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Chen J-Y, Victor JD, Di Lorenzo PM. Temporal coding of intensity
of NaCl and HCI in the nucleus of the solitary tract of the rat. J
Neurophysiol 105: 697-711, 2011. First published November 24,
2010; doi:10.1152/jn.00539.2010. Sensory neurons are generally
tuned to a subset of stimulus qualities within their sensory domain and
manifest this tuning by the relative size of their responses to stimuli of
equal intensity. However, response size alone cannot unambiguously
signal stimulus quality, since response size also depends on stimulus
intensity. Thus a common problem faced by sensory systems is that
response size (e.g., spike count) confounds stimulus quality and
intensity. Here, using the gustatory system as a model, we asked
whether temporal firing characteristics could disambiguate these axes.
To address this question, we recorded taste responses of single
neurons in the nucleus of the solitary tract (NTS, the first central
gustatory relay) in anesthetized rats to a range of concentrations of
NaCl and HCI and their binary mixtures. To assess the contribution of
the temporal characteristics of the response to discrimination among
tastants, a family of metrics that quantifies the similarity of two spike
trains in terms of spike count and spike timing was used. Results
showed that the spike count produced by different taste qualities and
different concentrations overlapped in most cells, implying that in-
formation conveyed by spike count is imprecise. Multidimensional
scaling analysis of taste responses using similarity of temporal char-
acteristics showed that different taste qualities, intensities, and mix-
tures formed distinct clusters in this “temporal coding” taste space and
were arranged in a logical order. Thus the temporal structure of taste
responses in single cells in the NTS can simultaneously convey
information about both taste quality and intensity.

INTRODUCTION

In all sensory systems, individual cells are tuned to respond
selectively to a certain set of stimuli. The variety of tuning
curves across cells spans and defines the broader stimulus
domain and enables the identification and discrimination of
different stimuli. However, changes in stimulus intensity gen-
erally broaden those tuning curves and may produce confusion
between a change in stimulus intensity and a change in iden-
tity. When the tuning (specificity) is narrow, the identity of the
neuron can signal the identity of the stimulus (e.g., pitch, color,
taste quality, etc.) and the relative firing rate can indicate
intensity (e.g., loudness, brightness, concentration). In a system
such as gustation, where most cells respond well to more than
one taste quality (sweet, sour, salty, bitter, and perhaps
umami), stimuli of different taste qualities can evoke equiva-
lent firing rates if the concentrations are just right. As a result,
in most cases firing rate alone cannot convey an unambiguous
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message about taste quality, especially in broadly tuned neu-
rons.

In many studies of taste-responsive cells in the CNS, groups
of cells are defined by the stimulus that evokes the “best” or
most robust response when exemplars of each basic taste
quality are presented at moderate concentrations. Even though
most cells are multisensitive across taste qualities, several
researchers have pointed out that the intensity—response func-
tion can be steeper for a cell’s best stimulus compared with its
nonbest or “sideband” stimuli (Nakamura and Norgren 1991;
St John and Smith 2000). These results imply that a cell’s best
stimulus defines the taste quality about which that cell conveys
the most information. However, the problem remains that for
almost every cell, there are suprathreshold, moderate concen-
trations of different taste qualities for which a cell will respond
with equal vigor. Thus the gustatory system makes an excellent
model for the study of how the nervous system disentangles
intensity and identity in single cells.

In a series of studies of taste-responsive cells in the nucleus
of the solitary tract (NTS), the first central relay of the gusta-
tory system, we have shown that information about taste
quality conveyed by increases in firing rate can be supple-
mented by information conveyed by spike timing (Di Lorenzo
and Victor 2003, 2007; Di Lorenzo et al. 2009; Roussin et al.
2008). The contribution of spike timing was particularly sig-
nificant when two tastants evoked nearly equal firing rates
(Roussin et al. 2008). In our most recent study, we showed that
the temporal dynamics of taste responses in broadly tuned NTS
cells can disambiguate tastants of different qualities that evoke
equal firing rates (Di Lorenzo et al. 2009), even when they are
presented as mixtures. Specifically, we showed that responses
to binary taste mixtures were linear combinations of rate
envelopes of responses to the components and that the rate
envelopes corresponding to the four tastants generated a con-
sistent, logical mapping of taste quality. However, to sample a
sufficient number of responses to repeated presentations of the
four primary tastants and their six pairwise combinations, it
was necessary to restrict our analysis to a single concentration
of each. This leaves open the question of whether temporal
coding can contribute to discrimination of taste quality, when
intensity is varied over a wide range, and when primaries are
combined in different relative concentrations. To address this
requires obtaining a sufficient number of replicate responses to
primaries and binary mixtures across a range of concentrations;
it was therefore necessary to focus on two primary tastants, as
we do here. We chose NaCl and HCI for two reasons. From a
practical perspective, there is an extensive literature showing
that these two stimuli evoke significant responses in nearly all
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NTS cells in anesthetized rats. From a theoretical viewpoint,
since both stimuli elicit transient responses, it is a strong test of
the notion that subtle temporal features can support discrimi-
nation of quality. As our results show, even when intensity and
relative concentration are varied, the temporal aspects of the
response contribute substantially to the signaling of taste qual-

1ty.

METHODS
Subjects

Thirty-three male, Sprague—Dawley rats (300-450 g) served as
subjects for these experiments. All rats were pair-housed in plastic
cages and maintained on a 12-h light/dark schedule with lights on at
7:00 a.m. Food and water were available without restriction. All
procedures were in accord with the National Institutes of Health
Animal Welfare Guide and were approved by the Institutional Animal
Care and Use Committee of Binghamton University.

Surgery

Rats were deeply anesthetized with urethane (1.5 g/kg, adminis-
tered intraperitoneally in two equal doses spaced 30 min apart) and
prepared for electrophysiological recording in the NTS. Briefly, rats
were tracheotomized and their head mounted in a stereotaxic instru-
ment (Kopf Instruments, Tujunga, CA), with the tooth bar positioned
5.0 mm below the interaural line. The occipital bone was removed and
uvular and nodular portions of the cerebellum were aspirated gently to
expose the surface of the brain stem just above the NTS. Several
stainless steel screws were embedded in the skull and a nontraumatic
head holder was cemented to the screws using dental acrylic cement.
The ear and tooth bars could then be removed without perturbing the
head position and orientation. Core temperature was maintained at
37°C by a heating pad coupled to an anal thermistor probe (FHC,
Bowdoinham, ME).

Recording

Etched tungsten microelectrodes (18—-20 M(), 1 V at 1 kHz; FHC)
were lowered slowly into the NTS. Signals were fed to an amplifier
(Model P511; Grass Technologies, West Warwick, RI) and sent to a
PC computer via an analog/digital interface (CED, Cambridge, UK).
Waveforms arising from single neurons were identified using the
Spike2 program (CED; sampling rate 25 kHz). A 3:1 signal-to-noise
ratio was required for isolation of NTS cells. Taste responses were
recorded as long as the cell remained well isolated.

