdTomato reporter (Jackson 139 
Labs, 007914, RRID: IMSR_JAX:00719). In these K8-CreERT2/Ai14flox/flox mice, 140 
tamoxifen exposure induced expression of the fluorescent tdTomato reporter gene in K8-141 
positive cells. 142 
Tamoxifen Administration 143 
 At P35, when mouse gustatory terminal fields in the NST are mature (Zheng et 144 
al., 2014), experimental animals were given tamoxifen (T5648, Sigma, St. Louis, MO; 145 
mixed in corn oil, 188 ng/g body weight) to induce recombination. Tamoxifen was given 146 
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via gavage Monday through Friday for three consecutive weeks (P35-55). We based this 147 
exposure paradigm on previous studies that found this heavy exposure was necessary to 148 
induce recombination of genes of interest in the tongue epithelium in adults (Meng et al., 149 
2015) and in other tissue (Ruzankina et al., 2007; McGraw et al., 2011). We also found 150 
that there was a dose-response function relating total amount of tamoxifen to amount and 151 
length of recombination (data not shown). 152 
 To rule out off-target effects of tamoxifen administration, we gave tamoxifen (as 153 
described above) to mice lacking the CreERT2 promoter (Scnn1aflox/flox, n=2; 2 males). 154 
None of the measurements taken in these mice were different than that of control mice, 155 
suggesting that the only effects of tamoxifen in our measurements were due to the 156 
removal of the Scnn1a gene. 157 
Tissue Collection 158 
 To establish that the mice used here had Scnn1a removed in the tongue, we used 159 
real time quantitative PCR (qPCR) procedures similar to that of Huang and Krimm 160 
(2010) and Sun et al. (2015). 161 
 Briefly, the anterior 2/3 of fresh tongues from ENaC knockout mice at 1 week 162 
after tamoxifen exposure (n = 3; 3 females), at 2 months after tamoxifen exposure (n = 4; 163 
3 males/1 female) and in control mice, age-matched with the 2 month post-tamoxifen 164 
groups (n = 4; 1 male/3 females), were collected and cut at the midline, rinsed with cold 165 
PBS, and then incubated in sterile dispase I-solution (BD Biosciences; Franklin Lakes, 166 
NJ) for 60 min at 37°C. Epithelial sheets of the tongue were then peeled from the 167 
underlying mesenchyme and immediately processed for RNA extraction. 168 
RNA Extraction and Measurement 169 
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 Total RNA was extracted using RNeasy mini kit (Qiagen; Chatsworth, CA), and 170 
traces of DNA were eliminated in samples by treatment with DNase I. Total RNA was 171 
analyzed as described in detail in Sun et al. (2015).  172 

qPCR was performed by 7500 Fast Real-Time PCR System (Applied Biosystems, 173 
Foster City, CA). Assays of ENaC and mouse glyceraldehyde 3-phosphate 174 
dehydrogenase (GAPDH) (Cat. # 4331182, Mm00803386_m1 and Mm99999915_g1, 175 
respectively) were purchased from Thermofisher Scientific (Waltham, MA). PCR 176 
efficiencies were determined by performing PCR with serial (10-fold) dilutions of cDNA 177 
in parallel. All samples were run in parallel with the housekeeping gene, GAPDH, to 178 
normalize cDNA loading. Each assay was carried out in triplicate. PCR was performed 179 
for 40 cycles at 95°C for 15 secs and at 60°C for 1 min. 180 
RT-PCR Analyses 181 
 For real-time PCR, the comparative 2–ΔΔCT method was used to determine the 182 
relative Scnn1a gene expression levels (Huang and Krimm, 2010; Sun et al., 2015).  183 
Taste Nerve Neurophysiology.  184 
 We recorded whole nerve activity from the CT in our ENaC KO and control 185 
mice (n=4; 3 males/1 female) to ensure Scnn1a removal led to a selective reduction in 186 
functional taste responses from the CT to NaCl, as reported previously (Sun et al., 2017).  187 
CT responses from experimental mice were tested at 1 week (n=3; 3 females) and 2 188 
months (n=4; 1 male/3 females) after tamoxifen exposure to establish that NaCl-elicited 189 
neural activity was reduced for the 7-week period before nerve labeling. Mice were 190 
sedated with a 0.32 mg/kg injection of Domitor® (medetomidine hydrochloride: Pfizer 191 
Animal Health, Exton, PA; I.M.) and anesthetized with 40 mg/kg Ketaset® (ketamine 192 
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hydrochloride: Fort Dodge Animal Health, Fort Dodge, IA; I.M.).  A water-circulating 193 
heating pad was used to maintain body temperature. Hypoglossal nerves were transected 194 
bilaterally to prevent tongue movement, and mice were placed in a nontraumatic head 195 
holder. The left CT was isolated using a mandibular approach. The nerve was exposed 196 
near the tympanic bulla, cut, desheathed, and positioned on a platinum electrode. A 197 
second electrode was placed in nearby muscle to serve as a reference. Kwik-Sil was 198 
placed in the cavity around the nerve to keep the nerve from drying.  199 
Stimulation Procedure 200 
 All chemicals were reagent grade and prepared in artificial saliva (Hellekant et al., 201 
1985). Neural responses from the CT were recorded to ascending concentrations series of 202 
0.05, 0.1, 0.25, and 0.5 M NaCl, to 10, 20, and 50mM citric acid, and finally to 0.1, 0.25, 203 
0.5 and 1.0M sucrose to assess the taste responses to prototypical stimuli that represent 204 
salty, sour, and sweet, respectively, to humans. (Responses to the bitter stimulus, quinine 205 
hydrochloride, were not recorded because of low responses magnitudes to relatively high 206 
stimulus concentrations.) Each concentration series was bracketed by applications of 207 
0.5M NH4Cl to monitor the stability of each preparation and for normalizing taste 208 
responses. Solutions were applied to the tongue in 5 ml aliquots with a syringe and 209 
allowed to remain on the tongue for ~20 sec. We used this period of stimulation so that 210 
we could ensure enough of a period to measure steady-state responses. After each 211 
solution application, the tongue was rinsed with artificial saliva for >1 min (Hellekant et 212 
al., 1985). This period allowed a full recovery of neural responses (i.e., the responses 213 
were not adapted by previous responses) (Shingai and Beidler, 1985). In addition, 214 
responses were recorded to the NaCl concentration series in presence of the epithelial 215 
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sodium channel blocker, amiloride (50 μM). Rinses during this series were with 216 
amiloride in artificial saliva. 217 
 All responses were calculated as follows: the average voltage of the spontaneous 218 
activity that occurred for the second before stimulus onset was subtracted from the 219 
voltage that occurred from the period from the first to sixth second after stimulus 220 
application. Response magnitudes were then expressed as ratios relative to the mean of 221 
0.5M NH4Cl responses before and after taste stimulation. Whole nerve response data 222 
were retained for analysis only when 0.5M NH4Cl responses that bracketed a 223 
concentration series varied by <10%.  224 

