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Abstract

A quantitative long-term fluid consumption and fluid licking assay was performed in two mouse
models with either an ~ 2Mb genomic deletion, Df(11)17, or the reciprocal duplication CNV,
Dp(11)17, analogous to the human genomic rearrangements causing either Smith-Magenis
syndrome [SMS; OMIM #182290] or Potocki-Lupski syndrome [PTLS; OMIM #610883],
respectively. Both mouse strains display distinct quantitative alteration in fluid consumption
compared to their wild-type littermates; several of these changes are diametrically opposing
between the two chromosome engineered mouse models. Mice with duplication vs. deletion
showed longer vs. shorter intervals between visits to the waterspout, generated more vs. less licks
per visit and had higher vs. lower variability in the number of licks per lick-burst as compared to
their respective wild-type littermates. These findings suggest that copy number variation can affect
long-term fluid consumption behavior in mice. Other behavior differences were unique for either
the duplication or deletion mutants; the deletion CNV resulted in increased variability of the
licking rhythm, and the duplication CNV resulted in a significant slowing of the licking rhythm.
Our findings document a readily quantitated complex behavioral response that can be directly and
reciprocally influenced by a gene dosage effect.
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INTRODUCTION

Potocki-Lupski syndrome (PTLS, OMIM#610883) is an intellectual disability and multiple
congenital anomalies (ID/MCA) syndrome caused by an interstitial duplication of

“Correspondence should be addressed to Detlef H. Heck or James R. Lupski: Detlef Heck, Dpt. Anatomy and Neurobiology,
University of Tennessee Health Science Center, dheck@uthsc.edu, Tel.: (901) 448 1678, Fax: (901) 448 7193. James R. Lupski,
Molecular and Human Genetics, Baylor College of Medicine, jlupski@bcm.edu, Tel: (713) 798-6530, Fax: (713) 798-5073.
Conflict of Interest Statement. None declared.

Disclosure: J.R.L. is a consultant for Athena Diagnostics, holds stock ownership in 23andMe and lon Torrent Systems, and is a
coinventor on multiple United States and European patents for DNA diagnostics. The Department of Molecular and Human Genetics
at the Baylor College of Medicine derives revenue from clinical testing using genetic and genomic assays.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heck et al.

Page 2

chromosome 17p11.2 [Potocki et al., 2000, 2007]. The reciprocal deletion of the same
genomic interval causes another ID/MCA disorder known as Smith-Magenis syndrome
(SMS, OMIM#182290) [Bi and Lupski, 2008; Edelman et al., 2007; Elsea and Girirajan,
2008]. Speech and language impairment and oropharyngeal dysphagia are common to both
syndromes; however, individuals with PTLS are at a higher risk for failure to thrive (FTT)
during infancy and early childhood whereas individuals with SMS are prone to obesity
[Edelman et al., 2007; Potocki et al., 2007; Soler-Alfonso et al., 2011].

Via chromosomal engineering, we previously constructed mouse models of PTLS and SMS
carrying an ~2 Mb genomic duplication [Dp(11)17] or deletion [Df(11)17] that is syntenic to
the PTLS/SMS common recurrent copy number variation (CNV) interval [Walz et al.,
2003]. Both Dp(11)17/+and Df(11)17/+mice partially recapitulate the respective human
phenotypes of PTLS and SMS including phenotypic clinical manifestations of craniofacial
abnormalities [Yan et al., 2007; Yan et al., 2004], energy metabolism anomalies [Lacaria et
al., 2012a], altered learning, memory and social interaction [Lacaria et al., 2012b; Molina et
al., 2008; Ricard et al., 2010; Walz et al., 2003; Walz et al., 2004], and display a
transcriptome that is distinct from their wild-type (WT) littermates [Ricard et al., 2010].

Deficits and abnormalities in the rhythmic fluid-licking behavior of mice can be assessed
quantitatively in a recently developed long-term fluid-licking assay [Heck et al., 2008; Roy
etal., 2011]. These deficits may reflect oral sensorimotor defects in patients and likely have
predominant cerebellar origins [Bryant et al., 2010; Heck et al., 2008]. To better characterize
and further investigate the oromotor dysfunction of PTLS and SMS, and to assess this
specific, novel behavioral aspect in the genetic context of a CNV, we applied the long-term
fluid-licking assay to both Dp(11)17/+and Df(11)17/+ mice (Fig. 1).

