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To investigate the dynamic aspects of gustatory activity, we
recorded the responses of small ensembles of cortical neurons
to tastants administered to awake rats. Multiple trials of each
tastant were delivered during recordings made in oral somato-
sensory (SI) and gustatory cortex (GC). When integrated tastant
responses (firing rates averaged across 2.5 sec) were com-
pared with water responses, 14.4% (13/90) of the GC neurons
responded in a taste-specific manner. When time was consid-
ered as a source of information, however, the incidence of
taste-specific firing increased: as many as 41% (37/90) of the
recorded GC neurons exhibited taste-specific patterns of re-
sponse. For 17% of the neurons identified as responding with
taste-specific patterns, the stimulus that caused the most sig-
nificant response was a function of the time since stimulus
delivery. That is, a single neuron might respond most strongly to

one tastant in the first 500 msec of a response and then
respond most strongly to another tastant later in the response.
Further analysis of the time courses of GC and SI cortical neural
responses revealed that modulations of GC firing rate arose
from three separable processes: early somatosensory input
(less than ;0.2 sec post-stimulus), later chemosensory input
(;0.2–1 sec), and delayed somatosensory input related to oro-
facial responses (more than ;1.0 sec). These data demonstrate
that sensory information is available in the time course of GC
responses and suggest the viability of views of gustatory pro-
cessing that treat the temporal structure of cortical responses
as an integral part of the neural code.
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As a rat feeds, multimodal sources of information concerning the
food on its tongue are synthesized into a gustatory percept. How
this is accomplished is unclear. It is known that subsets of
neurons in gustatory insular cortex (GC) respond to the presence
of tastants on the tongue with sustained changes in firing proba-
bility (Yamamoto et al., 1985, 1989; Kosar et al., 1986; Cechetto
and Saper, 1987; Ogawa et al., 1990; Hanamori et al., 1998). Taste
specificity of these neurons is typically deduced on the basis of
averaged firing over the seconds after tastant delivery. The re-
sponses of a neuron to tastants are thus described as a single
number. Current theories of gustatory coding treat this single
number as the appropriate measure of the response of a single
gustatory neuron.

There are at least two reasons to develop more dynamic de-
scriptions of gustation. First, neurons from many other sensory
systems produce spatiotemporally structured responses (McClur-
kin et al., 1991; Laurent, 1999; Covey, 2000; Ghazanfar and
Nicolelis, 2001) and receptive fields (Ringach et al., 1997; deC-
harms et al., 1998; Ghazanfar and Nicolelis, 1999). Temporal
aspects of sensory responses have proven rich in information,
permitting researchers to determine stimulus identity and detect

multiplexing of information within a spike train (Sugase et al.,
1999; Christensen et al., 2000).

Second, temporal analyses may allow researchers to identify
the origins of different contributions to GC activity. Many GC
neurons are multimodal, responding to both gustatory and so-
matosensory stimulation of the intraoral region (Yamamoto et al.,
1989; Ogawa et al., 1990; Hanamori et al., 1998). This multimo-
dality complicates the interpretation of GC responses, making it
difficult to discriminate chemosensitivity from somatosensitivity.
This is a particularly acute problem in awake animals, which
produce tastant-specific orofacial behaviors [that in turn lead to
tastant-specific patterns of somatosensory stimulation in the oral
cavity (Grill and Norgren, 1978; Spector et al., 1988)]. Such
patterns may “masquerade” as chemosensory activity in an aver-
aged post-stimulus response, but may be distinguished from
“true” chemosensitivity through analysis of temporal response
properties.

In this study, we have quantified the temporal aspects of GC
single-unit responses to several tastants. Bundles of microwires
were implanted into rat oral somatosensory cortex and GC, and
the responses of single neuron ensembles were measured and
analyzed while the rats received multiple intraoral administra-
tions of NaCl, sucrose, citric acid, quinine, and nicotine. Fourteen
percent of the GC neurons responded in a taste-specific manner
according to analysis of the overall firing rate, but when temporal
aspects of the responses were taken into account, that number
rose to 41%. Often, the stimulus causing the strongest response
changed with post-stimulus time. Moreover, the combination of
response timing, taste specificity, and the presence or absence of
spectral power in the range of the licking rhythm (5–10 Hz)
allowed chemosensory and somatosensory influences to be iden-
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tified. The temporal aspects of GC responses offer new insights
into how the rats may identify tastants on the tongue.

MATERIALS AND METHODS
Subjects. All procedures were in accordance with the National Institutes
of Health guidelines for the treatment of animal subjects and were
conducted in compliance with Duke University Medical Center animal
use policies and were approved by the Duke University Institutional
Animal Care and Use Committee. Male (n 5 3) and female (n 5 8)
Long–Evans rats (weight 250–300 gm) were used as subjects for this
study. Because the phenomena reported here were observed in both male
and female rats, data will be discussed without further reference to
gender. The colony was maintained on a 12 hr light /dark cycle, with
sessions run at approximately the same time each day, during the light
portion of the cycle. Rats were given ad libitum access to food at all
times, but water access was restricted during training and recording
sessions (see below).

Surgery. Animals were anesthetized using a 5% halothane/air mix,
followed by either an intraperitoneal injection of pentobarbital (50 mg/
kg; female rats) or intramuscular injections of ketamine and xylazine
(100 and 10 mg/kg, respectively; male rats). Anesthesia was maintained
with small additional injections. Anesthetized animals were secured in a
stereotaxic frame using atraumatic ear bars. After the scalp was excised,
holes were bored in the skull for four to six ground screws and for one or
two microelectrode bundles.

Each electrode bundle included 16 microwires, either 50 mm Teflon-
coated stainless steel wire (NBLabs, Denison, TX) or 25 mm Formvar-
coated nichrome wire. These latter wires were glued to a small micro-
drive, such that they could be advanced through the brain in the weeks
after surgery (Katz et al., 2001). After resection of the dura, bundles were
lowered slowly into layer 5 of GC—or in the case of moveable bundles,
into somatosensory cortex 2 mm dorsal to GC—guided by stereotaxic
measurements and constant electrophysiological monitoring of the sig-
nals from the electrodes. Once in position, the assemblies were cemented
to the skull with dental acrylic, as was a restraining head bolt. The scalp
was then sutured or stapled around the implant, and antibiotic ointment
was applied liberally to the wound.

Most rats were implanted with two intraoral cannulas (Phillips and
Norgren, 1970), one on each side of the face. Thin polyethylene tubes
extended from the space between the first maxillary molar and the lip,
through the masseter muscle and inside the zygomatic arch, and out
through the opening in the scalp. The intraoral cannulas permitted the
delivery of controlled doses of tastant directly onto the dorsal surface of
the rats’ tongues.

