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Abstract
Licking is a repetitive behavior controlled by a central pattern generator. Even though interlick intervals (ILIs) within bursts of
licks are considered fairly regular, the conditions that affect their variability are unknown. We analyzed the licking pattern in
rats that licked water, 10% sucrose solution, or 10% ethanol solution, in 90-min recording sessions after 4 h of water deprivation. The histograms of ILIs indicate that licking typically occurred at a preferred ILI of about 130−140 ms with evidence of
bimodal or multimodal distributions due to occasional licking failures. We found that the longer the pause between bursts
of licks, the shorter was the first ILI of the burst. When bursts of licks were preceded by a pause >4 s, the ILI was the shortest (~110 ms) at the beginning of the burst, and then it increased rapidly in the first few licks and slowly in subsequent licks.
Interestingly, the first ILI of a burst of licks was not significantly different when licking any of the 3 solutions, but subsequent
licks exhibited a temporal pattern characteristic of each solution. The rapid deceleration in intraburst licking rate was due
to an increase from ~27 ms to ~56 ms in the tongue-spout contact duration while the intercontact interval was only slightly
changed (80−90 ms). Therefore, the contact duration seems to be the major factor that increases the variability in the ILIs and
could be another means for the rat to adjust the amount of fluid ingested in each individual lick.
Key words: autocorrelograms, bursting, licking, rhythmicity

Introduction
Although rodent fluid licking has no resemblance to human
drinking, rat licking has been extensively studied in order to
understand motor coordination of rhythmic movements and
to reveal the mechanisms that control or modulate ingestive
behavior (Smith 2001; reviewed by Davis 2004). In order
to drink, rats dip their tongue repeatedly into the water
and use it to scoop water into their mouth. Fluid licking is
characterized by repetitive tongue and jaw movements that
are controlled by a network of brainstem neurons forming
a central pattern generator (reviewed by Travers et al. 1997)
located in lateral medullary reticular formation (Chen et al.
2001). This central pattern generator is itself modulated by
olivocerebellar neuronal firing that is time locked to licking
events (Welsh et al. 1995; Bryant et al. 2010; Cao et al. 2012).
Monitoring licking activity could also be a very useful

method for rating the physiological function of hypoglossal
motoneurons that innervate the muscles of the tongue via
the 12th cranial nerve. It may also serve to test the behavioral
effects of acute or chronic drug treatments (e.g., Peachey
et al. 1976; Hsiao and Spencer 1983; Genn et al. 2003).
Moreover, differences in lick rate among different strains
of mice have been exploited for mapping quantitative trait
loci that are involved in controlling licking behavior and for
identifying the genes that modulate the rhythm generated
by the central pattern generators located in the brainstem
(Boughter et al. 2007, 2012).
Rats ingest fluids in a cluster of licks or bouts (Davis
1989). Different patterns in the rate of licking can generate
similar intakes (Davis and Smith 1988). Therefore, to better
understand ingestive behavior, it is important to consider the
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microstructure of licking by analyzing several parameters
such as the number of bouts and the number of licks/bouts in
addition to the total number of licks (Galistu and D’Aquila
2012). Based on early work on the microstructure of licking
behavior (Davis 1989), algorithms were designed to classify
bouts into 2 categories, which were called bursts (sustained
licking until a pause of 250 ms) and clusters (sustained licking
until a pause of 500 ms). However, at that time, licking events
were not acquired at high temporal resolution, and computer
programs were not sufficiently developed to look for the subtle temporal features that characterize the pattern of licking.
The concept that rats lick at a highly stable rate (6−7 Hz
or not at all), independent of the level of water deprivation,
has been prevalent for more than 5 decades (Stellar and Hill
1952; Keehn and Arnold 1960; Corbit and Luschei 1969).
This notion persists in the present literature and computer
programs for analyzing licking activity were designed based
on this assumption (Houpt and Frankmann 1996). Welzl
(1976) concluded that the amount of water consumed by
rats is simply controlled by the length of time spent licking and not by changing the licking rate. For example, rats
and mice can compensate for the narrowing of the drinking spout orifice by increasing the time spent drinking
in order to maintain the same total intake volume (Freed
and Mendelson 1977; Dotson and Spector 2005). However,
recent studies have indicated that many environmental factors can change the interlick interval (ILI). For instance, rats
can slow down their licking rate if the spout accessibility is
restricted (Halpern 1977; Hernandez-Mesa et al. 1985), or if
the distance between the rat and water source was increased
(reviewed by Cone 1974; Weijnen 1998). Rats increase their
lick rate under stress (Vajnerová et al. 2003) and change their
licking pattern after identification of an aversive tastant,
which could occur after a relatively few licks depending on
tastant concentration, learning, and motivation to drink
(Weiss and Lorenzo 2012). Therefore, a stable licking frequency is not the reflection of a rigid output of a central
rhythm generator that is either active or not.
In this study, we hypothesize that licking occurs with a
defined temporal pattern characterized by a decremental
intraburst rate that can be modulated by the taste of the
ingested fluid. To test this hypothesis, we have analyzed
the fine temporal structure of the licking pattern by investigating how the occurrence of each lick is affected by the
occurrence of previous licks. For this purpose, we varied the
classic definition of bursts and analyzed the autocorrelograms of all events as well as of bursts of events. We found
that an in-depth investigation of the pattern of licking can
reveal important features that reflect the degree of rhythmicity that is imposed by the central pattern generator. Using
a high temporal resolution analysis, we showed that licking
exhibits an influence of short-term memory that is revealed
as a decrease in licking rate during a sustained burst of licks.
This phenomenon, which has not been previously reported,
seems to affect the determination of the number of licks

per burst, as well as the occurrence of subsequent bursts.
We also found that these newly discovered licking features
are distinctly altered when the oral somatosensory system is
stimulated by a pleasant sucrose solution versus an unpleasant ethanol solution which is normally perceived by rats as
aversive (Bice et al. 1992).

Materials and methods
Animals and solutions

This study was approved by the University of Arkansas
for Medical Sciences Institutional Animal Care and Use
Committee. Female Sprague–Dawley rats of the same age
(250−300 g) were used for experiments aimed at analyzing
the effect of taste on the microstructure of licking. We used
rats of the same sex and age because there is some evidence
in previous studies indicating that females lick significantly
more rapidly than males (Cone 1974), and an age-related difference in licking rate has been reported in gerbils (Schaeffer
and David 1973).
Rats were allowed to drink either tap water, 10% w/v
sucrose solution (~0.3 M), or 10% v/v of ethanol solution
(prepared using ethyl alcohol 190 proof, ACS/USP grade,
purchased from Pharmaco-Aaper Company). Tap water was
used to prepare sucrose and ethanol solutions. One milliliter
of the 10% ethanol solution contained 0.075 g of ethanol.
We used 20 naïve and untrained rats. On the 1st day, the first
10 rats were tested with ethanol solution, and then tested
with water 2 days later. On the 2nd day, the remaining 10
rats were tested with sucrose solution and then tested with
water 2 days later.
For the purpose of analyzing licking data, rats were divided
in 3 groups: group I, rats that licked tap water (n = 19 of 20;
data from one rat were excluded because the ground wire
was accidently disconnected during the experiment and this
prevented the recording of all licks); group II, rats that licked
10% sucrose solution (n = 10); and group III: rats that licked
10% ethanol solution (n = 10). Rats that licked the ethanol
solutions and sucrose solutions did not show any apparent difference in the licking pattern when tested with water
2 days later. Thus, the water licking data from all rats were
pooled together.
Rats were tested in 90-min drinking sessions (which constitute their only opportunity for fluid consumption) after
4 h of water deprivation. Animals were transferred from the
animal facilities to the lab around 9:00 AM, and the water
drinking bottles were removed from their cages around 9:30
AM. All rats were tested in the afternoon around 1:30 PM.
Recording setup