We also tested if Scnn1a removal led to functional changes in the GSP and IX 225 
nerves by recording taste responses to a concentration series of NaCl, sucrose, citric acid, 226 
and quinine hydrochloride (10, 20, 50 and 100mM) in two ENaC KO (2 males) and two 227 
control (2 males) mice 2 months after tamoxifen exposure. For GSP and IX recordings, a 228 
ventral approach was taken to gain access to the GSP through the tympanic bulla and to 229 
the IX, which is located just medial to the tympanic bulla (Formaker and Hill, 1991; Sun 230 
et al., 2017). Both nerves were cut distal to the respective ganglia (GSP-geniculate 231 
ganglion; IX-petrosal ganglion), desheathed, and positioned on a platinum electrode with 232 
a second electrode in nearby muscle to serve as a reference. For both GSP and IX 233 
recordings, stimuli and rinses were delivered through tubing placed in the esophagus, 234 
allowing posterior to anterior stimulation of the entire oral cavity (Sollars and Hill, 1998).  235 
Neurophysiological taste responses from these two nerves were recorded to the same 236 
stimuli and analyzed as described for the CT. 237 
Taste Bud Cell Proliferation Assay 238 
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 Taste bud cells turnover about every 10 days in rodents (Beidler and Smallman, 239 
1965; Farbman, 1980; Hendricks et al., 2004; Hamamichi et al., 2006; Feng et al., 2014). 240 
To ensure that tamoxifen exposure was not preventing proliferation of taste bud cells at 241 
the time of terminal field labeling, we injected mice (IP; n=4; 2 males/2 females) 2 242 
months after tamoxifen exposure with 5-ethynyl-2’-deoxyuridine (EdU, 50ug/g body 243 
weight) at 4:30pm, 6:30pm, and 8:30pm.  After 7 days, animals were overdosed with 244 
urethane. The anterior portion of the tongue was collected, postfixed in 4% 245 
paraformaldehyde for 1 h, and then immersed in 30% sucrose overnight.  Tissue was 246 
flash frozen in isopentyl alcohol over dry ice and sectioned on a cryostat at 20μm.  Tissue 247 
was collected on gelatin-coated slides, placed into PBS containing 0.2% Triton for 15 248 
min, then washed briefly in PBS three times. Sections were then exposed to an antigen 249 
retrieval process in which they were placed into 1 N HCl for 30 min, followed by a brief 250 
1 min immersion in 0.1 M borate buffer (pH 8.5), and followed by another wash in PBS 251 
(3X).  After this, sections were placed into 10 mM citrate buffer (pH 8.5) for 15 min (2X) 252 
at 80oC.  Sections were cooled and washed in PBS before being blocked with normal 253 
donkey serum for 1 h. Tissue was then placed into PBS containing 0.2% Triton and 1:100 254 
K8 antibody (Developmental Studies Hybridoma Bank, Iowa City, IA; TROMA-1, 255 
RRID: AB_531826) overnight at 4oC.  Tissue was washed and placed in PBS containing 256 
0.2% Triton and 1:400 donkey anti-rat 488 (ThermoFisher Scientific, Waltham, MA; A-257 
21208, RRID: AB_2535794) for 1 h to allow visualization of taste bud cells.  Slides were 258 
again washed in PBS (3X) and then placed in 1:400 Alexa Fluor 555 for 1 h to allow 259 
visualization of Edu-positive cells (Click-it Edu Imaging Kit 555, Life Technologies). 260 
Slides were washed and coverslipped (Vectashield, Vector Laboratories). 261 
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Fluorescent Anterograde Nerve Labeling 262 
 Procedures used to label three nerves with fluorescent tracers were the same as 263 
that described previously in mouse (Sun et al., 2015). Briefly, the chorda tympani (CT), 264 
greater superficial (GSP), and the glossopharyngeal (IX) nerves were labeled with 265 
anterograde tracers to determine the volume and densities of label among their terminal 266 
fields in the NST.  The CT carries taste information from taste buds in fungiform papillae 267 
on the anterior tongue and the anterior foliate papillae on the posterior tongue to the NST. 268 
The GSP carries taste information from taste buds on the soft palate, the 269 
geschmacksstreifen, and the nasoincisor duct in the palate to the NST. Finally, the IX 270 
carries taste information from taste buds in the circumvallate papilla and the posterior 271 
foliate papillae, both on the posterior tongue, to the NST (see Sun et al., 2015 for diagram 272 
of innervation patterns). 273 
 Nerve labeling was done at 4 months of age, giving a 2-month period between 274 
tamoxifen administration and nerve labeling for potential terminal field changes to occur 275 
in experimental mice. Mice were sedated with the same procedure as described in the 276 
“Nerve Neurophysiology” procedure, and then placed on a water-circulating heating pad 277 
to maintain body temperature.  Animals were positioned in a non-traumatic head holder 278 
(Erickson, 1966), and a ventral approach was taken to expose the GSP and CT nerves 279 
within the right tympanic bulla.  The CT and GSP nerves were cut near and peripheral to 280 
the geniculate ganglion in the tympanic bulla. Crystals of 3kD tetramethylrhodamine 281 
dextran amine (Thermofisher Scientific, Waltham, MA; D3308) were applied to the 282 
proximal cut end of the GSP and crystals of 3kD biotinylated dextran amine 283 
(Thermofisher Scientific, Waltham, MA; D7135) were applied to the proximal cut end of 284 
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the CT. The IX was isolated medial to the tympanic bulla, was cut peripheral to the 285 
petrosal ganglion, and placed on a small piece of parafilm. Crystals of 3kD cascade blue 286 
dextran amine (Thermofisher Scientific, Waltham, MA; D7132) were applied to the 287 
proximal cut end of the IX nerve. A small amount of Kwik-Sil (World Precision 288 
Instruments, Inc.; Sarasota, FL) was placed over the cut ends of the nerves to prevent 289 
crystals from diffusing from the site of the intended label.  Mice were then injected with 290 
5 mg/ml Antisedan® (atipamezole hydrochloride: Pfizer Animal Health, Exton, PA; I.M) 291 
to promote reversal of anesthesia.  Following 48-hour survival, animals were deeply 292 
anesthetized with urethane and transcardially perfused with Krebs-Henseleit buffer (pH 293 
7.3), followed by 4% paraformaldehyde (pH 7.2). 294 
Tissue preparation 295 
 Brains were removed, postfixed, and the medulla was blocked and sectioned 296 
horizontally on a vibratome at 50 m (Sun et al., 2015).  We chose to section tissue in the 297 
horizontal plane because it allows visualization of the entire rostral-caudal and medial 298 
lateral extent of the terminal fields in the NST with the smallest number of sections (~12 299 
sections/mouse). It is also the plane in which the axons branch from the solitary tract and 300 
project primarily medially in rodents (Davis, 1988; Whitehead, 1988; Lasiter et al., 301 
1989). 302 
 Sections were then incubated for 1 h in PBS containing 0.2% Triton with 1:400 303 
streptavidin Alexa Fluor 647 (Jackson ImmunoResearch Labs, Inc., West Grove, PA; 304 
016-600-084, RRID: AB_2341101) and 1:400 rabbit anti-Cascade Blue (ThermoFisher 305 
Scientific, Waltham, MA; A-5760, RRID: AB_2536192) at room temperature.  306 
Streptavidin Alexa Fluor 647 was used to visualize the biotinylated dextran amine-307 
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labeled CT positive terminals. Rabbit anti-Cascade Blue was used as a primary antibody 308 
to detect Cascade Blue labeled IX terminal fields and was followed with a 1 h reaction 309 
with 1:400 donkey anti-rabbit Alexa Fluor 488 (ThermoFisher Scientific, Waltham, MA; 310 
A-21206, RRID: AB_2535792) to visualize IX nerve terminals.  Tetramethylrhodamine 311 
labeled GSP terminal fields were visualized by first incubating sections in 1:400 goat 312 
anti-Rhodamine (Vector Laboratories, Burlingame, CA; SP-0602, RRID: AB_2336212) 313 
for 1 h, followed by a 1 h incubation in 1:400 donkey anti-goat Cy3 (Jackson 314 
ImmunoResearch Labs, Inc., West Grove, PA; 705-165-147, RRID: AB_2307351). 315 
Sections were mounted on slides and coverslipped with Vectashield Hardset Mounting 316 
Medium (Vector Laboratories, Burlingame, CA). 317 
Confocal Microscopy 318 
  Terminal fields were imaged using a Nikon 80i microscope fitted with a Nikon 319 
C2 scanning system (Nikon Instruments, Inc., Melville, NY) and a 10X objective (Nikon, 320 
CFIPlanApo; NA=0.45).  The nerve labels were matched for the wavelengths of the three 321 
lasers in the system (argon laser - 488 nm, 10 mW, IX; DPSS laser - 561 nm, 10mW, 322 
GSP; Modulated Diode laser - 638 nm, 20 mW, CT). Sequential optical sections were 323 
captured every 3μm for each 50μm section. Images were obtained with settings adjusted 324 
so that pixel intensities were near (but not at) saturation. A transmitted light image at 4X 325 
(Nikon PlanFluor; NA=0.13) and at 10X was captured for every physical section 326 
containing the labeled terminal field. This permitted an accurate registration of dorsal to 327 
ventral brainstem sections among animals within and between groups using common 328 
brainstem landmarks (4X) and identification of NST borders (10X). 329 
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 Photomicrographs for figures were made from maximum intensity images of the 330 
confocal stacks of single physical sections. Only adjustments of brightness and contrast 331 
were used for images used in photomicrographs. 332 
Analyses of Total Terminal Field Volume. 333 
 Methods used to analyze terminal field volumes and densities were described 334 
previously in detail (Sun et al., 2015). Briefly, quantification of terminal field volume 335 
was achieved through the use of custom ImageJ-based software (Sun et al., 2015). Each 336 
image stack was initially rotated so that the solitary tract was oriented vertically. The 337 
border of the NST was outlined for each physical section through the use of the 338 
corresponding transmitted light image, and the stack was then cropped to include only the 339 
NST. The IsoData thresholder algorithm (Ridler and Calvard, 1978) was applied to yield 340 
a binary image stack of the labeled pixels above threshold. A particle analysis was then 341 
performed to quantify the pixel area above threshold for each channel. Specifically, the 342 
number of pixels above threshold for each optical section was summed by ImageJ, 343 
converted into area by multiplying the number of pixels by pixel size (1.24μm X 344 
1.24μm), and then multiplied by 3μm (i.e., distance between optical sections) to 345 
determine the volume of each label in each physical section. Volumes from each physical 346 
section were summed to yield the total terminal field volume for each mouse. The 347 
resultant volume represents an unbiased experimenter measure of the amount of label. 348 
Additionally, the volume of colocalization between the terminal fields of two nerves (CT 349 
with GSP, GSP with IX, CT with IX) and among all three nerves (CT, GSP, and IX) was 350 
determined in a similar manner as described for each single label.  351 
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 Axons (e.g., the solitary tract) were included along with the terminal field for all 352 
animals in our analyses because of the difficulty in accurately deleting axons and tracts 353 
from each optical section. Accordingly, the absolute volumes that we show here include 354 
the composite terminal field and axons. There was no obvious reorganization of nerve 355 
tracts among groups; therefore, we make the assumption that including the solitary tract 356 
in our measurements had a similar quantitative effect among groups. 357 
Analyses of Terminal Field Volume of Labels in Dorsal-Ventral Zones.  358 
 The analyses of terminal field volumes here is the same as was done to study the 359 
role of sodium salt-elicited taste responses on the development of IX, CT, and GSP 360 
terminal fields in mice (Sun et al., 2017). We examined the volume of labeled terminal 361 
fields in four dorsal-ventral zones. Each zone was defined by brainstem landmarks in 362 
horizontal sections (see Sun et al., 2015 for details). The landmarks in controls and 363 

