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Oxytocin decreases sweet taste sensitivity in mice

Michael S. Sinclair1, Isabel Perea-Martinez2, Marianne Abouyared2, Steven J. St. John3, and 
Nirupa Chaudhari1,2

1Program in Neurosciences, University of Miami Miller School of Medicine, Miami, FL, USA

2Department of Physiology & Biophysics, University of Miami Miller School of Medicine, Miami, 
FL, USA

3Department of Psychology, Rollins College, Winter Park, FL, USA

Abstract

Oxytocin (OXT) suppresses food intake and lack of OXT leads to overconsumption of sucrose. 

Taste bud cells were recently discovered to express OXT-receptor. In the present study we tested 

whether administering OXT to wild-type mice affects their licking behavior for tastants in a 

paradigm designed to be sensitive to taste perception. We injected C57BL/6J mice 

intraperitoneally (i.p.) with 10 mg/kg OXT and assayed their brief-access lick responses, 

motivated by water deprivation, to NaCl (300 mM), citric acid (20 mM), quinine (0.3 mM), 

saccharin (10 mM), and a mix of MSG and IMP (100 mM and 0.5 mM respectively). OXT had no 

effect on licking for NaCl, citric acid, or quinine. A possible effect of OXT on saccharin and MSG

+IMP was difficult to interpret due to unexpectedly low lick rates to water (the vehicle for all taste 

solutions), likely caused by the use of a high OXT dose that suppressed licking and other 

behaviors. A subsequent experiment focused on another preferred tastant, sucrose, and employed a 

much lower OXT dose (0.1 mg/kg). This modification, based on our measurements of plasma 

OXT following i.p. injection, permitted us to elevate plasma [OXT] sufficiently to preferentially 

activate taste bud cells. OXT at this low dose significantly reduced licking responses to 0.3 M 

sucrose, and overall shifted the sucrose concentration – behavioral response curves rightward 

(mean EC50saline = 0.362 M vs. EC50OXT = 0.466 M). Males did not differ from females under 

any condition in this study. We propose that circulating oxytocin is another factor that modulates 

taste-based behavior.
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1. Introduction

Oxytocin (OXT) is a hypothalamic peptide known for facilitating parturition, lactation, and 

prosocial behaviors [1]. OXT also serves as a satiety peptide [2-4] in the central nervous 

system. Intracerebroventricular (i.c.v, 1-10 μg) and intraperitoneal (i.p., 0.4-6 mg/kg) 

injections of OXT in fasted rats reduced, in dose-dependent fashion, the amount of food 

consumed, the number of feeding bouts, and the time spent feeding, and also increased the 

latency to initiate feeding after food was reintroduced [5, 6]. The same doses of OXT also 

reduced food consumption in non-fasted rats [7]. These effects were blocked by an OXT 

receptor antagonist, and in some studies an oxytocin receptor antagonist by itself increased 

intake of food or nutritive solutions [5-9]. OXT was equally effective in male and female 

rats [10].

Further evidence for the role of OXT in feeding behavior comes from study of OXT-

deficient (OXT-/-) mice. Such OXT-/- mice overconsume sucrose and carbohydrate solutions 

(such as starch and Polycose), but not isocaloric lipids [11-14]. Normally, rodents find 

polysaccharides such as starch palatable but discriminable in taste from simple sugars such 

as sucrose and glucose [15, 16]. OXT-/- mice also overconsume the artificial sweetener, 

saccharin [12]. Pharmacologically blocking the OXT receptor had a similar effect, with 

several sugars and other carbohydrates being overconsumed [8]. That is, OXT influences 

consumption in a taste-quality selective manner. Sclafani and coauthors [14] reported that in 

spite of overconsuming sucrose, OXT-/- mice will not exert additional effort to obtain it. 

This finding, using a progressive ratio paradigm, suggested that OXT alters only satiety 

rather than the hedonic valuation of sweet-tasting sucrose.

Potential central sites of action include the nucleus of the solitary tract, where OXT is 

necessary for the satiety hormones leptin and cholecystokinin to be fully effective [17-21], 

and areas of the hypothalamus known to be involved in feeding behavior, such as the 

ventromedial hypothalamus and supraoptic nucleus. The ventromedial hypothalamus 

contains subpopulations of neurons, some of which may be OXT responsive and may reduce 

feeding when activated [22, 23]. OXT is known to be released from the dendrites of 

magnocellular neurons in the nearby supraoptic nucleus [24]. Indeed, a recent report 

concluded that OXT microinjected into the ventromedial hypothalamus was sufficient to 

suppress feeding while also increasing energy expenditure of Sprague-Dawley rats [25].

We previously reported that OXT receptor is expressed in a subset of murine taste bud cells 

and that OXT elicits calcium responses from those same cells [26]. Other investigators have 

shown OXT receptor expression (and OXT-elicited calcium responses) in a cell line derived 

from human fungiform papillae [27]. While peripheral receptors are unlikely to play a role 

in behavioral responses following i.c.v. injection, we considered it possible that in the 

physiological state, central and peripheral OXT may work together to reduce feeding 

behavior following endogenous OXT elevation. If so, peripheral effects via taste signaling 

may have contributed to any reduction in feeding behavior following i.p. injection of 

exogenous OXT and to increased consumption of sweet solutions in OXT-/- mice. More 

specifically, OXT may depress the perceived intensity of sweet-tasting solutions, thereby 
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reducing its hedonic appeal, and assisting central satiety mechanisms to decrease 

consumption.