For recording licking activity, we used methods similar to
those published previously (Hayar et al. 2006; Bryant et al.
2010). During recording, each rat was placed in a cage
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similar to that used for housing rats in the animal facility. A quarter-inch wire mesh fabric (Yardgard 2 ft × 5 ft
× 0.25 inch 23-gauge galvanized hardware cloth, model #
308231B, Home Depot) was cut to fit the bottom of each
cage. The central pin (core) of a (Bayonet Neill–Concelman)
BNC cable input connector of an analog/digital converter
(Digidata 1322A, Molecular Devices) was connected to a
silver wire (0.5 mm diameter) that was introduced into the
sipper tube from within the water bottle, and the wire exited
the bottle via the stopper that firmly closed the bottle. The
grounded housing (shield) of the BNC cable was connected
to the galvanized screen which served to ground the rat while
moving freely inside the cage.
Each lick closed the electrical circuit for the duration of
the tongue–sipper tube contact, and the junction potential
between the sipper tube or the water and the rat’s saliva
could be recorded. It has been shown previously that the
mean licking frequency was lower if the rat’s access to the
water source was restricted or if the distance between the
rat and the water source was increased (reviewed by Weijnen
1998). For these reasons, we chose an unrestricted configuration, with the rat’s access to water similar as in its normal cage when housed in the animal facility, and all values
reported here indicate that the rats were licking in the faster
part of the range reported by other authors (Weijnen 1998;
Vajnerová et al. 2003). In our setup, the stainless steel sipper tube was covered with a transparent hard plastic tube to
prevent the rat from making contact unless it was an actual
fluid consumption. Licks were recorded in the form of junction potentials created when the rat touched the waterspout
with its tongue (Hayar et al. 2006), and no current or voltage
was applied to the animal when the circuit was closed. The
baseline noise was typically <5 mV, and a positive voltage
step of 50–800 mV with a rise time <1 ms could be measured whenever the rat’s tongue touched the water at the tip
of the sipper tube. The Digidata 1322A has an input range
of ±10 V, and each channel has an input resistance of 1 MΩ
and 16-bit analog-to-digital acquisition resolution resulting
in a voltage resolution of about 0.3 mV. Therefore, the voltage signal induced by each licking event did not need further
amplification and was directly acquired, low-pass filtered
at 2 kHz, and digitized at 5 kHz using pClamp9 software
(Molecular Devices).
Licking activity from up to 5 rats (each rat was placed in a
different cage) could be obtained simultaneously by acquiring the voltage signals induced by the licking contacts on 5
separate channels of the analog/digital converter. In some
cases, video recording of rats during licking was obtained
using a high-definition Handycam camcorder (Sony HDRCX500V) equipped with 12× optical zoom.
Analysis of ILIs

The detection of licking events was performed off-line using
Mini Analysis program (Synaptosoft Inc.). Consecutive

epochs of data (e.g., 100 ms) were searched for a peak voltage, and the average baseline voltage was calculated for an
interval (e.g., 45−50 ms) before the peak. The event amplitude was calculated by subtracting the average baseline voltage from the peak voltage, and the event was rejected if the
amplitude did not exceed a given threshold (e.g., 50 mV). The
parameters characterizing the events were then imported into
OriginLab 7.0 (Microcal Software Inc., Northampton, MA)
for further analysis. The ILIs were calculated as the time difference between the onset times of occurrence of consecutive
events. The Mini Analysis software does not automatically
generate the values of the event onset times. Therefore, the
onset time of each event was calculated as the time of peak
minus the rise time.
Typically, rats lick in bursts of licks (or bouts) with the
number of licks per burst and the pauses between bursts
being highly variable. When constructing histogram of ILIs,
we were interested in analyzing relatively short ILIs, so we
ignored all ILIs longer than 1000 ms. We also ignored ILIs
shorter than 60 ms (which were due to artifacts when the rat
touched the sipper tube with the paw or face without licking, and these intervals constituted less than 1% of the total
number of intervals). We defined (N) as the total number
of ILIs (i.e., total number of licks minus 1) collected during
each 90-min recording session.
Using Origin software, we calculated the statistical
parameters for the ILIs for each rat tested. We wrote
an algorithm using the “Labtalk” scripting language in
OriginLab software to automate the analysis and calculate
all of the different statistical parameters at once. These
parameters included the mean, median, standard deviation
(SD) and coefficient of variation (CV = SD/mean).
We constructed the histograms of the ILIs using 90 min
of recordings. The histograms were binned at 1 ms and
smoothed by adjacent averaging of 10 points (i.e., each
point was replaced by the average of itself, 10 points before
and 10 points after) in order to easily detect the peak of the
distribution, which enabled us to find the “mode,” defined
as the ILI that occurs with the highest probability. In order
to compare the ILI distributions in different rats and in different conditions, the histograms were normalized to the
number of ILIs collected during each recording session. As
a consequence of this normalization, the integral of each
histogram (i.e., the area under the curve) was always equal
to 1. Because of this normalization, a larger peak at the
mode indicates a narrower distribution. Autocorrelograms
were also binned at 1 ms and the zero lag time (i.e., the time
interval between an event and itself) was ignored. All autocorrelograms, except those that showed sharp peaks (width
10−20 ms), were smoothed by adjacent averaging of 10
points. Autocorrelograms were normalized to the counts
obtained with the largest (primary) peak.
We used the skewness coefficient to determine how much
the histograms deviated from a normal Gaussian distribution and to quantify the degree of their asymmetry around
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the mean. Positive skewness indicates a distribution with an
asymmetric tail extending toward more positive values.
In OriginLab software, skewness is computed as:
3
n
n
 xi − x  , where n is the number of values
∑
( n − 1)( n − 2 ) i =1  SD 
and SD is the standard deviation.
We also designed an algorithm to calculate a new parameter
called “count asymmetry,” which is the ratio (N2/N1) of the
number of ILIs that were longer than the mode (N2), over those
that were shorter than the mode (N1). Our algorithm separated the ILIs within the selected range of interest (N3 = number of total intervals that were >60 ms and ≤1000ms) into 2
groups: those that were shorter than the mode (N1) and those
that were longer than the mode (N2). This parameter would
be 1 if the distribution was symmetric such as in a Gaussian
distribution and would be higher or lower than 1 depending on
the skeweness of the distribution. Two separate SDs (SD1 and
SD2) were also calculated, respectively, for intervals (>60 ms
and ≤mode) and intervals (>mode and ≤1000 ms).
OriginLab (version 9) software was used for statistical
analysis. Data were compared between groups using one-way
ANOVA with post hoc Tukey pairwise comparisons unless
otherwise stated. The main aim of this study was to compare
the pattern of licking either an ethanol or a sucrose solution
to that of water, which was considered the control fluid.

Results
Rats were divided into 3 groups: 19 rats that drank tap water,
10 rats that drank 10% sucrose solution, and 10 rats that
drank 10% ethanol solution. We first analyzed the changes in
mean licking frequency of the 3 groups of rats during the 90min period following water deprivation (Figure 1). The frequency histograms (binned at 1 s) showed a short period of
high initial licking activity, which then declined and became
more sporadic (Figure 1A). The bursts of licks occurred
with an intraburst frequency around 7−8 licks/sec. In order
to evaluate the frequency of licking more accurately, we
used 241 s adjacent averaging to smooth the frequency histograms. Data analysis was conducted for each rat individually, and then the values were averaged across all members of
the same group (Figure 1B). Rats drinking sucrose showed
a significantly greater initial licking rate compared with the
water group. This is consistent with the stimulating effect of
the sucrose solution on the orosensory system. In contrast,
the decline in licking may reflect a counteracting influence of
postingestion stimulation. In order to compare statistically
the frequency of licking between the 3 types of fluids, we
calculated the mean frequency of licking during longer bins
(15 min; Figure 1B) throughout the 90-min recording sessions. In the first 15 min, the mean frequency of sucrose licking (2.06±0.13 licks/sec) was significantly higher (P < 0.001)
compared with that of water (0.30±0.05 licks/sec). In contrast, during the same period, the mean frequency of ethanol

