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THE FLAVOR OF FOOD,

that is, its taste, odor, and texture, provides
animals with information about the nutritional quality of the
food, elicits cephalic phase digestive responses that facilitate
food utilization, and may induce a hedonic experience that
stimulates eating even in the absence of homeostatic need (29,
215, 222). Taste stimulation in particular can have direct
effects on brain reward circuits that drive eating, while odor
and texture stimuli provide complexity to the flavor experience
and along with taste cues can serve as conditioned reward
signals (102, 265). Among the so-called basic tastes, the sweet
taste of sugar is the most intimately associated with food
hedonics. As noted by Young (278), “the adjective ‘hedonic’ is
derived from a Greek root (hedon) with two basic meanings:
(1) ‘sweet tasting’ and (2) ‘pleasant’.” The flavor of fat is also
a source of food pleasure, which now appears to have a taste
component that determines the initial preference for fatty foods
for some species (122). A third more subtle flavor component
is umami, the taste of glutamate and certain nucleotides that
adds a savory flavor to foods (264). While many mammals
have an innate preference for sweet and perhaps for fatty and
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umami tastes, most flavor preferences are learned, based in part
on the nutritional properties of food (198, 266, 270). Even the
innate preference for sweets can be enhanced by the postoral
actions of sugars or converted to an aversion if associated with
toxic consequences (157, 169).
Food learning can involve multiple learning processes that
involve flavor, other food-related stimuli (e.g., color, food
packaging), and social cues (270). Flavor learning is usually
viewed as a form of Pavlovian conditioning in which a flavor
(the conditioned stimulus, CS⫹) is associated with the oral
and/or postoral properties of nutrients (the unconditioned stimulus, US). Flavor-taste (or flavor-flavor) learning refers to the
process by which a preference or aversion develops for a
neutral target flavor (e.g., almond flavor) that is mixed with an
already preferred or avoided taste (e.g., sweet or bitter taste)
(104, 241). Flavor-postoral (or flavor-consequence) learning
refers to the process by which a preference or aversion develops for a flavor that is associated with positive (e.g., nutrient
feedback from sucrose) or negative (e.g., visceral discomfort
from a food toxin) postoral consequence (241, 270). Both
forms of conditioning may operate during an eating experience: we learn to prefer the flavor of chocolate because of its
association with both the sweet taste and postoral nutrient
effects of the food (270). Flavor-postoral learning is adaptive
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discovery of taste and nutrient receptors (chemosensors) in the gut has led to
intensive research on their functions. Whereas oral sugar, fat, and umami taste
receptors stimulate nutrient appetite, these and other chemosensors in the gut have
been linked to digestive, metabolic, and satiating effects that influence nutrient
utilization and inhibit appetite. Gut chemosensors may have an additional function
as well: to provide positive feedback signals that condition food preferences and
stimulate appetite. The postoral stimulatory actions of nutrients are documented by
flavor preference conditioning and appetite stimulation produced by gastric and
intestinal infusions of carbohydrate, fat, and protein. Recent findings suggest an
upper intestinal site of action, although postabsorptive nutrient actions may contribute to flavor preference learning. The gut chemosensors that generate nutrient
conditioning signals remain to be identified; some have been excluded, including
sweet (T1R3) and fatty acid (CD36) sensors. The gut-brain signaling pathways
(neural, hormonal) are incompletely understood, although vagal afferents are
implicated in glutamate conditioning but not carbohydrate or fat conditioning.
Brain dopamine reward systems are involved in postoral carbohydrate and fat
conditioning but less is known about the reward systems mediating protein/
glutamate conditioning. Continued research on the postoral stimulatory actions of
nutrients may enhance our understanding of human food preference learning.
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Oral and Postoral Carbohydrate Sensing and Preference
Carbohydrates in the form of sugar and starch are an abundant source of food energy. Sugar is readily detected by taste
receptors and strongly preferred by many animal species (22).
Dietary sugars and glucose produced by starch digestion are
also detected by chemosensors in the gut and at postabsorptive
sites (liver, pancreas, brain), which may be the source of the
positive feedback signals responsible for carbohydrate-conditioned flavor preferences.

Carbohydrate taste. In many mammalian species, sugars are
detected by the heterodimeric T1R2⫹T1R3 sweet receptor
located in taste cells on the tongue and palate (22, 247). The
same receptor responds to nonnutritive sweeteners and to some
proteins and amino acids. When stimulated, the sweet receptor
activates an intracellular signaling cascade that includes the G
protein ␣-gustducin phospholipase C␤2 (PLC␤2), inositol
1,4,5-trisphosphate receptor 3 (IP3R3), and the transient receptor potential cation channel Trpm5 (47). The critical importance of the T1R2 and T1R3 receptor components for the
detection of and preference for sugars and nonnutritive sweeteners was demonstrated in seminal studies of knockout (KO)
mice missing one or both of these signaling elements (54, 282).
Electrophysiological experiments revealed that gustatory
nerves in T1R2 KO, T1R3 KO, or T1R2⫹T1R3 double KO
mice do not respond to nonnutritive sweeteners (saccharin,
sucralose) and show at most weak responses to concentrated
sugar solutions compared with wild-type (WT) control mice
(54, 282). Consistent with these findings, results from briefaccess lick tests, which minimize postoral feedback, demonstrated that T1R2, T1R3, and double KO mice show essentially
no enhanced licking response to nonnutritive sweeteners and
minimal or no response to concentrated sugar solutions (245,
246, 282, 284). T1R3 KO mice also fail to prefer nonnutritive
sweeteners or dilute sucrose solutions in 24-h sweetener versus
water choice tests (54, 284). However, T1R3 KO mice develop
preferences for concentrated (ⱖ8%) sucrose solutions in 24-h
tests, which has been attributed to postoral nutritive effects (see
Postoral sugar-sensing and food preferences.) (282, 284, 285).
In addition to T1R2 and T1R3 KO mice, sweet taste deficits
have been reported in KO mice missing the downstream
signaling elements gustducin, PLC␤2, IP3R3, and Trpm5 and
the gustatory nerve ATP receptor P2X2/P2X3 (53, 77, 107,
190, 281).
Whereas the T1R2⫹T1R3 heterodimer appears to be the
primary sweet taste receptor, there may be other sugar sensors
in taste cells (162). Potential candidates include glucose transporters (e.g., SGLT1, GLUT2) and the ATP-gated K⫹ metabolic sensor recently identified in some taste receptor cells
(150, 243, 269). These transporters/sensors are located
throughout the intestinal tract, and their presence in lingual
taste cells further points to the functional similarity of lingual
and intestinal cells, as does the presence of intestinal hormones
[glucagon-like peptide-1 (GLP-1), peptide YY (PYY), cholecystokinin (CCK)] in isolated taste cells (13, 74, 217, 220).
However, the signaling role, if any, of these glucose transporters/sensors in taste cells remains to be established.
