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ABSTRACT
Alcohol usually refers to ethanol which is one of widely consumed beverages and is
sometimes being abused. One of the factors that induce alcohol intake is taste. Previous
investigations reported that alcohol activated gustatory nerves and neurons in the nucleus
of the solitary tract (NST). Alcohol preference is closely related to liking for sweet taste.
Taste neurons often respond to thermal or mechanical stimulation. The parabrachial
nuclei (PbN) in the pons are the second taste relay in the rodent. Gustatory responses
of taste neurons in the NST and PbN are modulated by several physiological factors
related to ingestive behavior. The purpose of the present study was to investigate the
relationship of ethanol (EtOH) response to sucrose response and temperature of the
solution in the hamster PbN. In the first set of experiment, 55 gustatory PbN neurons
recorded extracellularly in the urethane-anesthetized hamster, in response to four basic
o
o
taste stimuli, 25% EtOH, 40 C and 4 C distilled water. The 32, 28, and 36 neurons reo
o
sponded to 25% EtOH, 40 C and 4 C distilled water, respectively. The response to 25%
EtOH was positively related to sucrose response (r=0.82, p＜0.001). In the second set
of experiment, 30 sucrose-sensitive neurons in the PbN were recorded, in response to a
series of EtOH concentrations (3∼40%) alone and mixtures with 32 mM sucrose at
o
o
o
room temperature (RT), 40 C and 4 C. Neuronal responses to EtOH at RT and 40 C
increased as the concentration was raised. The response to a mixture of EtOH and
sucrose was greater than EtOH or sucrose response alone. The responses of EtOH
o
alone or EtOH/sucrose were enhanced by applying solution at 40 C but were flatten at
o
4 C. These data demonstrate that EtOH activates the sucrose-responsive taste neurons
in the PbN and that this interaction is affected by temperature.
Key words: ethanol, sucrose, thermal stimulation, gustatory neuron, parabrachial nuclei,
in vivo electrophysiology

INTRODUCTION
Alcohol is one of easily consumed beverage in
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daily life. Since alcohol (especially ethanol) is also
abusing material, understanding neural mechanisms
of alcohol intake has been a goal in many investigations. The oral intake of alcohol is accompanied
by perception of flavor which is composed of taste,
olfaction, and chemosensory irritation (Bachmanov
et al., 2003). Although alcohol is not classified as

80 Young Kyung Cho
single taste stimulus, human and animals detect
sweet and bitter taste in alcohol (Kiefer et al., 1988;
Mattes and DiMeglio, 2001). Especially, the close
relationship between alcohol intake and preference
for sweets has been studied in human and animals
(Kampov-Polevoy et al., 1999). The voluntary consumption of sweet solution is positively correlated
with alcohol solution (Kampov-Polevoy et al., 1990;
Kampov-Polevoy et al., 1995).
Electrophysiological studies also addressed that
relationship between alcohol and sweet taste at the
level of gustatory nerve and neurons. Hellenkant
and colleagues (Hellekant, 1965a; Hellekant, 1965b;
Hellekant et al., 1997) reported that alcohol activated chorda tympani branch of facial nerves, which
innervate taste buds in the anterior tongue. Singlefiber recording revealed that the responses to
alcohols were induced in sucrose-best fibers in rats
(Sako and Yamamoto, 1999). The positive correlation between the neuronal response to alcohol and
sucrose was also demonstrated in the nucleus of
the solitary tract (NST) in the rat, which is the first
taste relay in the central nervous system (Di
Lorenzo et al., 1986; Lemon et al., 2003; Lemon et
al., 2004). The parabrachial nuclei (PbN) in the
pons are the second taste relay in the rodent taste
pathway (Halsell et al., 1996; Norgren and Leonard,
1971; Norgren and Pfaffmann, 1975). Taste-responsive neurons in the NST project to the gustatory
portion of the PbN in the rat and hamster (Cho et
al., 2002a; Monroe and Di Lorenzo, 1995; Ogawa et
al., 1984). Whether the alcohol activates gustatory
neurons in the PbN has not been investigated yet.
In many cases, taste nerves and neurons respond
not only to taste stimulation, but also to mechanical
or thermal stimulation (Ogawa et al., 1988; Shimatani et al., 2002). It is reported that the heating
and cooling of the tongue induced taste sensation
(Cruz and Green, 2000). Especially the perception
of sweetness was positively correlated with temperature of the solution (Bartoshuk et al., 1982).
Whether alcohol response is dependent on temperature is not known. The purposes of the present
experiments are to examine whether the oral
application of ethanol activates gustatory neurons
and whether there is any correlation between the
ethanol, sucrose response and temperature of the
solution in the PbN in the hamster.

