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 29 

ABSTRACT 30 

Here we systematically tested the hypothesis that motivated behavioral responsiveness to 31 

preferred and avoided taste compounds is relatively independent of the olfactory system in mice 32 

whose olfactory bulbs (main and accessory) were surgically disconnected from the rest of the 33 

brain (bulbotomy; BULBx). BULBx was confirmed histologically as well as functionally with the 34 

buried food test.  In brief access taste tests, animals received 10-s trials of various 35 

concentrations of a taste compound delivered quasi-randomly. BULBx C57BL/6 (B6) mice 36 

displayed severely blunted concentration-dependent licking for the disaccharide sucrose, the 37 

maltodextrin Maltrin, and the fat emulsion Intralipid relative to their sham-operated controls 38 

(SHAM B6).  Licking for the noncaloric sweetener saccharin was also blunted by bulbotomy, but 39 

less so.  As expected, mice lacking a functional “sweet” receptor (T1R2+T1R3 knockout, KO) 40 

displayed concentration-dependent responsiveness to Maltrin and severely attenuated licking to 41 

sucrose.  Like in B6 mice, responsiveness to both stimuli was exceptionally curtailed by 42 

bulbotomy.  In contrast to these deficits in taste-guided behavior for unconditionally preferred 43 

stimuli, BULBx in B6 and KO mice did not alter concentration-dependent decreases for the 44 

representative non-preferred stimuli, quinine and citric acid. Nor did it temper intake of and 45 

preference for high concentrations of affectively positive stimuli when presented in long-term 46 

(23-hr) 2-bottle tests, demonstrating that the surgery does not lead to a generalized motivational 47 

deficit.  Collectively, these behavioral results demonstrate that specific aspects of taste-guided 48 

ingestive motivation are profoundly disturbed by eliminating the anatomical connections 49 

between the main/accessory olfactory bulbs and the rest of the brain. 50 

 51 

  52 
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SIGNIFICANCE 53 

 54 

The senses of taste and smell have long been known to interact to contribute to the perception 55 

of flavor, but they are generally thought to operate independently.  Here we found that severing 56 

the anatomical connections between the olfactory bulb and the rest of the brain, severely blunts 57 

taste-motivated licking responses of mice to brief presentations of a wide range of 58 

concentrations of highly preferred stimuli that have an unconditioned positive affective valence.  59 

In contrast, the concentration-dependent decrease in licking of taste stimuli considered aversive 60 

was impervious to this neural transection.  These results underscore the importance of 61 

understanding gustatory function in a broader context that involves a significant contribution 62 

from the olfactory/vomeronasal system in the maintenance of certain taste-motivated behaviors. 63 

 64 

 65 

  66 
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 67 

INTRODUCTION 68 

 69 

Historically, research on the senses of taste and smell, for the most part, has been pursued 70 

independently. Nevertheless, it is well understood that humans integrate sensations from the 71 

olfactory, gustatory, and trigeminal sensory systems to form what is perceptually referred to as 72 

flavor (see (Small and Prescott, 2005)).  Indeed, there are psychophysical and functional brain 73 

imaging data in humans that suggest that the olfactory and gustatory systems interact (Dalton et 74 

al., 2000; Small et al., 2004; Small and Prescott, 2005; Bartoshuk and Klee, 2013).  In rodent 75 

models, responsiveness of some neurons in the central gustatory system can be modulated by 76 

olfactory stimulation and vice-versa (Van Buskirk and Erickson, 1977; Escanilla et al., 2015; 77 

Maier et al., 2015; Maier, 2017; Samuelsen and Fontanini, 2017) .  78 

 79 

Although influenced by olfactory stimulation, taste responsiveness is generally not considered to 80 

be dependent on it.  For example, the chorda tympani response to lingual application of 81 

sucrose, which is known to activate the T1R2+T1R3 heterodimer expressed in a subpopulation 82 

of taste bud cells (Nelson et al., 2001; Zhang et al., 2003), in mice that were rendered anosmic 83 

by irrigation of the nasal epithelium with zinc sulphate is normal, suggesting that the hindbrain is 84 

receiving the signal generated by activation of taste bud cells by the sugar (Uebayashi et al., 85 

2001).  Decerebrate rats that have their forebrain, including any descending projections from the 86 

olfactory system, neurally disconnected from the rest of the nervous system, display relatively 87 

normal reflex-like oromotor and somatic responses to basic taste stimuli (Grill and Norgren, 88 

1978).  Nevertheless, how peripheral taste signals are processed by central gustatory circuits in 89 

animals with disruption of the olfactory system has not been systematically examined.  90 

Moreover, there are some studies that have shown that interruption of olfactory function either 91 

through zinc sulphate treatment of the epithelium or damage to the olfactory bulb, leads to 92 

altered intake and preference for certain taste compounds (Vigorito and Sclafani, 1987; 93 

Ramirez, 1993; Lien et al., 1999; Takeda et al., 2001; Chambliss et al., 2004; Romeas et al., 94 

2009; Zukerman et al., 2009a; Sato et al., 2010).  This literature, however, is uneven with 95 

respect to the severity of the effects and the taste stimuli that are implicated.   96 

 97 
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One interpretive limitation regarding the effects of manipulations of the olfactory system on 98 

intake of and preference for taste stimuli is that these tests are vulnerable to the influence of 99 

nongustatory factors such as postingestive events.  The shortcomings of intake tests can be 100 

largely circumvented by the application of a behavioral procedure referred to as the brief access 101 

test (Young and Trafton, 1964; Davis, 1973; Smith, 2001; Glendinning et al., 2002; Spector, 102 

2003).  As its name implies, this method involves the pseudorandom presentation of very short 103 

duration (i.e., a few seconds) trials of various taste stimuli to the animal and the quantification of 104 

the licking response.  The fact that the brief access test involves the measurement of an 105 

immediate licking response to a very small volume of stimulus increases the confidence that the 106 

behavior is guided by orosensory signals.  These experimental virtues confer distinct 107 

advantages in assessments of an animal’s hedonic evaluation of a taste stimulus compared with 108 

intake and preference tests.   109 

 110 

The application of this method to examine the contribution of the olfactory system to taste-111 

guided behavior has been, so far, limited (Uebayashi et al., 2001).  In a recent study, we found 112 

that bulbotomy, the surgical interruption of the connections between the olfactory bulb and more 113 

central brain sites, diminished the ability of mice to express an experience-dependent affective 114 

discrimination between glucose and fructose in a brief access test (Schier et al., 2019).  In fact, 115 

the bulbotomized animals expressed blunted licking responses to both sugars.  Here, in an 116 

effort to more systematically examine whether the neural isolation of the olfactory bulbs impairs 117 

the motivational salience of taste stimuli, we tested the concentration-dependent licking 118 

responses of bulbotomized and sham-operated mice to a variety of preferred and nonpreferred 119 

chemical solutions delivered in a brief access test.  We also tested these mice for their intake of 120 

and preference for maltodextrin (i.e., Maltrin) and sucrose across a range of concentrations. 121 

  122 
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 123 

MATERIALS AND METHODS 124 

Subjects 125 

In all experiments outlined below, C57BL/6J mice (B6; Jackson Laboratories, Bar Harbor, ME) 126 

were used, age 10-14 weeks at the start of study.  Separate mice were used for each 127 

experiment.  Knockout (KO) mice lacking both components of the heterodimer T1R2+T1R3 128 

receptor and age 20-33 weeks at the start of study were also used in Experiments 1 and 2.  129 

These mice were generated from initial breeding pairs that were null for the Tas1r2 or Tas1r3 130 

gene (derived from 129X1/SvJ mice backcrossed with B6 mice, and generously provided by Dr. 131 

Charles Zuker, then at University of California, San Diego).  Homozygous null mice for either 132 

gene were paired together to generate mice heterozygous for Tas1r2 and Tas1r3.  These mice 133 

were then paired so that later generations would include mice homozygous null for both genes.  134 

At the end of study, KO mouse genotypes were confirmed independently by Transnetyx, Inc. via 135 

qPCR.  SNP genome analysis of known polymorphisms between B6 and 129X1/SvJ mice 136 

(completed by Jackson Laboratories) showed that the KO mice have ~20-30% contribution from 137 

the 129X1/SvJ strain.  Throughout all experiments, mice were single-housed in polycarbonate 138 

mouse cages in a room with computer-controlled temperature, humidity, and lights (12h:12h 139 

light:dark cycle).  A cotton-fiber nestlet (Ancare Corp.) was provided for environmental 140 

enrichment.  Mice were provided ad libitum chow (Rodent Laboratory Chow 5001; Nestlé Purina 141 

Petcare, St. Louis, MO) and reverse-osmosis deionized water, except where noted otherwise 142 

below.  While under food- or water-restriction, body mass and body condition score were 143 

measured daily (Ullman-Cullere and Foltz, 1999).  Any animal falling below 80-85% of its ad 144 

libitum body mass or with a decrease in body condition score was given 1-2 ml supplemental 145 

water after the end of the daily session. All procedures were approved by the Animal Care and 146 

Use Committee at the Florida State University. 147 

 148 

Taste Stimuli 149 

Taste solutions were prepared daily from reagent grade chemicals mixed in reverse-osmosis 150 

deionized water.  Stimuli consisted of sucrose (Macron), Maltrin-580 (Grain Processing 151 

Corporation, Muscatine, IA), citric acid, quinine hydrochloride, Intralipid, and sodium saccharin 152 

(Sigma Aldrich, St. Louis, MO). 153 
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 154 

Apparatus 155 

Brief-access training and testing took place in a computer-controlled gustometer, described in 156 

detail elsewhere (Spector et al., 2015).  Briefly, a mouse was placed in a rectangular testing 157 

chamber consisting of 3 Plexiglas sides and a stainless-steel front panel.  A central slot allowed 158 

access to fluid deposited upon a borosilicate sample ball which rotates around a horizontal axis.  159 