Previous work from our lab has demonstrated that the taste-
responsive portion of the NTS is located at about 2.7 mm rostral and
1.8 mm lateral to the obex and 700—1,400 wm ventral to the surface
of the brain stem. As the electrode was lowered into the area near the
NTS, the tongue was periodically bathed with 0.1 M NaCl (followed
by a distilled water rinse) to test for a background taste response. NaCl
was chosen as the probe stimulus because many studies of the NTS in
anesthetized rats have shown that nearly every taste-responsive cell
responds to it. To avoid sampling bias, every cell that was isolated
was tested with all four basic taste stimuli.

Once a taste-responsive cell was isolated, testing began. Ini-
tially, each tastant was presented in individual trials. A trial
consisted of a 10 s baseline (spontaneous activity), 10 s distilled
water prerinse, 5 s tastant presentation, 5 s pause, and 20 s distilled
water rinse. The interstimulus interval was 2 min. Stimulus delivery
tubes were flushed well with distilled water when the stimulus to be
delivered was changed.

Taste stimuli

Taste stimuli were NaCl and HCI, both presented at various
concentrations indicated in the following text, and 0.5 M sucrose and
0.01 M quinine HCI. Binary mixtures consisted of components whose
final concentration in the mixture equaled that of the single-compo-
nent taste stimuli. Concentrations of sucrose and quinine and medium
concentrations of NaCl (0.1 M) and HCI (0.01 M) were chosen
because they produce half-maximal responses in the chorda tympani
nerve of the rat, which innervates taste buds on the rostral two thirds
of the tongue (Ganchrow and Erickson 1970; Ogawa et al. 1974). All
tastants were made with reagent grade chemicals, dissolved in dis-
tilled water, and presented at room temperature. Taste stimuli were
bathed over the tongue through a specially designed stimulus delivery
system described previously (Di Lorenzo and Victor 2003). Briefly,
this device consisted of a bundle of stainless steel tubes that were
perforated on top and bottom so that fluids were delivered to the entire
tongue and palate simultaneously. Using a solution of methylene blue
dye instead of a tastant, the entire mouth, including the incisor ducts
and foliate papillae, were stained when the stimulus delivery stem was
activated. Flow rate was 5 ml/s.

Data analysis

GENERAL RESPONSE CHARACTERISTICS. Taste responses were mea-
sured as the average firing rate in spikes/s (sps) = SE over the first 2 s of
the taste stimulus presentation minus the average firing rate over the
final 5 s of water prerinse (baseline). Significant responses were
defined by firing rates that were =2.58SDs above the baseline firing
rate, calculated on a trial-by-trial basis. Breadth of tuning was calcu-
lated using the Uncertainty measure (Smith and Travers 1979) with
the following formula

U= —K<i P, log P,-)
i=1

where P; is the proportion of the total number of spikes elicited by n
stimuli that are evoked by stimulus i, and K is a scaling constant. For
four stimuli K = 1.661, which results in U ranging from O to 1.0.
Values close to 0 result when a cell responds to few stimuli, indicating
narrow tuning. Conversely, values near 1.0 result when the cell
responds equally well to all stimuli, indicating broad tuning. For each
cell, the average evoked firing rate for each stimulus across repetitions
was used.

Cells were classified according to their “best” stimulus based on the
relative response magnitudes evoked by 0.1 M NaCl, 0.01 M HCI, 0.5
M sucrose, and 0.01 M quinine.

ANALYSES OF TEMPORAL CHARACTERISTICS OF TASTE RESPONSES.

To examine the information conveyed by the temporal structure of
taste responses, spike trains were analyzed using metric space analysis
(Victor and Purpura 1996, 1997; reviewed in Victor 2005). This
approach provides an index of the similarity of two spike trains by
calculating the “cost” of transforming one spike train into another
through a series of elementary steps. These include moving spikes in
time and inserting or deleting spikes. First, the cost of inserting or
deleting a spike is set at 1. Next, the cost of moving a spike per unit
time is defined as ¢, in units of 1/s. The cost of moving a spike by an
amount of time 7 is thus counted as g¢. Then, the distance between any
two spike trains is simply defined as the “minimum total cost” of
transforming one spike train into the other via these elementary steps
and is denoted as D*""**[q]. Note that when ¢ is zero, the spikes are
free to move and the distance (minimum cost) between spike trains is
simply the difference of the number of spikes between them. In this
case when ¢ = 0, i.e., D*"**[0] is denoted as D“**"". For larger values
of g, D**"*¢[q] is sensitive to the temporal arrangement of spikes at a
resolution of 1/g.
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spike

After calculating D**"*“[¢] for all pairs of a neuron’s responses, we
next determined the extent to which pairs of responses to the same
stimulus tended to be closer to each other than pairs of responses to
different stimuli. A spike train S was classified as belonging to the response
class R if the average distance D™*“[q] from S to each of the spike trains
elicited by the stimulus R was shorter than the average distance from
S to the responses elicited by any other stimulus. We then calculated
information H from the confusion matrix between the actual stimulus
that elicited each response and the response class to which it was
assigned by this proximity rule. The value of the information H thus
indicates the performance of stimulus-dependent clustering based on
the temporal patterns of taste responses. For example, perfect classi-
fication of responses to the four primary taste qualities (sucrose, NaCl,
HCl, quinine) corresponds to H = 2 bits (log, 4 = 2). If the
classification is totally random, H = 0. The preceding analysis was
carried out for each cell for a range of values of ¢ in half-octave steps
from 0.0625 to 256 and for ¢ = 0. When ¢ = 0, H is denoted as H,, and
indicates information conveyed by spike count alone (i.e., a rate
code). The value of ¢ where H reaches its maximum was denoted by
Gmax and the maximum information was denoted by H ..

To validate the performance of this quantitative measure, three
additional information-theoretic analyses were carried out as controls.
1) To control for the statistical effects of a finite data sample (see
Di Lorenzo and Victor 2003; Roussin et al. 2008), the values of H
calculated from observed responses were compared with the values
of H calculated from a data set in which the observed responses
were randomly assigned to the various clusters of tastant, called
H e 2) To distinguish between the influence of firing rate enve-
lope and detailed firing pattern, we applied metric space analysis to
surrogate data sets created by “exchange” resampling. These surrogate
data sets were created by randomly exchanging spikes between indi-
vidual responses belonging to the same tastant. Surrogate and actual
responses had identical poststimulus time histograms and an identical
number of spikes elicited on each trial. If the value of H for the
original data was above the value of H,, ..., (mean * 2SD)
obtained from exchange-resampled surrogates, we concluded that
the information contributed by temporal coding was not merely
contained in the average rate envelope of the taste response nor in
spike count alone and that spike timing patterns in individual trials
must also contribute to taste coding. 3) We created surrogate data
sets consisting of inhomogeneous Poisson processes. These surro-
gate data sets were created by random draws from the set of
observed spike times for each stimulus, rather than by exchanging
spike times between pairs of responses, so they matched the
observed responses in rate envelope but not in the number of spikes
elicited on each trial. In general, information estimates from these
surrogate data sets (H,,,,,,,) were nearly identical to those of the
exchange-resampled surrogate data sets (H,

exchange)'

GEOMETRICAL REPRESENTATION OF TEMPORAL FIRING FEATURES:
MULTIDIMENSIONAL SCALING ANALYSES. To visualize the manner
in which temporal characteristics of the response differed among the
tastants, we applied standard multidimensional scaling (MDS; Kruskal and
Wish 1978) to the distances among taste responses, defined by
D*[q]. For all taste responses, D*"*[¢] at g,,.. Was used. In an
MDS analysis, “objects” (taste-evoked spike trains) were placed in a
“taste-space” so that the distance between objects in the MDS space
was closely proportional to the dissimilarity/similarity, as measured
by Dspike[q].