MATERIALS AND METHODS

Mouse Genetics

Mutant mouse strains Dp(11)17and Df(11)17were originally described in [Walz et al.,
2003]. Heterozygous Dp(1.1)17/+ mice were maintained on a congenic C57BL/6 7y*-Brd
background (>N10), and heterozygous Df(11)17/+ mice were maintained on a congenic
129S5 background (N>10). All mice were bred and housed 2-5 animals per cage ina 12 h
light: 12 h dark cycle and provided standard mouse chow and water ad /ibitum. All research
and animal care procedures were approved by the Baylor College of Medicine or University
of Tennessee Health Science Center’s Institutional Animal Care and Use Committee.

Long-Term Licking Behavior

All mice were bred at Baylor College of Medicine and shipped to the University of
Tennessee Health Science Center for testing. At the time of testing all mice were between
two and five months old. We tested 16 Dp(Z1)17/+mice and 17 of their wild-type
littermates, and 16 Df{Z11)17/+ mice, and 24 of their wild-type littermates. Water
consumption and licking behavior were monitored continuously and unsupervised for 72
hours, typically over weekends to minimize disturbances due to noise from animal facility
maintenance. Access to food and water was unlimited during the entire test period. Mice
were placed singly in standard housing cages, which were modified to allow detection of
contact between the mouse’s tongue and the water spout [Bryant et al., 2010; Hayar et al.,
2006].

Briefly, a metal wire mesh (~10 x 15 cm) was placed under the waterspout to serve as an
electrical reference. The spout and the wire mesh were connected to the input and ground of
an analogue to digital converter channel via USB connector (CED 1401, Cambridge
Electronic Design, Cambridge, UK). Each tongue-to-water spout contact (while the mouse
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stood on the metal grid) resulted in a voltage signal of 0.1 — 1 Volt that reflects the junction
potential between the water and the metal spout [Hayar et al., 2006]. Voltage signals were
digitized at 2 kHz and stored on hard disk. Lick events were analyzed off line using Spike 2
software (Cambridge Electronic Design, Cambridge, UK). Statistical comparison of
behavioral variables was performed using either Student’s t-test for variables with normal
distributions and equal variance or using the Mann-Whitney rank sum test (SigmaStat
software, Systat, San Jose, CA). Which test was used is stated in each case. The coefficient
of variation (the standard deviation divided by the mean) and the Fano factor (the variance
divided by the mean) were calculated as measures of variability for normally distributed
variables.

Table I lists the variables extracted from the long-term lick recordings and analyzed for
differences between mutant and wild-type mice of the same strain. Only variables with
significant differences in at least one strain are discussed further.

Fluid Licking Rhythm

Fluid licking in mice is a highly rhythmic oromotor behavior. The average beat of the fluid
licking rhythm in mice is approximately 10 Hz, but the mean frequency can differ
significantly between strains [Boughter et al., 2007]. Evidence suggests that this motor
pattern is generated by brainstem central pattern generating circuits and modulated by higher
motor structures [Travers et al., 1997] such as the cerebellum [Bryant et al., 2010; Welsh et
al., 1995]. We have previously shown that gene mutations associated with two autism
spectrum disorders in humans, Angelman [OMIM#105830] and fragile X syndromes
[OMIM#300624], cause a slower fluid licking rhythm in the mouse models of both disorders
[Heck et al., 2008; Roy et al., 2011].

The mean licking rhythm is inversely proportional to the mean inter-lick-interval (ILI)
duration, which is the behavioral variable utilized here to compare licking rhythms. The
mean ILI duration of Dp(11)17/+ mice was significantly longer than that of their wild-type
littermates (mean ILI duration +/- SD.: WT, 115.2 +/- 4.5 ms; Dp(11)17/+,122.0 +/- 6.2
ms; Student’s t-test, = 3.636, p< 0.001). No differences in the mean ILI durations were
observed between Df(11)17/+ mice and their wild-type littermates. Results from all
variables that showed significant phenotypic differences in this assay system between WT
and duplication or deletion mice are summarized as Fig. 2.