ENaC knockout mice were similar to that that described in Sun et al. (2015).  364 
Examination of Terminal Fields in Coronal Sections.  365 
 The NST from 2 ENaC KO and 2 control mice were sectioned coronally on a 366 
vibratome at 50μm and imaged as described above. Coronal sections were used to 367 
examine the extent of terminal field expansion and overlapping fields in the NST. No 368 
quantitative measurements were taken.  Coronal sections were also imaged with 369 
transmitted light following confocal microscopy of the fluorescently-labeled terminal 370 
fields to allow visualization of labeled terminal fields in coronal sections. 371 
Experimental Design and Statistical Analysis 372 
Terminal Field Volumes 373 
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 The mean (± SEM) was calculated for the total CT, GSP, and IX nerve terminal 374 
field volumes, for their overlapping field volumes, and for terminal field volumes within 375 
the four, defined dorsal-ventral zones. We first analyzed the terminal fields by comparing 376 
volumes among the three nerves (i.e., IX, CT, GSP). We then separately analyzed 377 
terminal fields by comparing the overlaps among the nerves (e.g., CT with GSP). This 378 
was done through a 2-way Analysis of Variance (SPSS, ANOVA; experimental group X 379 
nerve/overlap), with post-hoc pairwise comparisons done with Bonferroni post-tests 380 
(SPSS, RRID: SCR_002865). For all statistical tests, we considered p values < 0.05 to be 381 
significant. 382 
Amount of ENaC Expression in Taste Buds Following Tamoxifen Treatment 383 
 The amount of ENaC expression in ENaC KO mice at 1 week and 2 months 384 
post-tamoxifen injection was analyzed with a 1-Way ANOVA (SPSS). 385 
Number of Sections Labeled with Anterograde Tracers 386 
 We used an unpaired t-test to compare the number of physical brain sections 387 
containing nerve label between groups. 388 
Functional Taste Responses From the Chorda Tympani Nerve 389 
 A 2-Way Repeated Measures ANOVA (SPSS) was used to compare mean (+ 390 
SEM) relative CT responses (compared to 0.5M NH4Cl responses) between control and 391 