In addition to sugar taste, there is considerable evidence that
rodents have a separate taste for starch-derived maltodextrins
(197, 199). Consistent with this view, recent studies demonstrate that T1R2, T1R3, and double KO mice, which show little
or no response to sucrose solutions, display normal or nearnormal responses to maltodextrin solutions (245, 246, 284).
However, maltodextrin preferences are attenuated in gustducin
KO and Trpm5 KO mice, which suggests that an as yet
unidentified maltodextrin taste receptor utilizes the same
downstream signaling pathway as does the sweet taste receptor
(see Ref. 214, but also see Ref. 96). Recent exercise studies
suggest that humans may have an oral maltodextrin chemosensor that improves motor performance without producing a
reported taste perception (44, 86, 116). Thus rodents and other
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in allowing humans and other animals to select nutrient-rich
foods and avoid potentially dangerous foods. However, in
today’s “obesifying” food environment, flavor-postoral nutrient learning may have a deleterious effect by enhancing the
preference for and consumption of sugar- and fat-rich foods
(29, 120, 270). Flavor-avoidance learning has been extensively
studied and reviewed elsewhere [e.g., (184)]. The present
review focuses on flavor-preference learning based on the
postoral actions of nutrients. In the case of sugar and fat the
postoral conditioning process can have profound effects on
preference and intake. For example, rats develop strong and
long-lasting preferences for flavors associated with these nutrients and, when allowed to self-administer a flavored solution
paired with an intragastric (IG) sugar or fat infusion, may
overconsume the solution, resulting in increased total energy
intake and weight gain (73, 132, 211, 259).
Our understanding of orosensory detection of sugar, fat, and
glutamate has been greatly advanced in the last decade with the
identification of the gustatory receptors (or putative receptors)
and intracellular signaling pathways for these food components
(21, 267). This was soon followed by the discovery that the
same receptor and signaling proteins as well as bitter taste
receptors exist in diffusely distributed epithelial cells in the
alimentary canal (70, 188). The function of these gut “taste”
receptors is under intense investigation. [The term taste is
reserved here for sensations arising from gustatory receptors in
the mouth; reference to these receptors in the gut will be
delimited with quotation marks (78).] Even before “taste”
receptors in the gut were identified, gut nutrient sensing was a
hot topic, as indicated by a series of review papers published in
the American Journal of Physiology-Regulatory, Integrative
and Comparative Physiology more than a decade ago (38, 84,
118, 182, 216). Most of the attention on gut “taste” and nutrient
sensors (or chemosensors) has focused on their role in physiological processes involving digestive and metabolic functions
such as gastric emptying, nutrient absorption, mucosal defenses, and glucose homeostasis (14, 66, 167, 221, 228, 279).
The role of gut chemosensors in the satiation and satiety
processes that suppress feeding during and after a meal is also
the subject of considerable interest (52, 89, 224). A third
possible function of gut chemosensors, which is the topic of the
present review, relates to flavor-postoral nutrient learning.
Although it has long been assumed that gut satiety signals
enhance the reward value of food (28), the available evidence
suggests that satiety signals do not directly mediate flavor
preference learning and may actually suppress learning in some
cases (200, 229). Thus it may be that gut chemosensors
generate separate signals that have appetite stimulatory and
satiating actions.
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Fig. 1. Oral and postoral nutrient sensing and food reward. A: schematic
representation of the alimentary canal with a list of oral (mouth) and postoral
(gut) nutrient chemosensors. The oral chemosensors include known (sweet and
umami) and putative (fatty) taste receptors; an unidentified maltodextrin taste
receptor is indicated based on evidence discussed in the text. The gut chemosensors includes a partial list of known and putative nutrient receptors (see Ref.
228). To date, none of the listed gut chemosensors have been identified as
being responsible for postoral nutrient preference conditioning. Also unidentified are the nutrient sensors that mediate postabsorptive (e.g., hepatic portal
vein, liver) nutrient conditioning. Postoral nutrient conditioning involves both
humoral and neural (vagal) gut-brain pathways. B: schematic representation of
the intragastric (IG) self-infusion system for postoral nutrient conditioning.
The animal is fitted with a chronic intragastric (IG) catheter connected to a
syringe pump via a head-mounted port (not shown). As the animal drinks a
flavored solution, a computerized lickometer activates the pump which infuses
a nutrient solution into the stomach. The system can be modified to infuse
nutrients into the intestinal tract, hepatic portal vein or jugular vein.
C: schematic representations of brain dopamane (DA) reward system stimulated by oral and postoral sensing of sugar and fat. DA involvement in
protein/umami appetite is uncertain. Opioid and other reward systems mediate
nutrient appetite but their involvement in postoral preference conditioning has
not been established. VTA, ventral tegmental area; NAc, nucleus accumbens;
AMY, amygdala, mPFC, medial prefrontal cortex.

T1R2⫹T1R3 receptors in the release of incretin hormones (35,
79, 81, 137, 138, 153, 155, 186). Instead, different intestinal
sugar sensors, including SGLT1 and SGLT3, were proposed to
mediate incretin hormone release (62, 183, 185), although this
view has been questioned (221). The sodium glucose cotransporter SGLT1, the primary transporter of glucose in intestinal
enterocytes, may also serve as a glucose sensor in enteroendocrine cells (228). The related protein SGLT3 has little or no
transport function and is thought to function primarily as a
glucose sensor (228). Although originally located in enteric
neurons (64), it may also exist in intestinal cells where it could
detect luminal glucose (80, 258). There are many comprehensive reviews of this fast-developing field (25, 30, 71, 79, 183,
221, 224, 228, 247, 279), and the present paper focuses instead
on the postoral sugar-sensing processes that may mediate
carbohydrate-conditioned flavor preferences.
The postoral enhancement of carbohydrate preference has
been studied using a variety of experimental procedures and in
species as diverse as flies (39, 69), mice (209), rats (108), sheep
(40, 257), and humans (32, 37, 272). The most direct evidence
for postoral preference conditioning is provided by studies in
which the intake of an arbitrary flavor is paired with IG or
intraduodenal (ID) carbohydrate infusions. For example, in one
experiment we trained food-restricted rats fitted with chronic
IG catheters to drink a flavored saccharin solution (CS⫹, e.g.,
grape) paired with a concurrent IG infusion of 16% glucose
(US) and a different flavored solution (CS⫺, e.g., cherry)
paired with an IG water infusion during alternating daily
training sessions (30 min/day). After 6 training sessions the
rats displayed a 91% preference for the CS⫹ over the CS⫺
solution in a two-choice test conducted without IG infusions
(206). In this and many other studies an automated “IG selfinfusion” procedure was used (5) (Fig. 1B). As the animal licks
the sipper tube containing the CS⫹ or CS⫺ solution, a computer interfaced to a lickometer turns on the IG infusion pump
and turns it off with a short latency (ⱕ3 s) when the animal
stops licking. Thus the animal controls the amount and timing
of the infusion, which mixes with the consumed CS solution in
the stomach and empties normally into the intestines. Flavor
preferences are also conditioned by fixed-volume IG infusions
that begin as the animal starts licking the CS solution or with
a delay up to 1 h after the animal has ended its CS drinking
session (2). Thus, as in the case of flavor aversion learning
(87), animals can learn to prefer a flavor paired with immediate
as well as delayed postoral nutrient feedback.