Behavioral procedures. After surgery the rats were adapted to handling
and were started on a regimen of mild water restriction (45 min access
per day in the home cage). Adapted animals were trained to press a lever
once every 30 sec to receive 40 ml of water, ejected either from an
intraoral cannula or from a nozzle in front of the mouth, while they were
immobilized in a specially made Plexiglas restraint box (Welsh et al.,
1995; Bermejo et al., 1996; Nishijo et al., 1998). The backs of the rats’
head caps were bolted to an eyelet in the front panel of the box, the
height of which could then be adjusted to minimize the animals’ discom-
fort. The rats’ front paws were unrestrained.

Once the animal was trained to lever press on the fixed interval
schedule, the tastant protocol was substituted for the water protocol. In
the case of delivery from a nozzle (which necessitated that the rat’s
mouth be open), a lever press was rewarded alternatively with either a
randomly selected tastant or a water rinse. With the use of the intraoral
cannulas, stimuli were delivered under experimenter control. With either
technique, the interval between trials varied randomly between 45 and 75
sec. Every second trial was an 80 ml water rinse (delivered, in the case of
intraoral cannulation, through the second cannula).

Under such circumstances the rats remained calm and responsive for
at least 2 hr and still drank between 10 and 15 ml of water in their home
cages during the 30 min after the session. The differences between
delivery techniques presumably affect many aspects of the animals’
behavior and responses, but no differences with regard to the data
presented here were noted. Previous research (Nishijo and Norgren,
1991) corroborates our observation that to at least a first approximation,
different delivery methods produce similar responses.

Tastants included citric acid (0.02 M), NaCl (0.1 M), sucrose (0.1 M),
quinine HCl (0.001 M), nicotine (0.01 M), and water (separate from its
use as a rinse between tastants) delivered through a nitrogen-pressurized

system of polyethylene tubes; flow was controlled by solenoid valves
opened by a computer-produced transistor–transistor logic (TTL) pulse.
These tastants were chosen to be representative of salty, sour, sweet, and
bitter. The concentrations approximate or somewhat exceed half-
maximal stimulus intensities (Frank et al., 1983, 1988; our unpublished
observations). At least 10 trials (and as many as 30) were delivered per
tastant.

Electrophysiology. Neural recordings began only after the animal was
adapted to restraint and pressing for water reward. Differentiated
neural signals were fed into a parallel processor capable of digitizing
up to 48 such signals simultaneously at 40 kHz per channel (Plexon,
Dallas, TX). Action potentials of no less than 3:1 signal-to-noise ratio
were isolated on-line from each signal. Our criterion for isolation
combined an amplitude criterion with a waveform template algorithm
(Nicolelis et al., 1999). Using these criteria, we routinely held neurons
throughout each 2–3 hr session. Time-stamped records of stimulus
onset and neuronal spikes were saved digitally, as were all sampled
spike waveforms. Off-line reanalysis incorporating cluster cutting tech-
niques (before substantive analysis of taste-related activity; see below)
confirmed or corrected on-line discriminations. In the off-line analysis,
a group of waveforms was classified as a single neuron only if it
produced discrete clusters of exemplars in a space made up of principle
components 1 and 2, and if its interspike interval plot showed a
recognizable refractory period followed by a sloping increase to a
maximum at .3 msec (see Fig. 2).

Data reported here were collected from electrodes buried deep in GC
(dysgranular insular cortex: anteroposterior 1.2–1.5, mediolateral 5.2,
dorsoventral, approximately 24.5 from dura) (Kosar et al., 1986). Rats
with moveable electrodes were sometimes run in two recording sessions:
once when the electrode tips were in oral SI, at least 1 mm above GC, and
once again when the electrode tips were in GC. Each neuron was
recorded for one session only.

Single-neuron analysis. Comparison of 2.5 sec of post-stimulus activity
(a length that allowed substantial response analysis) to various taste
stimuli was done in a series of steps, all of which began with “correction”
of the responses: the subtraction of prestimulus firing rates from post-
stimulus rates on a trial-by-trial basis. First, the corrected average firing
rates across the 2.5 sec of post-stimulus activity across trials (this amount
of post-stimulus time was chosen to limit data set size, although not
excluding interesting periods of the responses) were compared with
water responses via t tests and one-way ANOVAs. Stringent criterion
a-values ( p , 0.002) were used to compensate for the large number of
comparisons; these conservative confidence intervals limited the occur-
rence of false positives. Next, the corrected responses were divided into
500 msec bins of activity, and the distribution of firing frequency between
time bins that were averaged across trials was compared with that of
water using the x 2 independence of distribution test. In cases in which
frequency counts in particular bins were ,5, Fisher’s Exact Difference
test was used. Repeated-measures ANOVAs for tastant and time further
quantified the difference in tastant-specific response patterns. Again,
required significance values were adjusted to reflect the number of
comparisons.

Third, and finally, an even more precise estimate of the time course of
responses was gained using a moving-average analysis of the peristimulus
time histograms (PSTHs). For this analysis, the firing rate across a short
window of time was calculated, then the window was moved one spike
forward, and another firing rate was calculated, and so on. The size of the
window was scaled to the firing rate of the neuron being analyzed (the
window actually spanned a certain percentage of the spikes in the spike
train, rather than spanning a certain number of time bins), such that fast
changes during periods of relatively high firing rates were not ignored.
The result of this procedure amounted to a smoothed PSTH, a pseudo-
continuous record of the firing rate of a neuron from 1.5 sec before to 2.5
sec after stimulus onset. This analysis allowed identification of the
occurrence of a firing rate modulation as well as of the onset time of this
modulation (see below). Significance testing involved computing the
mean and SD for all points before the stimulus; post-stimulus firing was
then compared with prestimulus firing. If post-stimulus firing was con-
tinuously above or below the 99% confidence interval for the t distribu-
tion on the basis of the mean and SD for the prestimulus period, it was
identified as a candidate significant firing rate modulation [for examples
of this type of analysis, see Ellaway (1978), Churchward et al. (1997),
Tracy and Steinmetz (1998), and Blejec (2000)]. To ensure that random
variations in firing rate were not falsely identified as modulations, periods
of post-stimulus firing were accepted as significant only if they were more
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than three times the length of any peaks in the prestimulus record; that
is, they were required to be much larger than the random fluctuations
observed before stimulus onset.