Variables of water intake behavior

The long-term fluid licking assay also provides quantitative measurements of slow or long
term behavioral patterns, i.e. those acting over prolonged durations of time, such as the
homeostatic regulation of water intake during the course of a day. Water intake patterns
were assessed by measuring the duration of intervals between drinking events or “visits” to
the waterspout, with inter-visit-interval (V1) durations ranging from minutes to hours.
Because of the broad time scale, we used the logarithmic values (base 10) for statistical
analyses of VI distributions between genotypes.

Compared to their respective wild-type littermates, mean /og(IV1) durations significantly
increased in Dp(11)17/+ mice (mean /og(1V1) durations: +/- SD: WT, 2.62 +/- 0.08 s;
Dp(11)17/+, 2.75 +/- 0.14 s; Student’s t-test, £= 3.264, p= 0.003), but were significantly
reduced in Df(11)17/+ mice (mean /og(IV1) durations: +/- SD: WT, 3.25 +/- 0.16 s;
Df(11)17/+, 3.09 +/- 0.23 s; Student’s t-test, £= 2.582, p= 0.014). Consistent with these
differences in average V1 durations, Dp(11)17/+ mice made fewer visits during the
observation period than their wild-type littermates (mean number of visits +/- SD: WT, 75.0
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+/-12.5; Dp(11)17/+ 61.4 +/- 16.8; Student’s t-test, = 3.264, p=0.012) and Df(11)17/+
mice made more (median number of visits: WT, 18.5; Df(11)17/+ 27.5; Mann-Whitney U
=94.5, p=0.007).

Interestingly, the background strains for the Dp(11)17and Df(11)17 CNV mutations differ
substantially in their long-term fluid intake behavior. The wild-type congenic (N > 10)
129S5 mice (littermates of the Df(Z11)17mice) made much fewer visits in each 24 hr
observation period than the wild-type mice of the C57BL/6 strain (littermates of the
Dp(11)17/+ mice (129S5, 18.5 vs. C57BL/6, 75.0). Strain differences have been observed
for most established behavioral tests [Crawley et al., 1997; Paylor et al., 2006] and
underscore the sensitivity and stability of the long-term fluid licking assay in this context.
Although interesting in themselves, the observed inter-strain differences are of little
relevance to this study since all phenotypes were defined by within-strain comparisons made
between animals of each genotype and their littermates of the same strain background.

Compared to their littermates, neither of the genotypes, Dp(11)17/+nor Df(11)17/+,
displayed difference in the total number of licks generated during the 24 hr observation
period. Thus, the opposing phenotypic differences in the number of visits in Dp(11)17/+and
Df(11)17/+mice must be compensated for by a respectively higher and lower number of
licks generated during each visit. Consistent with expectations, Dp(11)17/+ mutants
generated on average a higher number of licks per visit (Mean number of licks/visit +/- SD:
WT, 57.8+/- 15.6; Dp(11)17/+ 78.9 +/- 28.0; Student’s t-test, = 2.704, p< 0.011) and
Df(11)17/+mice generated a lower number (Median number of licks/visits: WT, 112.9;
Df(11)17/+ 63.5; Mann-Whitney U= 213.0, p=0.002) than their respective wild-type
littermates.

Fluid licking typically occurs in brief, uninterrupted trains of licks or lick bursts (Fig. 1B).
An average visit to the water spout consists of two or more bursts. The organization of visits
into bursts was quantified by counting the number of bursts per visit and the number of licks
per burst. Df(11)17/+ mice had a higher number of burst per visit than their wild-type
littermates (Mean number of bursts/visit +/— SD: WT, 2.0 +/- 0.66; Df{11)17/+, 2.49 +/-
0.66; Student’s t-test, £=2.284, p=0.028). Dp(11)17/+mice had the same average number
of burst per visit as their wild-type littermates.

Analysis of the number of licks per burst revealed opposing phenotypes with increased
numbers in Dp(11)17/+ (Median number of licks/burst: WT, 16.5; Dp(11)17/+, 20.1; Mann—
Whitney U=72.0, p< 0.022) and decreased numbers in Df(11)17/+ mice (median number
of licks/burst: WT, 58.8; Df(11)17/+, 34.9; Mann-Whitney U= 319.0, p<0.001), compared
to their corresponding wild-type littermates.