There are other notable features of preference conditioning
by IG carbohydrate infusions. In particular, flavor conditioning
does not require multiple training sessions; a preference can be
conditioned in rats by a single IG glucose infusion (3, 156).
Flavor conditioning also does not require a state of energy
need. IG maltodextrin infusions conditioned equivalent flavor
preferences in food-restricted and unrestricted rats (273, 274).
Finally, once established, carbohydrate conditioned flavor preferences are very resistant to extinction and persist over several
days to weeks of testing without IG infusions (67, 73, 156).
This demonstrates that conditioning produced a long-lasting
increase in the reward value of the CS⫹ flavor.
In addition to conditioning a preference, the postoral actions
of carbohydrates can stimulate the absolute intake, i.e., “acceptance,” of a flavored solution (67, 173, 178, 179, 208, 209,
274). For example, in one experiment, C57BL/6J (B6) mice
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species may have multiple carbohydrate chemosensors in the
mouth, although the T1R2⫹T1R3 sweet receptor is the only
one identified to date.
Postoral sugar-sensing and food preferences. Carbohydrate
sensing begins with taste receptors in the mouth and continues
after ingestion with the stimulation of sugar sensors in the gut
and beyond (Fig. 1A). The localization of sweet taste signaling
elements including T1R2, T1R3, gustducin, and Trpm5 in the
gut has been the subject of intense interest during the past
several years. Initial studies indicated that gut sweet “taste”
receptors mediate incretin hormone (GLP-1, GIP) release from
enteroendocrine cells and promote glucose absorption via increased expression of intestinal SGLT1 and GLUT2 transporters (115, 139, 140, 223). These studies include the novel
finding that nonnutritive sweeteners produce gut effects similar
to glucose (115, 139, 140, 223). However, subsequent research
reported inconsistent results concerning the involvement of gut
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Fig. 2. Rapid stimulation of licking by IG nutrient self-infusion in B6 mice
(283). Food-restricted mice were trained to drink (60 min/day) a conditioned
stimulus (CS⫺) solution paired with IG self-infusion of water for three
one-bottle sessions (days 1–3) followed by a CS⫹ solution paired with IG
self-infusion of nutrient solution for three sessions (days 4 – 6). The CS
solutions contained 0.025% saccharin and were flavored with 0.01% ethyl
acetate or propyl acetate. Cumulative licks are plotted for the average of the
last two CS⫺ sessions (Test 0) and for the three CS⫹ sessions (Tests 1-3). A,
top: mice (n ⫽ 11) were trained with the CS⫹ solution paired with IG
self-infusion of 16% glucose. B, bottom: mice (n ⫽ 13) were trained with the
CS⫹ solution paired with IG self-infusion of 6.4% Intralipid (soybean oil
emulsion), which is isocaloric to 16% glucose.

or intestinal sugar infusions (e.g., 275, 280). To observe
stimulation rather than suppression of intake, it is critical to
offer animals a minimally attractive CS solution (e.g., a dilute
saccharin solution) so that baseline CS intake is relatively low,
leaving room for increased consumption. If rodents are instead
offered a highly palatable solution (e.g., 3% glucose ⫹ 0.2%
saccharin), then baseline intakes are high and glucose selfinfusion rapidly suppresses rather than increases intake (e.g.,
206). The ability to observe glucose-induced increased licking
early in a feeding session provides a window into the postoral
stimulatory action of the sugar before the onset of its satiating
action that terminates ingestion.
The postoral processes responsible for flavor conditioning
by carbohydrates are incompletely understood, but the upper
intestinal tract appears to be an important site of action. This is
indicated by the findings that 1) IG glucose infusions conditioned flavor preferences only if the glucose was allowed to
empty into the intestine (68); 2) flavor preferences were conditioned by glucose infusions into the duodenum and jejunum
but not into the ileum (12, 68); and 3) hepatic-portal or jugular
vein glucose infusions failed to condition preferences for
flavored nonnutritive solutions, i.e., saccharin or sham-fed
sucrose (12, 97, 98). In contrast to these results, two studies
reported that rats learned to prefer a flavored chow paired with
jugular vein or hepatic-portal glucose infusions over a different
flavored chow paired with saline infusions (143, 230). Taken
together, these findings suggest that intravascular glucose can
reinforce a flavor preference when it is associated with the
preabsorptive nutrient stimulation as provided by chow. However, a recent study indicates that intravascular glucose alone is
sufficient to condition a behavioral response (163). In this
study, thirsty and hungry rats trained to drink from two water
bottles developed a preference for the bottle position that was
paired with an intravascular glucose infusion. Glucose infused
into the hepatic-portal vein was effective at a lower dose than
a jugular infusion, which suggested the involvement of intraabdominal glucose sensors (see also Ref. 230). Whether the
same intravascular glucose infusions are sufficient to condition
a flavor preference in rats drinking a nonnutritive solution
remains to be established.
It is important to note that carbohydrates vary in their flavor
conditioning effects. In rats and mice glucose and glucosecontaining carbohydrates (sucrose, maltose, and maltodextrin)
condition stronger preferences than does fructose (3, 6, 10, 11,
20, 201, 205, 206, 283). In particular, whereas IG glucose
infusion conditions flavor preferences in short sessions (10 – 60
min), fructose is effective only in long sessions (20 –24 h) and
under more restrictive training conditions. The reduced flavor
conditioning produced by fructose may occur because, unlike
glucose, it acts only at a postabsorptive site to reinforce flavor
preferences (11). Intestinal fructose is involved in other functions such as promoting SGLT1 expression and GLP-1 secretion via activation of gut “sweet taste” or other sensors (100,
223). IG lactose and galactose infusions, in contrast, condition
flavor avoidance rather than preference in rats, which may be
secondary to incomplete digestion or metabolism of these
sugars (206, 238). As discussed next, the differential conditioning effects of these various carbohydrates provide insight
into the postoral chemosensors involved in flavor learning.