Because this technique smoothes PSTHs, firing rate modulations be-
gan slightly earlier (and ended slightly later) in the pseudo-instantaneous
record than in the raw data. This slight broadening was taken into
account in the estimation of modulation onset times: first, the time at
which the pseudo-instantaneous firing rate exceeded the confidence
interval was noted, then one-half of the length of the window used to
construct the moving average was added to this time, and this new time
was designated to be the onset time of the modulation. This calculation
of modulation onset time approximately corrected for the effect of
smoothing.

In all cases, latencies were adjusted for the physical delays between the
TTL triggering of the delivery solenoid and the time at which fluid hit the
tongue. The stimulus delivery apparatus was placed an appropriate
distance from an “artificial rat tongue” (two bare wire tips, separated by
1 mm of air, that were the ends of an open circuit including a battery and
oscilloscope); the second input to the oscilloscope monitored the TTL
pulse to the fluid-delivery solenoid. NaCl was delivered, connecting and
completing the battery circuit, and the resultant delay between solenoid
opening and stimulus hitting the tongue could be viewed on the oscillo-
scope. In the case of delivery via an intraoral cannula, this delay was
reliably 45 msec (64 msec); in the case of nozzle delivery (which had to
be placed further from the tongue), the delay was 90 msec (67 msec).
Under these circumstances, the zero time point on the PSTH abscissas
properly reflected the approximate time at which tastants hit the tongue.

Frequency analysis of spike trains was performed using a standard fast
Fourier transform of the point process data. Session-long spike trains
were entered into this analysis. Most of these data, therefore, represent
“spontaneous” activity of the neurons or, more exactly, neural activity
that was related to the rats’ general behavioral traits, which included
licking and grooming. For comparisons between spectra, power was
normalized.

Histology. After the last recording session, rats were deeply anesthe-
tized with sodium pentobarbital (150 mg/kg) and perfused through the
heart with 0.9% saline (PBS) followed by 5% Formalin in PBS. In
preparation for histology, 7 sec of DC current (7 mA) was passed through
selected microwires, marking the area below the electrode tips. After
fixation in a 10% sucrose and 10% Formalin solution, 80 mm sections
were cut through the implanted areas. Cell bodies were labeled using
cresyl violet. This technique, in conjunction with careful notation of
electrode movement, allowed for localization of all recording sites.

RESULTS
Histology
Figure 1 shows a both a schematic diagram and a coronal section
through the rat cortex containing two representative recording
sites. The arrow points to the hole created by the lesion of the
electrode tips, immediately ventral to a spot at which taste-related
neural activity was recorded. The asterisk labels the location at
which somatosensory responses had been recorded 1–3 weeks
previously.

Summary of the neural dataset
Eleven rats (3 male, 8 female) provided 15 data sessions, of which
13 provided data from GC and 2 from oral SI. The total sample
consisted of 107 neurons, of which 90 were in GC (mean/rat 5
6.9; range 4–11) and 17 were in SI (mean 5 8.5; range 7–10).
Spontaneous firing rates were generally low, with the median
below 1 spikes/sec; outliers (presumably interneurons) with firing
rates as high as 40 spikes/sec raised the mean spontaneous firing
rate to 4.8 spikes/sec.

Nine of the sessions, including both of the somatosensory
cortical sessions, involved bilateral recordings. The average num-
ber of neurons isolated per bundle was 4.5, with a range of two to
eight. Except as noted, all of the below results pertain to the
gustatory cortical sample.

Basic characterization of gustatory activity:
integrated responses
Figure 2A presents raster plots and associated PSTHs for three
simultaneously recorded GC neurons. Several tastant-specific re-
sponses can be seen in the sample (and are validated by the
moving window analysis of firing rate described in Materials and
Methods). Neuron 1 responded to NaCl and acid (albeit with
slightly different latencies), whereas neuron 2 responded to qui-
nine at 1 sec and to acid at 1.25 sec. Neuron 3 produced different
inhibitory responses to various tastants. That is, its firing was
tonically inhibited by NaCl, acid, and water, but at different
post-stimulus times for each. These inhibitory responses are made
plain by the aggregation of several trials per stimulus. In general,
however, the low spontaneous firing rates observed in GC makes
it more difficult to detect statistically significant inhibition than
excitation. This is evidenced by the fact that the slightly less
consistent inhibition after sucrose administration (note the trial-
to-trial raster differences) failed to reach statistical significance.

The most basic analysis confirmed that GC neurons responded
to somatosensory or gustatory stimulation, or both. For this
analysis, the average firing rates for the 2.5 sec periods after
stimulus presentations were standardized by firing rates calcu-
lated from equivalent prestimulus periods on a trial-by-trial basis
(see Materials and Methods). Neurons were determined to be
taste-specific if the overall firing rate in the 2.5 sec after stimulus
delivery was significantly different for at least one tastant than for

Figure 1. Localization of electrode bundles in rat SI and GC. The arrow
points to the hole just above the rhinal sulcus, where the microwire tips
rested at the time of perfusion. The asterisks above this site mark the
approximate position of the electrode tips when GC and oral SI record-
ings were made. Inset, The shaded areas in this schematic, adapted from
Paxinos and Watson (1997), demarcate the limits of the regions from
which recordings were made. GI, Granular insular cortex; DI, dysgranular
insular cortex; AI, agranular insular cortex; SI, oral somatosensory cortex;
rs, rhinal sulcus.
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water (by t test; see Materials and Methods). According to this
metric, 14.4% of the sample (13/90) responded to gustatory
stimulation in a taste-specific manner ( p , 0.002; all t . 3.6). The
spontaneous firing of these neurons (mean 8.3 spikes/sec; range
0.01–26 spikes/sec) was not significantly different from that for
non-taste-specific neurons.

Of these 13 taste-specific neurons, 9 (10% of the entire GC
sample) responded predominantly with an excitatory firing rate
change, and 4 (4.4% of the total) responded predominantly with
an inhibitory firing rate change. Because both excitatory and
inhibitory changes were observed, absolute response was used to
derive the “best stimulus” for each neuron. Five neurons were
NaCl-best (three excitatory, two inhibitory), three were acid-best
(two excitatory, one inhibitory), two were sucrose-best (one ex-
citatory, one inhibitory), two were quinine-best (both excitatory),
and one was nicotine-best (excitatory). The percentage of GC
neurons that responded to a subset of tastants according to this
metric is similar to percentages (i.e., ;10%) reported for other
cortical data sets (Yamamoto et al., 1985; Kosar et al., 1986;
Cechetto and Saper, 1987; Yamamoto et al., 1989; Ogawa et al.,
1990; Hanamori et al., 1998).