licking (0.18±0.03 licks/sec) was lower than that of water, but
it did not reach statistical significance (P = 0.10). During the
remaining 15-min bins of the session, the mean frequency
of sucrose licking continued to be numerically higher than
that of water, and the mean frequency of ethanol licking was
either the same or numerically lower; however, no statistical
significance was identified.
We next studied the variation in the ILI by analyzing the
ILI distribution histogram (Figure 2), a conventional method
that has been used in almost all previous studies (e.g., Houpt
and Frankmann 1996; Bryant et al. 2010; Boughter et al.
2007, 2012). However, unlike previous studies, we binned
our histograms at 1 ms instead of 10 ms, and then we used
adjacent averaging (21 ms) to filter out fast variations. This
method allowed us to determine the mode of the distribution
with relatively high temporal precision (1 ms resolution) and
to detect differences between groups in the order of few
milliseconds. The histograms were generated for ILIs >60 ms
and ≤1000 ms, thus constituting 940 bins of 1 ms duration.
They were then normalized to the total number of ILIs
within the same time window to generate what is equivalent
to a probability distribution function. This normalization
procedure allowed us to compare the shapes of the distributions
regardless of the differences in the total number of licks. When
the histograms were averaged from all rats within each group,
we identified bimodality for the water and ethanol groups (one
peak can be identified in addition to the primary peak), and
multimodality (multiple seemingly equidistant peaks) for the
sucrose group. Because the ILI distributions were skewed, we
used the nonparametric Kolmogorov–Smirnov (K–S) test to
compare the cumulative probability distribution of ILIs from
each group (Figure 2B). The distributions of ILIs from both
the ethanol and sucrose groups were different from that of the
water group (P < 0.0001). There was no evidence of failure
to detect any of the licking events because they were all or
none in nature. Therefore, the presence of relatively long ILIs
(>200 ms, Figure 2C) in rats of all groups indicates occasional
failures of the rat tongue to establish contact with the water
spout at the expected time.
In order to determine how the ILI distributions of each
group differed from each other, we calculated several
statistical parameters that characterize the distribution of
ILIs when the rats were drinking water, ethanol solution,
or sucrose solution (Figure 3). When the mean licking
frequency was calculated over the 90-min recording sessions
(Figure 3A), it was found that rats licked the ethanol and
sucrose solutions at lower (P = 0.13) and significantly higher
(P < 0.001) mean licking frequency, respectively, compared
with that of water (water: 0.20±0.01 lick/sec; ethanol:
0.15±0.02 licks/sec; sucrose: 0.61±0.02 lick/sec). We then
generated statistical parameters as shown in the schematic
in Figure 3B, using ILIs >60 ms and ≤1000 ms, which
constitute between 89% and 97% of the total number of ILIs
obtained in each recording session (Figure 3C). The mean
ILI in the sucrose group (155 ± 2.1 ms) was significantly
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Figure 1 Frequency of licking throughout 90 min of recording sessions that were preceded by 4 h of water deprivation. (A) Ten traces are shown from
each group of rats (each trace is obtained from a different rat) that were drinking water (black traces), 10% ethanol solution (light gray/red traces), or 10%
sucrose solution (dark gray/blue traces). The frequency histograms were binned at 1 s. Rats drinking the sucrose solution showed a significantly greater
initial licking rate over the first few minutes compared with the water or ethanol groups. (B) Averaged frequency histograms from each group of rats. Top
panel: Group data (mean + s.e.m.) frequencies were calculated after binning at 1 s and smoothing with 241 s of adjacent averaging. Lower panel: Group
data (mean ± s.e.m.) were calculated using long duration bins (15 min) to compare statistically whether there were significant differences compared with
the water group (one-way ANOVA with post hoc Tukey pairwise comparisons, Degree of Freedom (DoF) = 2; bin 0−15: F = 192; bin 15−30: F = 5.7; bin
45−60: F = 5.1).

smaller (P < 0.05) than that of the water group (173±3.7 ms;
Figure 3D). In contrast, the mean ILI in the ethanol group
(174±8.0 ms) was not significantly different (P = 0.087) from
that of the water group. Despite the fact that rats licked more
the sucrose solution than water, the median and the mode of
the ILI distribution histograms did not differ in the sucrose
group compared with the water group suggesting that rats
might have licked water and sucrose at the same intraburst
rate. In contrast, the median and mode were significantly
lower (P < 0.05 and P <0.01, respectively) in the ethanol
group (135±1.8 ms, 131±1.8 ms, respectively) compared
to the water group (143±2.0 ms, 140±2.0 ms, respectively).

Therefore, although rats licked on average slightly less the
ethanol solution than water, the intraburst rate of licking the
ethanol solution appeared relatively higher.
The ILI distribution histogram of the sucrose group
exhibited a significantly higher peak and higher skewness
coefficient (P < 0.01; Figure 3E and F), suggesting that
rats licked the sucrose solution with significantly smaller
proportion of short pauses (between the mode and 1000 ms)
compared with water. The significantly lower SD and CV
of the sucrose group (P < 0.01; Figure 3G and H) indicate
that rats licked the sucrose solution using relatively more
consistent (i.e., less variable) ILIs. Additional differences in

690 X.B. Lin et al.

Figure 2 ILI distribution histograms. (A) The histograms were generated for ILIs between 60 ms and 1000 ms and binned at 1 ms. Then, they were
smoothed by adjacent averaging of 21 ms (i.e., each bin is the average of itself, 10 bins before it and 10 bins after it) and normalized to the total number of
ILIs (between 60 ms and 1000 ms). Panels in the left column show the normalized ILI distributions between 60 and 1000 ms, whereas panels in the right column show only ILIs greater than 60 and less than 220 ms. The first 3 rows of panels represent histograms obtained from each group of animals (water: 19
rats; ethanol: 10 rats, sucrose: 10 rats). An average of all histograms is shown (thick line) for each group. The 4th row of panels shows the 3 superimposed
average histograms of ILIs for comparison between groups. The average histogram for the ethanol group was shifted to the left (lower mode) compared
with the water group, suggesting that rats tended to drink ethanol at a slightly faster rate. The average histogram for the sucrose group showed a higher
peak and a narrower distribution, suggesting that rats tended to drink the sucrose solution with ILIs that were less variable compared with rats that drank
water. The histograms show strong bimodality (left column) in the water and ethanol groups, and multimodality (multiple seemingly equidistant peaks)
that was especially obvious when drinking the sucrose solution. (B) Cumulative probability histograms were generated for ILIs pooled from each group of
rats. The nonparametric K–S test showed significant differences in the distributions of ILIs, indicating that the ILIs from each group were derived from a
differentially distributed population. (C) A typical trace of licking activity is shown from each group of rats. Note the presence of small pauses indicating
occasional failures to lick at the anticipated times (asterisks).

the ILI distribution histograms were revealed by dividing the
ILIs into 2 groups according to whether they were shorter or
longer than the mode. The SD of each group was calculated
separately (Figure 3G). Unlike the SD, the SD1 for the
ethanol group was slightly smaller than that of the water
group indicating that the ILIs that were shorter than the
mode exhibited less variability in the ethanol group. Unlike
sucrose, the ethanol group exhibited significantly higher
count asymmetry (ratio of number of ILIs that were longer
than the mode over those that were shorter than the mode)
compared with that of the water group (Figure 3I). This
difference could be attributed to a significantly lower mode

while having a nonsignificant difference in peak. Taken
together, the results obtained so far indicate that there were
significant differences in the ILI distribution histograms
depending on the type of fluid ingested. However, further
investigation of the microstructure of licking is necessary to
explain the mechanisms that lead to these differences.
The above analyses evaluated the variability of ILIs
between consecutive licks but did not provide any information
regarding whether such variability was random or whether
licks exhibited a particular temporal pattern. For this
purpose, we have generated autocorrelograms of ILIs from
each recording session (Figure 4). Autocorrelograms are
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Figure 3 Differences in the ILI distribution histograms among rats licking water, ethanol solution, or sucrose solution. Data (means ± s.e.m.) were collected during 90-min recording sessions and averaged from 19 rats (water group), 10 rats (ethanol group), and 10 rats (sucrose group). Asterisks indicate
significant differences compared with the water group (one-way ANOVA with post hoc Tukey pairwise comparisons, DoF = 2). (A) Mean licking frequency
over the entire recording session indicates that rats licked numerically less from the ethanol solution and significantly more from the sucrose solution compared with water (F = 143). (B) A schematic representation of the statistical parameters that were quantified in (C−I) (see Methods for additional details).
C−I: Group data of the different statistical parameters that characterize the ILI distribution histograms. C: F = 21. (D) Mean: F = 4.1; Median: F = 3.2; Mode:
F = 4.8. (E) F = 6.4. (F) F = 9.2. (G) SD: F = 5.7; SD1: F = 12.8; SD2: F = 5.2. (H) F = 5.4.I: F = 4.2. Note that the modes as calculated here (means of modes
of all members of the same group) slightly differ from the mode found when multiple traces were averaged (Figure 2, lower panels), because here we are
statistically comparing the means of the modes in each of the 3 groups of animals.

histograms of interevent time intervals between consecutive
and nonconsecutive licks that occur within a specified time
window (Perkel et al. 1967). The presence of a peak in
the autocorrelogram at a short time lag indicates a higher
probability of lick occurrence at short interevent intervals
compared with what would be expected by chance. Such a
peak is indicative of a bursting or a clustering pattern. We
first used relatively long bins (100 ms) and long time windows
(120 s, Figure 4A, column 1) to determine the presence of
lick clustering and to estimate the duration of each cluster.
The average autocorrelogram from each group of rats can
2
best be fitted with a 2-exponential-decay function (R >
0.996, chi square < 0.0001). We statistically compared the
means of the 1st and the 2nd decay time constants calculated
for all autocorrelograms within each group (Figure 4B).