ENaC KO mice two-months post-tamoxifen to a concentration series of NaCl, sucrose, 392 
and citric acid (2 groups X 3 or 4 concentrations; post-hoc pairwise comparisons done 393 
with Bonferroni post-tests). The same analysis was also done between ENaC KO mice 394 
at 1 week and 2 months post-tamoxifen. 395 
 396 
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RESULTS 397 
Tamoxifen Administration Induces Recombination and Reduces ENaC Expression in 398 
Taste Buds. 399 
 We found, through qPCR, that expression of the Scnn1a gene in the tongue 400 
epithelium of αENaC KO was reduced to 30.3% of controls 1 week after tamoxifen 401 
exposure and further reduced to 14.7% by 2 months after drug administration (Fig. 1A; 402 
Table 1; posttests, p=0.04 for both comparisons).  Thus, 3 weeks of tamoxifen treatment 403 
was sufficient to significantly reduce expression of the Scnn1a gene for the duration of 404 
the 7-week period before terminal field data were collected.  405 
 Figure 1B shows an optical section of a coronal section through the center of a 406 
taste bud from a K8-CreERT2 Ai14flox/flox mouse, two months after tamoxifen 407 
administration. Recombination within the lingual epithelium (assessed by the presence of 408 
tdTomato) was limited to taste bud cells. These data show the specificity of our K8 409 
promoter in the oral epithelium and provides evidence that recombination in taste bud 410 
cells occurred for up to two months after tamoxifen administration. Similar to what we 411 
found here, Meng et al. (2015) also reported that tamoxifen was sufficient in inducing 412 
recombination in taste buds up to 10 weeks after drug exposure. Furthermore, they found 413 
that the period following tamoxifen exposure was correlated to the amount of tamoxifen 414 
injected -- larger injections led to longer periods of recombination. 415 

ENaC KO Animals Have Diminished Whole Nerve CT and GSP Responses to NaCl 416 
 To confirm that tamoxifen-induced recombination resulted in a decrease in ENaC-417 
mediated taste responses, we first compared whole nerve recordings from the CT of 418 
control and ENaC KO mice. We chose to record taste responses from the CT because 419 
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the cellular population it innervates in the periphery should be highly affected by the 420 
experimental manipulation (Chandrashekar et al., 2010).  Again, we tested CT responses 421 
1 week and 2 months after tamoxifen exposure in our experimental mice.   422 
 Removal of the Scnn1a gene from K8-positive cells in adult ENaC KO had large 423 
effects on taste responses in the CT to NaCl. In control mice, progressively increasing 424 
NaCl stimulus concentrations elicited corresponding increases in taste response 425 
magnitudes to NaCl (Fig. 2A), and this increase was significantly attenuated after lingual 426 
application of amiloride (Fig. 2B). By contrast, the relative NaCl responses seen in 427 

ENaC KO mice were significantly diminished across all concentrations before 428 
amiloride application (Fig. 2C), and amiloride had little suppressive effects on the NaCl 429 
response in ENaC KO mice (Fig. 2D). The inability of amiloride in attenuating ENaC 430 
KO nerve responses to NaCl provides evidence that ENaCs did not participate in 431 
transduction of sodium-salt taste stimuli in ENaC KO mice. Figure 2E shows that 432 
relative taste responses of the CT to the concentration series of NaCl in ENaC KO mice 433 
were significantly lower than in controls for all concentrations of NaCl, except for 0.05M 434 
NaCl (Fig. 2E; Table 1; significant posttests, p = 0.003 – 0.0001). Importantly, NaCl-435 
driven CT responses, before and after amiloride, from ENaC KO mice at 1 week and 2 436 
months after tamoxifen exposure were not significantly different from each other (Fig. 437 
2E). Thus, these functional data establish that tamoxifen administration was sufficient to 438 
highly attenuate taste responses to NaCl for the 7 weeks before the three nerves were 439 
labeled.  440 
 By contrast to data shown for NaCl responses, CT responses to a concentration 441 
series of citric acid and sucrose were unaffected by removal of the Scnn1a gene (data not 442 
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shown). For citric acid, the main effect for group and the group X concentration 443 
interaction were not significant (Table 1). Similarly, the main effect for group and the 444 
group X concentration interaction were not significant for sucrose (Table 1). These 445 
results are similar to what has been previously reported by Chandrasekhar et al. (2010) 446 
and Sun et al. (2017). 447 
 We also examined taste responses in the GSP and in the IX in two control and two 448 

ENaC KO mice to test if inducibly deleting ENaCs from taste buds at adulthood also 449 
had an effect on taste responses. Figure 2 shows integrated responses from the GSP 450 
before (F) and after (G) amiloride application in a control mouse. As seen earlier by Sun 451 
et al. (2017), the GSP in controls is highly responsive to a concentration series of NaCl 452 
and these responses, especially at lower concentrations, are sensitive to amiloride. By 453 
contrast, the GSP in ENaC KO mice are poorly responsive to low concentrations of 454 
NaCl before amiloride (Fig. 2H) and showed no increase in response magnitudes after 455 
0.25M NaCl. Application of amiloride had no effect on the NaCl response in the GSP in 456 

ENaC KO mice (Fig. 2J), which is similar to what was found for the CT (Fig. 2E). We 457 
note here that the slope of the integrated response to 0.5M NH4Cl is much sharper in this 458 
recording than in others, which makes measuring the steady-state response magnitude 459 
more difficult to determine.  460 