When the mouse licked, a force transducer connected to the ball would register the lick; fluid 160 

was deposited on the ball via tubing connected to a syringe that was mounted to a stepper 161 

motor calibrated to deliver a precise volume (~1μL/lick).  An isolated syringe and tubing was 162 

used to deliver each stimulus concentration.  Tubing was threaded through a circular motorized 163 

turret that would rotate to position the appropriate tubing in place to deliver the sample for each 164 

trial.  Between trials, the sample ball was rotated away from the access slot, whereupon it was 165 

rinsed with reverse-osmosis deionized water and dried with pressurized air before being 166 

repositioned to receive the next stimulus.  The testing chamber was housed within a sound 167 

attenuation chamber during all sessions.  Masking noise was presented to reduce auditory 168 

cues.  Air was drawn away from the sample ball to attenuate potential olfactory cues, via 169 

ductwork connected to an exhaust fan.  A stainless-steel shield was placed in front of the turret 170 

to preclude visual cues. 171 

 172 

Bulbotomy 173 

For bulbotomy (BULBx) surgeries, mice were anesthetized with isoflurane (induction: 5%, 174 

maintenance: 1-5%) and placed in a stereotaxic device with nonpuncture earbars.  Aseptic 175 

technique was followed to prepare a midline incision in the scalp, exposing the skull overlying 176 

the olfactory bulbs.  A small (1-2mm diameter) burr hole was drilled in the skull on either side of 177 

midline.  The overlying dura was carefully cut and retracted, exposing the dorsal surface of the 178 

bulbs and the rostral forebrain.  Using a blunt sterile 23G needle, the tissue between the bulbs 179 

and forebrain were gently transected with the aid of a surgical microscope to minimize damage 180 

to vasculature and forebrain tissue.  Sterile hemostatic gelatin sponge was placed in the cavity 181 

to minimize bleeding.  The incision was closed with 5-0 silk suture.  For sham surgeries, the 182 

bulbs and rostral forebrain were exposed but no transections were made.  On the day of 183 

surgery, mice were given a single dose of buprenorphine (0.1mg/kg, SC).  On the day of and 184 

after surgery, mice were given prophylactic antibiotics (gentamicin, 8mg/kg SC) and analgesic 185 
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(carprofen, 5mg/kg, SC).  Food and water intake and body weight were monitored daily during 186 

recovery.  Mice were allowed 10-29 days of recovery, depending on the experiment, prior to 187 

food or fluid restriction required for postsurgical brief access testing (see below).   188 

 189 

Buried Food Test 190 

Prior to surgery (in Experiments 1-3) and again after the end of postsurgical testing, all mice 191 

were given a buried food test (BFT) to assess olfactory function using 0.5g of a potato crisp.  192 

Mice were given a 0.5g sample of potato crisp (Pringles™ Original, Kellogg Company, Battle 193 

Creek, MI) at least one day prior to the test to allow acclimation to the new food.  Chow was 194 

removed from the homecage ~22h prior to the test.  On the test day, mice were first placed in a 195 

clean standard mouse housing cage for 10min to habituate.  After 10min, the mouse was moved 196 

to the center of the test cage, which was a standard mouse polycarbonate cage containing a 197 

0.5g crisp buried under 2cm of bedding in a randomized quadrant.  Latency for the mouse to 198 

find and engage with (i.e., pick it up or bite it) the crisp was measured.  The mouse was 199 

immediately returned to its homecage without allowing it to consume the crisp.  If a mouse failed 200 

to locate the crisp within 15min, the test was terminated and the mouse was given a visual food 201 

test to confirm that the animal was motivated to engage the crisp.  Here, the mouse was placed 202 

in the center of another clean cage containing a 0.5g crisp placed on the surface of the bedding.  203 

Latency to find and engage the crisp was measured, with a maximum time allowed of 15 min.  204 

The mouse was immediately returned to the homecage without consuming the crisp. 205 

 206 

Histology 207 

Following the postsurgical BFT, all mice were injected with an overdose of euthanasia solution 208 

(Euthasol, 0.1ml) and transcardially perfused with heparinized saline and 4% paraformaldehyde.  209 

Observations of any connections between olfactory bulbs and the forebrain were noted.  Brains 210 

were postfixed in the skull, with the dorsal bone removed, in 4% paraformaldehyde for at least 2 211 

days and then completely removed from the skull and immersed in 20% sucrose in PBS.  212 

Tissue was then sliced frozen on a cryostat in 60μm sagittal sections, mounted onto chrom-213 

alum subbed slides and stained with thionin.  Sections were visualized under a light microscope 214 

and checked for plane and extent of transection by an observer unaware of the surgical group, 215 

genotype, or behavioral outcomes of the mouse. 216 
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 217 

Experimental Design and Statistical Analysis 218 

Brief Access Test 219 

As noted above, the brief access test is well suited to assess affective responsiveness in 220 

rodents to taste stimuli. Rats and mice will increase their licking of sugars, fat emulsions, and 221 

maltodextrin solutions, as concentration is raised when tested in a fasted state (to promote 222 

stimulus sampling) or even when tested non-deprived.  It is equally the case that water-deprived 223 

rodents will decrease their licking of certain qualitative classes of taste stimuli including bitter 224 

ligands and acids in a concentration-dependent manner.  It is well documented that a variety of 225 

manipulations of the peripheral and central gustatory system, including genetic, 226 

pharmacological, anatomical, and optogenetic can markedly modulate this behavior (e.g., 227 

(Yamamoto and Asai, 1986; Krimm et al., 1987; Spector et al., 1993; St John et al., 1994; 228 

Zhang et al., 2003; Mathes and Spector, 2011; Treesukosol et al., 2011b; Wang et al., 2018)).  229 

Accordingly, we chose this procedure as the principal assay of taste-guided motivation to lick in 230 

SHAM and BULBx mice. 231 

 232 

During presurgical brief access training for all experiments, mice were water-restricted for 233 

~23.5h with fluid being provided during the 30-min sessions.  For 2-3 days, free access to water 234 

was provided in a single 30-min trial.  Then for 3 days, mice were given water in trials.  For 235 

these and all test sessions, a 10-s trial began when the mouse licked the sample ball twice 236 

within 250ms, and a ~10μL preload of the stimulus was deposited upon the sample ball.  Mice 237 

could initiate as many trials as possible during the session, and lick as much as possible within 238 

each trial. 239 

 240 

In Experiment 1, training concluded with the water-restricted mice receiving a session with a 241 

concentration series of Maltrin (1-32%, w/v) and water randomly presented (without 242 

replacement) in blocks of seven trials.  At the end of training, water bottles were returned, and 243 

the animals were given ~48h to replete. All testing for this experiment occurred under a food-244 

restricted state.  Food was removed from the home cage ~23.5h before each test, and returned 245 

~1h after the end of the test session.  Restriction did not occur again for 24-48h.  The water and 246 

food restriction schedules were used to promote stimulus sampling.  Each stimulus was tested 247 
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for 3 sessions.  Mice were tested presurgically with Maltrin, and postsurgically with Maltrin and 248 

then sucrose (1-32% w/v and water). 249 

 250 

In Experiment 2, training concluded after the water training described above.  There was no 251 

presurgical testing.  Postsurgical testing was conducted under water restriction, with water 252 

bottles removed prior to the first session for the week, and testing conducted on consecutive 253 

days.  The first two days of each week were all water trials, followed by 3 days of sessions with 254 

either citric acid (0.1-100mM) or quinine (0.01-20mM) presented randomly (without 255 

replacement) along with water in blocks of seven trials.  To encourage licking and to help rinse 256 

away the stimulus, 1-s water access (maximum of 5 licks) was offered before each taste trial.  257 

Approximately half of the mice from each group were given citric acid in the first week, and the 258 

others were tested with quinine.  Water bottles were returned for ~48h and removed again ~22h 259 

prior to the second week of testing, during which mice were presented with water trials for 2 260 

days, and then 3 days with the second stimulus. 261 

 262 

In Experiment 3, training concluded with the water-restricted mice receiving a session including 263 

water and a concentration series of Intralipid (0.625-20% v/v) presented in blocks of  7 trials 264 

randomized without replacement.  After water bottles were replaced, all testing was conducted 265 

as described for Experiment 1.  Presurgical testing was done using the Intralipid concentration 266 

series.   Postsurgical testing used Intralipid, sucrose (1-32% w/v), and then Na-saccharin (0.1-267 

50 mM). 268 

 269 

After the last day of testing for all experiments, food (Experiments 1 and 3) or water (Experiment 270 

2) was returned.  After 5 days, mice were given the postsurgical buried food test.  In Experiment 271 

1, 16 B6 (8 male, 8 female) and 14 KO (10 male, 4 female) underwent BULBx.  Twelve B6 (6 272 

male, 6 female) and 12 KO mice (8 male, 4 female) underwent SHAM surgery.  In Experiment 2, 273 

16 B6 mice (8 male, 8 female) and 15 KO mice (8 male, 7 female) underwent BULBx.  Twelve 274 

B6 (6 male, 6 female) and 13 KO (6 male, 7 female) underwent SHAM surgery. In Experiment 3, 275 

20 B6 mice underwent BULBx (10 male, 10 female).  Twelve B6 mice underwent SHAM surgery 276 

(6 male, 6 female).  The surgical group assignments were made to match the groups as closely 277 

as possible on body weight and presurgical licking behavior and to distribute the available males 278 

and females.  Two mice (1 B6, 1 KO) from Experiment 1, 7 mice from Experiment 2 (4 B6, 3 279 
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KO), and one mouse from Experiment 3 died from surgical complications reducing the sample 280 

sizes above accordingly.   281 

 282 

Postsurgical 23-h Two-Bottle Preference Test 283 

In Experiment 4, sixteen B6 (8 M, 8 F) and eight KO (4 M, 4 F) mice underwent BULBx.  Eight 284 