The first time constant of the exponential decay function
was significantly lower (P < 0.05) for the ethanol group
(1.5±0.4 s) compared with the water group (3.9±0.7 s). In
contrast, the first time constant for the sucrose (8.0±1.1 s)
was significantly higher (P < 0.01) compared with the water
group. Similarly, the second time constant was numerically
(but not significantly) lower for the ethanol group (22±4 s)
compared with the water (44±16 s) and sucrose (122±37 s)
groups. The area of the autocorrelograms, which is affected
by both time constants, exhibited the same relationship as
the time constants when compared between the different
groups. The presence of 2 time constants indicates that
licks exhibited both short and long types of clusters. Rats
drinking ethanol solution seemed to use shorter clusters or
bursts of licks than either the water or the sucrose groups.
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Figure 4 Autocorrelograms of the ILIs. (A) The panels in the first 3 rows represent autocorrelograms obtained from each group of animals (water: 19 rats;
ethanol: 10 rats, sucrose: 10 rats). The autocorrelograms were normalized to the counts obtained with the primary peak and an average of all autocorrelograms is shown (thick line) for each group. The bottom row of panels shows the 3 superimposed average autocorrelograms. The autocorrelograms in the
first column were binned at 100 ms and smoothed using adjacent averaging of 11 points. The autocorrelograms in the 2nd and 3rd columns were binned at
1 ms and smoothed using adjacent averaging of 21 points. The 1st, 2nd and 3rd columns represent autocorrelograms from the same ILIs but are shown at
different time scales: 120 s, 3 s, and 0.22 s, respectively. Note that the average autocorrelogram of the ethanol group and sucrose group (bottom left) exhibited, respectively, faster and slower decay time constants (traces were fitted with a 2-exponential-decay function: y = A1.e−x/τ1 + A2.e−x/τ2 + y0, dashed curves)
compared with the water group. The lag time of the primary peaks of the autocorrelograms (bottom right panel) were similar to the modes found with the
average ILI distribution histograms shown in Figure 2, bottom left. (B) Group data (means + s.e.m.) of the decay time constants (τ1 and τ2) and the area under
the curve (between lag times 0 s and 120 s) of the autocorrelograms of each group of rats. Asterisks indicate significant differences compared with the water
group (one-way ANOVA with post hoc Tukey pairwise comparisons, DoF = 2; τ1: F = 13.5; τ2: F = 4.9; area: F = 81.4). The significantly shorter and longer
time constants for the ethanol and sucrose groups, respectively, indicate that the ethanol group exhibited relatively shorter lick burst/cluster size, whereas the
sucrose group exhibited longer lick burst/cluster size compared with the water group.

To reveal the temporal pattern of licks that occur within
relatively short intervals, we constructed autocorrelograms
using 1 ms bins and 2-s time windows (Figure 4A, columns 2
and 3). The presence of many significant peaks in these autocorrelograms indicates that licks did not occur randomly and
that their time of occurrence may depend on the occurrence
of previous licks. The presence of multiple peaks occurring
at regular intervals is indicative of a regular licking pattern
produced by a rhythmic oscillating generator. In addition,
the lag time of the peak of the autocorrelograms reflected the
same property as the “mode” or the preferred ILI (compare

bottom right panels of Figure 4A and Figure 2A). The mean
lag time of the primary peak of the autocorrelograms (water:
140.5±2.0 ms; ethanol: 132.0±1.6 ms; sucrose: 137.7±2.2 ms)
were not significantly different (P > 0.75) from the mode of
the ILI distribution histogram (water: 140.5±2.0 ms; ethanol: 131.2±1.8 ms; sucrose: 137.6±2.4 ms). The similarity
between ILI distribution histograms and ILI autocorrelograms in the first 200 ms window indicates that usually no
more than 2 licks occurred within 200 ms interval.
Classically, bursts of licks were defined as a sequence of
licks in which the ILIs are less than 250 ms and consecutive
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licks that were separated by an interval of less than 500 ms
were considered a cluster of licks (Davis 1989; Davis and
Smith 1992; Davis and Perez 1993). However, this rigid set
of criteria might not be optimal or appropriate to use in all
experimental conditions (Weijnen 1998). For example, our
evidence of multimodal distribution of the ILIs (especially
in the sucrose group) indicates that rats could omit several
consecutive licks without compromising the rhythmicity of
the pattern. As a consequence, a short pause of up to 1 s
might not indicate the beginning of another cluster; it may
rather indicate a continuation of a previous burst that was
interrupted for few cycles. Therefore, it becomes challenging
to appropriately define the criteria of the 2 ILIs that will signal the beginning and the end of a burst or cluster of licks. In
order to investigate this issue, we tested the hypothesis that
the ILI is shorter when preceded by a long ILI, and we asked
the following question: “If each ILI depends on the occurrence of previous licks, what is the minimum ILI needed so
that the following ILI is no longer affected by the occurrence of preceding licks?” To address this question, we first
defined a burst of licks as a sequence of 3 or more licks that
were separated by an ILI < 200 ms. We chose a maximum
intraburst ILI of 200 ms instead of 250 ms (as defined by previous studies) for defining a burst of licks based on the suggestion of Weijnen (1998) to use a value that is 1.5 times the
mode, which was between 130 ms and 140 ms in our experimental conditions. Our results indicate that the first antipeak
(i.e., the minimum value between the primary and the secondary peaks) of the ILI distribution histogram occurred
at ~200 ms indicating than an ILI > 200 ms was most likely
indicative of a pause due to a missing lick. Based on these
criteria, we found that the first ILI (i.e., the interval between
the 1st and 2nd licks) in the burst depended on the duration
of the pause before the burst (Figure 5A). The longer the
pause (1−4 s) between bursts, the shorter was the first ILI of
the subsequent burst. Data points that represent the first ILI
in the burst versus the duration of the pause preceding the
burst were fitted with an exponential decay function with a
time constant of 3.4 s. We therefore considered that at least
a 4 s delay was needed in order for the ILI to become independent from the occurrence of previous licks.
The next question that arises relates to whether the size
of the bursts (measured as the number of licks/burst) is
another factor that affects the ILI. When we plotted the first
ILI in the burst against the number of licks in the bursts
(Figure 5B and C), we found a significant (P = 0.02) correlation such that the first ILI in the burst was shorter when
the number of licks/burst was higher. This linear correlation
( Y = 112 − 0.11X ) implies that the first ILI in the burst
would decrease from 111 ms, when the burst size is 10 licks,
to 101 ms, when the burst size is 100 licks. However, the burst
size rarely reached 100 licks/burst, and the median burst size
was ≤ 10 licks as shown by the cumulative probability histograms (Figure 5D). These same histograms also indicate that
the lick burst size in the ethanol group (median = 6 licks) was