The presence of taste signaling proteins (T1R2, T1R3, gustducin, Trpm5) in the intestinal tract suggests the intriguing idea
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given ad libitum access to chow consumed nearly twice as
much of a CS⫹ solution paired with IG self-infusion of 16%
sucrose than of the CS⫺ solution paired with IG water during
24-h one-bottle training sessions (209). We recently reported
that postoral sugar stimulation of intake can occur within
minutes into the very first test session (283). Food-restricted
B6 mice were adapted to lick a flavored 0.025% saccharin
solution (CS⫺) paired with IG water self-infusion for three 1-h
sessions (days 1–3) followed by three sessions (days 4 – 6) with
a different flavored saccharin solution (CS⫹) paired with IG
self-infusion of 16% glucose. The glucose self-infusion stimulated CS⫹ licking within 15 min in the first session and
increased total 1-h licks by 44% compared with the prior CS⫺
sessions (Fig. 2A). CS⫹ licks were increased by 90% in the
next two glucose sessions (283). In these later sessions, lick
rates were high during the initial minutes of drinking, indicating a conditioned enhancement of the CS⫹ flavor, and rapidly
declined later in the session as the animals experienced the
satiating action of the self-infused glucose. In a subsequent
choice test without IG infusions, the mice significantly preferred the CS⫹ to the CS⫺, further demonstrating the postoral
conditioning effect of the glucose. The glucose stimulation of
intake observed in this study is in marked contrast to the more
commonly reported suppression of intake produced by gastric
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galactose has a postoral place preference conditioning action in
mice (143). We are currently reexamining the flavor conditioning effects of galactose in mice as well as the conditioning
effects of the nonmetabolizable glucose analogs ␣-methyl-Dglucopyranoside and 3-O-methyl-glucose, which selectively
bind to SGLT1 and SGLT3 (80).
Another issue to be resolved is how the flavor conditioning
signals generated by intestinal and/or postabsorptive glucose
sensors reach the brain. Vagal and splanchnic afferent fibers
are activated by intestinal glucose and contribute to sugarinduced satiety and the control of gastric emptying (28, 33).
However, lesioning vagal and nonvagal neural afferents by
abdominal vagotomy, selective afferent abdominal vagotomy,
celiac-superior mesenteric ganglionectomy, or systemic capsaicin treatment did not block flavor preference conditioning by
IG or ID maltodextrin infusions [(134, 203, 210), see also Ref.
283]. These findings indicate that visceral afferent fibers are
not essential for flavor conditioning by the intestinal actions of
glucose, but the role of such afferents in the postabsorptive
conditioning effects of glucose remains to be determined.
Vagal afferents are implicated in fructose-conditioned flavor
preferences (231).
Hormonal signaling is the alternate pathway for peripheral
glucose sensors to activate brain reward circuits implicated in
flavor conditioning (12). However, most gut hormones (e.g.,
CCK, GLP-1, PYY) released by carbohydrates inhibit feeding
and in some cases induce flavor aversions (48, 191, 280),
actions that argue against a role in glucose-stimulated intake
and preference conditioning. Nevertheless, certain “satiety”
hormones may have biphasic effects. We previously reported
that a low dose of exogenous CCK, which did not suppress
intake, conditioned a mild flavor preference whereas higher
CCK doses, which suppressed intake, were ineffective or
produced a flavor aversion (174). A subsequent study revealed
that CCK receptor antagonism blocked feeding inhibition but
not flavor conditioning by ID maltodextrin infusions, indicating CCK involvement in postoral carbohydrate satiation but

Fig. 3. Flavor conditioning produced by IG sugar self-infusions in T1R3, gustducin, and Trpm5 KO mice. During training (not shown) intake of the CS⫹ solution
was paired with IG self-infusion of the sugar, while intake of the CS⫺ solution was paired with IG self-infusion of water, in alternating sessions. Intake values
are expressed as means ⫹ SE total intakes (oral⫹IG) per 22- or 1-h session averaged for the four two-bottle test days. Numbers atop bars represent mean percent
preference for the CS⫹ solutions. Left, T1R3 knockout (KO) (n ⫽ 9) and B6 wild-type (WT) (n ⫽ 11) mice were trained with 16% sucrose infusions, with six
alternating one-bottle training sessions (22 h/day) with the CS⫹ and CS⫺ before the test shown here (207). The CS solutions contained 1% Intralipid and were
flavored with 0.05% grape or cherry Kool-Aid. Middle, gustducin KO (Gust KO, n ⫽ 8) and B6 WT (n ⫽ 6) mice were trained with 8% sucrose infusions, with
six alternating one-bottle training sessions (22 h/day) with the CS⫹ and CS⫺ before the test shown here (Sclafani A, unpublished findings). The CS solutions
contained 0.625% Intralipid and were flavored with 0.05% orange or lemon-lime Kool-Aid. The mice had extensive prior experience with carbohydrate solutions
and oil emulsions but not with IG sugar infusions (214). Right, Trpm5 KO (n ⫽ 10) and B6 WT (n ⫽ 9) mice were trained with 16% glucose infusions, with
eight alternating one-bottle training sessions (1 h/day) with the CS⫹ and CS⫺ before the test shown here (95). The CS solutions contained 0.05% grape or cherry
Kool-Aid in water, and the animals were trained while water restricted to induce them to drink the solutions. The two-bottle tests were conducted while the
animals were food restricted. Note that T1R3 KO and Gust KO mice do not prefer saccharin but are attracted to fat emulsions and therefore were trained with
flavored Intralipid. Trpm5 mice are indifferent to both Intralipid and saccharin and were therefore trained with flavored water.
AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00038.2012 • www.ajpregu.org
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that the same sensor system that mediates sweet taste reception
in the mouth is responsible for flavor conditioning by sugar in
the gut (28). However, several findings argue against this
possibility. First, not all ligands of the sweet taste receptor
condition flavor preferences when infused IG. As noted above,
glucose is more effective than fructose in conditioning flavor
preferences (11, 206), although the two sugars are closely
matched in palatability in brief taste tests (41, 212). Furthermore, whereas B6 mice strongly prefer the artificial sweetener
sucralose to water in two-bottle tests, the mice failed to prefer
a flavor paired with IG sucralose self-infusion (207). Second,
the T1R3 receptor is not essential for postoral sugar conditioning. T1R3 KO mice with a substantially impaired sucrose taste
preference display a normal flavor conditioning response to IG
sucrose self-infusions (207) (Fig. 3). Gustducin KO and Trpm5
KO mice also learn to strongly prefer flavors paired with IG
sucrose or glucose infusions (95, Sclafani A, unpublished
findings; Fig. 3). In addition, Trpm5 KO mice acquire a bottle
side preference based on the postoral effects of sucrose but not
sucralose (56). The postoral sugar conditioning response of
sweet-ageusic T1R3 KO mice can explain why these mice
develop strong sugar preferences in 24-h two-bottle tests (284).
That is, the KO mice can learn to associate the T1R3-independent orosensory properties of sucrose (residual taste, odor,
texture) with the sugar’s postoral reinforcing actions (285).
Rather than intestinal T1R2⫹T1R3 “taste” receptors, other
gut chemosensors must mediate the flavor conditioning produced by IG and ID glucose infusions. The putative sugar
sensors SGLT1 and SGLT3 are attractive candidates because
they bind to glucose but not fructose (262). The two sensors
differ in that SGLT1 but not SGLT3 binds to galactose (262).