B6 (4 M, 4 F) and eight KO (4 M, A4 F) underwent SHAM surgery.  The surgical group 285 

assignments were made to match the groups as closely as possible on body weight and to 286 

distribute the available males and females.  Four mice (3 B6, 1 KO) died during from surgical 287 

complications reducing the sample size accordingly.  After recovery, intake and preference for 288 

multiple concentrations of sucrose and Maltrin (2%, 8%, 16%, 32% w/v) were assessed 289 

postsurgically in a series of two-bottle tests.  A single concentration of stimulus and water were 290 

presented concurrently in 23-h tests.  Weights for each bottle, and food, were measured at the 291 

beginning and end of each test period.  Body mass was measured at the beginning of each test.  292 

The experiment started with presenting animals with two bottles of water for two 23-h periods.  293 

Then the solutions were presented in an ascending concentration series, with the isocaloric 294 

concentrations of each tastant tested sequentially.  Each stimulus was presented in two 23-h 295 

periods, followed immediately by the isocaloric concentration of the second stimulus, also tested 296 

for two 23-h periods.  Stimulus presentation was counterbalanced across groups, with half of 297 

the animals starting with sucrose and the other half starting with Maltrin.  Between each 23-h 298 

test day, bottles were rinsed, refilled with fresh stimulus, and the position on the cage was 299 

rotated.  There was a 72-h separation between concentrations. 300 

 301 

Data Analysis 302 

Licks taken in each brief access trial were recorded by computer.  On the first trial of a session, 303 

if a mouse did not approach the sample ball within approximately 20 s, the sample ball was 304 

cleaned and the next trial presented, and this activity generally provoked stimulus sampling. In 305 

these cases, the first trial was not included in the analysis. Data were combined across the 306 

three test sessions for each stimulus.  For Maltrin, sucrose, Intralipid and saccharin, taste trial 307 

data were standardized across animals by subtracting the average licks to water from the 308 

average licks for each concentration for each animal (Taste – Water Licks).  For citric acid and 309 

quinine, data were standardized by dividing the average licks for each concentration by the 310 

average licks to water for each animal (Taste/Water Ratio).  These two methods adjust for 311 
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individual differences in baseline lick rates and have been shown to be sensitive to 312 

manipulations of the gustatory system in rats and mice (e.g., (St John et al., 1994; Spector, 313 

2003; Dotson et al., 2005; Treesukosol et al., 2009)).  The reason the Taste/Water Ratio is not 314 

used for normally preferred stimuli is because licks rates for water are often times quite low and 315 

thus minor random variation in the denominator across animals and sessions can have an 316 

inappropriately large impact in the value of the ratio.  Group averages (±SE) were calculated for 317 

each stimulus.  In the graphs, non-linear regression (Eq. 1) was used when possible to fit the 318 

mean concentration-response functions to sigmoidal logic function of the basic form: 319 ( ) =  ( ( ) )    (Eq. 1) 320 

 Where, for preferred stimuli, x represents the log10 concentration, a represents the asymptote of 321 

the lick scores, and b represents the slope, and c represents the log10 concentration ½ a (i.e., 322 

EC50).   For nonpreferred stimuli, a was set as a constant = 1.0. 323 

 324 

For two-bottle test data, the intakes from both 23h tests for each stimulus were summed.  325 

Preference for the stimulus was calculated for each mouse by dividing the intake of the stimulus 326 

by total intake (stimulus + water) in the 46h period.  Group means (±SE) for stimulus intake, 327 

preference, and total caloric consumption (stimulus + chow) were calculated for each stimulus.  328 

These data were compared across groups using mixed two-way ANOVAs. 329 

 330 

Latencies for each group in each BFT were used to calculate medians (±SIQR).  Taste-Water 331 

Licks or Taste/Water Ratios for each stimulus were analyzed in repeated measures one-way 332 

and mixed two-way ANOVAs.  Trials initiated for each stimulus were analyzed using t-tests.  For 333 

all statistical analyses, a p-value ≤0.05 was considered statistically significant.  Only sessions in 334 

which a mouse initiated at least 1 trial per concentration were included in the concentration-335 

dependent lick analyses for that stimulus, but all sessions were included in analyses of trial 336 

number.  Further, if BULBx a mouse successfully located the crisp in the postsurgical BFT 337 

(criterion: <450 s), it was removed from all analyses.  Final group sizes are reported in figure 338 

captions. 339 

  340 
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RESULTS 341 

In all experiments, only BULBx mice that failed the buried food test (BFT) administered after all 342 

licking tests were completed (Figure 1) were included in the behavioral analyses.  Importantly, 343 

all mice that failed the postsurgical BFT rapidly engaged a crisp during a visual (non-buried) 344 

version of the test; this demonstrates that failure to find the buried crisp was not due to a 345 

general motivational deficit (Figure 1). 346 

 347 

Experiment 1: Bulbotomy Severely Blunts Concentration-Dependent Licking of Maltrin 348 

and Sucrose in Brief Access Tests 349 

 350 

Maltodextrins such as Maltrin are discriminable from sucrose by rodents (Nissenbaum and 351 

Sclafani, 1987; Smith and Spector, 2017).  Both sucrose and maltodextrin are stimuli for which 352 

rodents display strong preferences in two-bottle intake tests and avidly lick in a concentration-353 

dependent manner in brief access tests.  Although genetic deletion of the T1R2+T1R3 “sweet” 354 

taste receptor severely blunts motivated responsiveness to sucrose as assessed in these tests, 355 

it has little effect on such behavior when maltodextrin is the stimulus (Sclafani and Clyne, 1987; 356 

Sclafani and Mann, 1987; Treesukosol et al., 2009; Zukerman et al., 2009b; Treesukosol et al., 357 

2011b).  If the T1R2+T1R3 is necessary for maltodextrin taste but responsiveness in the KO 358 

mice can be maintained by smell, then bulbotomy should eliminate concentration-dependent 359 

licking to this stimulus in KO but not wildtype mice.  Accordingly, we tested whether B6 and 360 

T1R2+T1R3 knockout mice (KO) would still display normal licking behavior to these 361 

motivationally potent taste stimuli after bulbotomy.  362 

 363 

Presurgically, there were no differences in the concentration-response functions for Maltrin 364 

licking between the respective surgical groups (Table 1, Figure 2), nor were there any 365 

differences between the number of trials initiated (Table 1, Figure 2). In striking contrast, 366 

bulbotomy severely suppressed concentration-dependent licking to Maltrin in both B6 and KO 367 

mice  and significantly decreased the number of trials initiated (Tables 1 & 2, Figure 3).   368 

 369 

The severely impaired responsiveness to Maltrin in BULBx mice across the entire range of 370 

concentrations was also observed when sucrose was the stimulus (Table 1, Figure 3).  As was 371 
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the case with Maltrin, there was a reduction in the number of trials initiated on the sucrose test 372 

in BULBx mice (Table 2, Figure 3).  As expected, there was also a genotype effect on sucrose 373 

licking, with SHAM KO mice licking significantly less than SHAM B6 mice (Genotype: F(1,22) = 374 

6.63 p=0.012; Concentration: F(5,110) = 88.54; P<0.01; Genotype x Concentration: F(5,110) = 375 

23.56, p<0.01)).  However, with the large reduction in licking following bulbotomy, there was no 376 

main effect of Genotype between the BULBx groups (Genotype: F(1,20) = 3.57, p=0.08; 377 

Concentration: F(5,100) = 4.17; P<0.01; Genotype x Concentration: F(5,100) = 4.10, p<0.01).  378 

Moreover, BULBx KO did not display any concentration-dependent increases in sucrose licking 379 

(F(5,55)=0.273, p=0.93), but SHAM KO mice did (F(5,45)=4.13, p<0.01), albeit severely 380 

attenuated relative to SHAM B6 mice.   381 

 382 

Experiment 2: Bulbotomy Has No Effect on Concentration-Dependent Lick Avoidance of 383 

Quinine and Citric Acid in Brief Access Tests 384 

 385 

Because, after bulbotomy, KO and B6 mice were severely impaired in their concentration-386 

dependent responsiveness to both Maltrin and sucrose, two highly preferred stimuli with positive 387 

hedonic valence, we tested the responsiveness of BULBx and SHAM KO and B6 mice to two 388 

normally avoided stimuli with negative hedonic valence, quinine and citric acid.  There was no 389 

effect of bulbotomy on the concentration-dependent licking to either quinine (Table 3, Figure 4) 390 

or citric acid (Table 3, Figure 4) in either B6 or KO mice.  BULBx B6 mice initiated more quinine 391 

trials than SHAM B6 mice and BULBx KO mice initiated more citric acid trials than SHAM KO 392 

mice.  Notwithstanding these differences, all groups initiated many trials (Table 4, Figure 4).   393 

 394 

Experiment 3: Bulbotomy Blunts Concentration-Dependent Licking of Intralipid and 395 

Sodium Saccharin in Brief Access Tests 396 

 397 

In this experiment we tested the generality of the effect of bulbotomy on preferred oral stimuli 398 

that have positive hedonic valence in B6 mice.  We chose Intralipid because it is a non-399 

carbohydrate stimulus that is highly preferred by rodents and has calories.  In addition, we 400 

tested sodium saccharin, a noncaloric sweetener, and sucrose; the latter was included to 401 

confirm the initial observations in Experiment 1.   402 
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 403 

Presurgically, there were no differences in the concentration-response functions for Intralipid 404 

licking between the groups (Table 4, Figure 5), nor were there any differences between the 405 

number of trials initiated (Table 1, Figure 5).  However, emulating what was seen with Maltrin in 406 