The axes in this taste space are abstract: they are defined by the
criterion that each successive axis accounts for as much as possible of
the variance that is not accounted for by the other axes. Consequently,
the axes are not guaranteed to have a direct physiological interpreta-
tion, although we noted that the first axis was generally correlated
with firing rate. Note also that since the distances D*‘[q] are
non-Euclidean (Aronov and Victor 2004), there was no guarantee that
an MDS embedding was possible. However, this difficulty generally

did not arise among the first three dimensions extracted by MDS,
which generally accounted for >95% of power of the distances
between the centroids.

RESULTS

Overall, results of this study showed that the temporal
dynamics of the responses in single NTS cells significantly
contributed to taste quality discrimination across the entire
intensity—response function as well as when tastants were part
of a mixture. Although responses to individual taste qualities
generally increased as the concentration increased, there was
considerable trial-to-trial variability. Importantly, responses to
NaCl and HCI were highly correlated within and across cells
and showed overlap in spike count, indicating that the firing
rate was a poor indicator of taste quality. However, analyses of
temporal coding in NTS cells showed that the temporal struc-
ture of the responses can disambiguate taste quality in the face
of variations in concentration and overlap of the number of
spikes in the response. Further, results extend previous findings
(Di Lorenzo et al. 2009) showing that the temporal features of
responses to different taste qualities can disentangle their
identities when they are part of a binary mixture, even when
their concentrations varied.

General response characteristics

Taste responses not only to the four basic taste stimuli but
also to different concentrations of NaCl and HCI were recorded
from 52 cells in the NTS. Forty-two cells were presented with
NaCl at 0.6 M, 0.1 M, and 0.01 M and HCI at 0.06 M, 0.01 M,
and 0.001 M. Of these, 19 were also presented with the binary
mixtures as follows: 0.6 M NaCl + 0.06 M HCI, 0.1 M NaCl +
0.01 M HC], 0.01 M NaCl + 0.001 M HCI, 0.6 M NaCl + 0.001
M HCI, and 0.001 M NaCl + 0.6 M HCI. In an additional 10
cells, an expanded array of concentrations (in M) was tested as
follows: for NaCl, 0.5, 0.2, 0.1, 0.06, and 0.03; for HCI, 0.04,
0.02, 0.01, 0.005, and 0.0025. For all cells, repeated trials of
each stimulus (range = 5-15 trials per stimulus) were pre-
sented. Average spontaneous firing rate across all 52 cells was
3.47 = 0.47 SE spikes/s (sps).

Taste-responsive NTS cells generally responded to more
than one of the basic taste stimuli. Average Uncertainty was
0.81 = 0.02 SE. All 52 (100%) cells responded to 0.1 M NaCl,
47 (90%) responded to 0.01 M HCI, 36 (69%) responded to 0.5
M sucrose, and 46 (88%) responded to 0.01 M quinine. Thirty
cells responded to all four taste stimuli at these “standard”
concentrations, 15 cells responded to three stimuli, and 7 cells
responded to two stimuli. There were no cells that responded to
a single stimulus at the standard concentrations. Thirty-nine of
52 cells (75%) were NaCl best, 5 cells (10%) were HCI best,
and 7 cells (15%) were sucrose best. Fifty-one cells (98%)
responded to both NaCl and HCI at the highest concentrations
tested; one cell (cell 13) responded to NaCl but not to HCI at
any concentration tested. Figure 1 shows the raw responses of
one cell to two concentrations of NaCl and HCI as well as their
binary mixtures. The number and proportion of cells that
responded to different tastants at different concentrations are
summarized in Table 1. It can be seen that higher concentra-
tions of NaCl or HCI activated more cells and that even at the
lowest concentrations tested, the majority of cells showed
significant responses.
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0.6 M NaCl + 0.06 M HCI

FIG. 1. Reponses of one cell to 2 concen-

0.6 M NaCl 0.06 M HCI
Ly \
L
| |
0.1 M NaCl 0.01 M HCI

0.1 M NaCl + 0.01 M HCI

trations each of NaCl and HCI and to their
binary mixtures. Thin line under each re-
sponse indicates water presentation. Thick
line indicates 5-s taste stimulus presentation.

il

On average, response magnitude to NaCl and HCI mono-
tonically increased as the concentration increased. The mean
response magnitudes across cells in response to NaCl and HCl
at different concentrations are shown in Fig. 2. Figure 2 shows
the log—log plot of responses from 52 cells to all concentrations
of NaCl and HCI. The exponent of the fitted power function
(slope) is 0.33 (+* = 0.91) for NaCl and 0.32 (+* = 0.79) for
HCIL. It is apparent that average response magnitudes for NaCl
and HCI were equivalent at most midrange concentrations. For
example, on average, 0.1 M NaCl evoked the same response
magnitude as 0.06 M HCI. In a subset of cells (n = 19),
responses to mixtures of varying concentrations of NaCl and
HCI1 were also recorded. Average response magnitudes for
these stimuli are shown in Fig. 2B. It can be seen that the range
of response magnitudes to NaCl or HCI presented as mixtures
also overlapped the response magnitudes for these stimuli
presented alone. Figure 2C shows an example of response
magnitudes of a single cell across blocks of trials to different
concentrations of NaCl and HCI and their binary mixtures.
Note that across blocks of trials, the magnitudes of the re-
sponses to the two qualities overlap. Consequently, taste qual-
ity cannot be determined from response magnitude.

In Fig. 3, the intensity-based response patterns across the
sample of cells were examined. In Fig. 3A, response magni-
tudes to three different concentrations of NaCl across 42 cells
are shown. Cells were first sorted by their response magnitudes
to 0.6 M NaCl. Generally, monotonic increases in response

TABLE 1. Number of responses to NaCl and HCI.

Concentration, M Number of Cells (Total) Percentage

NaCl
0.6 42 (42) 100
0.5 10 (10) 100
0.2 10 (10) 100
0.1 52 (52) 100
0.06 9 (10) 90
0.03 9 (10) 90
0.01 28 (42) 67

HCI1
0.06 41 (42) 98
0.04 10 (10) 100
0.02 10 (10) 100
0.01 47 (52) 90
0.005 9 (10) 90
0.0025 9 (10) 90
0.001 28 (42) 67

magnitudes were observed as stimuli increased in concentra-
tion. Similar results were found in Fig. 3B, in which response
magnitudes of these cells to three different concentrations of
HCI (sorted by their response magnitudes to 0.06 M HCI) are
shown. Those cells that responded vigorously to NaCl usually
also generated vigorous responses to HCL. In fact, the average
correlation of responses to various concentrations of NaCl with
responses to various concentrations of HCI was 0.65 = 0.02 (P <
0.01). Table 2 shows the correlations of across-unit responses
for all three concentrations of NaCl and HCI and for sucrose
and quinine.