As a first attempt to investigate potential OXT-induced alterations in gustatory 

responsiveness, we injected mice with either vehicle or OXT and then studied immediate 

responses to small volumes of taste solutions in a brief-access assay [28-32]. While this 

procedure does not discriminate the site of action of OXT (i.e., central or peripheral), the 

behavioral task is considered to be minimally influenced by post-ingestive signals and 

guided substantially by orosensory processes because mice are only briefly engaged with the 

taste solutions [28, 33-37]. Because circulating OXT is rapidly metabolized [38], the brevity 

of this assay also minimizes the possibility that serum levels of OXT will dramatically 

decrease over the course of the behavioral session.

2. Materials and Methods

2.1 Animals

Fifty-seven adult, C57BL/6J mice of both sexes were used in 3 experiments (reported 

below). Mice were obtained directly from Jackson Laboratory (Bar Harbor, ME) or bred in-

house from these mice. All mice were under the husbandry of the Division of Veterinary 

Resources of the University of Miami School of Medicine (and housed in AAALAC 

certified facilities) or the Rollins College Animal Colony. All procedures on mice were 

approved by the Institutional Animal Care and Use Committees of the University of Miami 

School of Medicine or Rollins College, and conformed to NIH guidelines for the ethical 

treatment of experimental animals.

2.2 Behavioral testing apparatus

Behavioral experiments were carried out in a Davis MS-160 lickometer (DiLog Instruments, 

Tallahassee, FL) similar to those previously described [29, 30, 36]. Briefly, the Davis Rig 

[36] consists of a rodent cage with an opening in one wall permitting access to a sipper tube 

housed on a motorized tray. The opening can be blocked by a computer-controlled shutter 

door limiting access between trials, and the motorized tray can be automatically moved 

while the shutter is closed to position any of several sipper tubes opposite the opening in 

successive trials. During trials, licks are detected by a contact circuit and the onset time of 

each lick stored for later analysis. Trials were 5 s in duration beginning from the mouse's 

first lick. That is, all trials consisted of one or more licks.

2.3. Experiment 1: Multi-tastant panel

Twelve mice (6 of each sex) took part in the first experiment. Twenty-four hours before the 

first training session, water bottles were removed from the home cages and were not 

returned until after the entire experiment was completed. 1 mL of supplemental water was 

provided in the home cage daily after sessions.

For the first two training sessions (“spout training”), the lickometer was equipped with a 

single stationary bottle of water. The purpose of these sessions was to allow mice to become 

familiar with the testing environment and learn to access fluid in the Davis Rig lickometer. 
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Mice had access to water for a single, 20 min trial. If a mouse initiated fewer than 50 licks, it 

was retrained later the same day.

For the next two training sessions (“trial training”), the lickometer was equipped with 6 

bottles, all containing water only. The purpose of these sessions was to allow the mice to 

become familiar with the noises and movements of the lickometer and to learn to sample 

repeatedly from bottle spouts presented in brief (5 s), successive trials. Mice could initiate 

up to 24 trials (with each of the 6 bottles presented in a randomized block design) during a 

20 min session. In between trials, the shutter door remained closed for 10 s.

The day after the fourth training session, experimental testing began. These six sessions 

(“test sessions”) occurred over a span of 6 consecutive days. Thirty minutes before each 

session, mice were given an intraperitoneal (i.p.) injection of either Hank's balanced salt 

solution (“saline”) or 10 mg/kg OXT in saline, using an injection volume of 10 μL/g body 

weight. We used i.p. injection as a route for delivery as it achieves prolonged elevation of 

circulating OXT levels. The dose of OXT was selected based on a previous study showing it 

to be effective in modifying a range of behaviors [30]. Saline and OXT sessions alternated 

over the six days, with half of the mice of each sex beginning the series with saline and the 

other half beginning the series with OXT.

The six test sessions were identical to the last two training sessions except the six bottles 

were filled with 300 mM NaCl, 20 mM citric acid, 0.3 mM quinine-HCl, 10 mM Na-

saccharin, 100 mM monosodium glutamate (MSG) + 0.5 mM inosine monophosphate 

(IMP), and distilled water. Concentrations were chosen from previous work as those that 

elicit approximately the half-maximal behavioral response in mice [25-29]. Each tastant was 

presented exactly once before it was presented again in a new random sequence for a 

maximum of 24 trials per session.

2.4. Experiment 2: Quantification of plasma oxytocin

To estimate the effect of our injections on circulating plasma oxytocin levels, 18 mice (3 per 

dose) were injected i.p. with OXT (0, 0.1, 0.3, 1, 3, or 10 mg/kg). Thirty minutes later 50 - 

100 μL of blood was drawn from the facial vein. Blood was collected in EDTA and 

aprotinin-coated capillaries and placed on ice. Tubes were centrifuged for 15 minutes at 

1600g at 4 °C, and plasma was recovered and either assayed immediately or stored at -20 

°C.

OXT concentration in plasma was measured with an Oxytocin ELISA kit by AssayDesigns 

according to the manufacturer's instructions. Optical density was measured using a Wallac 

Victor 1420 multilabel counter (PerkinElmer, Waltham, MA).