In Figure 3, which summarizes this analysis, the 13 taste-

specific neurons are arranged 1 per column, with responses to a
particular tastant in each row, and the strongest tastant response
for each neuron is marked with a filled bar. “Sucrose-best” neu-
rons are listed first, in descending order of absolute response.
“Quinine-best” neurons are listed next, followed by “NaCl-best,”
“citric acid-best,” and “nicotine-best” neurons. The significance
of these inhibitory responses becomes evident only through the
application of multiple trials per tastant.

We considered the possibility that because water evokes a
response in some GC neurons (Yamamoto et al., 1989), some
neurons with taste-specific responses might have been missed by
the t test analysis. We repeated the basic analysis of the responses
of each neuron using one-way ANOVAs for all possible tastants,
including water. This analysis revealed, for each neuron, whether
the response to any particular stimulus differed from that to other
stimuli (whereas the t test analysis revealed whether any tastant
response differed from that to water). The sample of taste neu-
rons revealed by this analysis was similar to that revealed by t test:
17.7% of our sample (16 neurons) responded to some subset of
the stimuli (including the 13 shown in Fig. 3). For the three other
neurons revealed as tastant-specific by ANOVA, the responses to
water were intermediate in size to the responses to different

Figure 2. A simultaneously recorded set of gustatory cortical neurons. A, Responses to different tastants are arrayed horizontally, and different neurons
are arrayed vertically (Neurons 1-3). Raster plots for individual trials are stacked above the summary PSTHs, in which the ordinates are spikes per second.
Note that the number of trials delivered differed for different tastants, such that the height of individual rasters differs between panels. The vertical lines
at the 0 sec time point on the abscissas represent the time at which the tastant hit the tongue. B, The waveforms and interspike interval plots (abscissa
is time after spike in milliseconds; ordinate is number of spikes) for the neurons (Neurons 1-3) in A, demonstrating that each isolation was a single neuron.
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tastants, and only the strongest and weakest tastant responses
differed significantly from each other.

Reevaluation of gustatory responses using 500
msec bins
Complexities of the GC response are not revealed in the overall
average firing rates, because the spike rate averages deemphasize
and even mask reliable but phasic modulations of firing rate (Fig.
2A). Moreover, if only the overall rate is used to deduce gustatory
responses, periods of relative excitation and inhibition in a re-
sponse may cancel out one another (note that in Fig. 5, neither
unit 7a nor 17b qualified as tastant specific by analysis of the
overall firing rate).

The delivery of multiple trials made it possible to examine the
neural responses more closely and to discern within them distinct
epochs of firing rate modulation. We reexamined GC responses
with post-stimulus time divided into 500 msec bins. Figure 4
displays examples of this reanalysis, showing the gustatory re-
sponses of two GC neurons for each 0.5 sec bin. The responses of
the neurons changed from bin to bin. These changes, in fact, were
the rule rather than the exception. Indeed, 27.8% (25/90) of the
GC sample showed reliable taste-specific responses when ana-
lyzed using x2 and Fisher’s Exact tests [p , 0.005, all x2 (4)
.21.95]. This group included 8 of the 13 neurons labeled as taste
neurons on the basis of their overall firing rates, but 22% (17/77)
of the neurons that were not classified as taste specific according
to their overall firing rate exhibited response patterns that dif-
fered from their water responses. Five of the neurons that were
identified as tastant specific by overall firing rate were not iden-
tified by x2 and Fisher’s tests as having a tastant-specific pattern
of firing; the tastant-specific responses of these neurons were
stable across bins. Overall, 33.3% (30/90) of the GC neurons were
taste specific according to either their overall firing rate or the
time course of their firing rate modulations (Table 1).

Tastant-specific GC responses could be thought of as spanning
the range between the two extremes epitomized by the responses
seen in Figure 4. At one extreme were responses to tastants that
differed in shape from that to water, but differed from each other
only in magnitude. For example, neuron 1 was unresponsive to
water but responded to all tastants with an initial increase and
subsequent decline of firing rate. At the other extreme were
taste-specific neurons (e.g., neuron 2) that had multiple response
shapes, such that responses differed not only between tastants and
water, but also between the tastants themselves. For neuron 2 the
response to sucrose starts high and declines, whereas the response
to nicotine starts low, builds, and then declines. The citric acid
response is stable across the first second and then declines (but
not as quickly as does the water response).

To test whether GC neurons responded to different tastants
with differently timed patterns of action potentials, we analyzed
data from the 25 taste-specific neurons (normalized to prestimu-
lus firing) in two-way ANOVAs (one per neuron) with time bins
and tastants as the factors. The appearance of significant time 3
tastant interactions was taken as evidence for temporal differ-
ences between tastant responses. This analysis revealed that 40%
(10/25) of the neurons with taste-specific firing patterns produced

Figure 3. Taste-related GC responses by 2.5 sec averages. Bars represent
spikes per second, averaged from 2.5 sec of post-stimulus response, and
corrected for prestimulus firing rates. The responses of each neuron to the
five tastants are arrayed vertically. The filled bars denote the strongest
absolute response of that neuron, that is, the best tastant. The first two
neurons (Neurons 1-2) are sucrose-best, the next two (Neurons 3-4 ) are
quinine-best, the next five (Neurons 5-9) are NaCl-best, the next three
(Neurons 10-12) are acid-best, and the last (Neuron 13) is nicotine-best.

Figure 4. The time courses of gustatory responses in two GC neurons.
The bin size is 500 msec, and error bars represent trial-wise SEMs. The
horizontal line in each panel shows the average prestimulus firing rates.
Filled bars represent the strongest response in that particular time bin.
Neuron 1 responded to all tastants but not to water. The pattern of
response (an initial excitation followed by a decline of activity over time)
was similar for each tastant, but the amount of excitation varied between
tastants (being greatest for nicotine and least for quinine), such that the
tastant producing the most significant firing rate modulation differed at
different time points. Neuron 2 produced a small, time-varying response to
water but produced large responses to all tastants (except acid). The
responses to different tastants had different time courses, peaking earlier
for sucrose than for other tastants, and peaking higher in the 0.5–1 sec bin
for quinine and nicotine than for NaCl. Again, the strongest responses
varied with time.
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different across-bin response “shapes” (that is, different patterns
of firing rate change from bin to bin) to different tastants ( p ,
0.05; all F . 5.19).