Trial-to-trial variability was characterized by the coefficient
of variation (CV) for all cells. This measure is the SD divided
by the mean response across trials. Within cells, the CV was
calculated separately for each stimulus that produced a signif-
icant response. Average CVs across cells ranged from 0.11 to
0.35 for NaCl and 0.19 to 0.35 for HCl, generally increasing as

A B .
100
3 i 30
H & H 15
2 ?
@ 10 2 0
o ~ o .
€ = *"&eb&*"& S
3 1 SR ex\' v\x‘b
S
0.0001  0.01 1 F
Log(Concentration) Stimulus
c NaCl Mixtures
@ 35
& @osv  QosMN+006MH
g 25 @oinm 0.1MN+0.01MH
(7]
& 15 o~ 0.01M 0.01 MN +0.001 MH
§ 5 X ;, HCI 0.6 M N +0.001 MH
= S 4 0.01 M N +0.001 M H
= 5L 7] oM *
12345678 ®oom
0.001 M

Trials

FIG. 2. A: intensity (concentration) —response functions for NaCl (filled
squares) and HCI (open squares). Responses from all 52 cells were used.
B: mean response * SE to various mixtures of NaCl and HCI. High-Mix,
0.6 M NaCl + 0.06 M HCIl; Med-Mix, 0.1 M NaCl + 0.01 M HCI,
Low-Mix, 0.01 M NaCl + 0.001 M HCI; Hi N + Low H, 0.6 M NaCl +
0.001 M HCI; Low N + High H, 0.01 M NaCl + 0.06 M HCI. C: mean
responses (spikes/s [sps]) for 3 concentrations of NaCl and HCI and various
NaCI-HCI mixtures across 8 trials in one cell. Under Mixtures: N, NaCl; H,
HCl.
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FIG. 3. Mean response magnitude for individual cells for each concentra-

tion tested. A: High N, 0.6 M NaCl; Med N, 0.1 M NaCl; Low N, 001 M NaCl.
B: High H, 0.06 M HCI; Med H, 0.01 M HCI; Low H, 0.001 M HCI. C, left:
High N, 0.5 M NaCl; High-Med N, 0.2 M NaCl; Med N, 0.1 M NaCl,
Med-Low N, 0.06 M NaCl; Low N, 0.03 M NaCl; High H, 0.04 M HCI;
High-Med H, 0.02 M HCI; Med H, 0.01 M HCI; Med-Low H, 0.005 M HCI,
Low H, 0.0025 M HCI.

the concentration decreased. This is likely due to a positive
correlation of response magnitude with the SD (r = 0.67, P <
0.01), as shown in Fig. 4.

When the response magnitude to NaCI-HC] mixtures was
compared with the response magnitude evoked by its more
effective component (MEC), mixture suppression (mixture <
MEQC, Student’s #-test, P < 0.05) was commonly observed. For
mixtures of high concentrations (0.6 M NaCl-0.06 M HCI),
mixture suppression was noted in 11 cells (of 19, 58%). For all
but two cells the MEC was NaCl at these concentrations. At
midrange concentrations (0.1 M NaCl-0.01 M HCI), mixture
suppression was found more frequently (18/19 cells, 95%) and
NaCl was also the MEC in all but one cell. At the lowest
concentrations tested (0.01 M NaCl-0.001 M HCl), mixture
suppression was found almost as frequently (16/19 cells, 84%),
even though in 10 cells (of 19, 53%) HCI evoked a greater
response than that evoked by NaCl. Interestingly, when a
mixture of a high concentration of NaCl (0.6 M) was mixed
with a low concentration of HCI (0.001) M, mixture suppres-
sion was found in 16 cells (of 17, 94%), even though the low
concentration of HCI produced no responses in 6 of these cells.
Mixture suppression was somewhat less frequent (13/17 cells,
76%) when a high concentration of HCI1 (0.06 M) was mixed
with a low concentration of NaCl (0.001 M), but also occurred

in 3 cells when the low concentration of NaCl produced no
response. In all, these data suggest that HCl had a more
powerful suppressive effect on NaCl than vice versa.

Data analysis: temporal characteristics of taste responses

To assess the extent to which the temporal characteristics of
taste responses can signal distinctions among taste qualities
and intensities, metric space analyses (Victor and Purpura
1996, 1997) were applied to taste-evoked spike trains. Initially,
the information contributed by spike count (firing rate; H_,,,)
and by spike count plus the temporal characteristics of the
response (H,,,,) was calculated for response intervals ranging
from 100 ms to 5.0 s. (The difference between H,,, and H_,,
is indicative of the relative contribution of the temporal char-
acteristics of the response.) The results of these analyses are
shown in Fig. 5. Each panel in this figure shows a different
discrimination among stimuli: three concentrations each of
NaCl and HCI (fop), NaCl versus HCI collapsed across con-
centrations (middle), and three concentrations each of NaCl
and HCI and five NaCl-HCI mixtures (bottom). There are two
noteworthy points illustrated by this figure common to all three
analyses. First, as expected, the information conveyed by both
spike count and the temporal characteristics of the response is
very small at short response intervals, but increases at longer
response times. Second, the contribution of the temporal char-
acteristics of response to the total amount of information
conveyed by the response also increases as the response is
elaborated over time; however, the relative contribution of the
temporal characteristics of the response to the total information
remains about the same. Additional analyses of temporal cod-
ing focused on the first 2 s of the response.

In general, results of metric space analyses showed that, in
cases where taste quality and intensity were confounded by
spike count alone, consideration of the temporal characteristics
of the responses significantly improved the ability to disentan-
gle these two stimulus properties. That is, when two stimuli
evoked similar spike counts over the 2.0-s response interval,
information conveyed either by spike timing or by the rate
envelope of response could be used to aid in the discrimination.
Figure 6 illustrates the contribution of information conveyed
by spike timing and spike count combined, in relation to that
contributed by spike count alone. Responses to NaCl and HCl
presented at various concentrations, as well as various mixtures
of NaCl-HCl, were analyzed in different subsets of the data
set. Each panel plots H,, the amount of information conveyed
by spike count alone, against H,,,, the maximum information
conveyed by both spike timing and spike count. The diagonal
dashed line in each plot shows the condition where spike
timing adds no information to that conveyed by spike count
alone. Filled squares in each panel indicate cells for which
spike timing contributes a significantly larger amount of infor-
mation about stimulus identity than spike count alone. The top
two panels show results of analyses that assessed how well
cells could simultaneously discriminate both taste quality and
concentration; the bottom two panels included the task of
identifying taste mixtures in addition to concentration and
quality. In general, when either three or five concentrations of
NaCl and HCI were presented, roughly the same proportion of
cells showed significantly improved stimulus identification
when temporal characteristics were considered [15 of 42 cells