In rats and mice IG galactose failed to condition flavor preferences (201, 206), which would appear to favor SGLT3 as the
chemosensor responsible for intestinal glucose conditioning.
However, the incomplete postabsorptive metabolism of galactose may limit its ability to reinforce flavor preferences in
rodents (201, 206), although a recent study reported that IG
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Oral and Postoral Fat Sensing and Preference
Dietary fat is the most energy-dense nutrient source and, like
sugars, enhances the palatability of food. The oral and postoral
sensing of dietary fat have been extensively reviewed in recent
publications (49, 130, 145, 152, 225), and the present review
provides a brief overview and highlights postoral fat conditioning.
Orosensory detection of fat. It was long assumed that dietary
fat is “tasteless” (148) and fat flavor was attributed primarily to
texture and secondarily to olfactory cues. As reviewed in detail
elsewhere (7), studies using nonnutritive mineral oil or petrolatum jelly confirm that rodents are attracted to foods and fluids
with greasy or oily textures. With experience, however, foods
and fluids containing nutritive fats are preferred to those
containing nonnutritive fat substitutes, indicating an important
role for postoral sensing in dietary fat preference. Several
studies have investigated the role of olfaction in fat detection
and preference and generally agree that odor cues can influence
fat detection at low concentrations in rodents but are not
essential for the selection of fat-rich foods or fluids (83, 126,
177, 192, 227, 252).
Evidence for the existence of a fatty acid taste has accumulated over the last 15 years (1, 82, 93, 127, 141, 144). In
rodents, long-chain fatty acids such as linoleic acid are sensed
and preferred at low concentrations (83, 119, 127, 175, 251,
277). In addition, rats are more attracted to a pure triglyceride
when lingual lipase can act to release fatty acids within taste
papillae, although their preference for corn oil does not appear
to depend upon lipolysis in the oral cavity (119). Humans also
appear to detect fatty acids at low concentrations, although,
unlike rodents, they are not attracted to the taste (43).
Several fatty acid receptor elements, including CD36,
GPR120, and GPR40 have been proposed to mediate fatty acid
taste (94). Critical evidence that CD36 is involved in fatty acid
taste was provided by the report that CD36 KO mice, unlike
WT mice, failed to prefer a 2% linoleic suspension (127, 142).
We observed that naïve CD36 KO mice are indifferent to dilute
soybean oil emulsions as well as linoleic acid (202). However,
after experience with concentrated soybean oil, CD36 KO mice
displayed significant preferences for dilute to concentrated oil
emulsions as well as for linoleic acid (202). These experience-

dependent preferences in CD36 KO mice are attributed to
postoral fat conditioning, as discussed below. GPR120 KO and
GPR40 KO mice are also reported to show little or no preference for linoleic acid or oleic acid (42). CD36 and GPR120 are
colocalized in taste buds and may function as coreceptors in
fatty acid taste transduction (42, 94, 141). Trpm5 is also
implicated in fat taste processing, because Trpm5 KO mice are
deficient in their preference response for soybean oil and
linoleic acid (131, 214). The role of GPR40, on the other hand,
as a fat taste sensor is questionable because of inconsistent data
on its presence in taste cells (57).
Postoral fat-sensing and food preferences. There is considerable evidence for the role of learning in fat preference. Early
studies reported that rats developed a preference for a CS⫹
flavor added to a corn oil emulsion over a CS⫺ flavor presented in a fat-free solution (72, 146). Children given repeated
exposures to distinctly flavored high-fat and low-fat or nonfat
yogurt drinks matched for orosensory characteristics increased
their preference for the high-fat flavor (117, 121).
Direct evidence for flavor conditioning by the postoral
actions of fat is provided by experiments in which a CS⫹
flavor is paired with IG or ID fat infusions (7). Postoral fat
conditioning has some features in common with carbohydrate
conditioning. IG fat infusions condition flavor preferences in
freely fed as well as food-restricted animals (273), and these
preferences are resistant to extinction (133). Fat sources vary in
the strength of the conditioned preferences they support as a
function of their fatty acid composition (4). In particular, IG
infusion of a long-chain triglyceride (corn oil) conditioned a
stronger flavor preference than did a medium chain triglyceride. Among various long-chain triglyceride sources (corn oil,
safflower oil, beef tallow, vegetable shortening), fats with high
polyunsaturated content and/or lower saturated fat content
were the most reinforcing.
In rats, even effective fat sources, such as corn oil, have a
weaker postoral conditioning effect than glucose-based carbohydrates. For example, IG fat self-infusion was less effective at
stimulating saccharin intake (180) and produced weaker CS⫹
flavor preferences than did IG carbohydrate self-infusions
(135). In addition, rats preferred a carbohydrate-paired CS⫹
flavor over a fat-paired CS⫹ flavor in direct choice tests (135,
171, 244). Relative to glucose conditioned preferences, which
can be observed after a single training trial, fat-conditioned
preferences required multiple training trials (3, 156). These
differences may reflect the slower digestion and signal detection of fat compared with rapidly digested carbohydrates. In
contrast to these findings obtained with pure nutrient infusions
are results obtained with complete diets. IG self-infusion of a
high-fat liquid diet conditioned a stronger preference than did
self-infusion of high-carbohydrate liquid diet, which was attributed to the reduced satiating effect of the high-fat diet
(132).
Mice appear to be more sensitive than rats to the postoral
actions of fat. Isocaloric sucrose and soybean oil self-infusions
in B6 and 129P3/J mice stimulated the overconsumption of a
CS⫹ flavored solution to the same degree and conditioned
comparable CS⫹ preferences (⬃95%) relative to a CS⫺ flavor
(209). Also, B6 mice rapidly detected an IG fat self-infusion
and increased their rate of licking within minutes of the first
1-h training session with a CS⫹ solution paired with the fat
infusion (Fig. 2B) (283). The fat self-infusions increased 1-h
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not preference learning (172). Ghrelin is one gut hormone that
stimulates feeding and is implicated in food reward (149, 165),
but glucose acts in the intestine to suppress ghrelin release
(260), which seems inconsistent with a ghrelin role in glucosestimulated intake and flavor conditioning. Insulin has been
suggested to be a humoral signal for postoral glucose reward
(249). However, we observed glucose-conditioned flavor preferences in insulin-deficient streptozotocin-diabetic rats (10).
Other findings indicate that insulin acts in the brain to reduce
sugar intake and reward (76, 149). A possible role of GIP in
glucose-conditioned preference and intake warrants investigation. Glucose stimulates the release of GIP from L cells in the
upper intestine via SGLT1 (50, 168), and GIP infusions were
reported to increase appetite in humans (55). However, this
was not confirmed in a subsequent study (18), and treatment
with a long-acting GIP agonist did not alter food intake in mice
(112). Thus the hormonal mediation of postoral glucose conditioning remains an open question that requires further study.