The temporal aspects of the GC responses are also reflected in
the dynamic quality of their chemosensory profiles (that is, the
order of effectiveness of the tastants). We calculated the “best
tastant” (the stimulus that induced the strongest response) for
each neuron at each bin of time. To take the trial-to-trial vari-
ability in firing into account, t values were used to measure
strength of response instead of raw firing rates. For both of the
neurons displayed in Figure 4, the best tastant appeared to change
between bins. For instance, neuron 1 could be described as a
nicotine-best neuron for the first two bins, but by bin 3 the
response to quinine was inhibited to a degree that was larger in t
value than the excitation caused by nicotine, and in bin 5 the
response to acid was inhibited even further. Neuron 2, mean-
while, started as a sucrose-best cell and became a quinine-best cell
soon thereafter. Each of the 10 neurons with multiple response
shapes had time-varying best stimuli, as did 5 of the neurons that
did not demonstrate significantly different response shapes be-
tween tastants. This finding suggests that, at best, the overall
firing rate provides a characterization of GC neurons that throws
away potentially useful information about tastant responses (see
Discussion).

The continuous time course of GC responses
Although partitioning GC responses into 500 msec bins allowed
us to observe temporal aspects of tastant responses and dynamic
neural response profiles, it nonetheless represents a coarse look at
the time course of gustatory activity and obscures precise onset
times of firing rate changes. To examine more closely the tempo-
ral responses of our GC neurons (and to minimize the effect of
arbitrary bin sizes), firing probabilities were again reanalyzed,
this time using a moving-average analysis. This analysis provided
a pseudo-continuous quantification of firing rate and permitted us
to identify the occurrence of each significant firing rate change.
Significant shifts in firing rate were considered stimulus specific

only if the responses to other tastants were not strongly tending in
the same direction at the same time.

This analysis slightly increased the proportion of the neural
sample that could be identified as taste specific to 35.6% (32/90).
This means that 35.6% of the neurons responded significantly to
at least one tastant in at least one time period after stimulus onset
during which the neuron did not respond to other tastants or to
water. Again, these neurons could not be distinguished from the
rest of the GC neurons on the basis of spontaneous firing rates.
When neurons were included that were tastant specific by overall
firing rate but not by pattern, an overall 41% (37/90) of the sample
consisted of neurons with taste-specific response properties. Ta-
ble 1 summarizes the findings across analysis method.

Figure 5 presents the responses of three simultaneously re-
corded GC neurons, each of which responded in a temporally
complex and tastant-specific way. Solid lines appear above the
PSTHs during periods of statistically significant excitation, and
dashed lines indicate significant inhibition. Neuron 7a, which did
not respond in a tastant-specific manner according to an analysis
of overall firing rates, produced an initial inhibition in response to
all tastants, but produced late excitation only in response to citric
acid, sucrose, quinine, and nicotine. The early inhibition caused
by NaCl lasted more than twice as long as that caused by water.
Neuron 17b, meanwhile, responded to sucrose with an early, brief
excitation, and to quinine and nicotine with similar early inhibi-
tion. NaCl caused brief inhibition as well, albeit slightly later. The
initial response to water was deeply inhibitory and grew less so
with post-stimulus time. Inhibition also emerged late in the NaCl,
citric acid, and quinine responses. The taste specificity of neuron
17b cannot be observed when the post-stimulus period is consid-
ered as a single number reflecting the average firing rate across a
2.5 sec post-stimulus interval.

Another variant of tastant-specific time course of firing can be
seen in neuron 24a. The general response pattern of this neuron
is similar to all stimuli: a sharp excitatory response followed by
moderate steady-state excitation. The magnitudes and time
courses of the responses, however, differ between tastants. In
particular, the response to water in the first 500 msec is smaller
than that of citric acid and sucrose (by t test; p , 0.002), but at
later times all responses are similar. This temporal effect is not
reflected in 2.5 sec firing rate averages. In summary, we found that
even neurons that responded with similar modulations to more
than one stimulus often showed tastant-specific time courses of
response. Such temporal specifics were identified in 36% of these
GC neurons (Table 1).

Sources of gustatory activity reflected in
response dynamics
One value of the moving-average representation of firing rate is
that it permits investigation into the onset times of firing rate
changes and therefore into whether GC firing rates tend to be
modulated during particular time periods. Using this analysis, the
chemosensory dynamics could be distinguished from somatosen-
sory components of the responses. Within 540 responses analyzed
(the PSTHs of 90 neurons to six tastants each), 412 modulations
of firing rate were observed. Responses containing more than one
modulation (Fig. 5) contributed more than one onset to the total
(30.9% of the responses contributed two separate modulations,
7.3% contributed three, and 2.2% contributed four). Figure 6A
presents a frequency histogram of the modulation onsets: the
number of firing rate modulations that occurred at different times
after stimulus onset, totaling 412 onsets. The distribution of onset

Table 1. Proportion of GC neurons with taste-specific responses, by
three different analysis methods

Analysis method

% (number) of cells with
taste-specific responses
(n 5 90)

Overall firing rate average (2.5 sec)
Total 14.4% (13)
Excitatory 10% (9)
Inhibitory 4.4% (4)

Binned responses (500 msec)
Total 33.3% (30)
Time course only 18.9% (17)
Both time course and overall rate 8.9% (8)
Total by time course 27.8% (25)
Overall firing rate only 5.5% (5)

Continuous estimate of firing rate
Total 41.1% (37)
Running average only 26.7% (24)
Both running average and overall rate 8.9% (8)
Total by running average 35.6% (32)
Overall firing rate only 5.5% (5)
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times appears bimodal, with one peak appearing between 0 and
;400 msec and another between 1 and 2.5 sec after stimulus
delivery. It follows that at least two separate processes underlie
the production of firing rate modulations.

Closer examination of the onset times, however, reveals that
the distribution contains three “populations” of onsets. To more
closely analyze the modulations, the first 1600 msec of the data in
Figure 6A were extracted, sorted, and replotted, such that each
modulation could be visualized as an individual circle. This
reanalysis appears in Figures 6, B and C. Figure 6B includes the
;150 modulations that occurred between 0 and 800 msec after

stimulus administration and plots each modulation as an individ-
ual circle (the earliest first, the second earliest next, etc.) against
onset time in the ordinate. A piece-wise linear correlation calcu-
lated from the first and last 50 data points gives a good fit to the
distribution. This result suggests that the early onsets may have
arisen from two distinct (but overlapping) populations of re-
sponses: an “early” set that supplied latencies between 0 and
;200 msec after stimulus onset and a “middle” set that supplied
latencies .200 msec after stimulus onset.

Figure 6C shows a similar plot of all modulations that occurred
after 400 msec and before 1600 msec after the stimulus (note that

Figure 5. Temporal coding in an ensemble of three simultaneously recorded GC neurons. Time before and after stimulus delivery is displayed along
the abscissas. The ordinate is number of spikes per second. The firing rates during periods marked with solid lines were significantly above baseline, as
calculated using a moving window (see Materials and Methods). The dashed lines indicates below-baseline firing rates. The vertical dashed lines mark
stimulus onsets.