MATERIALS AND METHODS
Animal and surgery
The experimental procedures used in this experiment were reviewed and approved by the
IACUC of Southern Illinois University at Carbondale.
Young adult male Syrian golden hamsters (Mesocricetus auratus, Harlan Sprague Dawley, Inc.,
Indianapolis, IN), weighing between 130 g and 190
g (n=21), were deeply anesthetized with urethane
(1.7 g/kg i.p.). Each animal was tracheotomized and
was mounted in the stereotaxic instrument (Narishige stereotaxic apparatus SR-6R, Japan) with the
snout downward 27o from horizontal to straighten
the brainstem using a handmade nontraumatic head
holder. The tissue and muscle above the posterior
skull were separated along the midline and a portion of the occipital bone was removed to aspirate
the cerebellum for 4∼5 mm anterior to the obex,
allowing direct access to the PbN. Body tempero
ature was maintained at 37±1 C with an electric
heating pad.
Single unit recording and taste stimulation
Single-barrel glass micropipettes (tip diameter=1
∼2μm, resistance=5∼7 MΩ) filled with 2% (wt/
vol) solution of Chicago Sky Blue dye (Sigma, St.
Louis, MO) in 0.5 M sodium acetate were used for
extracellular single unit recording of action potentials from the gustatory PbN. Extracellular action
potentials were displayed on oscilloscopes and
monitored with an audio monitor (Grass AM8 audio
monitor, Grass Instruments, Quincy, MA). Action
potentials were amplified (NeuroLog, Digitimer Ltd.,
Hertfordshire, UK) and then discriminated (Bak
DDIS-1, Bak Electronics, Germantown, MD) before
analyzed with Spike2 software (Cambridge Electronic Design, Cambridge, UK). Taste stimulus delivery was controlled by a computer configured with
a CED Power1401 interface board (Cambridge
Electronic Design, Cambridge, UK). The microelectrode was lowered slowly into the brainstem to
the depth at which the strongest neuronal activity
was recorded in response to the anodal current (40
μA, 500 ms duration at 1/3 Hz) applied to the
anterior tongue. After that, the taste responsiveness
of a neuron was confirmed by the response to
chemical stimulation of the anterior tongue. The
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stimuli in the first set of experiment were four basic
taste stimuli: 32 mM sodium chloride (NaCl),
sucrose, quinine hydrochloride (QHCl), 3.2 mM citric
acid; 25% ethanol (EtOH) at room temperature
(RT), warm (40oC) and cold (4oC) distilled water. In
the second set, PbN neurons that responded
significantly to sucrose were collected. The neuronal
activity was first recorded, in response to four basic
taste stimuli, then to a series of EtOH concentration: 3, 5, 10, 15, 25, 40%. Next, another series
of EtOH solution was applied with 32 mM sucrose.
These two sets of concentration series: EtOH only
and EtOH + sucrose were repeated at different
temperatures: RT, 40oC and 4oC. Therefore for each
neuron, a total of 40 stimuli were applied to the
anterior portion of the tongue. As in the first set of
experiment, each stimulus was preceded and
followed with distilled water at RT. The solutions
were delivered by a gravity-flow system composed
of a computer controlled two-way solenoid-operated
valve connected to a distilled-water rinse reservoir
and a stimulus funnel. The stimulation was a continuous flow of 10 s distilled water, followed by 10 s
of stimulus, and finally 10 s distilled-water rinse.
After each stimulation sequence, the tongue was
rinsed with distilled water (＞50 ml), and individual
stimulations were separated by ≥2 min to avoid
adaptation effects (Smith and Bealer, 1976).
Histology
At the end of each experiment, the last recording
site of the day was marked by passing a 10μA
cathodal current through the recording electrode for
10 min (5 s on/off) to deposit a spot of Chicago
Sky Blue dye. The hamster was then given a lethal
overdose of urethane and perfused through the
heart with 200 ml of 4% formalin containing 3%
potassium ferrocyanide and ferricyanide. Brains
were removed, post-fixed, frozen sectioned (40μm)
in the coronal plane, and stained with Neutral Red.
The recording sites were confirmed microscopically
and plotted on standard atlas sections (Morin and
Wood, 2001).
Data analysis
The responses of each cell to taste stimulation
were quantified by subtracting the number of impulses during the 5 s pre-stimulus distilled water
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delivery from that during the first 5 s of taste
stimulus to yield a net response (imp/s). The
average of impulses during the 5 s of pre-rinse
water was designated as spontaneous firing of the
cell. Responses are reported as means±SE. A
taste response was defined as effective if it was≥2
SD above the baseline rate. Each gustatory neuron
was classified as one of the four best- stimulus
category: NaCl-, sucrose-, citric acid-, or QHCl-best
on the basis of its strongest response to one of the
four taste stimuli. Each NST cell was also categorized as either an EtOH-responsive or nonresponsive neuron based on its responsiveness to
25% EtOH.
The entropy (H) of each neuron, which is a
measure of its breadth of responsiveness, was calculated using excitatory components of responses
to four standard taste stimuli by the formula reported previously (Smith and Travers, 1979).