J Neurophysiol « VOL 105 « FEBRUARY 2011 « WWW.jn.org

TTOZ ‘9T yose uo Bio ABojoisAyd-ul woly papeojumoq



http://jn.physiology.org/

702 J.-Y. CHEN, J. D. VICTOR, AND P. M. DI LORENZO

TABLE 2 Pearson product-moment correlations for all taste stimuli

NaCl, M
Stimuli 0.6 0.5 0.2 0.1 0.06 0.03 0.01
NaCl, M
0.6 1.00
0.5 1.00
0.2 0.82 1.00
0.1 0.95 0.82 0.98 1.00
0.06 0.83 1.00 0.98 1.00
0.03 0.80 0.90 0.91 0.90 1.00
0.01 0.81 0.84 1.00
HCI, M
0.06 0.74 0.71 0.62
0.04 0.79 0.86 0.89 0.87 0.70
0.02 0.56 0.68 0.70 0.67 0.51
0.01 0.91 0.53 0.65 0.86 0.66 0.43 0.75
0.005 0.50 0.54 0.53 0.54 0.38
0.0025 0.82 0.54 0.58 0.54 0.66
0.001 0.74 0.67 0.54
Sucrose (S), M 0.09 0.28 0.42 0.17 0.45 0.40 0.13
Quinine (Q), M 0.89 0.63 0.90 0.90 0.90 0.71 0.76
HCI, M S, M Q.M
Stimuli 0.06 0.04 0.02 0.01 0.005 0.0025 0.001 0.5 0.01
HCI, M
0.06 1.00
0.04 1.00
0.02 0.90 1.00
0.01 0.84 0.88 0.95 1.00
0.005 0.75 0.90 0.92 1.00
0.0025 0.59 0.51 0.47 0.63 1.00
0.001 0.57 0.79 1.00
Sucrose (S), M 0.07 0.20 0.12 0.08 0.00 —0.05 0.06 1.00
Quinine (Q), M 0.77 0.91 0.75 0.89 0.55 0.33 0.62 0.23 1.00

(36%) for three concentrations each; 4 of 10 cells (40%) for
five concentrations each]. When three binary mixtures were
added (0.6 M NaCl-0.00 M HCI; 0.1 M NaCl-0.01 M HCI;
0.01 M NaCl-0.001 M HCI) to three concentrations of each
taste quality, 10 of 19 cells tested (53%) showed a significant
contribution of spike timing. When responses to all five NaCl-
HCI mixtures in addition to three concentrations of each
stimulus were analyzed, 9 of 17 cells (53%) showed a signif-
icant contribution of spike timing to the total amount of
information. It should be noted that in all cases where H,
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FIG. 4. Plot of mean responses (sps) across trials vs. SD (sps) for all cells
and all concentrations of NaCl (filled diamonds) and HCI (open diamonds).
Dotted line indicates the condition where the mean = the SD.

was greater than H,,, the combination of the temporal charac-
teristics of the responses and their spike count was better at
identifying stimuli than spike count alone, even when the
contribution of spike timing was not statistically significant. In
those cases, the rate envelope was more informative than the
number of spikes.

To illustrate the contribution of temporal coding to the task
of identification of NaCl versus HCI across concentrations,
MDS analyses were performed using D***“[¢] as a measure of
similarity. This metric is an index of how dissimilar two spike
trains are in terms of both spike count and spike timing. The
value of D¥*¢[¢] at g, was chosen for this analysis. A “taste
space” was then constructed where proximity was based on simi-
larity of the temporal characteristics of responses. Figures 7 and 8
show examples of this type of analysis in two cells, along with
the results of metric space analyses. Figure 7 shows results
from a cell tested with five concentrations each of NaCl and
HCI and Fig. 8 shows results from a cell tested with three
concentrations each of NaCl and HCI and five binary mixtures
of NaCl and HCI. As a reference for the analysis of temporal
pattern, MDS spaces based only on spike count are shown
(Figs. 7A and 8A). Since spike count is a scalar quantity, these
are one-dimensional spaces. Each symbol represents the spike
count from a single response trial; asterisks represent the
average spike count across all trials for each stimulus. For both
cells, spike counts for different stimuli were nearly equal on
many, if not most, occasions. Figures 7B and 8B show the
three-dimensional MDS space based on similarity of temporal
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FIG. 5. Mean *= SE information conveyed by spike count (firing rate, H,)
and a combination of spike count and the temporal characteristics of response
(H,.x) at various response intervals. These intervals were (in ms): 100, 125,
200, 250, 500, 1,000, 1,500, 2,000, and 5,000. Each panel in this figure shows
a different discrimination among stimuli: 3 concentrations each of NaCl and
HCI (top), NaCl vs. HCI collapsed across concentrations (middle), and 3
concentrations each of NaCl and HCI and 5 NaCI-HCI mixtures (bottom).
Arrow at the bottom of each plot indicates 2.0 s, the response interval that was
chosen for more detailed analyses of temporal coding.

characteristics. In these panels, each stimulus occupies a
“cloud,” or relatively circumscribed region of the space, dis-
tinct from other stimuli. This implies that the temporal char-
acteristics of the responses, unlike spike count, convey infor-
mation that can be used to disambiguate taste quality and
intensity (concentration). In Figs. 7C and 8C, results of metric
space analyses are shown. Each graph shows the amount of
information conveyed by the temporal characteristics of the
responses at various levels of temporal precision (g). The value
of information at ¢ = O (i.e., H,) represents the contribution of
spike count alone. For each cell, the information conveyed by
spike timing is higher than that contributed by spike count
alone, as illustrated by the maximum value of H at a value of
q higher than that at ¢ = 0. For the cell shown in Fig. 7, spike
timing offers a significant advantage over both spike count and
the rate envelope in conveying information about stimulus
identity. This is indicated by the fact that the information
conveyed by the responses peaks at a value of ¢ >0 and is
greater than the information present in the Exchange or Poisson

control analyses, which control for rate envelope. In Fig. 8C, in
contrast, the additional information conveyed by spike timing
is accounted for by the rate envelope; this is indicated by the
peak value of H at a value of g >0, although this value of H is
not significantly greater than the value obtained from the
Exchange or Poisson control analyses.

In Figs. 7 and 8, the analyses were blind to the relationship
between the stimuli—i.e., that they consisted of three different
concentrations of two primary tastants. Nevertheless, the MDS
plots reveal that stimuli of the same quality at different con-
centrations are located in the taste space in a logical arrange-
ment with respect to each other. Additionally, responses to
NaCl are segregated from responses to HCI, except at the
lowest concentrations where psychophysical confusion might
be expected. Thus it appears that the temporal structure of the
response can signal tastant quality, despite large variations in
concentration.

To quantify this, we applied the metric space analyses to
these responses, collapsed across concentrations. That is, we
asked whether the temporal features of the response could
discriminate between the two tastants, in the face of wide
variations in their intensities. Results are summarized in Fig. 9
(top), and further illustrated in Fig. 10, which shows an
example of MDS plots in which the responses to NaCl and HCl
at various concentrations are collapsed for each taste quality.
To the left of the MDS plot is the mean (*£SE) response for
each stimulus. To the right, the MDS plot depicts responses to

NaCl and HCI
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FIG. 6. Results of temporal coding analysis of responses to 3 or 5 concen-
trations each of NaCl and HCI, and for 3 concentrations each of NaCl and HCI
and either 3 or 5 mixtures. Three mixtures were the High-, Med-, and Low-mix
as defined in Fig. 2. Five mixtures were as defined in Fig. 2. Information

conveyed by spike count (H,) is plotted against the maximum amount of

information conveyed by spike count plus the temporal characteristics of the
respomes (H,ox)- Dashed line in each graph shows the condition where H, =

H,ax- Filled squares indicate cells where H,,, > Hexchange T 2SD. Open
squares indicate cells where H,,,, = H, + 2SD.
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FIG. 7. Temporal coding analyses of one cell
tested with 5 concentrations each of NaCl and
HCI. For all plots, dots indicate the location of
individual responses; asterisks indicate the cen-
troid of the clusters of responses to a given taste
stimulus. Axes are labeled in arbitrary units.
Color coding of the stimuli is indicated in the top
right of the figure. A: the one-dimensional re-
sponse space created by multidimensional scaling
(MDS) of the spike count distances, D**""". B: the
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NaCl and HCl, arranged according to the similarity of their
temporal characteristics such that responses that show similar
temporal characteristics are placed close to each other. In this
example, responses to NaCl and HCI occupy separate regions
of the response space, even though the range of firing rates
overlaps extensively. Again, this indicates that distinguishing
between a response to NaCl and HCI can be carried out on the
basis of the temporal characteristics of the response.