The average Fano Factors, a measure of variability, of the numbers of licks per burst was
also altered in opposite directions in Dp(11)17/+vs. Df(11)17/+mice. The licks per burst
Fano Factor was higher in Dp(11)17/+ (average Fano Factor licks/burst +/— SD: WT, 20.5 +/
—-7.5; Dp(11)17/+, 31.3 +/- 11.3; Student’s t-test, £=3.248, p< 0.003) and lower in
Df(11)17/+mice (average Fano Factor licks/burst +/— SD: WT, 69.50 +/- 28.2; Df(11)17/+,
36.47 +/- 20.8; Student’s t-test, £=3.999, p< 0.001) than their corresponding wild-type
littermates.

DISCUSSION

SMS and PTLS present clear oral sensorimotor deficits

Early feeding problems (including poor suckling) have been reported for 92% of infants
with PTLS and FTT continues to be present in 71% of PTLS children under the age of five
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[Potocki et al., 2007; Soler-Alfonso et al., 2011]. Infantile hypotonia, mild micrognathia,
palate abnormalities, as well as cardiac abnormalities and sinus arrhythmia, may impair oral
sensorimotor functions of patients with PTLS. Indeed, when a cohort or 24 subjects with
PTLS were evaluated by comprehensive swallow function studies, the results revealed
sensorimotor defects including abnormal lingual function (67%), reduced/immature chewing
(39%), mild delay in initiation of swallowing (61%), residue after swallowing (72%) and
laryngeal penetration (39%) [Soler-Alfonso et al., 2011].

Although SMS patients tend to have higher BMIs than the population norm after 2-5 years
of age [Lacaria et al., 2012a], almost all patients are characterized by feeding difficulties and
possibly FTT in their early infancy [Elsea and Girirajan, 2008; Gropman et al., 2006]. SMS
infants present marked oral sensorimotor dysfunction, with poor suckling reflex,
gastroesophageal reflux and hypotonia [Elsea and Girirajan, 2008; Gropman et al., 2006].
The presence of oromotor dysfunction is estimated to be 75-100% among SMS patients
with a genomic deletion of 17p11.2 [Edelman et al., 2007].

Besides swallowing/feeding problems, language difficulties can also have contributory
oromotor elements in their etiology [Ercan-Sencicek et al., 2011; McFarland and Tremblay
2006; Mizuno and Ueda 2005]. Both PTLS and SMS manifest clear oral sensorimotor
deficits that likely contribute to both feeding/swallowing defects and impaired language
ability. Feeding and language crucially impact the quality of life for PTLS and SMS patients
and their families and could potentially be mitigated or possibly ameliorated through oral-
motor therapy.

The oral sensorimotor deficits in SMS/PTLS can be effectively modeled by the fluid licking
behavior of Df (11)17 and Dp(11)17 mice

The rhythmic and highly coordinated procedure of fluid licking in rodents that can be
measured and quantitated provides a valuable and currently the only tool to assess oral
sensorimotor functions in an experimental setting in rodents.

The Dp(11)17mouse model for PTLS has recently been found to have many behaviors
consistent with those observed in patients with autism and autism spectrum disorders (ASD)
and has been proposed as a potential animal model of CNV associated autism [Lacaria et al.,
2012b]. Indeed, many patients with PTLS manifest neurobehavioral abnormalities and many
of those characterized also presented with autistic symptoms; 10 of 15 met diagnostic
criteria for an autistic spectrum disorder. Interestingly, in our previous licking assay studies
of two mouse models for single gene disorders that manifest ASD as part of their complex
neurobehavioral phenotype (Angelman syndrome and Fragile X syndrome) licking
abnormalities were also observed [Heck et al., 2008; Roy et al., 2011]. Thus, three animal
models for human syndromes having autism spectrum neurobehavior have now been found
to have abnormalities in licking rhythm.