In contrast to the other two nerves, the IX was much less responsive to NaCl in 461 
controls, especially to lower concentrations of NaCl (Fig. 2K). Moreover, the relative 462 
response magnitudes of the IX were unchanged when amiloride was applied to controls 463 
(Fig. 2L). Importantly, removal of ENaCs from taste buds had no effect on the relative 464 
responses in ENaC KO mice compared to controls for NaCl responses before and after 465 
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amiloride application (Fig. 2M-O). As noted for the CT, response magnitudes from the 466 
GSP and the IX to a concentration series of sucrose, citric acid, and quinine were similar 467 
between ENaC KO mice and controls (data not shown). 468 
Tamoxifen Does Not Prevent Taste Bud Cell Proliferation 469 
 We found that the neurophysiological deficits induced by tamoxifen 470 
administration persist for at least 7 weeks. This was surprising because taste bud cells are 471 
a regenerative population that are replaced about every 10 days (Beidler and Smallman, 472 
1965; Farbman, 1980; Hendricks et al., 2004; Hamamichi et al., 2006; Feng et al., 2014), 473 
and therefore, these taste bud cells should regain normal function well before two-months 474 
post tamoxifen administration. We were concerned that tamoxifen arrested taste bud cell 475 
proliferation. Figure 3 shows a coronally-sectioned taste bud from an ENaC KO mouse 476 
exposed to EdU 2 months after tamoxifen treatment. The presence of EdU-positive 477 
labeled cells and colocalization with the taste bud cell label, TROMA-1, illustrates that 478 
tamoxifen is indeed not arresting the proliferative cycle in taste bud cells. 479 
 In summary, three consecutive weeks of tamoxifen exposure removes functional 480 
ENaCs for up to 7 weeks, which in turn has major functional effects on sodium taste 481 
responses in the CT and GSP. However, removal of ENaCs does not affect neural activity 482 
driven by non-sodium salt stimuli, does not affect taste responses from the IX, and does 483 
not affect turnover of taste bud cells.   484 

ENaC KO Mice Have Selectively Larger Terminal Fields in the NST.  485 
The removal of functional ENaCs at adulthood had a significant effect on the total 486 

volume of terminal field labeling of two of the three gustatory nerves and on their 487 
overlapping fields compared to controls (Fig. 4). Specifically, the total mean terminal 488 
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field size of the GSP and CT terminal fields and their overlapping field were 1.7X, 1.5X, 489 
and 1.4X larger than the respective control volumes (Fig. 4; Table 1; significant posttests, 490 
p = 0.0001, 0.001and 0.02 for GSP, CT, and CT with GSP overlap, respectively). These 491 
terminal field differences were not trivial -- 1.7-fold and 1.5-fold increases for the GSP 492 
and CT represent an increase of 88.1 x 105 μm3 and a 60.5 x 105 μm3 of total terminal 493 
field volumes, respectively. Moreover, the range of terminal field volumes for the control 494 
CT and GSP did not overlap with the respective range in ENaC KO mice (CT range: 495 
control, 85-155 x 105 μm3; ENaC KO, 159-240 x 105 μm3; GSP range: control, 88-160 x 496 
105 μm3; ENaC KO, 179-287 x 105 μm3). By contrast, the mean terminal field volume 497 
of the IX in ENaC KO mice was only 12% greater than in controls (p > 0.05; Fig. 4), 498 
and only one animal in each group was outside of the IX terminal field range of the other 499 
group (IX range: control, 55-175 x 105 μm3; ENaC KO, 100-224 x 105 μm3). Finally, 500 
the mean (± SEM) number of 50 μm sections containing any labeling in ENaC KO mice 501 
(12.2 ± 1.9) was not significantly different from controls (11.5 + 1.9; t(13) = 0.65, p = 502 
0.52), indicating that the projections did not extend beyond the normal dorsal-ventral 503 
extent of label in the NST in ENaC KO mice.  504 
 Despite significant increases in both GSP and CT individual terminal fields and in 505 
the CT with GSP overlapping field in ENaC KO mice, the mean total terminal field 506 
overlap for the other double terminal field overlaps and for the triple overlap were not 507 
significantly different than in controls (p > 0.05; Fig. 4).  508 
The Group-Related Differences in Terminal Field Volume Occur in Two of the Four 509 
Dorsal-Ventral Zones. 510 
 To further examine group-related differences in terminal field volumes of the 511 
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three nerves and their overlapping fields, we compared means of terminal field volumes 512 
between controls and ENaC KO mice within far dorsal, dorsal, intermediate, and ventral 513 
zones, as described in Sun et al., (2015). 514 
Far Dorsal Zone. 515 

The Far Dorsal Zone of the gustatory terminal field is characterized in controls by 516 
more of the NST occupied by IX label than CT and GSP labels. By contrast nearly the 517 
same amounts of label were found for the IX, CT, and GSP in ENaC KO mice (Fig. 5 518 
A,B). Although there appears to be more GSP in ENaC KO mice, there were no 519 
significant group-related differences in the mean amount of label for any of the nerves 520 
(Fig. 5B; Table 1). Similarly, none of the overlapping terminal fields in ENaC KO mice 521 
were significantly different from that in controls (Fig. 5B; Table 1). 522 
Dorsal Zone. 523 

This zone is characterized in controls by robust labeling of all nerves and similar 524 
amounts and shapes of terminal fields for the IX, GSP, and CT. By comparison, there 525 
was more GSP and CT than IX labeling in ENaC KO mice (Fig. 5 C,D), which resulted 526 
in larger GSP and CT fields in ENaC KO mice compared to control mice (Table 1; 527 
posttest p=0.002 and p=0.02 for GSP and CT, respectively). Specifically, the GSP and 528 
CT were 116% and 78% greater, respectively, in ENaC KO mice compared to controls. 529 
There were also relatively large amounts of terminal field overlaps among all overlapping 530 
terminal fields for both groups (Fig. 5 C,D), illustrating how they share similar territory 531 
in the NST. However, there were no group-related differences between groups for any 532 
double or triple terminal field overlaps (Fig. 5 D; Table 1). 533 
Intermediate Zone. 534 
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 Of all zones analyzed, the intermediate zone contained the most terminal field 535 
labeling in both groups of mice. In controls, the IX, GSP, and CT all had similarly-sized 536 
terminal fields in this region of the NST. However, the GSP and CT terminal fields in this 537 
region were larger than the IX in ENaC KO mice, and were 1.7x and 1.5x larger, 538 
respectively, than they were in controls (Fig. 5 E,F; Table 1; posttest p=0.0005 and 539 
p=0.0023 for GSP and CT, respectively). Moreover, this is the only zone in which one of 540 
the overlapping fields was greater in ENaC KO mice compared to controls. The CT 541 
with GSP overlapping field was 1.4X greater in ENaC KO mice compared to controls 542 
(Fig. 5 F; Table 1; posttest p=0.04;).  543 
Ventral Zone. 544 
  In controls, this zone had relatively small amounts of IX terminal field label and 545 
more focused GSP and CT terminal label than in more dorsal zones (Fig. 5 G,H). In 546 