We carried out a parallel analysis of discrimination of
concentration, by considering, in separate analyses, the re-
sponses to each of the tastants at each of the three to five
concentration levels tested. Results (Fig. 9, middle and bottom)
show that the temporal characteristics of responses can also
contribute information about stimulus intensity, above and
beyond that contributed by spike count alone, in most cells.
However, the contribution of temporal structure was less crit-
ical: there are more points closer to the diagonal, correspond-
ing to cells in which temporal structure added nothing to the
information that was already available from firing rate. Corre-
spondingly, one can see from Fig. 7 that, as concentration

3-dimensional response space created by the
MDS of the spike time distances D***¢[q,...]. For
this cell, ¢,,.« = 8 in B. C: analysis of temporal
coding in the first 2 s of response using metric
space analysis. Plot shows temporal precision, as
measured by g (1/s) vs. information (H) in bits.
For 10 stimuli, the maximum amount of informa-
tion that can be conveyed is 3.32 bits; H,,, for
this cell was 2.98. Black line: information con-
veyed by the neural response. Red line indicates
the information conveyed by “shuffled” data sets,
created by randomly assigning the observed re-
sponses to the various tastants. Blue line shows
the information conveyed by “exchange” data
sets, created by randomly exchanging spikes be-
tween individual responses to the same tastants so
that the peristimulus time histograms (PSTHs)
and the number of spikes elicited on each trial
matched that of the original data. Pink line shows
the information conveyed by “Poisson” data sets,
created by random draws from the set of observed
spike times for each stimulus; these surrogates
matched the observed responses in rate envelope
but not in the number of spikes elicited on each
trial. The Poisson and exchange analyses identify the
contribution of the firing rate envelope to the total
amount of information conveyed by the responses.
Results of these 2 analyses are nearly identical. For
the surrogate data sets (shuffle, exchange, Poisson),
the error bars represent SDs across 40 surrogates.

varies, the locus of responses corresponding to a single tastant
trace out an orderly path in the response space.

Collectively, results of the MDS analyses clearly showed
that 7) firing rate was a poor indication of taste quality since
changes in concentration produced equivalent spike counts in
response to both NaCl and HCl and 2) the temporal features of
responses to NaCl and HCI maintain a consistent difference
across a range of concentrations and within NaCl-HCI mix-
tures. Figure 11 illustrates both the continuity and systematic
change of different aspects of the temporal pattern of responses
as concentration is varied and as NaCl and HCI are mixed in
different ratios. It can be seen that NaCl and HCIl both show
persistent initial transient responses across concentrations, al-
though the transient in HCI responses is briefer. Responses to
both stimuli also show later, tonic components, and for both
stimuli, the tonic component shows proportionately more
change as the concentration varies. The result is a concentra-
tion-dependent change in the rate envelope for both taste
stimuli. When NaCl and HCI are mixed, mixture suppression is
apparent.
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A summary of the results of metric space analyses across all
cells is presented in Table 3. From these data it is evident that,
on average, spike count generally contributed about half or less
of the information necessary for perfect discrimination of
stimuli in any of the analyses conducted. In contrast, the
temporal characteristics of responses increased the information
conveyed by the responses overall by about 50%. For both
subsets of data (cells tested with three or five concentrations of
NaCl and HCl) the temporal characteristics of responses had
the greatest impact on information about taste quality regard-
less of intensity, nearly doubling the maximum information.
With respect to concentration, temporal characteristics played
a smaller role, especially for NaCl. Within a given cell, the
degree of temporal precision that produced the maximum
amount of information was generally higher when the task was
more difficult (i.e., more stimuli to discriminate from each
other). That is, in both subsets of data, the information used to
discern NaCl from HCI, collapsed across concentrations,
peaked at lower levels of ¢ than when the task was to discern
various concentrations of NaCl, HCI, and their mixtures, for
example. This implies that the more demanding the discrimi-
nation among taste stimuli, the finer the level of temporal
precision is necessary for maximum information.

Figure 12 shows the coding strategies that maximize infor-
mation on a cell-by-cell basis. It is evident that for most cells,

and 5 mixtures. Results displayed as in Fig. 7. For
this cell, ¢, = 11.3 in C. For 11 stimuli, the
maximum amount of information that can be con-
veyed is 3.46 bits; H,,, for this cell was 2.88.

max

— Exchange resampled + 2 SD

— Poisson resampled + 2 SD

the rate envelope of the response conveys the most information
about the taste stimuli tested, although in roughly one quarter
to one third of the cells spike timing is more informative that
either spike count or the rate envelope of the response. For the
distinction among different concentrations of either NaCl or
HCI, spike count was more often the coding strategy of choice
for more cells than temporal coding for NaCl. However, the
opposite was true for HCL. This result was not unexpected
given that the intensity—response function for NaCl was steeper
than that for HCl among the 42 cells presented with only three
concentrations of each stimulus. Thus there were relatively
large differences in response magnitude for NaCl across con-
centrations but small differences for different concentrations of
HCIL. In the group of 10 cells presented with five concentrations
of NaCl and HCI, the intensity—response functions were par-
allel. Among those cells, where differences among responses to
various concentrations of both NaCl and HCI were not that
different (i.e., where spike count was similar), temporal coding
enhanced the information conveyed by the responses. For those
cells tested with different concentrations of NaCl and HCI as
well as various mixtures, temporal coding always maximized
the information conveyed.