Strikingly, both chromosome engineered mutant mouse strains tested here displayed clearly
altered licking behavior; the alterations of both strains were different (licking rhythm, bursts
per visit) or diametrically opposing (total number of visits, length of VI, number of licks
per visit and per burst). These data underline the sensitivity of this quantitative assay as a
model to assess oral sensorimotor phenotypes in subjects, to perceive gene dosage changes,
and to evaluate potential therapeutic efforts to improve the oral sensorimotor function. The
different or opposing phenotypes between the two mouse models further indicate that there
may be significant mechanistic difference in the etiology of the apparent FTT and language
difficulty displayed by both PTLS and SMS.

Am J Med Genet A. Author manuscript; available in PMC 2013 November 01.
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As with the opposing licks-per-visit phenotypes in mouse models of SMS vs. PTLS tested
here, the number of licks per visit showed a significant gene dosage effect in the Ube3a
deficient mouse model of Angelman syndrome [Heck et al., 2008]. The genetic and neuronal
mechanisms involved in controlling this phenotype and whether it is specific to genetic
conditions associated with autism in humans has yet to be determined.

New insights about the licking-assay

Fluid licking

Diagnostic neuroimaging revealed potential neuroanatomic anomalies in SMS patients,
including a reduced volume of the cerebellar vermis [Greenberg et al., 1996]. No
neuroimaging data of PTLS patients has been reported. Studies in rodents strongly implicate
the cerebellum in the control of fluid consumption behavior [Bryant et al., 2010; Heck et al.,
2008; Roy et al., 2011; Welsh et al., 1995], suggesting that cerebellar neuropathologies
might be at least partially responsible for oromotor deficits associated with SMS and PTLS
subjects. Interestingly, cerebellar deficits are increasingly recognized in animal models for
human ASD [Critchley et al., 2000; Fatemi et al., 2012; Stanfield et al., 2008].

is a dosage—sensitive behavior directly affected by CNV

Human genetic data indicated that, just like traditional single nucleotide variations (SNV),
copy number variations (CNV) of a genomic segment can result in a broad spectrum of
clinical manifestations including neurobehavioral traits [Lee and Scherer 2010; Lupski
2011; Stankiewicz and Lupski 2010; Zhang et al., 2009]. These observations were affirmed
by studies in animal models which experimentally proved that CNV can be directly
causative for phenotypes of cognitive ability, level of anxiety, social behavior as well as
reaction to a new environment [Horev et al., 2011; Molina et al., 2008; Ricard et al., 2010;
Walz et al., 2004]. Interestingly, these functional phenotypes are accompanied by different
levels of CNV - caused alterations in gene expression [Horev et al., 2011; Ricard et al.,
2010] and brain anatomy [Horev et al., 2011]. Further, phenotypes resulting from a
reciprocal dosage change of CNV (copy number gain vs. copy number loss) are often
diametrically opposing [Horev et al., 2011; Ricard et al., 2010], an observation that echoes
accumulating findings in human genetics, where reciprocal phenotypes associated with
opposing gene/genome dosage alterations (7.e. copy humber loss versus copy number gain)
have been described for the complex neuropsychiatric traits of schizophrenia and autism, as
well as microcephaly and macrocephaly, associated with, respectively, duplication/deletion
CNV at 16p11.2 [McCarthy et al., 2009; Shinawi et al., 2010; Weiss et al., 2008] and
deletion/duplication of 1g21.1 [Brunetti-Pierri et al., 2008; Consortium 2008; Lupski 2008;
Stefansson et al., 2008].

This current neurobehavioral licking assay study in mouse chromosome engineered models
of two human genomic disorders demonstrated that the rhythmic and highly coordinated
complex oral sensorimotor behavior of liquid licking in mice can also be directly affected by
CNV. Moreover, a number of parameters including number of visits, inter-visit time, licks
per burst and licks per visit at increased (Dp(11)17) and reduced gene dosage (Df(11)17)
show diametrically opposing trends of alteration. Different from the other known CNV —
caused phenotypes, fluid licking is a predominantly cerebellum — regulated behavior. These
findings thus demonstrate that, in addition to amygdala-regulated anxiety, dopamine
pathway regulated activity and serotonin pathway regulated social preference, cerebellum-
regulated behavior can also be sensitive to dosage change and react to mirroring changes in
diametrically opposing ways.
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Figure 1.