  









Differences between EtOH-responsive and nonresponsive neurons in mean firing rates to taste
stimuli were compared using ANOVA. The spontaneous firing rates and entropies of the EtOH-responsive and non-responsive groups were compared using a t-test. Comparison of the number of
neurons in each category was made using a chisquare test. All means were reported with SE
unless noted otherwise.

RESULTS
A total of 85 taste-responsive neurons were
extracellularly recorded from the PbN of hamsters.
The recording sites (figures are not shown) were
corresponded to the gustatory regions of the PbN
where taste-responsive neurons have been recorded in previous studies (Li and Cho, 2006).
Responses to four taste stimuli, EtOH, warm
and cold water
A total of 55 taste-responsive PbN neurons were
recorded in the first set. Each neuron was categorized into four groups on the basis of response to
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four basic taste stimuli. They were consisted of 11
sucrose-best (S-best), 13 NaCl-best (N-best), 15
citric acid-best (C-best), and 16 QHCl-best (Q-best)
neurons. Among them, 32 neurons responded to
25% EtOH, 28 responded to warm water, 36 responded to cold water. Out of 55 neurons, only 12

Fig. 1. Responses of 55 neurons in the NST to four basic taste
o
o
stimuli, 25% EtOH, distilled water at 40 C, 4 C and RT. Responses are the mean number of action potentials (imp/5s)
during the first 5 s of chemical stimulation minus the mean
number of spikes during 5 s of distilled water preceding taste
delivery. Cells are arranged along the abscissa, according to
their best stimulus, with cells 1∼9 being sucrose-best, 10∼16
NaCl-best, 17∼22 citric acid-best, and 23∼32 QHCl-best in
EtOH-responsive neurons in A and 1∼2 being sucrose-best, 3∼
8 NaCl-best, 9∼17 citric acid-best, and 18∼23 QHCl-best in
non-EtOH-responsive cells in B. Within each best-stimulus group,
cells are arranged according to the magnitude of the response to
their best stimulus. The response profile for any one cell in the
figure can be read from top to bottom.

neurons specifically responded to four taste stimuli.
Since main focus in this study was EtOH, we
divided 55 PbN neurons into two groups: EtOHresponsive (n=32) and non-responsive (n=23). EtOHresponsive neurons were composed of 9 S-best, 7
N-best, 6 C-best, and 10 Q-best cells. More S-best
cells were observed in EtOH-responsive group; 9
out of 11 S-best responded to 25% EtOH. Chisquare analysis confirmed this difference was signi2
ficant (χ =17.833, df=3, p＜0.001).
Taste response profiles of NST neurons of
EtOH-responsive (left panel) and non-responsive
group (right panel) are demonstrated in Fig. 1
where the responses of the cells in each beststimulus group are arranged along the abscissa in
order of their response to the best stimulus.
Response to 25% EtOH, 40oC water, 4oC water are
also illustrated. The response to any one tastant,
EtOH or water is read across the pattern and that
of any one neuron can be seen from top to bottom;
responses to the stimuli are net responses and the
spontaneous activity of each cell is shown as
distilled H2O at the bottom of the figure.
The responses to four taste stimuli, 25% EtOH,
o
o
40 C dH2O and 4 C dH2O between the EtOH-responsive and non-responsive groups were compared using univariate ANOVA analysis and mean
responses are demonstrated in Fig. 2. Responses