For those cells that used spike count alone to signal differ-
ences in stimulus concentration, the amount of information
conveyed by spike count was nearly the amount needed to
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FIG. 9. Results of temporal coding analysis of responses to NaCl vs. HCI,
collapsed across concentrations (fop) and for different concentrations of NaCl
(middle) and HCI (bottom). Plots for 3 concentrations of each stimulus are
shown on the /eft and plots using 5 concentrations of each stimulus are shown
on the right. Information conveyed by spike count (H,) is plotted against the
maximum amount of information conveyed by spike count plus the temporal
characteristics of the responses (H,,,,). Dashed line in each graph shows the
condition where H, = H,,,. Filled squares indicate cells where H,, >
Heychange T 2SD. Open squares indicate cells where H,,,x = Hexchange + 2SD.

convey a perfect discrimination. (In these cells, it is possible
that we were unable to observe a contribution of temporal
coding because of a ceiling effect and one might have emerged
had additional concentrations been tested.) Specifically, to
discriminate among three concentrations of a single stimulus,
1.58 bits of information are needed. Among those cells that

Cell 45

e NaCl
e HCI

Mean Resp. (sps)

=
10
o
=]
<
o

used spike count alone to convey information, the mean
amount of information was 1.48 = 0.03 bits (1.52 £ 0.03 bits
for NaCl, n = 12; 1.36 = 0.09 bits for HCl, n = 4). These
values were significantly larger (Student’s r-test, P < 0.01)
than those for cells that used temporal characteristics to convey
information about intensity. The average maximum informa-
tion conveyed among cells that showed a contribution of tem-
poral coding (either spike timing or rate envelope) was 1.16 =
0.09 bits (1.28 = 0.04 bits for NaCl, n = 30; 1.07 £ 0.05 bits
for HCI, n = 38). Interestingly, there were no cells that used
spike count to distinguish among concentrations of both NaCl
and HCL.

DISCUSSION

The most significant finding of the present study is that
single cells in the NTS can use the temporal characteristics of
responses to taste stimuli to simultaneously convey informa-
tion about taste quality and intensity (concentration). More-
over, data show that the temporal signature of taste quality is
preserved when the stimulus is presented at different intensities
and as part of a mixture of different taste qualities at different
intensities. In the context of previous work (Di Lorenzo and
Victor 2003; Di Lorenzo et al. 2009; Roussin et al. 2008), these
results confirm that the taste system relies on the temporal
structure of a response to convey information when the task is
more difficult, that is, whenever two tastants evoke similar
spike counts. Thus as tastants are simultaneously varied along
several dimensions, e.g., quality (Roussin et al. 2008), number
of component qualities (Di Lorenzo et al. 2009; present study),
and intensity (present study), an increasing proportion of taste-
responsive cells rely on the temporal characteristics of re-
sponses to convey information. Furthermore, evidence sug-
gests that resolving difficult distinctions among taste stimuli
uses finer levels of temporal precision.

Sensory systems have evolved a number of strategies to
resolve the confusion between stimulus identity and intensity.
One strategy might be to segregate coding of identity and
intensity so that different subsets of cells would encode each
aspect of the stimulus. However, this would require that tuning
is an all-or-none situation, which is rarely encountered. A
possible exception is the peripheral taste system in which it is
thought that individual taste qualities are encoded by nonover-
lapping sets of receptor cells (Yarmolinsky et al. 2009). An-
other strategy might be to encode stimulus identity in very
narrowly tuned cells that simply fire more rapidly as stimulus
intensity increases. This type of scheme can be seen in the

FIG. 10. Comparison of responses to NaCl and
HCI collapsed across concentrations in one cell.
Left: mean response magnitude (sps) = SE for all
stimuli across trials. Right: the 3-dimensional re-
sponse space created by MDS of the spike time
distances D*"*¢[¢,.. 1. Dots indicate the location of
individual responses; asterisks indicate the centroid
of the clusters of responses to a given taste stimulus.
Axes are labeled in arbitrary units. Responses to
NaCl are indicated in blue; responses to HCI are
indicated in red. For this cell, g, = 5.7.
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FIG. 11.

PSTHs of responses to 3 concentrations each of NaCl (left) and HCI (right) and various NaCl-HCI] mixtures in one cell. Each PSTH shows the sum

of 5 presentations of each stimulus. Time bin = 50 ms. Arrow under each plot indicated the onset of the stimulus presentation.

inferior colliculus (Ehret and Merzenich 1985, 1988). Still
another strategy is that of encoding stimulus intensity in
ensemble activity rather than in individual cells. This mecha-
nism has been observed in the auditory (Chatterjee and Zwis-
locki 1998), somatosensory (Bensmaia 2008), and olfactory
(Bathellier et al. 2008; Stopfer et al. 2003) systems. In the taste
system, as is often the case in sensory systems, many neurons
have broad tuning across the sensory domain. The present data
show that individual taste cells are capable of multiplexing
information about changes in stimulus identity and intensity
through the temporal characteristics of their responses.

Response interval

Much of the analyses of taste responses in the present study
examined the first 2.0 s of response, even though it has been
shown that rats can identify taste quality in much shorter
intervals. Specifically, evidence shows that rats can decide
whether to continue licking a conditioned taste stimulus after
only a single lick, i.e., within 200 ms (Gutierrez et al. 2010;
Halpern and Tapper 1971). Consistent with these behavioral
data, Stapleton et al. (2001) showed that taste responses in the
gustatory cortex are present within 100 ms of stimulus presen-
tation in awake rats. In the present study, we showed that,
across cells, the amount of information conveyed in this early
interval was quite small. That is, the amount of information

J Neurophysiol « VOL 105 «

conveyed by a single cell at this response interval was not
nearly enough to discriminate either taste quality or stimulus
concentration. It is reasonable to suppose that, at these short
response intervals, information from multiple cells is required
to accomplish these discriminations. However, it should be
noted that there is no evidence at this time that a taste stimulus
can be identified within 200 ms in the face of the confound-
ing effects of large changes in concentration and/or mix-
tures. As the response unfolded over time, the total amount
of information conveyed by a response from a single cell
increased and the relative contribution of the temporal
characteristics of the response remained about the same.
This implies that individual cells may become more com-
petent over time in making fine distinctions among taste
stimuli with similar characteristics.

Taste coding based on spike count

Classically, an increase in the intensity of a sensory stimulus
produces an increase in the firing rate of a sensitive neuron.
When cells respond to a single stimulus, such as a taste quality,
spike count might provide a good description of stimulus
intensity. However, considering the substantial amount of
trial-to-trial variability in response magnitude seen here and in
previous studies (Di Lorenzo and Victor 2003; Di Lorenzo et
al. 2009), discriminating among different stimulus intensities,
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TABLE 3 Summary of metric space analyses, with respect to
quality and intensity of NaCl and HCI concentrations

Factor Ginax H, H. .« % incr.

Quality and intensity
3 concentrations each of NaCl and HCI (n = 42; max info = 2.58)

Mean 8.30 1.43 1.93 37
SE 1.13 0.04 0.05 3
Median 6.83 1.44 1.94 35
5 concentrations each of NaCl and HCI (n = 10; max info = 3.32)
Mean 6.13 1.72 2.43 43
SE 1.45 0.09 0.10 6
Median 4.83 1.75 2.39 38

3 concentrations each of NaCl and HCI plus 3 mixtures
(n = 19; max info = 3.17)

Mean 6.78 1.72 2.43 43
SE 0.78 0.05 0.08 4
Median 5.66 1.71 2.25 33

3 concentrations each of NaCl and HCI plus 5 mixtures
(n = 17; max info = 3.46)

Mean 6.58 1.75 2.18 36

SE 0.93 0.06 0.09 3

Median 5.66 1.77 2.33 31
Quality

3 concentrations of NaCl vs. 3 concentrations of HCI
(n = 42; max info = 1.00)