2.5. Experiment 3: Sucrose concentration panel

A second behavioral experiment with 27 mice focused on sucrose. All mice were naive to 

sweet tastants before the first test session. Because thirsty mice lick all concentrations of 

sucrose at near-maximal lick rates (c.f., behavior toward saccharin in Experiment 1), it was 

necessary to test mice after only minimal fluid restriction. As described below, we used the 
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partial food/partial water restriction scheme of Glendinning and colleagues to motivate 

sampling of the taste solutions [30-32].

Davis Rig training was identical to Experiment 1, except that 7 water bottles were used 

during trial training rather than 6, to accommodate the slightly larger stimulus array to be 

used during the test sessions. During test sessions, each mouse was presented six 

concentrations of sucrose (0.03, 0.1, 0.2, 0.3, 0.6, and 1 M) and distilled water in a 

randomized block design. Mice could initiate an unlimited number of trials in these 30 min 

sessions. The inter-presentation interval was 7.5 s.

During these test sessions, mice were divided into two groups (referred to as Experiment 3A 

consisting of 12 mice, 7 of which were male and Experiment 3B consisting of 15 mice, 8 of 

which were male). Both sets of mice were tested in 3 test sessions over a span of 6 days with 

one “off day” preceding each test day in order to implement the partial food and water 

restriction schedule. Twenty-four hours prior to each test session, mice were restricted to 1 g 

of chow and 2 mL of water.

For Experiment 3A mice, all three test sessions were identical. The purpose of this 

experiment was to assess whether multiple exposures to sucrose produced changes in 

behavioral responses over the 3 test sessions. For Experiment 3B mice, test sessions were 

preceded by i.p. injection of either saline or 0.1 mg/kg OXT dissolved in saline 30 minutes 

prior to the beginning of the test session (this lower dose was guided by the results of 

Experiment 2). Session 1 and 3 were preceded by saline injections; Session 2 by OXT 

injection. Injection volume was 10 μL/g body weight.

2.6. Chemicals

All tastants and buffer components were purchased from Sigma-Aldrich (St. Louis, MO). 

Taste stimuli were made in distilled water. OXT was purchased from Tocris Bioscience 

(Minneapolis, MN).

2.7. Data Analyses

For Experiment 1, the average licks to a tastant over the 3 sessions in a particular condition 

(saline or OXT) were divided by the average licks to water in those sessions on an 

individual mouse basis. In thirsty animals, this taste/water ratio typically ranges from near 

zero (complete avoidance) to 1 (maximal licking), and the standardization to water licking 

provides a means of controlling for differences in maximal lick rate and motivation across 

animals. Paired t-tests were used to explore differences in the taste/water ratio between 

saline and OXT conditions. A preliminary analysis tested for possible differences between 

males and females using a 2-way analysis of variance (ANOVA) with Sex and Tastant (5 

levels) as factors.

For Experiment 3, average lick rates for each concentration of sucrose under each session 

(saline, OXT, or no injection in the case of control mice) were standardized using the 

standardized lick ratio (SLR) as described by Glendinning and colleagues [30]. The average 

licks to a given concentration of sucrose for a given condition was divided by each mouse's 

maximal 5-s lick rate, as determined by multiplying the reciprocal of the average interlick 
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interval recorded on the first day of training by 5. The SLR serves the same standardization 

function as the taste-water ratio from Experiment 1. Taste/water ratios are appropriate for 

the standardization of lick rates to aversive stimuli in thirsty animals (where water represents 

the maximal lick rate), whereas the SLR is appropriate for the standardization of lick rates to 

preferred stimuli under conditions of no or partial fluid restriction (where a water 

denominator would be low and not reflective of the animal's maximal lick rate) [30, 31, 39]. 

A two-way analysis of variance (ANOVA) was used to test for main effects and interactions 

of the independent variables Treatment and Concentration.

Dose-response relationships for plasma OXT (Experiment 2) were fit with a linear 

regression using Prism (GraphPad Software, LaJolla, CA), and behavioral data (Experiment 

3B) were fit with a nonlinear regression in Sigma Plot 12.5 (Systat Software Inc., Chicago, 

IL) based on the Hill Equation:

where b is a parameter representing the slope, c (hereafter, EC50) is the concentration for 

which the SLR is midway between the lower and upper asymptote, d is a parameter 

representing the lower asymptote, and x is concentration of sucrose. The upper asymptote 

was set to 1.0. The lower asymptote was modeled because the SLR has no theoretical lower 

value (it must be higher than zero but cannot be zero because a trial requires at least one 

lick), whereas the upper asymptote has a theoretically specified value (1.0 at the mouse's 

maximal lick rate) which can be achieved in practice.

Significant changes in these parameters were assessed by paired t-test (following a log 

transform in the case of the EC50). One mouse was removed from the regression analysis for 

an outlying low r2 value indicating a poor curve fit (r2 = 0.68; r2 > 0.95 for the remaining 

mice). (This mouse was included in the ANOVA.) The outcome of statistical tests of curve 

fit parameters or the ANOVA were not altered by presence or removal of this one case. 

Because data were variable during Session 1 in Experiment 3A, we do not report the results 

of the curve-fitting in that experiment (one mouse's data could not be fit and several 

remaining mice had poor goodness-of-fit values in Session 1 only).