Experiment 1, bulbotomy severely suppressed concentration-dependent licking to Intralipid in 407 

B6 mice (Table 4, Figure 6).  Similar results were found with sucrose, replicating the effect seen 408 

in Experiment 1 (Table 4, Figure 6).  Bulbotomy also significantly blunted licking to Na-409 

saccharin, but this appeared to be less profound than what was seen with Maltrin, sucrose, and 410 

Intralipid (Table 4, Figure 6).   411 

 412 

The BULBx mice initiated fewer Intralipid trials postsurgically than SHAM mice (Table 2, Figure 413 

6).  However, there were no differences in the number of trials taken by BULBx and SHAM mice 414 

for sucrose and Na-saccharin testing (Table 2, Figure 6).  Thus, overall, although the BULBx 415 

mice displayed blunted concentration-dependent licking for the various normally preferred 416 

solutions, the fact that they engaged in trial taking on these tests indicates they were not in a 417 

general motivational stupor.  418 

 419 

Experiment 4:  Bulbotomy does not Compromise Preference for or Intake of High 420 

Concentrations of Sucrose or Maltrin in 23-h Two-Bottle Tests. 421 

 422 

A separate cohort of B6 and KO mice were tested in a series of 23-h two-bottle preference tests 423 

(2 tests per concentration) with 4 concentrations, spanning low to high, of Maltrin and sucrose 424 

(chemical order counterbalanced).  Both preference for and intake of Maltrin by both B6 and KO 425 

mice were significantly lower in BULBx relative to SHAM mice at the two lower concentrations 426 

(Tables 5 & 6; Figures 7 & 8).  However, at the two higher concentrations, there were no 427 

differences between the surgical groups, within either genotype, in preference or intake except 428 

that B6 BULBx mice actually drank significantly more Maltrin than SHAM mice. 429 

 430 

For sucrose, B6 BULBx mice showed slightly reduced preference for and lower intake of the two 431 

lowest concentrations (Tables 5 & 6; Figures 7 & 8).  In fact, like what was seen with Maltrin, the 432 

BULBx B6 mice actually drank more sucrose compared with the SHAM group at the highest 433 
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concentration.  BULBx KO mice had significantly lower sucrose preference at the two lower 434 

concentrations compared with their SHAM counterparts but intake did not significantly differ 435 

between the surgical groups.  At the two higher concentrations, there were no differences in 436 

sucrose intake or preference between the BULBx and SHAM KO mice.  437 

 438 

Across all the preference tests (Maltrin and sucrose), B6 BULBx mice consumed more total 439 

daily calories (including chow intake) and KO BULBx mice consumed similar total daily calories 440 

as their SHAM counterparts, regardless of sugar, and all mice increased caloric intake as a 441 

function of concentration (Table 7; Figure 9).  The same was found during the initial two water-442 

only days (B6: t(19)=3.32, p<0.01; KO: t(13)=1.62, p=0.13; Figure 9). 443 

 444 

These results reveal that BULBx mice are not generally unmotivated.  Indeed, they are quite 445 

capable of approaching and avidly ingesting sucrose and Maltrin at higher concentrations in 446 

long-term tests when they can take advantage of any orosensory cues available and even bottle 447 

position to guide their behavior over time.  At lower concentrations, these cues are less salient 448 

and thus the consequences of bulbotomy on the behavior are more apparent.  They are most 449 

apparent when the animals are given the brief access test in which the immediate responses to 450 

small volumes of stimuli are measured.  Under those conditions, the potency of the stimuli to 451 

drive licking behavior is severely compromised by the surgical isolation of the olfactory bulbs.  452 

This effect, however, is limited to stimuli of positive affective valence, because BULBx mice 453 

display normal taste-guided licking avoidance of citric acid and quinine. 454 

 455 

Histology 456 

 457 

All BULBx mice in all four experiments that had failed the BFT had histologically confirmed 458 

transections.  Figure 12C shows the photomicrograph of a representative sagittal section of the 459 

rostral pole of a brain (Mouse GQ03, Experiment 1) in which the olfactory bulb was completely 460 

transected (compare with Figures 10A and E). Figure 10C and 10E respectively displays a 461 

representative sagittal section of brain from a mouse receiving bulbotomy surgery that failed 462 

(Mouse GQ05, Experiment 1) and passed the BFT (Mouse GQ17, Experiment 1).  We did the 463 

best we could to prevent inadvertent separation of the olfactory tract during histological 464 
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processing, but we cannot entirely rule out that it occurred.  For this reason, we based our 465 

BULBx inclusion criteria on the BFT test outcomes. 466 

 467 

DISCUSSION 468 

It is clear from these results that the unconditioned motivational salience of oral stimuli that have 469 

a positive affective valence is largely dependent on intact anatomical connections between the 470 

olfactory bulb and its associated central sites. The concentration-dependent licking of the 471 

maltodextrin Maltrin, the disaccharide sucrose, and the fat emulsion Intralipid was substantially 472 

suppressed by bulbotomy.  While the blunting of concentration-dependent licking of sucrose and 473 

saccharin in Experiment 3 was apparently not as severe as was seen for sucrose in Experiment 474 

1, it is nonetheless evident both graphically and statistically.  This may be due to differences in 475 

the explicit testing history of the animals between the two experiments; responsiveness in the 476 

brief access test can be influenced by prior testing experience (see (Treesukosol et al., 2009; 477 

Treesukosol et al., 2011a)).   Importantly, and in contrast to what was seen with normally 478 

preferred taste stimuli, the unconditionally negative affective valence of avoided compounds 479 

appeared to be relatively impervious to this anatomical disconnection of the olfactory and 480 

vomeronasal systems.  The concentration-dependent decrease in licking of quinine and citric 481 

acid was not significantly affected by bulbotomy.  Likewise, the bulbotomy left the preference 482 

and intake of the higher concentrations of both Maltrin and sucrose unperturbed as assessed by 483 

two-bottle long-term tests.  Because the downstream connections of both the main and 484 

accessory olfactory bulb were transected, we cannot distinguish if one structure is more critical 485 

than the other with respect to the effects of the surgery on appetitive and consummatory 486 

responses to the preferred stimuli observed here.  Nevertheless, the dissociation of the 487 

functional consequences of this neural insult on the main and accessory olfactory bulbs along 488 

the dimensions of positive and negative taste-evoked affect is compelling.    489 

 490 

The double KO mice lacking both subunits of the T1R2+T1R3 heterodimeric taste receptor that 491 

had sham surgery responded as expected.  They displayed relatively normal responsiveness to 492 

maltodextrin, but exhibited severely attenuated licking of sucrose, which was, interestingly, 493 

further suppressed by bulbotomy.  It is not unusual for T1R KO animals to display some degree 494 

of concentration-dependent responsiveness to sugars in the brief access test if they have had 495 

sufficient prior testing experience with nutritive stimuli (Treesukosol et al., 2009; Treesukosol et 496 
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al., 2011b, a).  This is thought to be due to the animals forming an association with whatever 497 

remaining detectable orosensory cues are present in the stimulus (viscosity, smell, etc.) and the 498 

positive nutritive effects from ingestion across entire sessions of trials.  The fact that bulbotomy 499 

eliminated this may lead one to postulate that the KO animals were using an olfactory cue to 500 

form this association, but the observation that sucrose licking by bulbotomized B6 mice, which 501 

have an intact T1R2+T1R3 heterodimer, was also severely curbed relative to their sham-502 

operated counterparts, supports other possibilities (more on this below).   Likewise, the fact that 503 

bulbotomy substantially curtailed licking to Maltrin in KO and B6 mice does not necessarily 504 

mean that explicit gustatory signals evoked by this maltodextrin do not exist or are not important 505 

in driving responsiveness (Zukerman et al., 2013; Sclafani and Ackroff, 2014). 506 

 507 

Others have found that disruptive manipulations of the olfactory system in rodents can decrease 508 

preferences for taste stimuli in long-term tests, but such effects have not been systematically 509 

studied, are often limited to low concentrations, and are not universally observed (Vigorito and 510 

Sclafani, 1987; Ramirez, 1993; Stock et al., 2000; Takeda et al., 2001; Uebayashi et al., 2001; 511 

Chambliss et al., 2004; Slattery et al., 2007; Romeas et al., 2009; Zukerman et al., 2009a; Sato 512 

et al., 2010).  Here, we found decreases in the preference for and intake of Maltrin and, to some 513 

extent, sucrose (KO mice were more affected than B6) in BULBx mice at low concentrations of 514 

these carbohydrate stimuli in 23-h two-bottle tests.  However, at high concentrations, these mice 515 

displayed quite avid ingestion of and normal preference for these solutions.  Although long-term 516 

two-bottle intake tests are commonly used as a first approximation of an animal’s behavioral 517 

responsiveness to a given chemical stimulus, they are not considered a rigorous assessment of 518 

taste function because choice and amount consumed can be significantly influenced by non-519 

gustatory factors especially of a postoral nature (see (Spector, 2003)).  Indeed, we believe that 520 

the remaining orosensory input in tandem with postingestive signals as well as potential bottle 521 

position cues influenced the ingestive behavior of the BULBx animals over the 23-h periods.  522 