ENaC KO mice, there appeared to be less IX terminal field label than in controls, 547 
although the means were not significantly different from each other (Fig. 5 H; Table 1). 548 
The GSP and CT labels also appeared more diffuse than in controls, but the mean 549 
terminal field volumes were similar between groups (Fig. 5 H; p > 0.05). Even though the 550 
main effect of group was significant (Table 1) the group X nerve interaction was not 551 
significant (Fig. 5 G-H; Table 1) and none of the posttests were significant. 552 
Examination of Terminal Field Density in the Four Dorsal-Ventral Zones. 553 
 In our study of the effects of deletion of ENaC on the development of terminal 554 
field organization (Sun et al., 2017), we qualitatively examined the terminal field 555 
densities of the three nerves and their triple overlapping fields within each of the four 556 
dorsal-ventral zones. This allowed us to test if the terminal fields were arranged 557 
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differently along the X-Y axis in knockout mice. Briefly, we found that the density and 558 
spread of the terminal fields for all nerves were greater in mice when ENaC was deleted 559 
early in development compared to controls. We did the same qualitative examination 560 
here, and unlike our earlier study, we found no systematic differences between groups 561 
and among nerves. That is, the densest regions of terminations did not occur solely in 562 

ENaC KO mice, and similarly, a largest spread of label in the NST was not always in 563 
the experimental group.  564 
Coronal Sections Show Similar Terminal Field Changes in ENaC KO Mice 565 
 Figure 6 shows the terminal fields of each gustatory nerve as well as their triple 566 
overlap in the coronal plane.  These sections are representative of terminal fields located 567 
in the rostral portion of the NST. Specifically, these coronal sections were approximately 568 
450μm from the rostral-most pole of the NST. Because the NST is angled ventrally from 569 
the caudal to rostral extents, these coronal sections best represent intermediate horizontal 570 
sections of the NST described earlier. Previous studies in rat and mice showed that all 571 
three afferent gustatory terminal fields terminate primarily in the rostral-central 572 
subdivision and to a lesser extent, in the rostral-lateral subdivision (Corson et al., 2012; 573 
Ganchrow et al., 2014). Consistent with what we found in the analysis of horizontal 574 
sections through the NST, there was qualitatively an overall increase in the amount of 575 
label associated with both GSP and CT but not IX (Fig. 6). Both the GSP and CT 576 
terminal fields extended more laterally in ENaC KO animals than in controls, and 577 
almost all of the increase in label of these terminal fields was contained within the 578 
rostral-central subdivision of the NST and less so in the rostral-lateral subdivision (for a 579 
detailed description of the coronal subdivisions of the NST see Corson et al., 2012; 580 



 

 26 

Ganchrow et al., 2014). 581 
DISCUSSION  582 
 Reduction of taste-elicited neural activity via removal of ENaC in mouse taste 583 
buds at adulthood resulted in a significant reorganization of the mature CT and GSP 584 
terminal fields in the rostral NST. Interestingly, the IX terminal field was not affected. 585 
The magnitude and specificity of the terminal field changes we see at the first central 586 
relay in adults are unlike similar circuits involving sensory nerve inputs into the brain in 587 
other sensory systems.  588 

We propose that this nerve-related specificity of effect is due to a difference in the 589 
taste-elicited activity carried by each of the three nerves. The most effective taste 590 
stimulus for the GSP and CT in rodents is NaCl (Hill and Bour, 1985; Sollars and Hill, 591 
1998; Sun et al., 2017). Moreover, these responses in both nerves can be highly 592 
attenuated by the ENaC blocker, amiloride (Hill and Bour, 1985; Sollars and Hill, 1998; 593 
Sun et al., 2017) (Fig 2A-J). In contrast, the IX is poorly sensitive to NaCl, even at high 594 
concentrations, and the responses are not amiloride sensitive (Formaker and Hill, 1991; 595 
Doolin and Gilbertson, 1996; Ninomiya, 1998) (Fig 2K-O). Taken together, these data 596 
suggest that our inducible genetic manipulation to reduce sodium taste-elicited neural 597 
activity should only affect the GSP and CT terminal fields, but not the IX field. This 598 
hypothesis is consistent with the results we report here.  599 
Role of neural activity in NST terminal field development and maintenance  600 
 Previous research shows that removal of ENaC-mediated neural activity, 601 
beginning embryonically, prevents normal terminal field development, leading to CT, 602 
GSP, and IX terminal fields that are up to 2X larger than controls (Sun et al., 2017). 603 
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Consistent with this, we show that a similar genetic manipulation in adult mice leads to 604 
an expansion of CT and GSP terminal field volumes by approximately 1.6X. Moreover, 605 
the terminal field changes were primarily restricted to specific dorsal-ventral zones in the 606 
NST, in both embryonic and adult ENaC KO groups (Sun et al., 2017). Therefore, it 607 
appears as though both the normal “pruning” of the CT and GSP terminal fields during 608 
development and the maintenance of CT and GSP terminal fields at adulthood may be 609 
dependent on ENaC-mediated neural activity.  More specifically, at adulthood, the 610 
appearance of CT and GSP terminal fields revert to an immature organization (Zheng et 611 
al., 2014), becoming diffusely distributed without this neural activity. This return to an 612 
immature terminal field pattern has been reported in other studies on gustatory terminal 613 
field development and plasticity and suggested to be the default organization in the 614 
absence of neural activity and synaptic competition (May and Hill, 2006; Corson and 615 
Hill, 2011; Sun et al., 2017). It appears, however, that a threshold of duration and/or 616 
magnitude of altered taste-elicited activity is necessary to alter terminal field organization 617 
at adulthood. Decreasing sodium-driven activity in the CT of adult rats for 9 days through 618 
a low-sodium diet (Garcia et al., 2008) is ineffective in altering CT terminal field size 619 
(Krimm and Hill, 1997).  620 
 Interestingly, removal of sodium taste activity during development or at 621 
adulthood had differential effects on the IX terminal field. While removal of ENaC-622 
mediated activity, beginning embryonically, resulted in enlarged IX terminal fields at 623 
adulthood, the same manipulation had no effect on the size of the IX terminal field when 624 
begun at adulthood. Given that IX is not highly sensitive to NaCl stimulation (Fig 2K-O) 625 
and its terminal field size does not change throughout normal mouse development (Zheng 626 
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et al., 2014), one would predict that reduced sodium taste responses should not have an 627 
effect on the IX field. This prediction holds for the ENaC KO mice used here, but not 628 
for mice where ENaC is knocked out before birth. Thus, our findings suggest that at 629 
least two different mechanisms are at work that shape terminal fields in these two groups 630 
of ENaC KO mice. We propose, among many possibilities, that the reduced neural 631 
activity in mice with ENaC knocked-out during embryonic development leads to local 632 
changes in the NST, which in turn affects the developing organization of the IX terminal 633 
field.  These processes may include early alterations in the developmental expression of 634 
growth factors (Menna et al., 2003; Sun et al., 2015), or processes involved in “pruning” 635 
of excess synapses, similar to that identified in the developing retinogeniculate system 636 
(Schafer et al., 2012). While it is equally unclear what mechanisms are responsible for 637 
the altered terminal field changes at adulthood, one potential candidate involves 638 
alterations in the level of brain-derived neurotrophic factor (BDNF) in the NST. Release 639 
of BDNF is activity-dependent and facilitates synaptic survival and stability (Hu et al., 640 
2005; Kuczewski et al., 2009). We recently found that removal of BDNF from all cells, 641 
including from taste nerves and from NST neurons, results in large-scale increases in all 642 
gustatory terminal field volumes (Sun et al., 2015). Significantly decreasing the amount 643 
of taste-elicited activity (e.g., sodium taste) in the CT and GSP at adulthood may have 644 
similar effects on the maintenance of these two terminal fields by reducing the amount of 645 
released BDNF. Similarly, normal taste-elicited activity in the IX of ENaC knock-out 646 
mice should release sufficient amounts of BDNF to maintain its terminal field 647 
organization at adulthood. Regardless of the specific mechanism(s), both the BDNF 648 
removal study and the present study illustrate the remarkable amount plasticity retained 649 
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into adulthood by this system.  650 
Comparisons to primary afferent nerve circuits in other sensory systems. 651 