Fig. 2. Mean responses (±SE, spikes/5s, n=55) to four taste
o
o
stimuli, 25% EtOH, distilled water at 40 C, 4 C and RT. The solid
bars indicate responses of EtOH-responsive neurons and open
bars represent those of non- EtOH-responsive neurons (*p＜
0.05).
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to 7 stimuli were different between these two
groups (F[1,371]=5.20, p＜0.05) and the effect of
stimulus was also significant (F[6,371]=7.85, p＜
0.001). There was also a significant interaction
between EtOH-responsiveness and stimulus (F[6,371]
=3.71, p＜0.01). The planned comparison showed
significant differences between these two groups in
response to sucrose (F[1,371]=9.75, p＜0.01), to 25%
o
EtOH (F[1,371]=7.76, p＜0.01), and to 40 C water
(F[1,371]=5.79, p＜0.05).
We calculated the correlation among responses
to these 7 stimuli. The response to 25% EtOH
showed a significant correlation with the response
to sucrose, 40oC, and 4oC water. Among them, the
correlation between 25% EtOH and sucrose is the
highest (r=0.82, p＜0.001). Response to sucrose
showed a significant correlation with 25% EtOH and
o
40 C water (r=0.71, p＜0.001). We calculated the
breadth of tuning (entropy) using a formula of Smith
and Travers (Smith and Travers, 1979) with the
excitatory portion of gustatory response. Entropy of
EtOH-responsive neurons was 0.82±0.03 and that
of non-responsive cells was 0.85±0.02; they were
not different from each (t=0.98, df=53, p=0.33).
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Response to a series of EtOH and EtOH/
sucrose at RT, 40oC and 4oC
We investigated the relationship between various
concentration of EtOH with response to sucrose,
and whether this relationship is affected by temperature in the sucrose-responsive PbN neurons in
the second set of experiments. In the second set, A
series of EtOH concentration (3, 5, 10, 15, 25, and
40%), without and with sucrose, was tested at three
temperature of solution: room temperature (RT),
warm (40oC) and cold (4oC) in addition to the
stimuli in the first set. We succeeded in a total of
30 gustatory PbN neurons, of which activity was
maintained through a battery of 40 stimuli. Since
we let 2 minutes elapsed between stimuli, the
recording time for these neurons lasted at least for
90 mins. In order to examine the stability of neuronal activity, we compared spontaneous firing that
was measured in each of seven batteries of stimuli,
as was in the first set of experiments. Since the
spontaneous activities were not different among
seven stimuli (F[6,203]=0.17, p=0.99), the spontaneous activity of each cell was designated as an
average of these measurements.
Addition of sucrose to EtOH at RT increased

Fig. 3. Peristimulus time histogram
(PSTH) showing the evoked activities of a sucrose-responsive PbN
neuron by EtOH. Application of
EtOH and sucrose mixture produced
greater responses (B) than EtOH
alone (A).
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response significantly compared that of EtOH alone
(F[1,348]=319.30, p＜0.001) and EtOH concentration
produced different response (F[5,348]=37.52, p＜
0.001), but there wasn't a significant interaction
between stimulus and concentration (F[5,348]=0.69,
p=0.63). Responses to a series of EtOH and EtOH/
sucrose of a PbN neuron are demonstrated in Fig.
3.
There was a possibility that response to EtOH/
sucrose may be a sum of response to EtOH and
response to sucrose if EtOH and sucrose act at
different receptors in the taste bud and taste information converges on the same neuron. To address
this possibility, we compared the response to
EtOH/sucrose with the sum of response to sucrose
and EtOH at each concentration. The univariate
ANOVA analysis showed response to EtOH/sucrose
was significantly smaller than the sum of the both
response (F[1,348]=7.49, p＜0.01). Similarly, responses of EtOH/sucrose at 40oC was significantly
greater than those to EtOH alone (F[1,348]=57.54, p
＜0.001). The comparison between response to
EtOH/sucrose and the sum of response to EtOH
and response to sucrose also showed significant
difference (F[1,348]=44.75, p＜0.001).
Neuronal activity of PbN taste neurons increased
along the concentration of EtOH at RT (r=0.75, p＜
o
o
0.001) and 40 C (r=0.49, p＜0.001), but not at 4 C
(r=0.03, p=0.69). At RT, different concentration
induced significant difference in response (F[5,174]=
45.12, p＜0.001), but post-hoc test revealed that
response to 25% EtOH did not differ from that to
40% (p=0.30), suggesting that the response to
EtOH showed a plateau around the concentration of
25%. At 40oC, the similar results were founded;
different concentration of EtOH produced significant
difference in response (F[5,174]=9.32, p＜0.001), but
no difference between response to consecutive concentrations by post-hoc test (p=0.42, 0.17, 0.27
0.15, and 0.42). It was also true for the responses
to EtOH series plus sucrose; response was increased as EtOH concentration was increased at
o
RT (r=0.39, p＜0.001) and 40 C (r=0.35, p＜0.001),
o
but not at 4 C (r=0.02, p=0.84). Responses to
EtOH/sucrose at RT produced significantly different
response among the EtOH concentration series
(F[5,174]=6.21, p＜0.001), but the difference of a pair
of consecutive concentrations did not differ at any