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intestinal endocannabinoid activity, respectively (114). Nevertheless, given the well-known effects of endocannabinoids on
enhancing food reward and intake, the involvement of intestinal endocannabinoid activity in postoral fat conditioning warrants some attention (51).
Oral and Postoral Protein Sensing and Preference
Regular intake of dietary protein is necessary because,
unlike fat and carbohydrate, excess amino acids are not stored
(88). Thus it is not unreasonable to expect animals to detect
and respond to dietary protein sources. Early studies proposed
that protein-deprived rats have an unlearned preference for the
odor of some dietary proteins (61, 106), but this has not been
further documented. The detection of protein foods could be
accomplished by gustation, as suggested by the recent recognition of umami/glutamate as a basic taste quality. Glutamate,
which is among the commonest amino acids, could serve as a
reasonable general index of protein content (124). Monosodium glutamate (MSG) is a prototype for umami, the taste
quality sometimes described as “delicious” or “savory.” For
humans, MSG alone is not preferred, but it enhances the flavors
of some foods (103). Discussion of umami as a basic taste is
generally accompanied by the interpretation that it is a means
of detecting protein (e.g., Refs. 34, 110, 232, 233). However, it
has not been demonstrated that protein-deficient animals show
an increase in MSG preference (233), but this has not been
studied in detail. Other studies have found no indication that
animals automatically recognize protein sources but rather
learn to select protein-rich foods when in need (85).
Glutamate/umami taste. The attractiveness of MSG has been
assessed by various measures, some of which separate oral and
postoral contributions. Some data suggest that rats are only
modestly attracted to MSG solutions over a limited concentration range (e.g., Refs. 123, 161). However, MSG stimulation of
intake depends strongly on the test conditions: rats accepted a
wider range of concentrations in brief access tests than in 24-h
sessions (101, 161). These differences suggest postoral influences on MSG intake. In mice, attraction to MSG is strongly
influenced by experience with sapid solutions. In 24-h tests,
mice preferred MSG at 1–300 mM concentrations with intakes
peaking at 300 mM. However, these mice had prior experience
with other sapid solutions; naïve mice did not prefer 300 mM
MSG and consumed markedly less than the experienced mice
(23). Subsequent experiments also revealed that prior tastant
experience influenced MSG preference (8, 189). These studies
indicate that MSG preference is very influenced by prior
tastant/nutrient experience, which should be considered in the
design of future studies. The source (oral vs. postoral) of this
experiential effect requires further investigation.
Gustatory detection of amino acids. Oral amino acid sensing
involves multiple G protein-coupled receptors, and it is not yet
clear how each contributes to behavioral responses to protein.
The heterodimeric T1R1⫹T1R3 receptor has been identified as
a major umami sensor in taste cells. The T1R1⫹T1R3 receptor
is very specific to glutamate in humans (128, 158, 282) but is
more broadly tuned in rodents (158). Rats treat the tastes of
some amino acids (glycine, proline, low concentrations of
serine) as similar to that of glutamate (60). In addition to
T1R1⫹T1R3, there are oral glutamate sensors that belong to
the metabotropic glutamate receptor family, including mGluR1
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licks (and intakes) more than did isocaloric glucose infusions
(see Fig. 2).
The requisite sites and sensors for postoral fat conditioning
have not yet been determined. The stomach does not appear to
be essential, because intestinal fat infusions, like gastric infusions, condition flavor preferences in rats (134). The rapid
stimulation of licking in mice self-infusing fat (283) suggests a
preabsorptive site of action if mice, like rats, do not absorb fat
within the first 30 min of the infusion (99, 276). However, no
studies have compared flavor conditioning by intestinal versus
intravenous fat infusions, and a role for postabsorptive fat
sensing cannot be excluded. There is evidence for multiple fatty
acid sensors in the intestine (225), including the three (CD36,
GPR120, and GPR40) implicated as fatty acid taste receptors
in the mouth (42, 127) (Fig. 1A). We investigated the role of
intestinal CD36 in the postoral conditioning response to fat by
training CD36 KO and WT mice to associate CS⫹ and CS⫺
flavors with IG self-infusions of 5% soybean oil (Intralipid)
and water, respectively. The CD36 KO mice, like the WT
mice, learned a near-total preference (99%) for the fat-paired
CS⫹ flavor (202). This intact postoral conditioning response
can explain how CD36 KO mice, despite their fatty acid taste
deficit, develop strong preferences for fat emulsions after
experiencing their postoral consequences (202). While gut
CD36 is not involved in postoral fat conditioning, it is implicated in fat-induced satiety (196). The role of GPR40,
GPR120, and other gut lipid sensors (62, 130) in postoral flavor
conditioning by fat remains to be determined.
As in the case of carbohydrate conditioning, how the postoral
conditioning signals generated by fat reach the brain is not
certain. Vagal afferents are activated by intestinal lipid and
fatty acid and are involved in fat-induced satiation (181, 195).
In two studies we investigated the role of visceral afferents in
fat-conditioned flavor preferences (134, 203). Vagal deafferentation produced by systemic capsaicin treatment or selective
afferent vagotomy did not prevent flavor conditioning by
intestinal fat infusions in rats, although the feeding suppressive
effect of the fat was blocked (134, 203). Rats with selective
afferent vagotomy combined with celiac-superior mesenteric
ganglionectomy did not display a significant fat-conditioned
flavor preference (57%), although the results are not conclusive
because the sham control rats in this experiment displayed a
rather weak preference (66%). These data suggest that vagal
afferents do not mediate postoral fat conditioning, but the role
of extra-vagal sensory fibers remains to be established.
Fat in the gut releases a variety of intestinal hormones,
including CCK, GLP-1, PYY, apolipoprotein A-IV, and enterostatin, but these are all implicated in the satiating action
(154) rather than the stimulating action of fat. As previously
noted, a low dose of CCK was found to condition a weak flavor
preference in rats (174), but flavor conditioning by ID fat
infusions was not blocked by a CCK antagonist (Perez C,
Lucas F, and Sclafani A, unpublished data). Fatty acids in the
intestine stimulate GIP release (50, 168) which may contribute
to the feeding response to dietary fat (17, 151). Recent findings
suggest that intestinal endocannabinoids (anandamide, 2-arachidonoylglycerol) may function as a “hunger” signal, are modulated by oral exposure to dietary fat, and stimulate fat ingestion
(65, 114). However, there is no evidence that intestinal exposure to fat increases endocannabinoid activity; instead food
deprivation and refeeding are reported to increase and decrease
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given an oral CS plus IG or IG-only preload of casein, they
preferred CS⫹C over CS⫹P, and preferred CS⫹P after a
maltodextrin preload. This indicates that protein-based flavor
preferences are not simply based on the provision of energy but
rather reflect specific association with protein (see also Refs.
24, 90, 256).