The statistical rejection criterion (a) was set to 0.05 for all analyses (post-hoc tests, where 

used, were Bonferroni-corrected for multiple comparisons).

3. Results

3.1. Experiment 1: OXT does not modulate lick responses to aversive tastants

OXT, injected i.p. decreases food intake [5, 6] and OXT-/- mice overconsume sweet 

solutions. Thus, we asked if circulating OXT at levels similar to previous studies affects 

taste responses to aversive (bitter, sour, salty) and appetitive (sweet, umami) stimuli. Lick 

rate to tastants was normalized to the lick rate for water.
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Males and females did not differ in their responses to tastants, whether they were injected 

with saline (Sex: F(1,10) = 3.94, p = 0.075; Tastant, F(4,40) = 105.11, p < 0.0001; Sex × 

Tastant, F(4,40) = 0.63, p = 0.64) or OXT (Sex: F(1,10) = 0.36, p = 0.56; Tastant, F(4,40) = 

42.68, p < 0.0001; Sex × Tastant, F(4,40) = 0.38, p = 0.82). Hence, data from males and 

females in this series were pooled.

As assessed by taste/water lick ratios, licking behavior to NaCl (t(11) = -0.686, p = 0.507), 

citric acid (t(11) = -0.475, p = 0.644), and quinine (t(11) = 1.266, p = 0.232) was unaffected 

by OXT injection (Fig. 1A). In contrast, OXT appeared to increase the attractiveness of 

saccharin (t(11) = -3.691, p = 0.0036) and MSG+IMP (t(11) = -2.468, p = 0.031), which are 

both normally preferred substances (Fig. 1B). Rather than reflecting an increase in licking 

these preferred tastants, however, the elevated ratios were actually caused by a greatly 

reduced lick rate to water (Fig. 1C). If assessed by raw lick rates, when OXT-injected, mice 

reduced licking water (t(11) = 11.425, p < 0.00001), saccharin (t(11) = 5.580, p = 0.00017), 

and MSG+IMP (t(11) = 6.174, p = 0.000070). Because lick rates to water were reduced 

somewhat more substantially than lick rates to the preferred stimuli, saccharin or MSG-IMP, 

an apparent opposite effect of OXT on these substances was seen than when assessing taste/

water ratios (compare Fig. 1B and 1C).

Given the thirst-reducing effect of OXT, we considered whether injected OXT persistently 

alters drinking behavior across the time-frame of our experiment. Comparing lick rates to 

water across consecutive test sessions (Fig. 2), we found that the lick rate to water was 

similar in all three of the sessions that mice were injected with saline. And, all mice showed 

similarly depressed lick rates for water in all 3 sessions where OXT was injected. These 

conclusions were supported by a Drug × Session repeated measures ANOVA; there was a 

significant effect of Drug (F(1,7) = 47.993, p = 0.00023) but no effect of Session (F(2,14) = 

0.084, p = 0.92) and no Drug × Session interaction (F(2,14) = 0.168, p = 0.847; degrees of 

freedom reflect 4 cases missing due to lack of any behavior during some OXT sessions). 

Thus, as expected from its short life-time in blood, the OXT-induced reduction of licking 

was entirely reversed within one day and did not carry over from one session to the next.

Taking these data into account, it appears that aversive tastants were not affected by OXT 

(as licking to these tastants was reduced in proportion to licks to water). It is more difficult 

to interpret whether OXT affected licking to saccharin and MSG+IMP, particularly because 

the lick rate for saccharin and MSG+IMP in saline-injected animals may have been 

constrained by a ceiling effect. If so, then the fact that licking to these compounds was 

reduced less by OXT than licking to water could simply be an artifact of this ceiling effect.

In addition to these effects on lick rate, OXT also significantly reduced the total number of 

trials initiated over the 3-days of testing (34.333 ± 2.664) relative to the saline condition 

(66.667 ± 2.853; t(11) = 9.274, p = 0.0000020), indicated that OXT may have had a general 

suppressive effect on behavior. These concerns prompted us to study whether lower 

injection doses of OXT might be used which did not produce a general inhibition on 

behavior (see Section 3.2) and may reveal any taste-selective effects of OXT if they exist.
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3.2. Experiment 2: Circulating [OXT] varies predictably with injected dose

In Experiment 2, we injected various doses of OXT and measured [OXT] available 

peripherally after 30 min (the same time-frame as in our behavioral tests). Plasma [OXT] 

increased linearly with injected dose (r2 = 0.87, Fig. 3). The plasma [OXT] for mice injected 

with vehicle only was ∼0.1 nM, with a range of 0.01 to 0.49 nM, similar to the 0.02 to 0.1 

nM value reported in other rodent studies [38, 40, 41]. On the other hand, the EC50 for 

central OXT-responsive neurons is ∼22 nM and ∼33 nM for OXT-responsive taste cells 

[26, 41]. Thus, we selected an i.p. dose of 0.1 mg/kg for our second behavioral experiment, 

with evoked plasma oxytocin concentrations of ∼10 nM (c.f., Fig. 3). The 10 mg/kg dose 

used in in our first experiment, similar to earlier studies [5], resulted in plasma OXT 

concentrations well above the physiological range for peripheral effects.