Long-term licking assay and data example: A) Mice were housed singly in a standard home
cage environment. A metal grid placed underneath the waters spout and a stainless steel wire
inserted into the water bottle were connected to an analogue-digital converter as described in
the methods section. B) Data example from a wild-type (Dup) mouse, showing a ca. 28 hr
observation time with dark periods marked in grey. Each vertical line represents a visit to
the water spout, which typically consists of multiple licks. Double arrow above the trace
marks a 24 hrs period. The double arrow below the trace marks an inter-visit-interval (1V1).
C) Enlarged lick pattern of a single visit to the water spout. D) Further expansion of a single
visit lick pattern in this example consisting of two bursts.
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A B
WT,, Dup WTy Df o
Mean ILI duration (ms) 115.2+/-4.5 122.0 +/-6.2* 106.8 +/-3.2 107.2 +/-3.5
Mean log(IVI1) duration (s) ** 2.62 +/-0.08 2.75+/-0.14 3.25+/-0.16 3.09 +/-0.23
Mean number of visits** 75.0 +/-12.5 61.4 +/-16.8 18.5 27.5
Mean number of licks per visit** 57.8+/-15.6 78.9 +/-28.0 112.9 63.5
Mean number of bursts per visit 3.04+/-2.8 3.08 +/- 2.6 2.0+/-0.66 2.49 +/- 0.66*
Mean number of licks per burst**  16.5 20.1 58.8 34.9
Fano Factor of licks per burst** 20.5+/-7.5 31.3+/-11.3 69.50 +/- 28.2 36.47 +/- 20.8

-100-80-60-40-20 0 20 40 60
Change relative to WT (%)

Figure2.

Summary of differences in fluid licking behavior. A) List of variables with their mean +/-
standard deviation or median values that showed significant differences associated with a
deletion, Df(11)17, duplication CNV, Dp(11)17, or both. Variable names in the left column
marked with double asterisks showed opposing phenotypic differences in deletion vs.
duplication mice. Variables without asterisks showed differences in only one of the strains
and an asterisk next to the mutant’s value in the table marks the strain with the significant
difference. B) Graphic representation of phenotypic differences between wild-type mice and
their duplication or deletion litter mates expressed in percent of the wild-type value.
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Table 1

List of quantitative behavioral variables derived from long-term observations of fluid licking behavior

evaluated in this study

Number of inter-lick-intervals (ILIs)

Intervals within a range from 40 — 180 ms. This range included the primary ILI distribution.
All longer intervals were excluded from all analyses based on ILI counts (Boughter and
others 2007).

Mean ILI duration

Mean of the ILI distribution

Coefficient of variation of the ILI distribution

A measure of the variability. The distribution standard deviation divided by the mean.

Fano Factor of the ILI distribution

A measure of variability. The distribution variance divided by the mean.

Number of visits to the water spout

A visit consisted of two or more licks with an ILI within the 40 — 180 ms range. By
definition visits had to be preceded by a 1 min interval without licks.

Mean /og(inter visit interval duration), /og(IV1)

Mean of the /og10(1VI1) distribution

Coef. of Var. of the fog(1V1) distribution

A measure of the variability. The distribution standard deviation divided by the mean.

Fano Factor of the /og(IV1) distribution

A measure of variability. The distribution variance divided by the mean.

Mean number of licks per visit

Average of the counts of all licks in all visit

Coef. of Var. of licks per vist

A measure of the variability. The distribution standard deviation divided by the mean.

Fano Factor of licks per visit

A measure of variability. The distribution variance divided by the mean.

Mean number of licks per burst

A burst is defined as an uninterrupted sequence of licks with no interval exceeding 500 ms
duration. This allows for “missed” licks which occur occasionally when the mouse extends
the tongue but does not touch the water spout. This results in a double-long interval which
shows up in the ILI distribution as a small second peak centered at twice the mean ILI
(Boughter and others 2007).

Coef. of Var. of licks per burst

A measure of variability. The distribution standard deviation divided by the mean.

Fano Factor of licks per burst

A measure of variability. The distribution variance divided by the mean.

Mean number of bursts per visit

Average count of the number of bursts in all visits.

Coef. of Var. of bursts per vist

A measure of the variability. The distribution standard deviation divided by the mean.

Fano Factor of bursts per visit

A measure of variability. The distribution variance divided by the mean.
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