In the retinogeniculate pathway, spontaneous neural activity (i.e., retinal waves) is 652 
required for normal development of retinogeniculate terminals within the dLGN during 653 
early postnatal ages (Chapman, 2000; Grubb et al., 2003; Pfeiffenberger et al., 2005; 654 
Demas et al., 2006; Hooks and Chen, 2007, 2008; Huberman et al., 2008). However, 655 
given that retinal waves are only present for a relatively early period of development 656 
(Wong, 1999; Muir-Robinson et al., 2002) after which visually-evoked activity becomes 657 
more prevalent, the role of retinal waves in terminal field maintenance does not appear to 658 
persist into adulthood. Additionally, while visually-evoked activity promotes 659 
strengthening of retinogeniculate synapses through about 4 postnatal weeks (Hooks and 660 
Chen, 2006, 2008), it has not been shown to be necessary for the maintenance of 661 
retinogeniculate terminal fields at adulthood.  Similarly, trigeminal terminal fields in the 662 
principal nucleus in the brainstem require neural activity for only a brief early critical 663 
period to develop properly (O'Leary et al., 1994; Lee et al., 2005).  Trigeminal nerve 664 
axons organize into barrelettes, which are topographically and functionally related to the 665 
location of vibrissae on the face.  Disruption of NMDA receptor-mediated neural activity 666 
before the appearance of barrelettes prevents their maturation, suggesting that neuronal 667 
activity is required for the proper refinement of these terminal fields (Lee et al., 2005). 668 
Peripheral alterations after the critical period have little to no effect on somatosensory 669 
organization (Woolsey, 1990). Finally, the tonotopic organization of the auditory nerve 670 
terminal field in the brainstem is susceptible to changes brought about by altered neural 671 
activity.  Adult cats deafened as neonates by ototoxic drug administration show a less 672 
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specific topographic organization of auditory fibers in the cochlear nucleus when 673 
compared to cats with functional hearing in adulthood (Leake et al., 2006). However, a 674 
role for sensory activity in the maintenance of mature auditory terminals has not been 675 
found (Rubel and Fritzsch, 2002; Kandler et al., 2009). In summary, most primary 676 
afferent sensory nerves share a dependence upon neural activity to develop mature 677 
projections at the first central relay and a degree of limited synaptic plasticity may extend 678 
into older ages. By comparison, we now show that the gustatory system requires neural 679 
activity for terminal field development and for terminal field maintenance into adulthood. 680 
Future experiments that alter afferent taste activity other than to sodium may provide 681 
evidence if the ENaC-driven activity altered here is necessary for GSP and CT terminal 682 
field maintenance or if the effects are merely due to an overall decrease in neural activity. 683 