3.3. Experiment 3A: Licking for sucrose increases with repeated exposures

In Experiment 3, mice were tested behaviorally after partial food- and-water restriction to 

avoid the ceiling effect for palatable tastants encountered above. This paradigm does not 

permit using water licking as a gauge; instead, we used “standardized lick ratios, SLR” (see 

Methods) to compare across the population. We found that an uninjected control group 

altered their behavior to a sucrose-concentration series over 3 consecutive sessions (Fig. 4). 

In all sessions, mice increased licking for sucrose in a concentration-dependent manner, but 

the concentration-response function became steeper, and the maximal lick rate higher, 

during Sessions 2 and 3 relative to Session 1. This was supported by a significant 

Concentration × Session interaction (with water included as a concentration: F(12,132) = 

5.392, p <0.0001; without water included as a concentration: F(10,110) = 5.745, p <0.0001). 

These interactions remained highly significant when comparing Session 1 to either Session 2 

or 3 in separate ANOVAs, but there were no differences between Session 2 and 3 for 

Session (F(1,11) = 1.203, p = 0.296) or the Concentration × Session interaction (F(6,66) = 

0.647, p = 0.692). A possible explanation is that mice develop greater contrast between 

sucrose concentrations after the first session; i.e., they anticipate higher, sweeter 

concentrations of sucrose and sample less from lower, less sweet concentrations. By Session 

2, behavior is stable.

As in the first behavioral experiment, we confirmed that there were no differences between 

males and females when each session was examined separately (all p-values > 0.23 for main 

effect of Sex and Sex × Concentration interaction).

3.4. Experiment 3B: OXT reduces licking to sucrose

Experiment 3A above demonstrated that, under control conditions, licking behavior to 

sucrose changes from Session 1 to Session 2, but not from Session 2 to Session 3. In 

Experiment 3B, therefore, we compared the behavior in Session 2 (OXT injection) to 

Session 3 (saline injection) with the expectation that any differences in behavior between 

these sessions could be attributed to the type of injection, rather than time- or experience-

based effects. In addition, we used a lower OXT dose than in Experiment 1, to activate any 

influence upon the peripheral taste system that may occur physiologically. Our expectation 

was also that using a lower OXT dose might not cause the indiscriminate reduction of 

licking seen in Experiment 1.
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OXT-injected mice consumed 1.0 M sucrose at near-maximal lick rates (Figure 5; licking 

near an SLR of 1.0), suggesting that they were capable of licking at rates as high as saline-

injected mice. In addition, OXT-injected mice actually initiated more (t(14) = 5.459, p = 

0.000084) total taste trials (52.667 ± 2.441) than saline-injected mice (41.600 ± 1.817), 

reinforcing the notion that the lowered OXT dose used in Experiment 3 did not suppress 

licking behavior as the higher dose did in Experiment 1.

Licking for sucrose (Fig. 5A) was slightly but significantly reduced by OXT injection (main 

effect of Treatment: F(1,14) = 20.10, p = 0.00052; Treatment × Concentration interaction: 

F(6,84) = 8.60, p <0.0001). Post-hoc t-tests (with a Bonferroni correction for multiple 

comparisons) between OXT and saline at each concentration revealed a significant reduction 

in sucrose licking at 0.3 M (t(14) = 5.13, p = 0.0011) and a non-significant trend at 0.2 M.

To better appreciate the effects across the entire concentration range, sigmoidal curves were 

fit to the concentration-SLR functions for each mouse in each condition (OXT or saline). 

The b-parameter (slope) and d-parameter (lower asymptote) were unaffected by OXT. The 

EC50, however, was significantly right-shifted by 0.109 log units (t(13) = -4.290, p= 

0.00088), a finding that reinforces the results of the ANOVA. Average curve fit parameters 

are shown in Table 1.

Subsidiary analyses revealed that males and females did not differ in their responses to 

sucrose, whether they were injected with saline (Fig. 5B) or OXT (Fig. 5C).

4. Discussion

Given the recent discovery of OXT receptors in taste buds [26, 27], we examined the effect 

of peripheral OXT injection on ingestive behavior towards a variety of taste solutions in a 

taste-salient behavioral paradigm. Overall, OXT did not seem to alter licking behavior for 

NaCl, citric acid, and quinine, though the high doses of OXT used in our first experiment 

reduced licking to water and therefore may have had nonspecific effects on ingestion. A 

second behavioral experiment using lower OXT doses did not produce detectable general 

effects, and did reduce the licking behavior of mice for sucrose, right-shifting the lick-

concentration function 0.109 log units. Thus, OXT may influence gustatory processing for 

sucrose, although other mechanisms of action are also consistent with our data.

In our first experiment, we used water restriction to motivate stimulus sampling. Water 

restriction encourages mice to lick unpalatable tastants that they otherwise would avoid, 

increasing the number of trials mice initiate, and decreasing variability in lick rates across 

sessions [28, 29]. In Experiment 1, OXT did not alter acceptability of moderate 

concentrations of NaCl, citric acid, and quinine. Interpretation of the potential effects of 

OXT on palatable stimuli, saccharin and MSG+IMP, however, were complicated by the fact 

that OXT reduced licking to water. Taste/water ratios for saccharin and MSG-IMP actually 

increased following OXT injection, whereas the raw lick rates decreased (but decreased 

more to water). Furthermore, because licking to saccharin and MSG+IMP in the saline-

injected mice was already near maximum, due to water restriction, mice may have been 

prevented from licking more in these sessions to saccharin and MSG+IMP (i.e., a ceiling 

Sinclair et al. Page 9

Physiol Behav. Author manuscript; available in PMC 2016 March 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



effect). If so, then the greater reduction of licking of water compared to the palatable stimuli 

may represent merely an artifact of this ceiling effect.