pair (p=0.66, 0.16, 0.36, 0.33, and 0.51). The
parallel analysis result was found for responses to
o
EtOH/sucrose at 40 C; concentration had an effect
(F[5,174]=4.92, p＜0.001) and but responses to
consecutive concentrations did not differ significantly
(p=0.52, 0.31, 0.45 0.31, and 0.53).
We compared the response to EtOH at RT and
EtOH at 40oC. The responses to EtOH at 40oC
were greater than those to EtOH at RT (F[1,348]=
185.81, p＜0.001) and the interaction between
temperature and concentration wasn't significant
(F[5,348]=0.847, p=0.52). Similarly, response to EtOH/
o
sucrose at 40 C were greater than those to EtOH/
sucrose at RT, regardless of the concentration
(F[1,348]=8.50, p＜0.01) and no interaction was observed between temperature and concentration
(F[5,348]=0.05, p=1.00). The difference between responses of two temperatures was greater in
response to EtOH and the post-hoc test indicated
that the response to the same concentration of
o
EtOH was different between RT and 40 C at every
concentration. It wasn't the case for responses to
EtOH/sucrose: the difference was not significant
and post-hoc test showed that responses at each
concentration weren't different between two temperatures. The mean responses of PbN taste cells to a
concentration series of EtOH and EtOH/sucrose at
o
RT and 40 C are demonstrated in Fig. 4.
In contrast, responses to EtOH or EtOH/sucrose
o
at 4 C were dramatically different from those at RT

Fig. 4. The mean responses (±SE, spikes/5s, n=30) of PbN taste
cells to a concentration series of EtOH (open symbol) and EtOH/
o
sucrose (solid symbol) at RT (A) and 40 C (B).

Relationship between Alcohol and Sucrose/Thermal Stimulation in Pontine Taste Neurons in the Hamster

Fig. 5. The mean responses (±SE, spikes/5s, n=30) of PbN taste
cells to a concentration series of EtOH (open bars) and EtOH/
sucrose (solid bars) at 4oC (A). Mean response to 4oC distilled
water and 32 mM sucrose at RT are shown in B.
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Fig. 6. The mean responses (±SE, spikes/5s, n=30) of PbN taste
neurons to sucrose (gray bar), 25% EtOH (open bars), 25%
EtOH/sucrose (solid bars) at RT, 40oC and 4oC.

rons to sucrose, 25% EtOH, 25% EtOH/sucrose at
RT, 40oC and 4oC are summarized in Fig. 6.

o

and 40 C. The magnitude of response to 6 concentration of EtOH was almost flat regardless of
stimuli (F[5,174]=0.04, p=1.00). It was also the same
for the responses to EtOH/sucrose; (F[5,174]=0.01, p
=1.00). Even responses to EtOH or EtOH/sucrose
were not different (F[5,174]=0.28, p=0.59). In addio
tion, response to EtOH or EtOH/sucrose at 4 C was
identical to response to 4oC water but smaller than
response to sucrose only at RT. The response to a
series of EtOH concentrations without/with sucrose
at 4oC are demonstrated in Fig. 5.