The brief access test largely circumvents the interpretive limitations of long-term intake tests 523 

and more purely focuses on the orosensory affective characteristics of the stimulus; it is not 524 

unusual for manipulations of the gustatory system to produce different outcomes between the 525 

two testing paradigms.  That said, Uebayashi et al. (Uebayashi et al., 2001) used a brief access 526 

test to compare the responsiveness of water-restricted mice to an array of basic taste stimuli 527 

before and after induction of anosmia via irrigation of the nasal epithelium with zinc sulphate.  In 528 

contrast to what we found, after nasal zinc sulfate treatment, mice did not alter their lick rates to 529 
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sucrose (or NaCl), but no longer displayed licking avoidance of quinine and HCl.   The failure of 530 

the treatment to affect sucrose licking could possibly be due to the fact that the water-restricted 531 

mice were likely licking both water and sucrose at near maximal rates.  However, with respect to 532 

responsiveness to unconditionally aversive tastes, the disparity between our results and those 533 

of Uebayashi et al. is harder to explain, especially given that bulbotomy is an even more severe 534 

offense to the olfactory system compared with nasal zinc sulphate.  Nevertheless, it is quite 535 

clear that concentration-dependent avoidance of the prototypical bitter ligand quinine, and the 536 

prototypical acid stimulus, citric acid (sour to humans), did not statistically differ between 537 

bulbotomized of sham-operated mice regardless of genotype.   538 

 539 

Bulbectomy, a procedure in which the olfactory bulbs are entirely ablated, in rodents is 540 

considered by some to be an animal model of clinical depression (see (Willner, 1990; Kelly et 541 

al., 1997; Stock et al., 2000; Wrynn et al., 2000; Cryan and Mombereau, 2004; Song and 542 

Leonard, 2005; Yurttas et al., 2017; Ruda-Kucerova et al., 2018)).  This view arises from the 543 

constellation of behavioral and neurochemical consequences of the manipulation, some of 544 

which are reversed by treatment with antidepressant drugs.  Although we did not remove the 545 

olfactory bulbs, our bulbotomy procedure would possibly lead to similar outcomes if tested.  We 546 

do not claim that bulbotomy does not have an effect on a diverse set of behaviors.  Naturally, 547 

such a major loss of a sensory system(s) upon which rodents heavily rely along with removal of 548 

such a large body of central projections, in addition to depriving neurons in central nuclei 549 

providing centrifugal fibers innervating the bulb of their target, would be expected to affect a 550 

variety of behaviors and neurotransmitter systems.  However, our interest here lies in whether 551 

taste-guided behavior is actually affected by bulbotomy, given the limited and uneven literature 552 

on this specific aspect of sensory function.  Moving forward, given the outcomes presented 553 

here, it would be logical to explore the way that chemosensory circuits are affected by the 554 

anatomical disconnection of the olfactory bulbs from the rest of the brain rendering normally 555 

rewarding taste stimuli motivationally impotent; this is not explicitly apparent but is important to 556 

understand. 557 

 558 

Over and beyond questions about its validity (see (Cryan and Mombereau, 2004)), the 559 

bulbectomy model of depression in mice does not serve as an explanation in and of itself for the 560 

behavioral effects observed here.  For example, the behavior of the B6 BULBx mice to sucrose 561 
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remarkably resembled that of the KO SHAM mice in the tests used here, but it would be difficult 562 

to support any claim that the genetic deletion of the T1R2+T1R3 heterodimer is a model of 563 

clinical depression.   Moreover, based on the constellation of results reported here, it does not 564 

appear that bulbotomized mice are simply and generally unmotivated.   When driven by a water-565 

deprived state, BULBx mice initiated just as many, or, in some cases significantly more, trials in 566 

the brief access test.  The basis of this increase in trials remains to be understood, but it 567 

certainly demonstrates that under these particular test conditions, BULBx mice are willing to 568 

approach the drinking spout.  When given ample opportunity to repeatedly sample and ingest 569 

sucrose or Maltrin on the home cage vs. water, BULBx mice drank amounts of the high 570 

concentrations comparable to SHAM mice and showed preferences for the higher 571 

concentrations of these solutions that were similar to that seen in the surgical controls.  Indeed, 572 

the total caloric intake of B6 BULBx mice significantly surpassed that seen in their SHAM 573 

counterparts and did not differ between the surgical KO groups over the course of two-bottle 574 

testing.  Thus, an overall decrease to express motivated approach and ingestive behavior was 575 

not observed after bulbotomy.  Rather, it was when the animals were confronted with very short 576 

trials and responses were based on relatively small stimulus samples that the severe 577 

consequences of the neural isolation of the olfactory bulbs on concentration-dependent licking 578 

of positively valenced taste solutions was fully revealed. 579 

 580 

While the behavioral effects of bulbotomy were clear, they were not without variability among 581 

subjects.  Of course, individual differences on behavioral measures after a given neural 582 

manipulation are not uncommon.  This is because behavior is the final readout of nervous 583 

system function allowing for the accumulated influence of variation in any number of relevant 584 

processes leading to the outcome.  The variability observed within functionally and histologically 585 

confirmed bulbotomized groups indicates that this surgery does not necessarily render these 586 

animals entirely unresponsive to taste compounds with positive affective valence.  Obviously, 587 

there are several factors that determine the nature of licking behavior during a brief access test; 588 

brain connections with the olfactory bulbs simply represents one contribution, but clearly a very 589 

important one.   590 

 591 

One way to view the mechanisms underlying the behavioral consequences of bulbotomy on 592 

taste responsiveness is from a psychophysical vantage point.  The brief access test relies on 593 
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the affective characteristics of the taste stimulus to drive licking behavior or avoidance and does 594 

not plainly reveal the sensory-discriminative properties of the stimulus in terms of perceived 595 

quality or intensity (St John and Spector, 2008).  We cannot rule out that the bulbotomy-induced 596 

decreases in affective responsiveness to the preferred taste compounds in our study were 597 

secondary to a significant decrease in perceived taste intensity.  That will have to be tested in 598 

future psychophysical experiments in which taste is serving as a cue rather than a reinforcer in 599 

a signal detection task.  Moreover, we also cannot dismiss the possibility that the effects of the 600 

neural isolation of the olfactory bulbs on motivated responses to preferred vs. avoided taste 601 

compounds interact, in part, with the physiological state promoting stimulus sampling.  For 602 

preferred stimuli, the internal state was established with food restriction and for avoided stimuli it 603 

was effectuated via water restriction. The resolution of these issues is important to provide 604 

functional meaning to any downstream neural repercussions of the bulbotomy. 605 

 606 

Another way to view the mechanism of action underlying the effects of bulbotomy on taste 607 

function is from the neural vantage point.  Of course, this is complementary to and follows from 608 

an understanding of the psychophysical effects of the manipulation. The outcomes reported 609 

here could potentially be due to a loss of explicit stimulation by odorants (i.e., anosmia) or a loss 610 

of a major source of projections to (or from) central sites.  With regard to the latter, it is possible 611 

that some level of tonic activity, provided from the olfactory and/or vomeronasal systems, 612 

amplifies brain circuits involved with processing taste-related positive affect.  Alternatively, the 613 

removal of key projections from the olfactory bulb could lead to degenerative or reorganizational 614 

events in downstream targets.  These are not mutually exclusive possibilities.  In terms of the 615 

effects of anosmia on taste, certainly humans are able to detect and discriminate the taste of 616 

sucrose from other taste compounds when they are wearing nose plugs, a standard procedure 617 

in human psychophysical taste testing, which precludes stimulation of the olfactory system by 618 

odorants (see also (Stinton et al., 2010)).   There is also evidence that humans can detect orally 619 

sampled maltodextrin stimuli without the benefit of explicit olfactory stimulation (Lapis et al., 620 

2014; Lapis et al., 2016).  One way to assess this in rats and mice would be to eliminate the 621 

signal more peripherally arising from the olfactory mucosa as is done with zinc sulphate.  As 622 

noted above, in rodent models, the effects of zinc sulphate irrigation of the nasal mucosa on 623 

preference for taste stimuli has not been compelling in magnitude or consistency.  One 624 

methodological limitation associated with this treatment is that it is temporary, lasting only a few 625 

days, and thus behavioral testing needs to be completed within the time span of its 626 
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effectiveness (Alberts, 1974; Slotnick and Gutman, 1977).    Contemporary genetic silencing 627 

techniques offer promise in this regard. 628 

 629 

Regardless of whether it is the loss of explicit odorant stimulation or the removal of anatomical 630 

connections involving the main and accessory olfactory bulbs, the central sites that fall victim to 631 

the neural transection expressly with respect to the maintenance of taste-motivated licking as 632 

described here remains to be experimentally revealed.  Of course, the function of the third order 633 

neurons of the primary olfactory and vomeronasal systems would all likely be affected (see 634 

(Shipley and Ennis, 1996; Wilson et al., 2014)).  Areas that receive convergent input from the 635 

gustatory and olfactory systems such as the piriform and insular cortices would be candidate 636 

sites of action underlying the behavioral effects of bulbotomy on taste function (Van Buskirk and 637 

Erickson, 1977; Escanilla et al., 2015; Maier et al., 2015; Maier, 2017; Samuelsen and 638 

Fontanini, 2017).  It is also quite possible, if not likely, that the indirect loss of input to areas of 639 

the brain known to be involved in taste-related affect and reward, such as the basolateral and 640 

central nuclei of the amygdala, the striatum, the ventral pallidum, and the ventral tegmental 641 

area, leads to the specific effects of bulbotomy on taste-motivated licking.   642 

 643 

Answers to the important questions posed above await further experimental scrutiny. In closing, 644 

it is worth emphasizing that we are not claiming that taste input generated by the preferred 645 

compounds tested here is unnecessary to maintain concentration-dependent licking responses, 646 

as the blunted responsiveness to sucrose displayed by the T1R2+T1R3 KO mice clearly attests.  647 

Rather, we are saying that it is not sufficient.   Our behavioral results clearly demonstrate that 648 

manipulations of the olfactory system can profoundly impact certain aspects of responsiveness 649 

to taste compounds in the mouse model and highlight the importance of understanding taste 650 

function in a broader context that involves the contribution of multiple chemosensory systems. 651 



 

23 

 