These results prompted us to alter our procedure in two ways: first, to attempt to find a 

lower dose of OXT that elevated plasma oxytocin levels only to physiological 

concentrations; and second, to study licking to preferred substances under conditions of 

lower thirst levels, to minimize the influence of OXT on physiological state and to assess 

behavior at lower concentrations of tastants while avoiding ceiling effects in lick rates 

caused by pronounced thirst.

In Experiment 2, we identified a lower OXT injection dose (0.1 mg/kg) that elevated plasma 

OXT levels to the low nM range which we had earlier found were effective for activating 

taste bud cells [26]. The lower dose could reasonably be expected to minimize or eliminate 

the non-specific effects on licking behavior. Indeed, in Experiment 3, mice did not exhibit 

the generalized depression of lick rates (to water and taste stimuli) as seen in Experiment 1. 

In addition, rather than motivating mice with complete removal of water, we adopted a 

partial water/partial food deprivation paradigm that was shown previously to be effectively 

for appetitive taste stimuli [30, 31]. The partial restriction encourages mice to sample the 

drinking spout during behavioral sessions. Licking behavior after the sampling is 

concentration-dependent (i.e., low lick rates to weak concentrations; higher lick rates to 

higher concentrations), indicating that thirst levels are mild and licking behavior is largely 

controlled by stimulus detection and palatability.

We assessed (Experiment 3A) how licking behavior toward sucrose changed over three 

consecutive sessions, 48 hours apart. The avidity of licking sucrose can also be influenced 

by several factors that might change over time. Examples include the elimination of 

neophobia [42, 43], enhancement of contrast effects between low and high concentrations as 

a result of learning [31, 32, 44-46], or conditioned flavor preferences established by pairing 

the taste of sucrose to postingestive metabolic rewards in mildly food-restricted mice [47]. 

Our observation that the concentration-response functions for sucrose became steeper from 

Session 1 to Session 2 is consistent with the development of anticipatory contrast. 

Regardless of the mechanism, our experiment demonstrated that, in our paradigm, licking 

for sucrose changed from Session 1 to Session 2, but was stable between Session 2 and 

Session 3. Additional experiments (data not shown) suggested that the concentration-

response function for sweet stimuli remains stable in control mice for several subsequent 

sessions and up to 2 weeks after Session 1.

While fully counterbalancing the order of treatments would have been ideal, the stability of 

the concentration-response functions after an initial session set the stage for Experiment 3B. 

Here, we compared the lick responses of mice injected with 0.1 mg/kg OXT injection prior 

to Session 2 and saline prior to Session 3. The absence of an order-effect is supported by 

several data. As shown in Fig. 2, licking behavior of mice consistently returned to control 

levels within 24 h of OXT injection. In addition, the sucrose concentration-response 

functions of mice injected with saline after OXT (Experiment 3B, Fig. 5A) was 

indistinguishable from that of mice never injected with OXT (Experiment 3A, Fig. 4 
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Sessions 2, 3) for any parameter (lower asymptote, slope, or EC50; all paired t-test p-values 

in all cases > 0.129).

In Experiment 3B, OXT-injected mice reduced licking to sucrose compared with saline-

injected mice, as indicated by a small but significant rightward shift in the concentration-

response function [28]. The concentration that evoked an SLR midway between the lower 

and upper asymptote shifted from 0.36 M sucrose to 0.47 M sucrose, without a significant 

change in the slope or lower asymptote of the function. One interpretation of this result is 

that sucrose is somewhat less palatable when plasma OXT levels are elevated, with or 

without alterations in perceived intensity. While it is not possible to determine, from our 

method, whether such an alteration in the gustatory signal is central or peripheral in nature, 

the plasma concentration of OXT was more than 10-fold lower than those previously 

reported to influence central pathways [5].

The notion that oxytocin reduces gustatory palatability is broadly consistent with a number 

of studies involving central or peripheral injection of oxytocin or oxytocin receptor 

antagonists, as well as studies of oxytocin knockout mice reviewed in the Introduction. The 

brief-access paradigm used in the present study is considered to reflect orosensory, rather 

than postingestive, processes, due to the small volumes of taste solutions used and the 

measurement of immediate responses [28, 35, 36], although in some cases, postingestive 

influences have been inferred [48]. Because there was no difference in sucrose licking at the 

highest concentration, and because OXT-injected mice initiated more trials than saline-

injected mice, there is no evidence in the current study that OXT reduced sucrose licking by, 

for example, reducing hunger or thirst. Instead, our observations are consistent with a 

reduction in the palatability of sucrose.

If oxytocin reduces the palatability of sucrose, however, one would also expect oxytocin to 

decrease the “break point” for lever pressing for sucrose reinforcement in a progressive ratio 

task (or, equivalently, OXT knockout mice would have an increase in the break point). 