Figure 6. Distribution of modulation onset times
across the entire neural sample. A, This frequency
histogram displays all of the separate modulation of
firing rate onset times. Latency is the abscissa, and the
number of times that neurons in the sample produced
firing rate modulations at that latency is the ordinate.
One peak can be seen at 0–400 msec; a second peak
begins at ;1 sec and peaks before 1.5 sec. B, A
replotting of the individual onsets that occurred ,800
msec after stimulus delivery, with onset number on
the abscissa and latency (post-stimulus presentation)
on the ordinate. The graph has an inflection point; two
regression lines, one calculated from only the first 50
points, and the other from only the last 50 points,
indicate that the onsets from 0–800 msec post-
stimulus delivery are actually composed of two sepa-
rate populations of latencies, one early (,;200 msec) and one later. The horizontal dashed line denotes the point of crossing of the two regression lines.
C, A similar replotting of the response onsets that appeared between 400 and 1600 msec after stimulus delivery. The regression line here is essentially
the same one calculated on the middle onsets in Figure 6B; it aligns well with the onsets between 400 and ;1000 msec after stimulus. The deviation from
this regression line marks the start of the late population of modulations and matches the late peak in Figure 6A. The dashed line denotes the approximate
time of this deviation.
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the ordinates of Fig. 6, B and C, overlap). The linear region
denoting the middle responses fits well to the shown regression
line, calculated on the basis of the first 30 data points; this
regression line is the same one calculated on the last 50 points of
Figure 6B. At ;1 sec after the onset of the stimulus, however, the
distribution deviates from this regression line, reflecting the ap-
pearance of the first members of a third population of modula-
tions, the “late” modulations.

It therefore appears that three “sets” of modulations—one
early (from 0 to ;200 msec), one middle (from ;200 msec to ;1
sec), and one relatively late (starting at ;1 sec after stimulus
onset)—make up the significant neural responses to stimulus
administration (see Fig. 8). Several supplementary tests validate
and explain this division of the data. First, we were able to
identify the early set of modulations as related to the somatosen-
sory experience of the tastant hitting the tongue. Such a charac-
terization was to be expected, given the nature of GC connectiv-
ity and the known facts about transduction and the transmission
of information in the gustatory system (Di Lorenzo and
Schwartzbaum, 1982; Herness and Gilbertson, 1999). It was hy-
pothesized that if these modulations primarily represented “pre-
chemosensory” somatosensory responses, they essentially would
be lacking in taste specificity. This proved to be the case: only 1
of the 14 neurons that responded with an initial latency of ,175
msec did so in a taste-specific manner. That is, if a neuron
responded to one stimulus with a latency of ,175 msec, it almost
certainly responded to all stimuli, including water, with a similar
latency. The later modulations drove the taste specificity of our
neural sample, although 18.9% of the neurons that produced
taste-specific responses (7/37 neurons) also produced extremely
early, somatosensory responses.

We further hypothesized that the late onsets might be re-
lated to tastant-specific orofacial movements, which typically

appear as early as 1 sec after tastant administration (Travers
and Norgren, 1986) and were present in the rats (our unpub-
lished observations). Investigation of this hypothesis rested on
the assumption that orofacial behaviors generally reflect the
tastant’s palatability (Breslin et al., 1992). If the late responses
reflect such orofacial behaviors, then they should “code” sim-
ilarly palatable tastants similarly. To test this hypothesis, we
designated quinine and nicotine as hedonically “negative” tas-
tants and sucrose and NaCl as hedonically “positive” tastants.
We then compared the correlation coefficients between the
responses of pairs that were consonant in hedonic quality with
those of pairs dissonant in hedonic quality. During the period
between 0.5 and 1.5 sec after stimulus delivery, the correlation
between quinine and nicotine (and between sucrose and NaCl)
was equal to that between sucrose and quinine (and between
NaCl and nicotine). The ratio of variances accounted for at
this point was 0.92, which means that grouping the tastant
responses by hedonic quality of the tastant did not improve the
variance accounted for (Fisher’s Z , 1). In the period from 1.5
to 2.5 sec, however, the correlation between similarly palatable
tastants became significantly higher than the correlation be-
tween more and less palatable tastants (t of Fisher’s Z 5 1.89;
p , 0.028). The ratio of the R 2 for hedonically similar tastants
to the R 2 for hedonically dissimilar tastants in the late re-
sponse is 1.76, indicating that palatability almost doubled the
ability to predict the response. The pattern was similar for
neurons with taste-specific responses and those cells distin-
guished by late responses. During the response period domi-
nated by the middle set of modulations, GC activity seems
primarily related to chemosensory processing, whereas late in
post-stimulus time it appears that GC activity becomes
strongly influenced by hedonic quality.

Although the correlational analysis makes it clear that GC
responses come to reflect the palatability of the tastants over the
course of 1–2 sec, this finding still leaves at least two possibilities
as to the specific source(s) of the late modulations. They could
represent actual processing of palatability, or they could be the
result of palatability-specific somatosensory stimulation related to

Figure 7. Spectral analysis of somatosensory and chemosensory re-
sponses, computed using the fast Fourier transform. For each plot, the
abscissa is frequency, and the ordinate is normalized power, rescaled to
have a mean of 0 and SD of 1. A, The averaged spectra of all the neurons
recorded during the somatosensory cortex sessions (dashed line) and of all
the neurons recorded during the gustatory cortex sessions (solid line).
Note the excess of power in the 5–10 Hz range, present in the somato-
sensory cortical recordings and absent in the gustatory cortical recordings.
B, Similarly constructed average spectra taken exclusively from GC re-
cordings. Shown are the spectrum of neurons with taste-specific responses
(solid line), the spectrum derived solely from cells with early somatosen-
sory responses (dashed line), and the spectrum derived solely from cells
with late responses (dot-dash line).

Figure 8. Schematic depiction of the multimodal influences on GC
responses. Time after stimulus onset is on the abscissa. Directly above this
are marked the approximate boundaries between early, middle, and late
modulations, and above this, three main influences on population activity,
two somatosensory (SS) and one chemosensory (CS), are shown in
relation to their times of occurrence. The gradients reflect the gradual
nature of the development of each population and the necessary uncer-
tainty as to precise time of appearance. Along the top of this figure, the
time course of responding is divided into the “phases” of taste-specific
responses.
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the emergence of palatability-specific orofacial behaviors (them-
selves the result of palatability processing). We found evidence
that both the early and late modulations in fact represent somato-
sensory contributions to GC activity.