significantly less than that of the water group (median = 8
licks, P < 0.001, K–S test). This result (on bursts that were
preceded by a pause longer than 4 s) as well as decay time
constants of the autocorrelograms of all ILIs (Figure 4A,
bottom left) both support our conclusion that, compared
with water, rats licked the ethanol solution using significantly fewer licks/burst, whereas they licked the sucrose solution with significantly more licks/burst.
We next examined whether the isolated bursts of licks exhibit
a temporal structure different from that of all licks. We tested
this possibility by constructing burst autocorrelograms of ILIs
(zero lag time represents the occurrence of the first lick in the
burst) using the 4 s criteria as the minimum pause duration
needed to consider a sequence of licks (ILIs < 200 ms) as an isolated burst of licks (Figure 6). The mean lag of the primary peak
of the autocorrelograms of the bursts of ILIs for the ethanol
group (101±2.3 ms) and that of the sucrose group (104±2.1 ms)
were not significantly different (P > 0.22) from that of the water
group (106±2.5 ms). However, when the average burst autocorrelograms were compared with the average of all-licks autocorrelograms, significant differences were found in the lag time of
the primary peak. The autocorrelograms of the bursts of licks
showed a primary peak that occurred at ~30 ms shorter lag time
(P < 0.0001, paired t-test) than the lag time (water: 141±2.0 ms;
ethanol: 132±1.6 ms; sucrose: 138±2.2 ms) of the first peak
obtained with the autocorrelograms of all licks. Moreover, the
autocorrelograms of the bursts of licks were shifted to the left
compared with the average autocorrelograms of all licks. These
results demonstrate that the isolated bursts of licks (i.e., those
preceded by a pause longer than 4 s) exhibited distinctive temporal features compared with those when all licks were considered irrespective of the preceding licks.
Most studies investigating the microstructure of licking
have not separately analyzed the contact duration (CD) and
the intercontact interval (ICI), the sum of which equals the
ILI. Such detailed analyses require the technical capability
to accurately determine these parameters, in particular the
precise determination of the off-time when the tongue disconnects from the spout during each licking cycle as shown
by capturing consecutive frames at standard video rate (30
frames/s, Figure 7A). Only 2 studies have reviewed or investigated changes in CD and ICI under different experimental
conditions (Weijnen 1998; Vajnerová et al. 2003). When rats
were exposed to stress, the ICI decreased, whereas the CD
did not change significantly (Vajnerová et al. 2003). However,
the relationships among the CD, the ICI, and the ILI have
never been examined in control conditions. Because the CD
reflects the time during which the rat is in contact with the
fluid, the CD could be correlated with the amount of fluid
intake. We therefore hypothesized that the CD and the ICI
may vary distinctively during a burst of licks.
Indeed, when we analyzed the variations in the CD and the
ICI, we found that they exhibited different temporal patterns
within bursts of licks that were preceded by a pause >4 s (a
typical example is shown in Figure 7B). The CD, ICI and ILI
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Figure 5 Dependence of the first ILI of the burst of licks on the pause preceding the burst of licks and the number of licks in the burst. A burst of licks was
defined as a sequence of 3 or more licks that were separated by an ILI that was less than 200 ms. Each plot contains data points from lick bursts recorded
during 90 min and pooled from 19 rats (water group, black squares), 10 rats (ethanol group, light gray/red circles) and 10 rats (sucrose group, dark gray/blue
triangles). (A) A scatter plot of the first ILI in the burst versus the pause (i.e., ILI shown on a logarithmic scale) preceding the burst. The black, red/light gray
and blue/dark gray traces are adjacent smooth averaging of the data points collected from the water, ethanol and sucrose groups, respectively. Because they
followed the same trend, we fitted all data point with an exponential decay function (gray curve). (B) We separated bursts of licks according to the number
of licks (the number of bursts for each burst size is shown in the top panel) and calculated the mean ± s.e.m. of the first ILI (i.e., interval between the 1st
and 2nd lick in the burst). The first ILI was ~110 ms and did not change significantly irrespective of the size of the burst (up to 20 licks/burst). (C) Same as
panel B, but the data were fitted with linear regression curves up to 100 licks/burst. There was a significant increased likelihood for the first ILI in the burst to
decrease if the number of licks/burst was higher. (D) Histograms and cumulative probabilities of the size of bursts normalized to the total number of bursts
obtained for each group of rat. Note that the size of the burst is significantly shorter in the ethanol group compared with the water group. Only bursts of
licks that were separated by a pause >4 s were considered in panels B–D.

varied distinctively as a function of the position of the lick
within the burst of licks, and they also varied depending on
the type of fluid ingested (Figure 7C and D). The ILI was the
shortest (~110 ms) at the beginning of the burst, and then it

increased rapidly in the first few licks and slowly in subsequent
licks as a function of the position of lick within the burst (i.e.,
lick number). The ILIs within the burst of licks could best be
fitted with a 2-exponential-decay function. The changes in the
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Figure 6 Autocorrelograms on the first lick in a burst of licks that was preceded by a pause longer than 4 s. Zero lag time represents the occurrence of
the first lick in the burst. (A) The first 3 panels represent autocorrelograms obtained from each group of animals (water: 19 rats; ethanol: 10 rats, sucrose:
10 rats). The autocorrelograms were normalized to the counts obtained with the first largest peak and an average of all autocorrelograms is shown (thick
line) for each group. The bottom panel shows the 3 superimposed mean autocorrelograms of bursts of licks and also plotted are the autocorrelograms of
all licks (as in Figure 4 middle column) for comparison. Note that the autocorrelograms of the bursts of licks showed a first peak that occurred at significantly shorter lag time than the lag time of the first peak obtained with the autocorrelograms of all licks. (B) Group data showing the mean (indicated in
each column) + s.e.m. of the peak lag time in each group of rats when only the bursts of licks were considered in autocorrelograms versus when all licks
were considered. ###P < 0.0001: all licks versus bursts of licks (paired t-test). *P < 0.05 ethanol group versus water group (one-way ANOVA with post hoc
Tukey pairwise comparisons, DoF = 2, F = 4.4).

CD within a burst of licks almost mirrored those of the ILIs.
The CDs can similarly be fitted with a 2-exponential-decay
function. In contrast to the ILIs and CDs, the ICIs could best
be fitted with a linear regression function (P < 0.0001). It is
important to note that during the first 15 licks of a burst,
the CD almost doubled whereas the ICI exhibited only slight
changes whether the rat was drinking water, ethanol solution,
or sucrose solution. Because the sucrose solution is more viscous than water, it may be expected that the CD, when licking
sucrose (being relatively sticky), would be higher than when
licking water. However, the CDs of the 8th to the 14th licks
within the bursts were significantly shorter when rats licked
the sucrose solution versus water (P < 0.001, Figure 7D).
Therefore, these results argue against the possibility that the
viscosity of the solutions might contribute to the increase in
CD within a burst of licks.
When bursts contain a relatively large number of licks
(>15 licks), rats reduced the ICI and increased the CD with

subsequent licks of the sucrose solution (Figure 7C), which
might be an approach to maximize the intake of a pleasant fluid. In contrast, when rats were drinking the ethanol
solution, as the burst size increased beyond 15 licks, the rats
decreased the CD and increased the ICI, which might be a
way to reduce as much as possible the intake of the aversive
solution until the burst of licks was terminated. Additionally,
there were significant differences in the means of the CDs,
ICIs, and ILIs of the first few licks of the bursts when compared across the 3 different groups of rats (Figure 7D).
These results indicate that a different temporal pattern of
licking behavior is generated for each type of fluid ingested.
The data shown in the previous section consider only
isolated bursts of licks that were preceded by a pause >4 s.
They indicate that within a burst of licks, the ILI and the
CD exhibited the same pattern and increased by almost the
same extent, whereas the changes in the ICI were relatively
small but nevertheless significant. We therefore investigated
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Figure 7 Changes in the CD, ICI, and ILI in isolated bursts of licks. (A) Successive frames of rat licking showing 1 cycle of tongue protrusion, tongue
contact with the water spout and then tongue retraction. Each cycle lasted about 5 frames taken at a frequency of 30 Hz. (B) A typical isolated burst of
licks defined as 3 or more successive licks with ILI < 200 ms and the burst was preceded by a pause of at least 4 s. Note that the ILI increased progressively
within the burst, mostly due to the CD, which almost doubled when comparing the last 3 licks versus the first 3 licks in the burst. (C) Plots of the mean
CD, ICI, and ILI versus the lick number. The ILIs and CDs within the burst of licks were fitted with a 2-exponential-decay function y = y0 + A1.e(−(x−x0)/τ1) +
A2.e(−(x−x0)/τ2), where x0 was fixed to 1 lick, and other parameters were varied to get the smallest chi square (water: R2 = 0.62 and 0.48; ethanol: R2 = 0.4 and
0.26; sucrose: R2 = 0.63 and 0.73; for ILI and CD, respectively). In contrast, the ICIs were fitted with a linear regression function (Y = A + B.X, P < 0.0001;
water: R = 0.47; ethanol: R = 0.64; sucrose: R = −0.41). (D) Same as C but the means ± s.e.m. are shown without the fitted curves for the first 15 licks in
the bursts. Top panels in C and D show the number of ILIs used to calculate the means. Data in C and D were obtained from 90-min recording sessions
and pooled from 19 rats (water group), 10 rats (ethanol group) and 10 rats (sucrose group). Asterisks indicate significant differences compared with water
group (one-way ANOVA with post hoc Tukey pairwise comparisons, DoF = 2, F > 3.1).