Sclafani and colleagues [14] showed that, although OXT knockout mice overconsumed 

sucrose in intake tests, they did not increase their willingness to press a lever in an 

increasingly-demanding situation to obtain sucrose reward. These authors concluded that 

oxytocin's role in feeding behavior was limited to satiety mechanisms rather than including 

sensory mechanisms.

Of course, there are a number of procedural differences between their study and ours which 

might also account for the apparently discrepant results - the most obvious being that OXT 

knockout mice may not behave, in all respects, consistently with wild type mice given 

injections of oxytocin (or molecules that enhance or interfere with oxytocin receptors). A 

second difference was that our comparisons were made within subjects rather than between 

groups, which may have improved our ability to detect small effects, a possibility which is 

in line with the non-significant direction of the differences of means in the study of Sclafani 

and colleagues (c.f., their Figure 3).

A third difference was that Sclafani and colleagues used a single sucrose concentration, 

whereas we tested a range of concentrations. Although the concentration chosen by Sclafani 
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and colleagues was approximately 0.3 M, which our mice treated differently when injected 

with OXT, the context of one vs. many concentrations may be critical. For example, 

Glendinning and colleagues [31] found that mice lacking α-gustducin, a subunit of a G-

protein involved in taste transduction, were similar to heterozygote littermate controls in 

their avidity for a variety of preferred substances in a paradigm very similar to our 

Experiment 3. When the same mice were next tested in a paradigm in which single 

concentrations were offered once per day – a situation that avoids simultaneous contrast 

effects – relatively large differences were seen between the knockout mice and their 

controls. In the present case, we appear to have the reverse – we detected a small but 

significant difference in sucrose responsiveness after OXT injection in the context of 

multiple concentrations of sucrose available in a single session, whereas Sclafani and 

colleagues found no differences between OXT-/- mice and controls in a progressive ratio 

task in which a single sucrose concentration served as the reward. Thus, behavioral context, 

oxytocin manipulation (genetic or pharmacological), statistical power considerations, 

behavioral task demands (unconditioned licking vs. progressive ratio) or duration (30-min 

vs. 24-h), or other factors could account for the different interpretations of these two studies.

That OXT-injected mice initiated significantly more trials in Experiment 3B than saline-

injected mice was an unexpected and interesting observation, particularly given that the 

higher dose used in Experiment 1 had the opposite effect. The behavioral suppression seen 

at the higher dose might have any number of causes, including general effects such as 

discomfort, lethargy, or sleepiness to more specific effects such as reducing thirst [7] or 

sensory salience of the preferred substances that might otherwise motivate trial initiation. 

The significant increase in trial initiation in Experiment 3B might occur if OXT (at those 

more physiological doses): 1) increased thirst or hunger (enhancing the influence of our 

partial food/water restriction on behavior), 2) elevated the animal's level of alertness, 3) 

decreased the animal's level of anxiety, or 4) was a secondary effect of sensory changes 

(e.g., the mouse was “seeking” the sucrose which was more palatable during the initial 

habituation session). The first explanation is implausible because, as reviewed in the 

Introduction, OXT has been shown to reduce food and fluid intake and delay the onset of 

meals [5-7, 10]. Given the well-documented role for OXT as an anxiolytic [49], the third 

explanation has more support than the second. Despite the fact that our mice were well-

habituated to the testing schedule and apparatus by the test sessions, it may be that OXT-

injected mice were more willing to engage behaviorally in the task due to a reduction in 

anxiety. Nevertheless, once a trial was initiated, the lick-rate recorded is expected to 

represent orosensory detection.

Early studies examining the effect of OXT on intake of food or preferred taste solutions 

employed both i.c.v. and i.p. injections [5, 7, 9, 10]. Because the highest doses of i.p. OXT 

(up to 6 mg/kg) resulted in a suppressive effect equivalent to the i.c.v. doses, Arletti and 

colleagues [5, 7] concluded that the effect of OXT on feeding was central, and that the high 

i.p. doses were penetrating the blood-brain barrier sufficiently to reach central oxytocin 

receptors. In our multi-tastant panel, we tested an i.p. dose even higher – 10 mg/kg – and 

found no effect on aversive taste stimuli. Thus, there is no evidence for a central or 

peripheral effect of OXT on avoidance of bitter, sour, or salty tastants, at least at the 

concentrations we studied. This conclusion is currently tentative however, given the high 

Sinclair et al. Page 12

Physiol Behav. Author manuscript; available in PMC 2016 March 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



OXT dose used in the first experiment. OXT at high i.p. doses is thought to permeate across 

the blood-brain barrier to target hypothalamic neurons. Our low i.p. dose of OXT in our 

final experiment (0.1 mg/kg), was lower than the lowest i.p. dose used in Arletti et al [5]. 

This leaves open the possibility that in our study, OXT acted predominantly on peripheral 

targets, such as taste buds [26, 27], to produce the decrease in sucrose sensitivity we 

observed. This possibility, too, awaits further experimentation.
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Highlights

• Brief-access lickometry reveals that i.p. oxytocin influences taste sensitivity

• Circulating oxytocin depressed responsivity towards sweet stimuli.

• Licking responses to aversive tastes (bitter, salty, sour) were unaffected

• Circulating oxytocin was calibrated to mimic concentrations affecting taste buds

• We suggest OXT damps peripheral responses to sweet, complementing central 

anorexia
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Figure 1. Oxytocin (OXT) does not alter taste responses to aversive tastants
In Experiment 1, 12 water-deprived mice were injected intraperitoneally (i.p.) with saline 

(open bars) or 10 mg/kg OXT (gray bars) 30 minutes prior to behavioral testing in a 

lickometer. Data are combined across 3 identical test sessions for each injection condition. 