The mechanism for postoral protein learning is not yet clear
but is likely based on amino acid detection. Recent studies
have demonstrated flavor preference conditioning using IG
MSG infusions (253, 254). Water-restricted rats displayed a
70% preference for a CS⫹ flavor paired with IG self-infusion
of 60 mM (1%) MSG over a CS⫺ flavor paired with IG water
infusions during 30-min daily sessions. The sodium component
of the MSG was not responsible for this conditioned preference
because a second group of rats infused with IG 60 mM NaCl
did not acquire a CS⫹ preference. A CS⫹ preference was also
not conditioned by IG self-infusions of isocaloric glucose (60
mM, 1%), which indicated that the MSG-induced preference
was not due to the energy value of the MSG or, more specifically, to its conversion to glucose. The failure of IG 1%
glucose to condition a preference does not contradict prior
studies that used more concentrated glucose infusions (ⱖ8%,
e.g., Ref. 2). Based on these results, the authors proposed that
the MSG-conditioned preference was mediated by glutamate
sensing in the gut (253).
In a follow-up study, we observed CS⫹ preferences for a
flavor paired with IG self-infusions of 60 mM MSG in rats that
were water restricted or food restricted (9). In addition, preferences were conditioned by MSG self-infusions into the
duodenum, suggesting that gastric MSG sensing was not critical for the learned response. Increasing the concentration of
the IG MSG infusion to 120 or 240 mM decreased rather than
increased the magnitude of the CS⫹ preference in foodrestricted rats, suggesting that 60 mM may be an optimal
concentration; however, lower concentrations were not tested.
The addition of 2 mM IMP to the IG 60 mM MSG infusion
also did not enhance CS⫹ conditioning, suggesting a lack of
MSG⫹IMP synergism. However, only one concentration of
each compound was tested and additional concentrations
should be examined before ruling out a role for synergy, and
therefore a role for T1R1⫹T1R3 as the sensor in postoral MSG
reward (9). T1R1⫹T1R3 sensing is implicated in other gut
functions, such as duodenal mucosal defense responses, as
shown by the synergism of IMP with glutamate or other amino
acids (16). Further evidence for postoral MSG conditioning is
provided by the finding that P2X2/P2X3 KO mice, which do
not taste MSG, acquired a preference for a flavor mixed into a
150 mM MSG solution (226).
Relative to oral detection, less is known about postoral
detection of glutamate, other amino acids and umami compounds. T1R1 and T1R3, along with gustducin and Trpm5 are
present in multiple locations in the rodent gut and have been
implicated in amino acid detection (31) (Fig. 1A). In addition,
mGluR receptors are found in the gut (16, 194). Thus, as
reviewed elsewhere (15, 26, 113), all the major amino acidsensing elements of the oral cavity are present in more distal
areas of the gastrointestinal tract. It is possible that, like current
conjectures about multiple umami taste receptors in the mouth,
the presence of glutamate and other amino acids in the gut may
be detected in multiple locations with different receptors.
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(193, 242) and mGluR4 (45). A recent electrophysiological
study indicates that umami taste in mice is mediated by
T1R1⫹T1R3 receptors in sweet-best gustatory nerve fibers and
mGluR receptors in glutamate-best gustatory fibers (268). A
classic feature of umami is the synergy of MSG with the
ribonucleotides inosine and guanosine 5=-monophosphate (IMP
and GMP) (54). This effect, in which responses to the combination of MSG and a ribonucleotide are greater than the sum of
responses to each component of the mixture, is attributed to the
T1R1⫹T1R3 receptor rather than mGluR receptors (46, 263).
Umami taste has been studied in knockout mice missing
different taste signaling components. Conflicting results are
reported with T1R3 KO mice: one study found that they
showed no licking response to MSG in brief tests (282), but
another found only minor differences between T1R3 KO and
WT mice in 24-h two-bottle preference tests (54). Conflicting
data have also been reported for T1R1 KO mice (125, 282).
Differences in the KO constructs and/or behavioral test procedures may account for the discrepant findings (see Ref. 59).
Gustducin KO mice have partial deficits in their behavioral
response to MSG in brief licking and 24-h two-bottle tests (96,
105, 189). Trpm5 KO mice show a complete loss of response
to MSG in brief taste tests and at low concentrations in 24-h
tests (53, 281), but significantly preferred 100 –300 mM MSG
in 24-h tests, which may be due to postoral actions (53).
Residual MSG responses in Trpm5 KO mice can also be
attributed to activation of the mGluR receptors, which utilize a
Trpm5-independent signaling pathway (268). P2X2/P2X3 KO
mice also failed to respond to MSG in brief taste tests (77).
Thus, as in knockout studies of sweet taste, brief access tests
with MSG reveal more profound deficits than do 24-h tests, in
which postoral nutrient effects can influence intake and preference.
Postoral protein/glutamate-sensing and food preferences.
There is considerable evidence that protein selection is accomplished by learning to associate orosensory and postoral characteristics of the diet. Not discussed here is the extensive
literature on learning to avoid amino acid imbalanced diets
(92). Animals readily learn about complete amino acid proteins; for example, protein-restricted hamsters learned to prefer
a CS⫹ flavor added to a protein-rich diet (63). Humans also
learned to associate flavors with low- and high-protein foods
and expressed a preference for the high-protein flavor after
consuming a low-protein drink (91). Some findings also suggest that postoral factors may contribute to the preferences
displayed by humans for umami-tasting foods (176, 271).
Direct evidence for flavor learning based on the postoral
actions of protein is provided by IG infusion studies. Specific
deprivation of protein is not required for such learning, because
rats maintained on standard chow with adequate protein prefer
a CS⫹ flavor paired with IG casein infusion over a CS⫺ flavor
paired with noncaloric infusion (24). These animals were
trained and tested after a 4-h food deprivation, which the
authors assumed produced a mild protein need. However, food
restriction is not required for protein conditioning and ad
libitum-fed and food-restricted rats displayed similar preferences for a CS⫹ flavor paired with IG casein (74% vs. 78%)
(273). Food-restricted rats also acquired separate preferences
for a flavor (CS⫹P) paired with IG protein (casein) and a flavor
(CS⫹C) paired with isocaloric IG carbohydrate (maltodextrin)
over a CS⫺ paired with water (170). When these animals were
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Consistent with these results, lesions of the AMG impaired
flavor conditioning by IG maltodextrin infusions (239). Lesions of the pontine parabrachial nucleus, which relays taste
and viscerosensory information to the forebrain, also impaired
maltodextrin-conditioned flavor preferences (204), whereas lesions of the taste and viscerosensory regions of the insular
cortex were without effect (240). In addition to DA, brain
opioid signaling modulates sugar reward (164) but it does not
appear to have a direct role in sugar-conditioned flavor preferences (213). In particular, opioid receptor antagonism did not
block the acquisition or expression of flavor preferences conditioned by IG sugar infusions (19, 27). The role of the other
neurochemical systems implicated in food reward (e.g., endocannabinoid, benzodiazepine, orexin, and ghrelin circuits) in
postoral sugar conditioning remains to be investigated.