whether the relationship between the ILI and CD applies
to all licking events (i.e., not just those included with our
burst criteria). For this purpose, we examined whether there
was a significant correlation between the ILI and the CD

(Figure 8). ILIs that were less than 200 ms were isolated and
fitted with a linear regression line (dark gray/dark green) as
a function of the CD (Figure 8A). In all 3 groups of rats,
the ILIs (that were < 200 ms) tended to increase when the
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Figure 8 Correlation between the ILI and the CD. (A) Scatter plots of ILIs versus CDs. Each plot contains data points of licks recorded during 90 min and
pooled from 19 rats (water group), 10 rats (ethanol group) and 10 rats (sucrose group). Only licks with CD ≤ 135 ms and ILI ≤ 1000 ms were displayed. ILIs
that were less than 200 ms were isolated and fitted with a linear regression line (dark gray/dark green) with a function shown under the line. In all 3 groups,
the ILIs (that were less than 200 ms) tended to increase when the CDs increased (R = 0.42, 0.49, 0.46; P < 0.0001). The mean CD was calculated across the
vertical axis (i.e., ILI) by adjacent averaging of 201 points (light gray/light green trace). Note that the sucrose group showed multiple seemingly equidistant
bands that correspond to failure to produce licks at the predicted intervals (multimodal distribution). Because the bands were oblique the mean CD went
up then down (along the y axis) with each band. In the 2nd row of plots, we performed a vertical translation of each point to offset the linear regression
function and nullify the ILI-CD correlation. This reduced the slope of the linear regression fit and the R value to near zero. It also reduced significantly the
variation in the mean CD. (B) Histograms of the distribution of the ILIs and CDs from the scatter plots shown in A. Note that in all 3 groups, eliminating
the correlation between ILIs and CDs reduced the mode of the ILI distributions by about 25 ms and reduced SD of the ILIs that were <200 ms. In contrast,
eliminating the correlation between ILIs and CDs did not affect the mode of the CD distributions. The numbers shown inside each graph indicate the corresponding mode for each distribution histogram.

CDs increased (P < 0.0001). The sucrose group showed multiple seemingly equidistant bands (multimodal distribution)
that were caused by the occasional failures to generate licks
at the predicted intervals. Because the bands were oblique,
the mean CD (calculated by adjacent averaging along the y
axis, light gray/light green traces) fluctuated with each band.
We therefore performed a vertical translation of each data
point to offset the linear regression function and nullify the
ILI-CD correlation. This translation reduced the slope of the
linear regression fit and the coefficient of correlation (R) to
near zero. It also reduced significantly the fluctuations in the
mean CD as a function of ILI, thus providing evidence that

these bands were indeed parallel to each other. Moreover,
eliminating the correlation between ILIs and CDs reduced
the mode of the distributions by ~25 ms and reduced the SD
of the ILIs that were <200 ms (Figure 8B). Taken together,
these results indicate that the CD is the major factor that
contributes to the variability of the ILI. The ILI increases
linearly as a function of the CD, which increases exponentially as a function of the number of preceding licks in
the burst.
Finally, we tested the hypothesis whether the ultrastructural pattern of licking undergoes changes throughout the
90-min recording sessions that were preceded by 4 h of water
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deprivation. In particular, we were interested in knowing
whether the rat licked differently when satiated versus when
they were thirsty after the mild water deprivation. Moreover,
it was important to know whether ethanol has exerted a
central nervous system (CNS) effect in addition to its taste
effect. During the 90-min recording sessions, the mean number of licks was 886±59 (range: 398–1335 licks, n = 19 rats)
for water, 647±121 (range: 182–1441, n = 10 rats) for ethanol solution, and 3008±117 (range: 2558–3493, n = 10 rats)
for the sucrose solution. Because the total number of licks
depended on the type of fluid, we thought that the best way
to determine time-dependent changes in the microstructure of licking was to examine changes in licking pattern
as a function of lick number within the session. For this
purpose, we have analyzed whether ILIs, that are less than
200 ms, exhibited time-dependent changes as a function of
lick number. We have limited our analysis to the first 1000
licks because few rats had more than 1000 licks when drinking either water or the ethanol solution. The results indicate
that that there were no apparent trends (except for a slight
initial increase in ILI due to initial burst occurrence as seen
in Figure 7B) in the mean ILI from the beginning of the session until up to 1000 licks within the session (Figure 9A and
B). We also examined whether there were statistical differences in the mean ILI values by dividing the 1000 licks into
4 consecutive bins, each consisting of 250 licks (Figure 9C).
The means of ILIs for the ethanol and sucrose groups were
not significantly different (one-way ANOVA, P > 0.05) from
those of the water group in all bins. These results indicate
that neither satiation nor ethanol consumption has significantly impacted the licking microstructure at least during
the first 1000 licks that were examined. Therefore, the effects
of ethanol observed in this study were due to its unpleasant
taste and it is unlikely that the amount of ethanol consumed
was sufficient to cause a depressive effect on the brain.

Discussion
This study provides an in-depth analysis of the rhythmic pattern of fluid licking, revealing interesting features that have
been previously overlooked. Licking has been previously
assessed by quantifying the number of licks within bursts of
licks and within a cluster of licks. Bursts and clusters of licks
were defined according to a fixed set of criteria that might
not be optimal or appropriate to use in all experimental conditions. We found that ILIs were not as consistent as it was
previously believed. Each ILI depended on preceding ILIs,
and it varied considerably depending on the lick position
within the burst of licks. The shortest ILI (~110 ms) occurred
at the beginning of a burst of licks that was preceded by
a relatively longer pause (>4 s). Unlike subsequent ILIs,
the first ILI did not appear to change significantly whether
rats licked a pleasant or an unpleasant solution. Our study
revealed that, depending on the palatability of the solution,
the rat may use different strategies to adjust the amount of

fluid ingested, by changing the CD, the ICI, the temporal
pattern and the number of licks within a burst, as well as the
frequency of occurrence of bursts of licks.
Revealing additional features of the licking pattern
beyond the classic microstructure analysis