Mean 4.17 0.31 0.59 1,033
SE 1.34 0.04 0.03 625
Median 1.00 0.28 0.58 102
5 concentrations of NaCl vs. 5 concentrations of HCI
(n = 10; max info = 1.00)
Mean 5.03 0.25 0.62 3,251
SE 1.48 0.08 0.08 2,796
Median 4.83 0.14 0.73 223
Intensity
3 concentrations of NaCl (n = 42; max info = 1.58)
Mean 7.78 1.11 1.35 28
SE 2.64 0.05 0.04 4
Median 1.41 1.05 1.40 19
5 concentrations of NaCl (n = 10; max info = 2.32)
Mean 9.15 1.17 1.17 39
SE 4.11 0.10 0.07 9
Median 4.83 1.14 1.52 37
3 concentrations of HCI (n = 42; max info = 1.58)
Mean 8.33 0.70 1.10 131
SE 4.25 0.06 0.05 32
Median 2.83 0.66 1.13 59
5 concentrations of HCI (n = 10; max info = 2.32)
Mean 8.92 1.14 1.67 54
SE 2.69 0.11 0.11 11
Median 6.00 1.21 1.69 51
% incr. = (H,,,. — Hy)/H,, the percentage of the maximum information

(max info) that is contributed by the temporal characteristics of the response.

especially those that evoke similar response magnitudes can be
near impossible. In spite of the problems associated with neural
encoding of taste stimulus intensity, behavioral acuity for
discrimination among different concentrations of taste stimuli

in rats is impressive. For example, Scott and Giza (1987) have
shown that rats can discriminate differences of as little as 0.029
M NaCl and 0.0009 M of HCI. Such small differences would
certainly result in very small, in some cases barely perceptible,
differences in evoked firing rate.

In the taste system, most cells respond to more than one
stimulus and responses to different stimuli can evoke nearly
equal response rates depending on the particular concentrations
tested. In the present study, for example, many cells responded
nearly equally well to subsets of stimulus intensities such that at
some points in their intensity—response (I-R) functions, a change
in concentration was, on average, imperceptible based on firing
rate. For nearly all cells, the I-R functions produced by NaCl and
HCI overlapped at some point, making the identification of taste
quality based on spike count nearly impossible.

Because different cells show different I-R functions, stron-
ger stimuli often excite more cells than weaker ones. In that
case, the number of responsive cells can signal stimulus inten-
sity. In the present study, both NaCl and HCI generally evoked
a monotonically increasing function as stimulus intensity in-
creased, but individual cells showed idiosyncratic I-R func-
tions. The low concentrations of both NaCl and HCI tested in
the majority of these cells evoked only minimal firing, al-
though >60% showed a significant response compared with
baseline firing rates. Thus in the present study, and in other
studies of taste responses in the rodent CNS (e.g., Di Lorenzo
et al. 1994), the majority of neurons respond at very low
concentrations of tastes, so the number of responsive cells does
not provide much information about intensity.

Taste coding based on the temporal characteristics
of responses

In the majority of cells, the amount of information conveyed
by spike timing exceeded that for spike count for all stimulus
comparisons. For example, when the comparison was taste
quality (i.e., salty vs. sour), regardless of intensity, 48 cells (of
52, 92%) conveyed more information through the temporal
characteristics of their responses than by spike count; only 4
cells relied on spike count. In all 4 of these cells, the responses
to the highest concentration of NaCl were much stronger than
the responses to all other stimuli and in 2 of these the responses
to both the highest (0.6 M) and medium (0.1 M) concentrations
of NaCl were larger than responses to all other tastants. In their
study of the gustatory cortex in awake rats, Stapleton et al.
(2006) reported that the majority of cortical neurons re-
sponded to changes in stimulus concentration with non-
monotonic [-R functions. They suggested that coding taste
intensity might use both changes in firing rate and the
temporal dynamics of the response. Present data are entirely
consistent with that idea.

Although one might predict that changes in stimulus inten-
sity would naturally be encoded by spike count, with more
intense stimuli evoking more spikes, this was true of less than
half of the sample of cells [12 of 42 (29%) for NaCl; 4 of 42
(10%) for HCI] that were tested with three concentrations of
each stimulus. On the other hand, spike timing was better than
either the rate envelope or spike count in more cells for both
taste qualities tested [14 of 42 (33%) for NaCl; 11 of 42 (26%)
for HCI]. When more points were sampled on the I-R function,
resulting in responses that were more similar in terms of response
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magnitude, spike timing as a mechanism for conveying informa-
tion was much more prevalent [7 of 10 cells (70%) for both NaCl
and HCI]. Moreover, when different concentrations as well as
mixtures were presented, every cell evidenced some form of
temporal coding, either through the rate envelope or spike timing.

Collectively, these results support the idea that when stimuli
evoke large differences in firing rate, spike count conveys more
information than the temporal characteristics of the response,
but when stimuli evoke nearly equal firing rates, the temporal
dynamics of the response convey more information than spike
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count. Furthermore, these data underscore the idea that re-
sponses to different taste qualities evoke responses with dis-
tinctive temporal characteristics that are retained across
changes in stimulus intensity. An important additional obser-
vation is that the components of binary mixtures of NaCl and
HCI could be identified by the temporal characteristics of
responses, even when their concentrations were varied (see
Figs. 8 and 12). This result extends our previous study showing
that the components of binary mixtures of tastants could be
disambiguated by the temporal characteristics of their re-
sponses, especially in the most broadly tuned cells (Di
Lorenzo et al. 2009). Interestingly, as in the previous study,
neural coding by both firing rate and temporal characteris-
tics of response sometimes showed evidence of mixture
suppression and in some cases mixture enhancement. The
addition of data using a range of concentrations shows that
these phenomena are not simply an effect of intensity alone,
but rather a true interaction of the taste qualities tested.

Caveats and conclusions

Undoubtedly, our sample of taste-responsive NTS cells
was biased toward broadly tuned cells, a fact that certainly
affected our results. Since we focused our investigation on
cells that responded to both NaCl and HCI, we obviously
excluded cells that responded specifically to either tastant or
to sucrose or quinine for that matter. The mean Uncertainty
measure of our sample was slightly higher than that reported
in other studies from our lab: 0.81 = 0.02 in the present
study versus 0.76 = 0.02 in Di Lorenzo et al. (2009),
respectively. However, tastant-specific cells are rare in the
rat NTS, generally comprising <10% of the population
(Chen and Di Lorenzo 2008). Thus our results, although not
comprehensive, do characterize 90% of the taste-responsive
cells in the NTS.

The observation that single cells can convey information
about both taste quality and intensity does not preclude the
possibility, perhaps even the likelihood, that a population
(across neuron pattern) code is used to encode these charac-
teristics. On the contrary, the existence of consistent temporal
profiles of response among the responsive neurons for a given
taste stimulus enhances the uniqueness of the across-neuron
pattern of response by adding a dynamic dimension. Thus the
spatial pattern produced by a tastant is sculpted as the response
unfolds over time. This type of mechanism may enable multi-
plexing of different aspects of the taste stimulus such as quality
and hedonic value. In addition, consistent temporal patterns of
response for different stimuli increase the likelihood of syn-
chrony among responsive neurons, a mechanism that has been
shown to contribute to taste coding in the NTS (Adachi et al.
1989), PbN (Yamada et al. 1990), and the gustatory cortex
(Katz et al. 2002; Stapleton et al. 2007).
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