Less is known about the central neural mechanisms involved
in postoral fat conditioning. In rats oral exposure to fat promotes DA release in the NAc, and recent findings indicate that
IG fat infusions also increase NAc DA levels (75, 129). A rat
fMRI study also revealed that IG corn oil infusion activates
brain regions involved in the DA reward system including the
ventral tegmental area (VTA), AMG, and mPFC as well as
other brain areas (250). This activation occurred during a
10-min oil infusion before any significant fat absorption occurred, suggesting that it was triggered by intestinal hormonal
or neural signals. Excitotoxic lesions of the AMG blocked
flavor conditioning by IG corn oil infusions, whereas lateral
hypothalamus (LH) lesions reduced but did not eliminate the
conditioned preference (237, 239). The effects of DA receptor
antagonism in DA brain reward sites (NAc, AMG, mPFC,
VTA) on flavor conditioning by IG fat infusions have not been
investigated. Systemic treatment with D1 and D2 receptor
antagonists did not prevent flavor conditioning by orally consumed corn oil in rats (58). although systemic D1 antagonism
blocked fat-induced place preference conditioning in mice
(111). Systemic injection of a D2 antagonist (haloperidol) was
recently reported to alter the operant licking for IG Intralipid
infusions in mice (75).
No studies have investigated central neural mediation of
protein/glutamate conditioning, although recent fMRI and cfos data suggest areas of interest. That is, an IG infusion of 60
mM MSG, which conditions flavor preferences in rats, activated areas of the habenular nucleus (HbN), central nucleus of
amygdala (CeA), medial preoptic area (mPOA), and dorsomedial hypothalamus (DMH) (166, 248). A subsequent fMRI
study revealed that vagotomy attenuated MSG-induced activation in the HbN, mPOA, DMH, LH, and ventromedial hypothalamus (249). These brain regions are of special interest
given that vagotomy blocked flavor conditioning by IG MSG
infusions (254). Missing from this list of brain sites activated
by IG MSG are the NAc and VTA. Lesions of VTA DA
neurons were found to suppress sucrose intake but not MSG
intake in rats (219). Taken together, these findings suggested
that the oral and postoral glutamate reward processes may be
independent of the VTA DA projections (166).
Summary
Taste and nutrient sensors in the upper (oral) and lower
(gastric, intestinal) regions of the alimentary canal are critical
for the stimulation and inhibition of feeding behavior. Origi-
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Vagal transmission appears to mediate postoral MSG learning. Uematsu et al. (254) reported that rats with total abdominal
vagotomy (TVX) or with abdominal vagotomy with the common hepatic branch intact, unlike rats with hepatic vagotomy
or sham surgery, failed to learn a preference for a CS⫹ flavor
paired with IG self-infusions of 60 mM MSG. The effects of
TVX were selective to MSG conditioning because vagotomized rats learned to prefer a CS⫹ flavor paired with IG
self-infusion of glucose (460 mM, 8.6%), consistent with prior
findings (203, 210). Also consistent with the vagotomy results
are many studies reporting vagal stimulation by gastric or
intestinal infusions of glutamate and other amino acids (147,
159). One study reported that IG infusions of MSG, but not
other amino acids or sodium chloride, stimulated gastric vagal
afferent activity when the pylorus was occluded to confine the
infusate to the stomach (255), but gastric detection of MSG
was questioned by another report (109). The selective vagal
response to MSG reported by Uneyama et al. (255) raises the
question as to whether flavor conditioning is specific to glutamate; alternately, IG infusions of other amino acids may also
condition CS⫹ preferences. Related questions concern the role
of glutamate and vagal transmission in the flavor conditioning
response to IG protein infusions. In particular, does glutamate
act alone or do other amino acids contribute to the flavor
conditioning produced by IG casein infusions? Also, does IG
casein conditioning, like MSG conditioning, require an intact
vagus nerve?
Brain integration of oral and postoral nutrient sensing. The
previous sections of this review have focused on the taste and
nutrient chemosensors in the mouth and gut that influence food
preference and acceptance. The signals generated by these
chemosensors are forwarded to the brain where the central
processing of food reward and feeding decisions are made and
flavor memories are stored. Much is known about the brain
circuits that process taste and olfactory stimuli and form flavor
memories (136, 160, 218, 261). Much less is known about the
central processing of viscerosensory signals generated by the
postoral actions of nutrients that condition flavor preference
and increase intake. Nevertheless, some progress has been
made in elucidating the brain sites and mechanisms involved in
postoral nutrient conditioning.
In the case of carbohydrates, it is well documented that
stimulation of oral sweet taste receptors promotes dopamine
release in the nucleus accumbens (NAc), a brain site implicated
in food and other rewards (102). Recent studies also indicate
that postoral (gastric, hepatic-portal) glucose infusions increase
NAc dopamine (DA) activity in rodents (163, 187). An abdominal rather than a brain site of action is suggested by the
finding that hepatic-portal glucose infusion was more effective
than jugular vein infusion in promoting NAc DA release (163).
IG glucose infusion in rats is also reported to activate the NAc
as well as the amygdala (AMG), another reward-related area,
in fMRI and c-fos experiments (166, 249). Vagotomy did not
alter the fMRI-recorded brain response to IG glucose, which is
relevant to the finding that vagotomy does not block IG
glucose-conditioned flavor preferences (203, 210, 254). The
importance of dopamine signaling in the NAc and AMG as
well as the medial prefrontal cortex (mPFC) to glucose conditioning is indicated by the findings that microinfusions of a DA
D1 receptor antagonist (SCH23390) in these areas blocked
flavor learning by IG glucose infusions (234 –236) (Fig. 1C).
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nally, the mouth was assumed to be the only site of feeding
stimulation via the activation of taste, odor, and texture receptors, whereas the gut was considered to be primarily a source
of inhibitory (satiation) signals that suppress feeding. It is now
clear, however, that nutrients acting in the gut and/or at
postabsorptive sites also generate positive feedback signals that
can condition flavor preferences and, in some cases, substantially stimulate nutrient intake. This is most extensively documented in rats and mice, but studies conducted with flies,
sheep, and humans also reveal postoral nutrient conditioning.
Much remains to be discovered about the gut and postabsorptive nutrient chemosensors and signaling pathways that mediate postoral nutrient conditioning. Recent progress in the identification of gut “taste” and nutrient sensors should facilitate
this research. Postoral nutrient conditioning occurs in humans,
but the importance of this process, compared with orosensory,
environmental, and cognitive factors in human feeding regulation and dysregulation is not certain (36, 270). Discovery of
the critical chemosensors and signaling pathways responsible
for postoral nutrient learning in experimental animals may
enhance our understanding of this learning process in humans.
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