DISCUSSION
The results of the present investigations demonstrated characteristics in responses of pontine taste
neurons to taste stimuli, EtOH at different temperature. The first feature was that gustatory PbN
neurons which responded to sucrose stimulation,
also responded to EtOH. The second was that PbN
o
neurons also responded to warm (40 C) and cold
o
water (4 C). The third was that there was a synergic
effect between response to sucrose and EtOH. The
fourth was response to EtOH or EtOH/sucrose was
enhanced when the temperature of the solution was
increased. The final feature was that the response
to cold water nullified response to EtOH or EtOH/
sucrose. The mean responses of PbN taste neu-

Relationship between EtOH and sucrose response
It's been well documented of the association
between ethanol preference and the liking for sweet
taste in human and animals (Kampov-Polevoy et
al., 1999). Conditioned taste aversion demonstrated
that rats trained avoided drinking EtOH by paring it
with illness, also avoided sucrose+QHCl (Di Lorenzo et al., 1986). Electrophysiological investigations showed that application of EtOH activates
sweet taste-responsive gustatory fibers and neurons
in the NST in rats (Hellekant, 1965a; Di Lorenzo et
al., 1986; Sako and Yamamoto, 1999; Lemon et al.,
2003; Lemon et al., 2004). The results in previous
studies suggested that alcohol could activate
gustatory neurons in the higher taste nuclei. In the
present study, we demonstrated that EtOH activated the sucrose-responsive neurons in the hamster PbN. Since the majority of taste-responsive
neurons in the NST project to the PbN in hamsters,
it is likely that gustatory neurons in the NST are
also affected by EtOH stimulation in the hamster
(Cho et al., 2002a).
EtOH-specific receptors are not known in taste
buds. The treatment of pronase E and gurmarin,
which suppressed sucrose response also inhibited
response to EtOH, suggesting that alcohol interacts
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with the sweet-sensitive receptors at the tongue
(Hiji, 1975; Lemon et al., 2003). It was supported
by the present finding that response to EtOH/
sucrose were greater than response to sucrose or
EtOH alone, but less than the sum of these two
responses.

evidence that role of the gustatory PbN is not
limited to transfer taste input to higher taste nuclei
but also taste processing is indeed taken place in
the PbN.

Relationship between EtOH or EtOH/sucrose
response and temperature
Many gustatory neurons in the NST and PbN
also respond to thermal and mechanical stimulation
of the tongue (Ogawa et al., 1984; Hayama et al.,
1985; Ogawa et al., 1987; Ogawa et al., 1988;
Travers and Norgren, 1995). Temperature has been
shown to modulate taste responses of gustatory
nerves (Nakamura and Kurihara, 1991; Lundy and
Contreras, 1997). Ogawa and colleagues (1968)
reported that sucrose sensitivity of chorda tympani
nerve was positively correlated with warming. In
human, warming of the tongue produced perception
of sweetness (Cruz and Green, 2000). In contrast,
sucrose-best neurons in rat geniculate ganglia
where cell bodies of chorda tympani nerve reside,
o
did not respond to sucrose solution at 10 C (Breza
et al., 2006). The results of the present study
demonstrated that the thermal stimulation modulated EtOH or EtOH/sucrose response in the
hamster PbN; warm solution elicited neuronal response and enhanced the response to EtOH or
EtOH/sucrose whereas cold solution nullified any
response and flatted response to the same magnitude of response to 4oC distilled water.
Gustatory response of the taste neurons in the
central taste nuclei are modulated by various
physiological factors related to feeding behavior,
such as sodium appetite and conditioned taste
aversion (Chang and Scott, 1984; Shimura et al.,
1997; Cho et al., 2004; Tokita et al., 2004). The
stimulation of gustatory nuclei in the forebrain also
modulated taste responses in the NST and/or PbN,
suggesting these descending input could be involved in the plasticity of taste response (Cho et
al., 2002b; Li et al., 2002; Cho et al., 2003; Lundy
and Norgren, 2004; Tokita et al., 2004; Li et al.,
2005; Smith et al., 2005; Li and Cho, 2006). The
results in the present study indicate that gustatory
response in the PbN is modulated by EtOH and/or
the temperature of the solution. These data gives
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