We found that the most useful range of ILIs to analyze is
from 60−1000 ms, which includes ~90% of total number
of ILIs. Within this range multimodal distributions can be
observed, suggesting that licks that occur within 1000 ms of
each other may be interdependent. The main aim of constructing the normalized ILI distribution histogram (also
called probability density function) is to detect the peak
of the distribution, which enables us to find the “mode”
(i.e., the ILI that occurs with the highest probability).
A higher distribution peak (as in the case of the sucrose
group) was correlated with smaller SD and CV, suggesting lower variability in the ILIs. Dividing the ILIs into 2
groups according to whether they were shorter or longer
than the mode, revealed additional features about the ILI
distributions. First, the number of ILIs that were longer
than the mode was 20−40% higher than the number of ILIs
that were shorter than the mode, which is consistent with a
large positive skewness coefficient. The “asymmetry count”
was higher for the ethanol group compared with the water
group because rats tended to lick the ethanol solution in
shorter bursts of licks and with a higher intraburst rate as
indicated by the lower mode.
The initial set of statistical parameters, some of which
might be correlated with each other, described several
features that characterized the variability of ILIs, which
exhibited different distributions depending on the type
of fluid ingested. However, an analysis of the temporal
structure was required to explain the mechanisms behind
these differences, because the ILI histograms only take
into consideration the intervals between 2 consecutive
licks without considering the timing of each lick with
respect to previous licks. We therefore examined the
autocorrelograms of ILIs between consecutive and nonconsecutive licks that occurred within a specified time
window. The autocorrelograms revealed important characteristics about the bursting/clustering patterns without
the need to predefine what constitutes a burst or a cluster
of licks. We think that the autocorrelation analysis could
be the best unbiased approach to study changes in the
licking microstructure in different experimental conditions because it eliminates guessing about the selection of
optimal criteria for defining bursts and pauses. Spector
et al. (1993) have shown that the effect of food deprivation on the microstructure of licking varied depending
on the selection of pause criteria. Moreover, it is difficult
to determine one unique set of criteria which would be
adequate to use in all experimental conditions. Our autocorrelation analysis showed that it is possible to estimate
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Figure 9 Time-dependent changes in the ILI during the 90-min recording sessions. (A) Traces of the mean ILIs as a function of lick number in each of the
3 experimental conditions where rats were licking either water, sucrose solution, or ethanol solution. Only licks that were preceded by ILI less than 200 ms
were included. Each dot represents 1 ILI. (B) The 3 traces in (A) were superimposed after adjacent averaging. (C) The first 1000 licks in each session were
divided into 4 bins and ILIs were averaged across 1 bin (consisting of 250 licks) in each rat then the means ± s.e.m. were calculated for all rats that licked the
same type of fluid. Not all rats were able to lick up to 1000 times as shown by the decrease in the number of rats in consecutive bins for each group of rats.
The means of ILIs for the ethanol and sucrose groups were not significantly different (one-way ANOVA, P > 0.05) from those of the water group in all bins.
However, the mean values of the ILIs in the first bin showed significant differences compared with subsequent bins in the water and ethanol groups (oneway repeated measures ANOVA with post hoc Tukey pairwise comparisons, DoF = 36 and 8 for water and ethanol, respectively). This could be attributed to
initial lick bursting, which occurred with relatively short ILIs as shown in Figure 7B.

the average burst duration based on the first decay time
constant of the autocorrelogram of ILIs and showed that
this time constant was significantly larger for sucrose and
lower for ethanol compared with that of water (water: 3.7
s, ethanol: 1.5 s, sucrose: 7.2 s). Similarly, the autocorrelograms generated over a relatively long time window (120
s) revealed that the bursting/clustering pattern exhibited
shorter duration for the ethanol group and significantly
longer duration for the sucrose group compared with the
water group as revealed by the second decay time constant (water: 27 s, ethanol: 23 s, sucrose: 77 s) of the
autocorrelograms when different fluids were used for
licking. Another advantage of the autocorrelation analysis is that it can demonstrate whether the occurrences of
licking events depend on those of previous ones. A flat
autocorrelogram would indicate that the licking events

occur randomly independent from each other. This did
not appear to be the case in this study because autocorrelograms generated over shorter time lags (3 s) showed the
existence of 4−5 seemingly equidistant peaks, indicating
that despite the variability in ILIs, a lick that occurred at
5 times the preferred ILI (i.e., ~750 ms) might still have a
higher probability (compared with chance) of belonging
to the same oscillatory rhythm.
Examining the temporal structure of licking is considerably more informative than merely counting the number of
licks within bursts or within clusters of licks. Recently, it
was found that subtle differences between bitter taste stimuli
could be identified by examining the temporal features of
neuronal spiking activity in the nucleus tractus solitarius
(Wilson et al. 2012). Similarly, our study indicates that examining the temporal features of repetitive licking activity may
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reveal subtle differences in the functioning of the central pattern generator when the animal is exposed to different taste
stimuli.
Optimal criteria to define lick bursting and clustering

Conventionally, the microstructural analysis of licking behavior has been analyzed with the following criteria. Consecutive
licks with ILIs <250 ms were defined as one burst of licks.
Consecutive bursts of licks with ILIs between 250 and 500 ms
were defined as one cluster of licks (e.g., Davis and Smith
1992; Davis and Perez 1993). These criteria were based on the
finding of a significant number of relatively short pauses that
had an average duration of ~300 ms, which constitutes about
twice the mean within-burst ILI (~150 ms). They imply that
missing 1 licking cycle was considered as signaling the end of
a burst of licks, whereas missing 2 licking cycles was considered the end of a cluster of bursts of licks. Other optimal criteria for defining bursts based on a minimum 1 s pause duration
has also been proposed by Spector et al. (1993), although the
authors indicated that this pause criterion might not be appropriate to use in all experimental conditions. The minimum 1
s pause criteria for defining a burst of licks was also used in
many subsequent studies (e.g., Spector and St John 1998;
Boughter et al. 2007). Our study shows that the time of a lick
occurrence continues to depend on the occurrence of previous
licks until at least 4 s have elapsed since the occurrence of the
preceding lick. Since a short-term residual effect of the last
licking event persists for about 4 s, all consecutive licks within
a 4 s interval may be considered as part of the same cluster.
Therefore, at relatively short time scale (<4 s), the ILI is not
random since it depends on preceding events. In contrast, previous studies have failed to uncover meaningful correlations
between temporally contiguous bursts and pauses. This has
led to the conclusion that the onset and duration of bursts
of licks may be governed by probabilistic processes (Davis
1996; Spector et al. 1998). Nevertheless, the observations that
pauses <1 s were frequently found to cluster around multiple
of the fundamental ILI (i.e., the mode) have been interpreted
as indicating that the central pattern generator responsible for
rhythmic licking remains engaged during short pauses that
are due to missed licks (Spector et al. 1998). For example,
the oscillatory and firing activity of the hypoglossal neurons,
which innervate the muscles of the tongue, may continue for a
short period after cessation of licking (Wiesenfeld et al. 1977).
On the other hand, the decremental intraburst licking rate,
which could be explained almost entirely by the increase in the
duration at which the rat is in contact with the drinking spout
(i.e., CD), could be attributed to activity-dependent neuromuscular fatigue and adaptation in motoneuron excitability
(reviewed by Kernell 1995; Boyas and Guével, 2011; Enoka
et al. 2011). Interestingly, our results suggest that the neuronal
control of the licking pattern may be itself modulated by taste
stimuli, which can adjust the timing of licks (i.e., CD and ICI)
depending on the palatability of the ingested fluid.

Periodically missing 1 lick causes a bimodal distribution of the ILIs as it was first noted by Corbit and Luschei
(1969). Bimodality has been reported in subsequent studies of ILI frequency distributions (Weijnen 1977; Gramling
et al. 1984), and it was shown to be accentuated by cholecystokinin (Hsiao and Spencer 1983). Interestingly, rhythmic contractions of lingual protrudor and retractor muscles
can occur without visible, extraoral extension of the tongue
(Grill and Norgen 1978; Travers and Norgen 1986). Our
study confirms the existence of bimodality in the distribution of ILIs, and further indicates that multimodality may
occur in the absence of drug treatment as in the case of licking a pleasant solution such as sucrose. Moreover, it shows
that the lick position within the burst might be the most
important factor contributing to the variability in the ILI.
However, respiration and swallowing might be additional
factors that modulate the ILI. The licking behavior of rats is
synchronized with the much slower breathing rhythm (2−3
Hz, Welzl and Bures 1977) and is periodically interrupted
by swallowing (Weijnen et al. 1984). Travers and Jackson
(1992) found that the licking frequency preceding a swallow
was significantly reduced by 21%. This corresponded to an
increase in 43 ms in the contraction of the masticatory jawopener muscle, which was used to record the licking events
that were induced by intraoral fluid stimulation.
Taste modulation of the licking pattern