The differences in adult plasticity within these systems are likely manifestations 684 
of differences in anatomy, physiology, and/or function. For example, in the gustatory 685 
system, taste bud cells turnover about every 10 days throughout the animal’s life (Beidler 686 
and Smallman, 1965; Farbman, 1980; Hendricks et al., 2004; Hamamichi et al., 2006; 687 
Feng et al., 2014), which results in ever-changing receptive fields throughout the 688 
animal’s life. These are the same neurons that exhibit lifelong plasticity in their receptive 689 
fields in taste buds (i.e., peripheral and central limbs of the same neurons, respectively). 690 
None of these characteristics are present in the visual, auditory or trigeminal systems. If a 691 
goal of primary afferent neurons is to reliably relay sensory information from the 692 
periphery to the central nervous system, and the peripheral organization is constantly 693 
changing, then one might expect the plasticity in the central nervous system to reflect the 694 
peripheral changes. Accordingly, the large changes in terminal field organization that we 695 
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see here likely impact physiological changes in how taste-related information converges 696 
onto postsynaptic partners, thereby influencing sensory coding of taste, and behavioral 697 
consequences related to feeding and motivated behaviors (Spector and Travers, 2005; 698 
Spector and Glendinning, 2009).  699 
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LEGENDS 881 
 882 
Figure 1. Tamoxifen is capable of regulating gene expression within cytokeratin 8 (K8) 883 
taste bud cells. A, Mean (±SEM) normalized expression levels of ENaC in the anterior 884 
tongue of ENaC KO mice 1 week and 2 months after tamoxifen exposure. Means were 885 
calculated relative to the respective expression levels in control mice. The expression 886 
ratio of 1.0 represents the control mean.  B, Photomicrograph showing a coronal section 887 
of a taste bud taken at 40x from a K8-CreERT2-Ai14flox/flox mouse 2 months after 888 
tamoxifen exposure. Tamoxifen administration successfully induced expression of 889 
tdTomato (red) in taste bud cells through the 2-month period following tamoxifen 890 
exposure. The taste bud border is shown by the dotted line and the arrow points to the 891 
taste bud pore. A *p < 0.05. Scale bar in B = 50μm.   892 
 893 
Figure 2. Integrated whole nerve taste responses from the CT (A-D), GSP (F-I), and IX 894 
(K-N) in control (A-B, F-G, K-L) and ENaC KO (C-D, H-I, M-N) mice to an increasing 895 
concentration series of NaCl (0.05, 0.1, 0.25, and 0.5 M) and to 0.5 M NH4Cl.  Responses 896 
were recorded before (A, C, F, H, K, M) and after (B, D, G, I, L, N) lingual application of 897 
the ENaC blocker, amiloride. Dots indicate stimulus presentation.  Scale bar in B=20s. 898 
Quantification of whole nerve NaCl responses from the CT (E), GSP (J), and IX (O) 899 
before (solid lines) and after amiloride (dotted lines). Responses were calculated as the 900 
response to each stimulus expressed relative to the 0.5 M NH4Cl response (see text for 901 
details). E, Mean (± SEM) CT responses from control (blue, n=4), ENaC KO mice 1 902 
week after (green, n=3) and 2 months after tamoxifen treatment (magenta, n=4). *p < 903 
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0.05. GSP (J) and IX (O) responses were recorded in a control (blue, n=1) and an ENaC 904 
KO mouse 2 months after tamoxifen treatment (magenta, n=1). 905 
 906 
Figure 3. Photomicrograph showing a coronal section of a taste bud imaged at 60x 2 907 
months after tamoxifen exposure. A, Merged image showing K8 antibody labeling 908 
(TROMA-1; green) and Anti-Edu labeling (red). The white arrow points to an EdU-909 
positive cell within the taste bud.  B, TROMA-1 immunofluorescence alone. C, EdU 910 
immunofluorescence alone. Scale bar in A, 10μm. 911 
 912 
Figure 4. Mean (±SEM) total terminal field volumes of the terminal field for the IX, CT, 913 
and GSP nerves and their double and triple overlaps of terminal fields in control mice 914 
(open bars, n=8) and KO mice (closed bars, n=7). *p < 0.05. 915 
 916 
Figure 5. Horizontal sections of labeled terminal fields of IX (green), GSP (red), CT 917 
(blue), and merged images of all three nerves (TRIPLE) for control (top row of each 918 
panel) and ENaC KO mice (bottom row of each panel) mice in the far dorsal (A), dorsal 919 
(C), intermediate (E), and ventral (G) zones within the mouse NST. The CT-GSP overlap 920 
is shown as magenta, the IX-GSP overlap is shown as yellow, the IX-CT overlap in 921 
shown as blue-green, and the CT-GSP-IX terminal field overlap is shown as white. Refer 922 
to the color guide in G. Scale bar in G=200μm. R, rostral; L, lateral shown in G. Mean 923 
(±SEM) terminal field volumes of IX, CT, and GSP nerves and their overlapping fields in 924 
the far dorsal (B), dorsal (D), intermediate (F), and ventral (H) zones in control (open 925 
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bars) and KO (filled bars) mice. Asterisks shown for terminal field volumes denote a 926 
significant difference between controls and ENaC KO mice (p<0.05).  927 
 928 
Figure 6. Coronal sections through the rostral NST showing the IX (green; A, B), CT 929 
(blue; C, D), and GSP (red; E, F) terminal fields, TRIPLE terminal fields (G, H), and the 930 
terminal fields in the right hemifield overlaid on the medulla captured with transmitted 931 
light (I, J) in control (A, C, E, G, I) and ENaC KO (B, D, F, H, J, K) mice. The 932 
orientation of the sections is shown in G. D, dorsal; L, lateral. The CT-GSP overlap is 933 
shown as magenta, the IX-GSP overlap is shown as yellow, the IX-CT overlap in shown 934 
as blue-green, and the CT-GSP-IX terminal field overlap is shown as white. Refer to the 935 
color guide in H. The white outer outlines in I and J roughly demarcate the NST and NST 936 
subdivisions denoted by lines within the outlines. K shows an enlarged view of the 937 
terminal fields in J to illustrate the subdivisions of the NST. M, Medial subdivision; RC, 938 
Rostrocentral subdivision; RL, Rostrolateral subdivision; V, Ventral subdivision. Scale 939 
bars: A, 200μm; I, 500μm. 4V, Fourth ventricle; Sp5, Spinal trigeminal nucleus; SpVe, 940 
Spinal vestibular nucleus; MVe, Medial vestibular nucleus; 7N, Facial nucleus. 941 
 942 
Table 1. Table showing the specific measure tested (MEASURE), the factor (FACTOR), 943 
degrees of freedom (df), F value (F), and significance (SIGNIFICANCE) of each 944 
Analysis of Variance (ANOVA) statistical tests presented in the Results section. They 945 
appear in the order presented in the Results section. 946 
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TABLE 1 -- ANOVA Results 

      MEASURE        FACTOR df F SIGNIFICANCE 
qPCR for ENaC in tongue Tamoxifen Treatment 2,6 177.0 0.00001 

NaCl Taste Response Group 1,6 47.8 0.0001 

NaCl Taste Response Group X Concentration 3,18 14.2 0.0001 

NaCl After Amiloride Group 1,5 0.4 0.85 

NaCl After Amiloride Group X Concentration 3,15 0.9 0.45 

Citric Acid Taste Response Group 1,6 0.3 0.59 

Citric Acid Taste Response Group X Concentration 2,12 4.4 0.06 

Sucrose Taste Response Group 1,6 1.0 0.36 

Sucrose Taste Response Group X Concentration 3,18 0.2 0.98 

Total Volume--Single Nerves Group 1,39 29.9 0.0001 

Total Volume--Single Nerves Group X Nerve 2,39 4.1 0.02 

Total Volume--Overlap Group 1,52 2.4 0.13 

Total Volume--Overlap Group X Nerve 3,52 1.4 0.23 

Far Dorsal Volume--Single Nerves Group 1,39 2.4 0.13 

Far Dorsal Volume--Single Nerves Group X Nerve 2,39 0.1 0.89 

Far Dorsal Volume--Overlap Group 1,52 2.4 0.13 

Far Dorsal Volume--Overlap Group X Nerve 3,52 0.1 0.99 

Dorsal Volume--Single Nerves Group 1,39 14.0 0.001 

Dorsal Volume--Single Nerves Group X Nerve 2,39 1.8 0.19 

Dorsal Volume--Overlap Group 1,52 2.2 0.15 

Dorsal Volume--Overlap Group X Nerve 3,52 1.7 0.91 

Intermediate Volume--Single Nerves Group 1,39 18.5 0.0001 

Intermediate Volume--Single Nerves Group X Nerve 2,39 5.6 0.007 
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Intermediate Volume--Overlap Group 1,52 0.0 0.96 

Intermediate Volume--Overlap Group X Nerve 3,52 1.9 0.15 

Ventral Volume--Single Nerves Group 1,39 0.9 0.36 

Ventral Volume--Single Nerves Group X Nerve 2,39 0.7 0.49 

Ventral Volume--Overlap Group 1,52 10.9 0.002 

Ventral Volume--Overlap Group X Nerve 3,52 0.3 0.99 

 