Values represent mean (+ s.e.m.) of lick ratios (i.e. lick rates for tastants relative to water 

lick rates in A, B) or raw lick rates during 5 s trials (in C). The dashed line in A and B 

represents a tastant/water ratio of 1.0. Mice were randomly presented with NaCl (300 mM), 

citric acid (20 mM), quinine (0.3 mM), sodium-saccharin (10 mM), and mixtures of 

monosodium glutamate (100mM) plus inosine monophosphate (0.5 mM) during 20-min test 

sessions. A, There were no differences in standardized lick ratios between OXT and saline 

conditions for NaCl, citric acid, and quinine. B, However, OXT increased licking of 

saccharin and MSG+IMP relative to water. This effect, however, may have been due to 

OXT significantly reducing licking for water, which is the denominator of the taste/water 

ratio, rather than an effect on taste perception per se. C, Raw Lick rates for water and all 

taste stimuli were depressed following OXT injection i.p.
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Figure 2. Behavioral effects of OXT injections wash out within one day
Values are mean + s.e.m. of raw lick rates for water broken down by successive test sessions 

for saline or OXT injections in Experiment 1. The lick rate for water was similar in all three 

of the sessions that mice were injected with saline (34 ± 2, 35± 3, 35± 4). This is in spite of 

the fact that most saline-injected sessions occurred one day after an OXT injection session. 

All mice also showed similarly depressed lick rates for water in all three session where OXT 

was injected (19± 3; 18± 4; 18± 5). That is, the licking behavior of mice related to the 

injection condition (saline vs. OXT) on the day of the test and there was no carry-over of an 

earlier day's OXT injection.
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Figure 3. Oxytocin (OXT) injections elevate plasma OXT levels in a dose-dependent manner
Mean (± s.e.m.) plasma OXT, measured 30-min following i.p. injections of OXT at 5 doses 

(filled symbols). Each point is a mean of 3 mice. Open symbols are values obtained from 

uninjected control mice. The solid line is a linear regression (r2 = 0.87, slope = 1.375 ± 

0.145, y-intercept = -6.692 ± 0.103) for logarithmically-transformed concentrations of 

[plasma OXT] vs. dose of OXT injected.
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Figure 4. Mice naive to sucrose modify their taste responses after the first exposure
Mean (± s.e.m.) licks to sucrose of 12 mice in each of 3 consecutive sessions separated by 

48 h. Sucrose concentrations (0, 0.03, 0.1, 0.2, 0.3, 0.6, and 1.0 M) were presented in 

random 5-s trials. Lick rates are presented as the standardized lick ratio (see Methods). The 

Session 1 lick-concentration function was flatter than that for Session 2 and 3, as supported 

by a significant Session × Concentration interaction (F(12,132) = 5.39, p <0.0001) which 

also appeared when comparing just Session 1 and 2 or just Session 1 and 3 but disappeared 

when comparing just Session 2 and 3.
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Figure 5. Oxytocin (OXT) decreases licking for sucrose
Mean (± s.e.m.) licks to sucrose of 15 mice injected (i.p.) with saline or 0.1 mg/kg OXT 30-

min prior to behavioral sessions. Sucrose concentrations (0, 0.03, 0.1, 0.2, 0.3, 0.6, and 1.0 

M) were presented in random 5-s trials. Lick rates were standardized using the standardized 

lick ratio (see Methods). A, relative to saline (open symbols), licking for sucrose was 

significantly reduced by OXT (closed symbols). ** denotes main effect of Treatment: 

F(1,14) = 20.10, p = 0.00052; Treatment × Concentration interaction: F(6,84) = 8.60, p 

<0.0001). Post-hoc t-tests (Bonferroni correction) between OXT and saline at each 

concentration reveal a significant difference at 0.3 M (t(14) = 5.13, p = 0.0011). To better 

understand effects across the full concentration range, 3-parameter sigmoidal functions 

(solid lines) were fit to the concentration-response data for each animal. The lower 

asymptote and slope were unaffected by OXT, but the EC50 was significantly shifted by 

0.109 log units (t(13) = -4.290, p= 0.00088; one mouse removed for poor curve fit). B, C, 
male (squares) and female (circles) mice are compared for the saline session and OXT 

session, respectively. No differences were found.
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Table 1
Mean (± s.e.m.) values of parameters of sigmoidal curve fits of sucrose concentration-SLR 

data from Experiment 3B1

Parameter Saline Oxytocin t(13)2 p

log EC50 -0.4413 (0.0291) -0.3318 (0.0192) -4.290 0.00088

EC50
3 0.362 M 0.466 M

Slope (b) 2.1096 (0.1753) 2.3292 (0.2044) -0.918 0.376, n.s.

Lower (d) 0.0683 (0.0114) 0.0800 (0.0077) -0.831 0.421, n.s.

1
See Method for details of the nonlinear regression.

2
Results of a paired t-test (saline vs. oxytocin condition) with 13 degrees of freedom.

3
The mean EC50 in given in linear units for reference; t-test was conducted on log-transformed values for concentration.
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