The meal size is controlled by gustatory stimulation and
postingestive feedback (reviewed by Davis and Smith 2009).
The amount of fluid ingested during 30-min tests is determined by an interaction between the stimulating effect of
a test solution on the orosensory system driving intake in
proportion to concentration, and a counteracting influence
of postingestion stimulation inhibiting it (Davis and Smith
1988). Active sampling of gustatory cues, through rhythmic
licking, synchronizes neuronal activity across multiple brain
regions involved in the taste-reward circuit and contribute
to appetitive and aversive associative learning (Gutierrez
et al. 2010). Rats can discriminate among different solutions (including different concentrations of sucrose solution)
based on 2 main sensory cues: taste and odor (RhinehartDoty et al. 1994). The integration of these 2 chemosensory
inputs leads to the perception of flavor (reviewed by Small
and Prescott 2005; Miranda 2012). Ethanol is a complex
chemosensory stimulus that activates the gustatory system
via both its sweet and bitter taste components. It irritates
the tongue causing an aversive orosensory response via activation of the trigeminal system (Ellingson et al. 2009). On
the other hand, ethanol evoked responses in nucleus tractus
solitarius neurons that were strongly and selectively associated with activity to sweet stimuli (Lemon et al. 2004; 2011).
Additional support for the sweetness of ethanol was obtained
by a recent study that showed that ethanol-preferring rats
exhibited elevated short-term lick responses to both ethanol
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and sucrose relative to nonpreferring genetically selected rat
lines (Brasser et al. 2012). In our experimental conditions,
rats licked the ethanol solution with a pattern that displayed
features that were mostly distinct from that produced when
licking the sucrose solution. The duration of bursts of licks
(estimated from the decay time constant of the autocorrelograms, Figure 4) was significantly shorter, and the number of
licks per burst (Figure 5D) was significantly lower, when the
rats licked the ethanol solution as compared with when they
licked water. Opposite effects were found when the rats were
tested with sucrose solution. Therefore, the aversive effects
of ethanol seem to predominate over its pleasurable effects
and its effects on the microstructure of licking appeared to
be similar to those found for quinine (Hsiao and Fan 1993;
Spector and St John 1998), which is classified as a bitter stimulus (Wilson et al. 2012). The rationale for using ethanol in
this study as a bitter taste stimulant is that its palatability and
effects on the microstructure of licking have not been fully
examined. Previous studies showed that ethanol exerted some
aversive effects on rats and both consumption and lick rate
decreased as a function of ethanol concentration (Bice et al.
1992; Kiefer 1995). Importantly, in alcoholics, the smell of
ethanol may be an important determinant of its acceptance
because the drug’s reinforcing properties could be associated
with its chemosensory attributes. Moreover, it is possible that
chronic alcohol abuse could make ethanol smell and taste better (Youngentob et al. 2007, 2009; Glendinning et al. 2012).
Therefore, it will be important to determine in future studies
how the effects of ethanol on the microstructure of licking
pattern are altered in alcoholic or alcohol-preferring rats.
Our novel approach of analyzing the licking microstructure
indicates that the intraburst licking rate may appear relatively
high simply because there are fewer licks per burst (as in the
case of the ethanol solution). This is due to the fact that the
first few licks in the burst occur at a relatively higher rate compared with the slower sustained rate of subsequent licks when
bursts include a relatively large number of licks. Therefore, a
detailed analysis of the temporal structure of lick bursting is
necessary to reveal subtle changes in the microstructure of
licking. Previous studies have found that the mean number
of licks in a cluster was directly related to the concentration
of palatable and unpalatable solutions suggesting that the
cluster size might be a useful index of an animal’s hedonic
reaction to the consumed solution (reviewed by Dwyer 2012).
Our finding that rats can change the pattern of licking after
just few licks in the burst suggests that rats can rapidly identify the tastant and modify their licking behavior accordingly.
Is it possible that ethanol has exerted pharmacological
effects in addition to its chemosensory effects?

To determine whether our rats have been intoxicated by ethanol in our experimental conditions, it is important to estimate
the volume of ethanol solution that has been ingested during
the 90-min sessions. The total amount of fluid consumed is

usually determined by weighing the drinking bottle at the
beginning and at the end of the session and deducting the volume of fluid consumed by subtracting the 2 measurements.
However, our experiments were designed to initially place
the rat in the cage, then to install the drinking bottle in an
oblique configuration to mimic the same conditions as when
the rats were housed in the animal facilities. This approach
led to an undetermined volume of fluid that dripped from
the spout upon placing the bottle. For this reason, it was not
possible to determine accurately the total amount of fluid
consumed. Nevertheless, many previous studies have estimated the amount of fluid a rat can consume per lick. In
his review, Weijnen (1998) indicated that the volume/lick can
vary between 4 and 8 µl/lick and the maximum volume per
lick that a rat can handle is ~10 µl (Weijnen 1984). Davis and
Perez (1993) found that the number of licks per milliliter of
fluid ingested by rats (~160 licks/ml, i.e., ~6.2 µl/lick) was not
affected by either the concentration of the sucrose solution
or the deprivation condition. But when an unpleasant solution containing quinine was used as a stimulant, there was a
significant decrease (from ~5.5 µl to ~ 3.5 µl) in the volume/
lick when compared with water (Spector and St John 1998).
In our study, during the 90-min sessions, rats had on average
647±121 licks (n = 10 rats) of the 10% v/v ethanol solution.
Assuming that the average volume of ethanol solution consumed per lick is 6.2 µl (i.e., similar to that reported by Davis
and Perez (1993) for the sucrose solution), the rats would have
drunk on average 4 ml of 10% ethanol solution corresponding
to 0.3 g of ethanol or 1.0 g per kg of body weight. Although it is
possible that this estimated dose may have induced mild intoxication, the experimental paradigm we have employed diminished the likelihood that ethanol intoxication has distorted our
measurements. The oral absorption of ethanol in the rat has
been reported using an oral dose of 2.3 g/kg delivered by bolus
administration, which was found to require at least 1 h before
producing a blood alcohol concentration of 0.1 g/dl (Shultz
1980). Our experimental conditions were different in that the
rats were licking for 1.5 h to reach the final estimated dose of
ethanol of 1.0 g/kg, which was much less than the intoxication
level. Moreover, the blood alcohol concentrations in our fed
rats are expected to be lower than in fasted rats (Shultz 1980).
In addition, the absorption of ethanol from a bolus versus a
distributed oral administration would result in an extension of
the 1 h to reach peak blood alcohol concentration as seen after
bolus dosing. Thus, although the rats might have consumed
an estimated total dose that could possibly have exerted pharmacological effects on the brain, the impact of such intoxication on our measurements is likely minimal and confined to
the later portion of our 1.5-h recording sessions. To our best
knowledge, there has been no study of the behavioral effects
of ethanol based on drinking experiments, and all studies
aiming at investigating the behavioral effects of ethanol use
intraperitoneal injection rather than oral administration of
ethanol (e.g., Van Skike et al. 2010; Hansen and Pulst 2013).
In our study, we found no significant difference in the mean
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ILI between the ethanol and the water groups when up to 1000
licks were considered in our analysis (Figure 9). This result
supports our interpretation that the specific pattern of licking
produced when the ethanol solution was ingested, was mainly
due to the chemosensory attributes of ethanol.
Functional significance

The mammalian brainstem controls the timing of many
rhythmic movements that are essential for our survival, such
as respiration (reviewed by Tomori et al. 2010) and mastication (reviewed by Morquette et al. 2012). Rat licking is an
ideal behavioral model to study motor coordination and may
also serve to test the behavioral effects of acute or chronic
drug treatments in rat models of ataxia (Fowler and Wang
1998; Heck et al. 2008). Moreover, understanding how the
licking pattern is modulated is of high importance to study the
impact of taste and flavor on ingestive behavior. The chemical senses are vital for regulating food preferences and intake.
They evolved to help humans and animals survive in conditions in which essential nutrients are limited. Consequently,
we seek out sweet, fatty foods and tend to reject the bitterness
of many beneficial vegetables (Dazeley et al. 2012). Although
this behavior is crucial when food is scarce, an almost limitless availability of high-calorie beverages and foods today can
cause the normal function of taste and smell to lead to overconsumption and obesity. Early experiences (in utero) may
impact on later taste and flavor preferences and modulate
intake of nutrients (reviewed by Beauchamp and Mennella
2011; Mennella and Trabulsi 2012). Therefore, it becomes crucial to understand how gustatory cues influence food intake.
The current study uses a fine grain temporal analysis of licking to provide additional evidence that licking is an adaptable
response to the contingencies of the stimulus. In addition,
knowing how tongue movements are precisely regulated will
also improve our understanding of the mechanisms involved
in speech and swallowing disorders. Therefore, this study has
a significant broad impact on several scientific research areas
beyond the chemical senses.
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