 652 

REFERENCES 653 

Alberts JR (1974) Producing and interpreting experimental olfactory deficits. Physiol Behav 654 
12:657-670. 655 

Bartoshuk LM, Klee HJ (2013) Better fruits and vegetables through sensory analysis. Curr Biol 656 
23:R374-378. 657 

Chambliss HO, Van Hoomissen JD, Holmes PV, Bunnell BN, Dishman RK (2004) Effects of 658 
chronic activity wheel running and imipramine on masculine copulatory behavior after 659 
olfactory bulbectomy. Physiol Behav 82:593-600. 660 

Cryan JF, Mombereau C (2004) In search of a depressed mouse: utility of models for studying 661 
depression-related behavior in genetically modified mice. Mol Psychiatry 9:326-357. 662 

Dalton P, Doolittle N, Nagata H, Breslin PA (2000) The merging of the senses: integration of 663 
subthreshold taste and smell. Nat Neurosci 3:431-432. 664 

Davis JD (1973) The effectiveness of some sugars in stimulating licking behavior in the rat. 665 
Physiol Behav 11:39-45. 666 

Dotson CD, Roper SD, Spector AC (2005) PLCbeta2-independent behavioral avoidance of 667 
prototypical bitter-tasting ligands. Chem Senses 30:593-600. 668 

Escanilla OD, Victor JD, Di Lorenzo PM (2015) Odor-taste convergence in the nucleus of the 669 
solitary tract of the awake freely licking rat. J Neurosci 35:6284-6297. 670 

Glendinning JI, Gresack J, Spector AC (2002) A high-throughput screening procedure for 671 
identifying mice with aberrant taste and oromotor function. Chem Senses 27:461-474. 672 

Grill HJ, Norgren R (1978) The taste reactivity test.  II.  Mimetic responses to gustatory stimuli in 673 
chronic thalamic and chronic decerebrate rats. Brain Res 143:281-297. 674 

Kelly JP, Wrynn AS, Leonard BE (1997) The olfactory bulbectomized rat as a model of 675 
depression: an update. Pharmacol Ther 74:299-316. 676 

Krimm RF, Nejad MS, Smith JC, Miller IJJ, Beidler LM (1987) The effect of bilateral sectioning 677 
of the chorda tympani and the greater superficial petrosal nerves on the sweet taste in 678 
the rat. Physiol Behav 41:495-501. 679 

Lapis TJ, Penner MH, Lim J (2014) Evidence that humans can taste glucose polymers. Chem 680 
Senses 39:737-747. 681 



 

24 

 

Lapis TJ, Penner MH, Lim J (2016) Humans Can Taste Glucose Oligomers Independent of the 682 
hT1R2/hT1R3 Sweet Taste Receptor. Chem Senses 41:755-762. 683 

Lien CW, Hisatsune T, Kaminogawa S (1999) Role of olfaction in food preference as evaluated 684 
in an animal model. Biosci Biotechnol Biochem 63:1553-1556. 685 

Maier JX (2017) Single-neuron responses to intraoral delivery of odor solutions in primary 686 
olfactory and gustatory cortex. J Neurophysiol 117:1293-1304. 687 

Maier JX, Blankenship ML, Li JX, Katz DB (2015) A Multisensory Network for Olfactory 688 
Processing. Curr Biol 25:2642-2650. 689 

Mathes CM, Spector AC (2011) The selective serotonin reuptake inhibitor paroxetine does not 690 
alter consummatory concentration-dependent licking of prototypical taste stimuli by rats. 691 
Chem Senses 36:515-526. 692 

Nelson G, Hoon MA, Chandrashekar J, Zhang YF, Ryba NJP, Zuker CS (2001) Mammalian 693 
sweet taste receptors. Cell 106:381-390. 694 

Nissenbaum JW, Sclafani A (1987) Qualitative differences in polysaccharide and sugar tastes in 695 
the rat: a two-carbohydrate taste model. Neurosci Biobehav Rev 11:187-196. 696 

Ramirez I (1993) Role of olfaction in starch and oil preference. Am J Physiol 265:R1404-1409. 697 

Romeas T, Morissette MC, Mnie-Filali O, Pineyro G, Boye SM (2009) Simultaneous anhedonia 698 
and exaggerated locomotor activation in an animal model of depression. 699 
Psychopharmacology (Berl) 205:293-303. 700 

Ruda-Kucerova J, Zanda MT, Amchova P, Fratta W, Fattore L (2018) Sex and Feeding Status 701 
Differently Affect Natural Reward Seeking Behavior in Olfactory Bulbectomized Rats. 702 
Front Behav Neurosci 12:255. 703 

Samuelsen CL, Fontanini A (2017) Processing of Intraoral Olfactory and Gustatory Signals in 704 
the Gustatory Cortex of Awake Rats. J Neurosci 37:244-257. 705 

Sato A, Nakagawasai O, Tan-No K, Onogi H, Niijima F, Tadano T (2010) Effect of non-selective 706 
dopaminergic receptor agonist on disrupted maternal behavior in olfactory 707 
bulbectomized mice. Behav Brain Res 210:251-256. 708 

Schier LA, Inui-Yamamoto C, Blonde GD, Spector AC (2019) T1R2+T1R3-independent 709 
Chemosensory Inputs Contributing to Behavioral Discrimination of Sugars in Mice. Am J 710 
Physiol Regul Integr Comp Physiol. 711 

Sclafani A, Clyne AE (1987) Hedonic response of rats to polysaccharide and sugar solutions. 712 
Neurosci Biobehav Rev 11:173-180. 713 



 

25 

 

Sclafani A, Mann S (1987) Carbohydrate taste preferences in rats: glucose, sucrose, maltose, 714 
fructose and polycose compared. Physiol Behav 40:563-568. 715 

Sclafani A, Ackroff K (2014) Maltodextrin and fat preference deficits in "taste-blind" P2X2/P2X3 716 
knockout mice. Chem Senses 39:507-514. 717 

Shipley MT, Ennis M (1996) Functional organization of olfactory system. J Neurobiol 30:123-718 
176. 719 

Slattery DA, Markou A, Cryan JF (2007) Evaluation of reward processes in an animal model of 720 
depression. Psychopharmacology (Berl) 190:555-568. 721 

Slotnick BM, Gutman LA (1977) Evaluation of intranasal zinc sulfate treatment on olfactory 722 
discrimination in rats. J Comp Physiol Psychol 91:942-950. 723 

Small DM, Prescott J (2005) Odor/taste integration and the perception of flavor. Exp Brain Res 724 
166:345-357. 725 

Small DM, Voss J, Mak YE, Simmons KB, Parrish T, Gitelman D (2004) Experience-dependent 726 
neural integration of taste and smell in the human brain. J Neurophysiol 92:1892-1903. 727 

Smith JC (2001) The history of the "Davis Rig". Appetite 36:93-98. 728 

Smith KR, Spector AC (2017) Detection of maltodextrin and its discrimination from sucrose are 729 
independent of the T1R2 + T1R3 heterodimer. Am J Physiol Regul Integr Comp Physiol 730 
313:R450-R462. 731 

Song C, Leonard BE (2005) The olfactory bulbectomised rat as a model of depression. Neurosci 732 
Biobehav Rev 29:627-647. 733 

Spector AC (2003) Psychophysical evaluation of taste function in non-human mammals. In: 734 
Handbook of Olfaction and Gustation, 2nd Edition (Doty RL, ed), pp 861-879. New York: 735 
Marcel Dekker. 736 

Spector AC, Grill HJ, Norgren R (1993) Concentration-dependent licking of sucrose and sodium 737 
chloride in rats with parabrachial gustatory lesions. Physiol Behav 53:277-283. 738 

Spector AC, Blonde GD, Henderson RP, Treesukosol Y, Hendrick P, Fletcher FH, Tang T, 739 
Donaldson JA (2015) A new gustometer for taste testing in rodents. Chem Senses 740 
40:187-196. 741 

St John SJ, Spector AC (2008) Behavioral analysis of taste function in animal models. In: The 742 
Senses: A Comprhensive Reference (Bassbaum AI, Kaneko A, Shepherd GM, Westheimer 743 
G, eds), pp 409-428. San Diego: Academic Press. 744 



 

26 

 

St John SJ, Garcea M, Spector AC (1994) Combined, but not single, gustatory nerve 745 
transection substantially alters taste-guided licking behavior to quinine in rats. Behav 746 
Neurosci 108:131-140. 747 

Stinton N, Atif MA, Barkat N, Doty RL (2010) Influence of smell loss on taste function. Behav 748 
Neurosci 124:256-264. 749 

Stock HS, Ford K, Wilson MA (2000) Gender and gonadal hormone effects in the olfactory 750 
bulbectomy animal model of depression. Pharmacol Biochem Behav 67:183-191. 751 

Takeda M, Sawano S, Imaizumi M, Fushiki T (2001) Preference for corn oil in olfactory-blocked 752 
mice in the conditioned place preference test and the two-bottle choice test. Life Sci 753 
69:847-854. 754 

Treesukosol Y, Blonde GD, Spector AC (2009) T1R2 and T1R3 subunits are individually 755 
unnecessary for normal affective licking responses to Polycose: implications for 756 
saccharide taste receptors in mice. Am J Physiol Regul Integr Comp Physiol 296:R855-757 
R865. 758 

Treesukosol Y, Smith KR, Spector AC (2011a) The functional role of the T1R family of receptors 759 
in sweet taste and feeding. Physiol Behav 105:14-26. 760 

Treesukosol Y, Smith KR, Spector AC (2011b) Behavioral evidence for a glucose polymer taste 761 
receptor that is independent of the T1R2+3 heterodimer in a mouse model. J Neurosci 762 
31:13527-13534. 763 