We hypothesized that if the source of the earliest and latest GC
response modulations is to some degree somatosensory, then it
should be possible to demonstrate more directly the presence of
somatosensory input to these neurons. Specifically, it should be
possible to observe, within the whole-session spike trains of these
neurons, a frequency domain “signature” in the somatosensory
responses ;5–10 Hz, the rate at which rats lick. Rhythmic licking
should cause rhythmic stimulation of somatosensory receptors in
the oral cavity, which in turn should modulate the spike trains of
oral somatosensory neurons according to the same rhythm. Thus
it is possible to predict the presence of a frequency-specific excess
of power in spectral analyses of those spike trains. Such a signa-
ture should be less prominent or lacking in neurons that only take
chemosensory input.

To demonstrate the viability of this analysis, we present in
Figure 7A the averaged spectra (calculated via fast Fourier
transforms) of all entire session-long spike trains collected
from oral somatosensory cortex (dashed line) and gustatory
cortex (solid line). We found that somatosensory responses
from the oral region tended to be modulated at 5–10 Hz. The
averaged spectral responses of neurons in GC, meanwhile,
lacked this hump in the power spectrum. This suggests that, as
expected, the spike trains of neurons with oral somatosensory
input show a signature of lick rate.

Figure 7B presents similarly prepared, normalized average
power spectra for the session-long spike trains of three (slightly
overlapping) subsets of neurons in gustatory cortex. Note that the
data entered into these analyses are session-long spike trains from
neurons that produced particular tastant responses; although the
orofacial responses to tastants (e.g., those involving gapes) may
not involve a large amount of licking, the session-long spike train
of a neurons receiving somatosensory input from the oral cavity
should show 5–10 Hz power because of spontaneous, tastant-
related, and grooming-related licking that occurs throughout the
;2-hr-long sessions. Such proved to be the case. The solid line
represents the power spectra of all 37 taste-specific responders,
the dashed line represents the power spectra of the 14 neurons
that produced early onset responses, and the dotted line represents
the power spectra of the 32 neurons that produced late onset
responses. The neurons with taste-specific responses lack the
hump of 5–10 Hz power that characterizes both of the other
subsets of neurons (the variability in the hump is to be expected,
in that lick rate will vary slightly both between rat and between
tastant). Thus it appears that like neurons in oral SI (Fig. 7A),
neurons that produce either early or late modulations in response
to tastant administration appear to receive somatosensory input.
This analysis supports the hypotheses that the early (,200 msec)
modulations are primarily somatosensory and that the late (.1
sec) modulations are related to palatability-related mouth move-
ments that are the output of hedonic processing. Figure 8 sum-
marizes these results by illustrating, in schematic form, the vari-
ous suggested contributions to GC population responses.

Unadulterated chemosensory dynamics within the
gustatory response
Taken together, the above analyses suggest that taste-specific GC
responses, which are dynamic within the ;0.2 to ;1 sec post-
stimulus time period, are truly chemosensory. The late modula-

tions do not account for the taste-specific dynamics of these
neurons. The firing patterns of 67.6% (25/37) of the neurons with
taste-specific responses did not show taste-specific modulations in
the 1.5–2.5 sec post-stimulus period. Of the taste-specific neurons
that did show late responses, only two achieved taste specificity by
virtue of activity in the late post-stimulus period; the others were
tastant specific during the first 1.5 sec of post-stimulus response,
which preceded activity related to orofacial behaviors (Travers
and Norgren, 1986). In contrast, 37.7% of the non-taste-specific
neurons (20/53) produced late modulations. Even with somato-
sensory components stripped away, stimulus-specific responding
in GC varies as a function of post-stimulus time.

Furthermore, the taste-specific latencies of initial responses
to different tastants contribute little to these chemosensory
dynamics. Modulations in response to each tastant appeared
throughout the 2.5 sec post-stimulus interval. This made the
job of ascertaining the latencies of chemosensory responses
difficult. Although an examination of the modulations for dif-
ferent tastant responses, with a lower cutoff set to eliminate
most early somatosensory responses, suggested a trend toward
NaCl responses being fastest and toward sucrose and nicotine
responses being slowest, a one-way ANOVA for tastant shows
these trends to be nonsignificant (F , 1).

DISCUSSION
Time course of gustatory responses
When a tastant hits the tongue of an awake rat, a complex set of
processes is set in motion. At a broad level, these processes can be
summarized in terms of the overall time-averaged response of
each neuron to the tastant. Approximately 14% of our GC neu-
rons produced taste-specific responses using such an analysis
(10% excitatory, 4% inhibitory); this number is consonant with
the extant GC literature on anesthetized (Yamamoto et al., 1985;
Kosar et al., 1986; Cechetto and Saper, 1987; Yamamoto et al.,
1989; Ogawa et al., 1990; Hanamori et al., 1998) and awake
(Yasoshima and Yamamoto, 1998) rats, and with estimates taken
from monkey cortex (Rolls, 1989; Smith-Swintosky et al., 1991).

We found, however, that this analysis gives an incomplete
picture of GC gustatory responses. When the time course of
responses was taken into account, 41% of GC neurons yielded
taste-specific responses (Table 1). Many of these neurons pro-
duced distinct temporal patterns in response to different tas-
tants, and many had chemosensory profiles that changed across
time (Figs. 2, 4, 5). These findings suggest the possibility that
gustatory coding in cortex may be distributed across a larger
percentage of neurons, or be more dynamic than has previously
been suggested, or both.

Our analysis of the time course of GC responses also made it
possible, for the first time, to dissociate chemosensory and so-
matosensory components of GC responses. The earliest influence
on firing (less than ;200 msec after stimulus onset) seemed to be
purely somatosensory, whereas firing rate modulations in the
approximate interval between 0.2 and 1 sec after stimulus onset
were largely chemosensory. The late changes in firing rate were
also traced to somatosensory influences, presumably arising from
the onset of palatability-specific orofacial behaviors (Figs. 6, 8).
Specifically, chemosensory responses lacked a 5–10 Hz signature
of lick rate that was observed in oral somatosensory responses
(Fig. 7). The dissociation of chemosensory from somatosensory
influences on the time course of GC responses provides support
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of the hypothesis that chemosensory responses themselves are
part of a process that changes through time.

Comparison of our results with the extant literature
Several groups (Mistretta, 1971; Ogawa et al., 1973; Di
Lorenzo and Schwartzbaum, 1982) have discussed differences
in the time courses of brainstem and primary afferent neural
responses to different tastants. These researchers were looking
primarily for tastant responses that might characterize entire
populations of neurons, but the existence of single neuron
responses that varied between tastants was also noted. In rat
GC neurons, we observed temporal responses that reliably
differed between tastants but saw little between-neuron simi-
larity in the response to a particular tastant, even between
simultaneously recorded neurons in a single animal (Figs. 2, 5).
It is likely that response dynamics in awake rats are more
pronounced than in anesthetized rats, because most anesthet-
ics depress activity in the gustatory neuroaxis.