Uebayashi H, Hatanaka T, Kanemura F, Tonosaki K (2001) Acute anosmia in the mouse: 764 
behavioral discrimination among the four basic taste substances. Physiol Behav 72:291-765 
296. 766 

Ullman-Cullere MH, Foltz CJ (1999) Body condition scoring: a rapid and accurate method for 767 
assessing health status in mice. Lab Anim Sci 49:319-323. 768 

Van Buskirk RL, Erickson RP (1977) Odorant responses in taste neurons of the rat NTS. Brain 769 
Res 135:287-303. 770 

Vigorito M, Sclafani A (1987) Effects of anosmia on Polycose appetite in the rat. Neurosci 771 
Biobehav Rev 11:211-213. 772 

Wang L, Gillis-Smith S, Peng Y, Zhang J, Chen X, Salzman CD, Ryba NJP, Zuker CS (2018) 773 
The coding of valence and identity in the mammalian taste system. Nature 558:127-131. 774 

Willner P (1990) Animal models of depression: an overview. Pharmacol Ther 45:425-455. 775 



 

27 

 

Wilson DA, Chapuis J, Sullivan RM (2014) Cortical olfactory anatomy and physiology. In: 776 
Handbook of Olfaction and Gustation (Doty RL, ed): John Wiley & Sons. 777 

Wrynn AS, Sebens JB, Koch T, Leonard BE, Korf J (2000) Prolonged c-Jun expression in the 778 
basolateral amygdala following bulbectomy: possible implications for antidepressant 779 
activity and time of onset. Brain Res Mol Brain Res 76:7-17. 780 

Yamamoto T, Asai K (1986) Effects of gustatory deafferentation on ingestion of taste solutions 781 
as seen by licking behavior in rats. Physiol Behav 37:299-305. 782 

Young PT, Trafton CL (1964) Activity contour maps as realted to preference in four gustatory 783 
stimulus areas of the rat. J Comp Physiol Psychol 58:68-75. 784 

Yurttas C, Schmitz C, Turgut M, Strekalova T, Steinbusch HWM (2017) The olfactory 785 
bulbectomized rat model is not an appropriate model for studying depression based on 786 
morphological/stereological studies of the hippocampus. Brain Res Bull 134:128-135. 787 

Zhang Y, Hoon MA, Chandrashekar J, Mueller KL, Cook B, Wu D, Zuker CS, Ryba NJ (2003) 788 
Coding of sweet, bitter, and umami tastes: different receptor cells sharing similar 789 
signaling pathways. Cell 112:293-301. 790 

Zukerman S, Touzani K, Margolskee RF, Sclafani A (2009a) Role of olfaction in the conditioned 791 
sucrose preference of sweet-ageusic T1R3 knockout mice. Chem Senses 34:685-694. 792 

Zukerman S, Glendinning JI, Margolskee RF, Sclafani A (2009b) T1R3 taste receptor is critical 793 
for sucrose but not Polycose taste. Am J Physiol Regul Integr Comp Physiol 296:R866-794 
R876. 795 

Zukerman S, Glendinning JI, Margolskee RF, Sclafani A (2013) Impact of T1r3 and Trpm5 on 796 
carbohydrate preference and acceptance in C57BL/6 mice. Chem Senses 38:421-437. 797 

  798 



 

28 

 

 799 

Table 1.  Experiment 1 comparisons of lick data between surgical groups. 800 

 801 

B6 

 Surgery Concentration Surg x Conc 

Maltrin    

   Pre F1,21=0.05; p=0.82 F5,105=61.9; p<0.01 F5,105=0.34; p=0.89 

   Post F1,21=117.09; p<0.01 F5,105=62.72; p<0.01 F5,105=41.23; p<0.01 

Sucrose F1,20=22.7; p<0.01 F5,100=69.1; p<0.01 F5,100=22.8; p<0.01 

 

KO 

 Surgery Concentration Surg x Conc 

Maltrin    

   Pre F1,22=3.09; p=0.09 F5,110=30.5; p<0.01 F5,110=1.64; p=0.16 

   Post F1,22=24.21; p<0.01 F5, 110=52.69; p<0.01 F5,110=16.44; p<0.01 

Sucrose F1,22=21.4; p<0.01 F5,110=6.9; p<0.01 F5,110=7.0; p<0.01 

 802 

  803 
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Table 2. Two-sample t-tests comparing trials initiated by Sham vs. BULBx mice by phase and 804 
experiment. 805 

 806 

 B6: SHAM vs. BULBx KO: SHAM vs. BULBx 

Experiment 1 

Maltrin   

   Pre t(18.8) = 1.31; p=0.21 t(18.4) = 0.69; p=0.49 

   Post t(17.3) = 5.43; p=<0.01 t(21.6) = 3.066; p=<0.01 

Sucrose t(11.5) = 2.753; p=0.02 t(22) = 2.30; p=0.03 

 

Experiment 2 

Quinine t(13.3) = 2.49; p=0.03 t(21.3) = 1.01; p=0.32 

Citric Acid t(10.0) = 1.54; p=0.16 t(14.6) = 2.37; p=0.03 

 

Experiment 3 

Intralipid  

 

   Pre t(26.8) = 0.04; p=0.97 

   Post t(27.9) = 4.35; p<0.01 

Sucrose t(23.0) = 0.49; p=0.631 

Saccharin t(24.6) = 0.71; p=0.49 

 807 

  808 
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Table 3. Experiment 2 comparisons of lick data between surgical groups. 809 

 810 

B6 

 Surgery Concentration Surg x Conc 

Quinine F1,19=0.20; p=0.66 F5,95=76.28; p<0.01 F5,95=1.19; p=0.32 

Citric Acid F1,18=1.8; p=0.20 F5,90=112.38; p<0.01 F5,90=1.36; p=0.25 

 

KO 

 Surgery Concentration Surg x Conc 

Quinine F1,22=0.03; p=0.87 F5,110=34.11; p<0.01 F5,110=0.88; p=0.50 

Citric Acid F1,23=1.85; p=0.19 F5,115=57.29; p<0.01 F5,115=0.48; p=0.79 

  811 
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Table 4. Experiment 3 comparisons of lick data between surgical groups. 812 

 813 

 Surgery Concentration Surg. X Conc 

Intralipid    

   Pre F1,28=0.04; p=0.85 F5,140=49.21; p<0.01 F5,140=0.17; p=0.97 

   Post F1,20=32.24; p<0.01 F5,100=23.04; p<0.01 F5,100=7.35; p<0.01 

Sucrose F1,26=24.38; p<0.01 F5,130=102.51; p<0.01 F5,130=6.87; p<0.01 

Saccharin F1,27=15.20; p<0.01 F5,135=72.43; p<0.01 F5,135=2.88; p=0.02 

 814 

  815 
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Table 5. Experiment 4 comparisons of preference and intake between surgical groups 816 

B6 Preference 

 Surgery Concentration Surg x Conc 

Sucrose F1,19=4.1; p=0.06 F3,57=17.2; p<0.01 F3,57=2.1;p=0.12 

Maltrin F1,19=18.3; p<0.01 F3,57=34.7; p<0.01 F3,57=12.5; p<0.01 

 

KO Preference 

 Surgery Concentration. Surg x Conc 

Sucrose F1,13=7.3; p=0.02 F3,39=29.5; p<0.01 F3,39=2.5; p=0.07 

Maltrin F1,13=16.5; p<0.01 F3,39=48.1; p<0.01 F3,39=34.4; p<0.01 

 

B6 Intake 

 Surgery Concentration Surg x Conc 

Sucrose F1,19=0.5; p=0.47 F3,57=88.1; p<0.01 F3,57=7.1; p<0.01 

Maltrin F1,19=10.9; p<0.01 F3,57=75.3; p<0.01 F3,57=38.9; p<0.01 

 

KO Intake 

 Surgery Concentration. Surg x Conc 

Sucrose F1,13=2.8; p=0.11 F3,39=19.5; p<0.01 F3,39=2.1; p=0.12 

Maltrin F1,13=4.19; p=0.06 F3,39=33.0; p<0.01 F3,39=9.7; p<0.01 

    

 817 

 818 

  819 
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Table 6. Experiment 4 comparisons of preference and intake between surgical groups at each 820 
concentration for each stimulus. 821 

 822 

B6:  SHAM vs. BULBx 

STIMULUS PREFERENCE INTAKE 

2% SUCROSE t(19)=2.22, p=0.04 t(19)=2.88, p=0.01 

8% SUCROSE t(19)=3.09, p<0.01 t(19)=2.31, p=0.03 

16% SUCROSE t(19)=1.23, p=0.23 t(19)=1.18, p=0.25 

32% SUCROSE t(19)=0.70, p=0.50 t(19)=2.29, p=0.03 

   

2% MALTRIN t(19)=3.68, p<0.01 t(19)=3.39, p<0.01 

8% MALTRIN t(19)=6.15, p<0.01 t(19)=6.98, p<0.01 

16% MALTRIN t(19)=1.34, p=0.13 t(19)=0.73, p=0.48 

32% MALTRIN t(19)=1.44, p=0.17 t(19)=3.22, p<0.01 

 

KO:  SHAM vs. BULBx 

STIMULUS PREFERENCE INTAKE 

2% SUCROSE t(13)=2.22, p=0.04 t(13)=1.54, p=0.14 

8% SUCROSE t(13)=2.30, p=0.04 t(13)=1.81, p=0.09 

16% SUCROSE t(13)=0.12, p=0.91 t(13)=0.72, p=0.48 

32% SUCROSE t(13)=0.95, p=0.36 t(13)=0.10, p=0.92 

   

2% MALTRIN t(13)=8.32, p<0.01 t(13)=4.73, p<0.01 

8% MALTRIN t(13)=3.25, p<0.01 t(13)=3.13, p<0.01 

16% MALTRIN t(13)=0.36, p=0.73 t(13)=0.98, p=0.35 

32% MALTRIN t(13)=1.79, p=0.10 t(13)=1.92, p=0.08 

 823 

 824 

 825 
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Table 7. Experiment 4 comparisons of caloric intake between surgical groups 826 

 827 

B6 

 Surgery Concentration Surg x Conc 

Sucrose F1,19=4.3; p=0.05 F3,57=18.9; p<0.01 F3,57=1.7; p=0.17 

Maltrin F1,19=5.5; p=0.03 F3,57=25.9; p<0.01 F3,57=1.0; p=0.38 

 

KO 

 Surgery Concentration. Surg x Conc 

Sucrose F1,13=2.1; p=0.18 F3,39=16.6; p<0.01 F3,39=0.5; p=0.68 

Maltrin F1,13=1.5; p=0.24 F3,39=23.7; p<0.01 F3,39=0.2; p=0.92 

 828 

  829 
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 830 

FIGURE CAPTIONS 831 

 832 

Figure 1. Postsurgical Buried Food Test.  Latencies to find the buried potato crisp for each 833 
experiment by group.  These tests were performed after the end of behavioral 834 
testing.  BULBx animals with BFT latencies less than 450 s were discarded from 835 
the behavioral analyses.  Mice failing to find the potato crisp during the test 836 
underwent a visual test.  Median latency  (±SIQR) in seconds for the visual test 837 
are as follows:  Experiment 1, B6 BULBx: 9.2 (±9.2); KO BULBx: 11.7 (±8.1); 838 
Experiment 2, B6 BULBx: 20.4 (±8.7), KO BULBx, 14.5 (±25.8); Experiment 3, B6 839 
BULBx, 77.6 (±93.6); Experiment 4, B6 BULBx, 81.2 (60.7), KO BULBx, 24.7 840 
(20.4).  These mice all passed the presurgical BFT with a latency <110s.   841 

 842 

Figure 2. Mean (± SE) presurgical Lick Scores (left) and mean total number of taste trials 843 
initiated (right) to Maltrin by B6 (top) and KO (bottom) mice in Experiment 1.  844 
SHAM groups are shown in blue, and BULBx groups are shown in red.  Lighter 845 
blue and red lines represent Lick Scores of individual mice.  Only sessions with at 846 
least one trial per concentration were included for lick analyses.  B6 SHAM, n=12; 847 
B6 BULBx, n=11; KO SHAM, n=11; KO BULBx, n=12.  Licks to each 848 
concentration are standardized to the mean (±SE) licks to water: B6 SHAM, 13.2 849 
± 1.0; B6 BULBx, 12.7 ± 1.2; KO SHAM, 22.1 ± 3.4; KO BULBx, 18.1 ± 1.8.  See 850 
Tables 1 and 2 for outcomes of statistical tests. 851 

 852 

Figure 3. Mean (± SE) postsurgical Lick Scores and mean (± SE) total number of taste trials 853 
initiated to Maltrin and sucrose by B6 (top) and KO (bottom) mice in Experiment 1.  854 
SHAM groups are shown in blue, and BULBx groups are shown in red.  Lighter 855 
blue and red lines represent Lick Scores of individual mice.  Only sessions with at 856 
least one trial per concentration were included for lick analyses.  Group sizes for 857 
Maltrin: B6 SHAM, n=12; B6 BULBx, n=11; KO SHAM, n=12; KO BULBx, n=12.  858 
Group sizes for sucrose: B6 SHAM, n=12; B6 BULBx, n=10; KO SHAM, n=12; KO 859 
BULBx, n=12.  Licks to each concentration are standardized to the mean (±SE) 860 
licks to water.  Maltrin water licks: B6 SHAM, 12.1 ± 0.9; B6 BULBx, 11.5 ± 2.4; 861 
KO SHAM, 17.7 ± 1.9; KO BULBx, 15.9 ± 2.6.  Sucrose water licks: B6 SHAM, 862 
12.1 ± 1.1; B6 BULBx, 12.5 ± 2.4; KO SHAM, 24.3 ± 3.1; KO BULBx, 13.4 ± 2.4. 863 
See Tables 1 and 2 for outcomes of statistical tests. 864 

 865 

Figure 4. Mean (± SE) postsurgical Taste/Water Ratios and mean (± SE) total number of 866 
taste trials initiated to quinine and citric acid by B6 (top) and KO (bottom) mice in 867 
Experiment 2.  SHAM groups are shown in blue, and BULBx groups are shown in 868 
red.  Lighter blue and red lines represent Taste/Water Ratios of individual mice.  869 
Only sessions with at least one trial per concentration were included for lick 870 
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analyses.  Group sizes for quinine: B6 SHAM, n=12; B6 BULBx, n=9; KO SHAM, 871 
n=13; KO BULBx, n=11.  Group sizes for citric acid: B6 SHAM, n=12; B6 BULBx, 872 
n=8; KO SHAM, n=13; KO BULBx, n=12.  Licks to each concentration are 873 
standardized to the mean (±SE) licks to water.  Quinine water licks: B6 SHAM, 874 
53.8 ± 6.8; B6 BULBx, 49.5 ± 2.1; KO SHAM, 63.22 ± 3.4; KO BULBx, 60.3 ± 4.3.  875 
Citric acid water licks: B6 SHAM, 59.8 ± 2.5; B6 BULBx, 50.7 ± 1.3; KO SHAM, 876 
67.87 ± 2.8; KO BULBx, 57.9 ± 5.5. See Tables 2 and 3 for outcomes of statistical 877 
tests. 878 

 879 

Figure 5. Mean (± SE) presurgical Lick Scores (left) and mean total number of taste trials 880 
initiated (right) to Intralipid by B6 mice in Experiment 3.  SHAM groups are shown 881 
in blue, and BULBx groups are shown in red.  Lighter blue and red lines represent 882 
Lick Scores of individual mice.  Only sessions with at least one trial per 883 
concentration were included for lick analyses.  SHAM, n=12; BULBx, n=18.  Licks 884 
to each concentration are standardized to the mean (±SE) licks to water: SHAM, 885 
15.2 ± 0.8; BULBx, 14.5 ± 1.2. See Tables 2 and 4 for outcomes of statistical 886 
tests. 887 

 888 

Figure 6. Mean (± SE) postsurgical Lick Scores (left) and mean total number of taste trials 889 
initiated (right) to Intralipid (top), sucrose (middle), and saccharin (bottom) by B6 890 
mice in Experiment 3.  SHAM groups are shown in blue, and BULBx groups are 891 
shown in red.  Lighter blue and red lines represent Lick Scores of individual mice.  892 
Only sessions with at least one trial per concentration were included for lick 893 
analyses.  Intralipid: SHAM, n=12; BULBx, n=11.  Sucrose: SHAM, n=12; BULBx, 894 
n=16.  Saccharin: SHAM, n=12; BULBx, n=17. Licks to each concentration are 895 
standardized to the mean (±SE) licks to water. Intralipid: SHAM, 12.3 ± 1.0; 896 
BULBx, 30.8 ± 4.7.  Sucrose: SHAM, 8.2 ± 0.9; BULBx, 11.7 ± 1.4.  Saccharin: 897 
SHAM, 8.7 ± 1.4; BULBx, 7.3 ± 0.8.  See Tables 2 and 4 for outcomes of 898 
statistical tests. 899 

 900 

Figure 7. Mean (± SE) preference ratios to sucrose (top) and Maltrin (bottom) by B6 (left, 901 
circles) and KO (right, triangles) mice in Experiment 4.  SHAM groups are shown 902 
in blue, and BULBx groups are shown in red. Lighter blue and red lines represent 903 
Preference Ratios of individual mice.   Preference ratios are calculated by dividing 904 
intake of the solution by total intake (solution + water).  B6 SHAM, n=8; B6 905 
BULBx, n=13; KO SHAM, n=8; KO BULBx, n=7. See Tables 5 and 6 for outcomes 906 
of statistical tests. 907 

 908 

Figure 8.  Mean (± SE) intake of sucrose (top) and Maltrin (bottom) by B6 (left, circles) and 909 
KO (right, triangles) mice in Experiment 4.  SHAM groups are shown in blue, and 910 
BULBx groups are shown in red.  Lighter blue and red lines represent intakes of 911 
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individual mice.   B6 SHAM, n=8; B6 BULBx, n=13; KO SHAM, n=8; KO BULBx, 912 
n=7. See Tables 5 and 6 for outcomes of statistical tests. 913 

 914 

Figure 9. Mean (± SE) total caloric intake during two-bottle testing with water (left), Maltrin 915 
(middle), and sucrose (right) by B6 (left, circles) and KO (right, triangles) mice in 916 
Experiment 4.  SHAM groups are shown in blue, and BULBx groups are shown in 917 
red.  Lighter blue and red lines represent total caloric intakes of individual mice.   918 
B6 SHAM, n=8; B6 BULBx, n=13; KO SHAM, n=8; KO BULBx, n=7. See Table 7 919 
for outcomes of statistical tests. 920 

 921 

Figure 10.  Representative photomicrographs of a sagittal brain section through the olfactory 922 
bulb and rostral pole of the forebrain stained with thionin (A, C, E) and photos of 923 
the accompanying whole brain from which the section was derived (B, D, F).  924 
Dashed line in B, D, and F represents the approximate medial-lateral planes of the 925 
nissl-stained sections in A, C, and E.  A & B: intact olfactory bulbs from a SHAM 926 
mouse.   C & D: complete separation of the olfactory bulbs from the rostral 927 
forebrain (olfactory bulbs not shown) in BULBx mouse.  E & F: incomplete 928 
separation of the olfactory bulb from the rostral forebrain in a BULBx mouse that 929 
passed the BFT and was discarded from the analysis.  930 

 931 
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