Both peripheral and central factors probably contribute to the
production of time-varying activity in GC neurons. Variations in
the movement of fluid around the oral cavity will modulate the
tastant concentration that interacts with the apical terminals of
taste receptor cells and in turn will produce different kinetic
responses in primary gustatory neurons. However, the trial-to-
trial reliability of response dynamics, along with the cell-specific
variety of responses within and between rats, is difficult to explain
in terms of purely peripheral mechanisms (Fig. 2). That the sorts
of time-varying activity observed here are also seen in various
other systems and preparations (Nicolelis and Chapin, 1994;
Wehr and Laurent, 1996; Ringach et al., 1997; deCharms et al.,
1998; Ghazanfar and Nicolelis, 1999; Covey, 2000; Lam et al.,
2000) leads us to believe that the temporal variability arises from
recurrent CNS circuitry, which causes time-varying patterns of
activity that are relatively independent of processes at the periph-
ery (Laurent, 1999).

Studies showing neural response dynamics do not provide
unequivocal evidence that the nervous system uses temporal
response patterns in sensory processing or that overall rates of
activity are unimportant. Similarly, our study demonstrates the
existence of potentially useful temporal information in GC re-
sponses but does not prove that tastant responses cannot be
usefully characterized solely in terms of overall firing rate. Still,
this evidence is similar in quality to most data presented in
support of more static theories. In summary, we have shown that
temporal changes in GC responses are available for the CNS to
characterize the various qualities associated with placing chemi-
cal stimuli on the tongue.

Sources of gustatory response dynamics
Neurons at all levels of the gustatory neuroaxis receive con-
vergent input from chemosensory and somatosensory sources
(Ogawa et al., 1982; Yamamoto, 1984; Nakamura and Norgren,
1993). A large subset of chemoresponsive GC neurons also
responds to tactile stimulation of the intraoral region. This
complicates the interpretation of gustatory responses (Spector,
2000), particularly in awake rats, which produce consumatory
behaviors related to the palatability of the just-presented tas-
tant (Grill and Norgren, 1978; Berridge, 2000). Such behaviors
are likely to lead to somatosensory stimulation that “masquer-
ades” as GC chemosensory responses. The analyses described
here, however, enabled us to separate the gustatory responses
into their somatosensory and chemosensory components, to

broadly identif y when somatosensory activity most strongly
influences gustatory activity, and to recognize genuinely che-
mosensory time courses of response.

We argue that the earliest and latest firing rate modulations
observed in GC neurons are primarily somatosensory. The late
responses may also represent hedonic processing. That is they
consistently occur with the emergence of tastant-specific orofacial
behaviors (Travers and Norgren, 1986) and contain the 5–10 Hz
signature of licking. Whatever their cause, the gustatory re-
sponses of a subset of GC neurons are related to stimulus quality
for at least the first 1 sec and thereafter are related to hedonic
quality. Similar shifts have been observed in other sensory sys-
tems. Sugase et al. (1999), for example, reported that neurons in
the temporal visual area progress over the course of 50 msec from
coding facial identity to coding facial expression.

These considerations allow us to confidently suggest that
chemosensory responses themselves exhibit temporal proper-
ties. It is possible that between-neuron interactions are respon-
sible for shaping GC responses through time. Such a mecha-
nism is predicted by studies demonstrating that (1) the removal
of inhibition from a gustatory neural structure changes the
tastant response profiles of neurons (Ogawa et al., 1998; Smith
and Li, 1998); (2) two directly connected brainstem neurons
may have very different chemosensory sensitivities (Di
Lorenzo and Monroe, 1997); and (3) GC neurons may exhibit
significant levels of cross-correlation (Adachi et al., 1989; Na-
kamura and Ogawa, 1997; Yokota et al., 1997).

Implications for theories of gustatory processing
Gustatory neural data are usually explained in terms of either the
“labeled-line” (LL) (Frank, 2000) or the “across-fiber pattern”
(AFP) (Erickson et al., 1995) hypothesis. According to the LL,
gustatory coding progresses via comparison of the activity levels
of separate populations of neurons, each tuned to a “best stimu-
lus.” The AFP, meanwhile, suggests that tastants are determined
via the overall pattern of activity across all responsive units,
without reference to what stimulus is the best for any particular
neuron.

Our data present complications for a labeled line-type the-
ory, in that for a substantial percentage of our neural sample,
the best stimulus changed from one 500 msec of the response
to the next. To account for this result, advocates of LL either
must disregard the temporal structure observed in GC re-
sponses or suggest an alternative criterion for deriving the best
stimulus of a neuron.

These data suggest that potentially valuable information re-
garding the tastant is available in the time course of the neural
response. Researchers bringing “fuzzy set” analysis techniques to
bear on brainstem responses have reached conclusions that bear
striking similarity to those presented in Figure 8 (Erickson et al.,
1995). These results present a challenge for both LL and AFP
hypotheses, in that neither theory emphasizes response dynamics.

It might be argued that gustatory response dynamics are of
little import, because rats are capable of identifying tastants
within 200 msec (Halpern and Tapper, 1971), before all but the
earliest bursts of tastant-specific response observed in this study.
It is possible, in fact, that GC responses are irrelevant for the
most basic processes of tastant identification and characterization
(Spector, 2000). The fact that initial tastant identification can
happen very rapidly, however, does not imply that gustatory
processing ends at that time; elaboration of the gustatory percept
may continue long after the initial discriminating response. Fur-
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thermore, the speed with which rats identify tastants increases
with training (Halpern and Tapper, 1971), and this gradual im-
provement may reflect learning-related changes in the neural
processing of the tastants themselves. GC neurons are known to
undergo plasticity during simple gustatory learning (Yasoshima
and Yamamoto, 1998). The time courses of responses may be-
come plastic with learning, as well, such that different tastants may
be identified earlier. Indeed, we have gathered preliminary evi-
dence suggesting that even simple tastant self-administration can
cause plasticity in GC neural responses across two to six trials
(Katz et al., 2000).

Conclusion
We have shown that a much larger percentage of GC neurons
may participate in chemosensory coding than has been supposed
previously. These responses are visible in tastant-specific time
courses of responding, by which the neurons may participate in
responses to different tastants at different times. The temporal
analysis of GC responses also permits the separation of the
gustatory responses into their somatosensory and chemosensory
components.
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