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INTRODUCTION

Communication and swallowing are highly complex sensorimotor events that are tightly
linked to respiration and vital to health and well-being. The tongue is a complex organ,
often described as a muscular hydrostat, that is crucial for maintaining airway patency,
preparing and safely transporting food/liquid, and rapidly changing position and shape for
speech. As with any complex behavior, tongue function can be compromised with aging,
diseases/conditions, trauma, or as a pharmacologic side effect. As such, modeling lingual
function and dysfunction for basic and translational research is paramount; understanding
how the nervous system controls tongue function for complex behavior is foundational to
this work. Non-invasive access to tongue tissues and kinematics during awake behavior has
been historically challenging, creating a critical need to measure tongue function in model
systems. Germane to this field of study are the instruments and assays of licking/lapping
and drinking, including tongue force and timing measures, many of which were designed
or modified by Dr. Stephen C. Fowler. The focus of this paper is to review some of the
important contributions of measuring tongue behaviors in awake rats and mice and how
these have been modified by other researchers to advance translational science.

LICKING/LAPPING BEHAVIOR IN RATS AND MICE

Licking behavior in experimental rodent models, most commonly rats and mice, is used
to determine fluid consumption in a variety of behavioral contexts (Stellar & Hill, 1952),
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such as orolingual motor function (Stanford et al., 2003), the impact of aging or disease
conditions on tongue force and with tongue exercise (Ciucci et al., 2011; Cullins & Connor,
2019), and the assessment of dose-related behavioral effects of chronic or acute drug
treatment (Fowler & Mortell, 1992; Fowler & Wang, 1998; Moss et al., 2001). Both /icking
and /apping are terms used to describe licking behavior interchangeably in the literature,
though some researchers have defined them as distinct behavioral patterns. Licking behavior
is driven by central pattern generators and involves repetitive tongue and jaw movements
(Juch et al., 1985; Marder & Calabrese, 1996; Brozek et al., 1996; Travers et al., 1997).
Lapping is a form of drinking from an open source of water involving licking behavior but
differing in tongue-movement patterns influenced by the position of the water source relative
to the tongue (Halpern, 1977).

Different instruments have been used in research to measure licking and lapping behavior
and to collect data based on tongue protrusion, timing, and force. Through modifications
of these established basic systems, novel instruments have been introduced, discussed, and
described by various researchers. Commercially available experimental instruments collect
information via installed light beams (optical sensors) or electrical signals generated by
either contact with the tongue or through application of tongue force on a lever (force
Sensors).

Many of Fowler’s assays and investigations targeted measurements of tongue force and
licking outcomes in behavioral (Fowler et al., 2002) and pharmacological contexts (Fowler
& Mortell, 1992; Fowler & Das, 1994; Das & Fowler, 1996, 1996b; Skitek et al., 1999;
Wang & Fowler, 1999; Moss et al., 2001). Throughout his scientific work, he introduced,
established, and modified rodent tongue force and licking instrument models of his own
design, which inspired further modifications by various researchers in multiple scientific
fields, described below (Ciucci & Connor, 2009; Connor et al., 2009; Lever et al., 2010;
Cullins & Connor, 2019; Plowman et al., 2014).

THE LICKOMETER AS A BLUEPRINT FOR FOWLER’S LICKING
INSTRUMENTS FOR RODENTS

The lickometer was first described by Wall, Walters, and England as an operant device

for recording dry, unreinforced tube licking in rats (Wall et al., 1972). Prior to the
development of this novel experimental device, an electronic drinkometer was commonly
used for measuring rate of consummatory licking (Williams & Teitelbaum, 1956) and to
track the amount of liquid intake in experimental settings (Hill & Stellar, 1951; Stricker &
Miller, 1965). A drinkometer reinforces each lick with a liquid reward, which poses some
limitations in studies that focus on licking as an operant, due to potential satiety.

The lickometer as described by Wall and colleagues consists of a solid, tube-like rod
mimicking a standard water bottle drinking tube with an electrically sensitive tip (Wall et

al., 1972). This facilitates the recording of licks, allowing for independently programmed
reinforcement and direct comparison of licking with other operants under identical
reinforcement conditions. In some models, each lick completes an electrical circuit, allowing
for the measurement of licking frequency, lick duration, and/or tongue contact.
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FOWLER’S EARLY WORK USING A MODIFIED LICKOMETER/
DRINKOMETER MODEL

In a pharmacological study from 1984, Fowler described a contact-circuit model used

to record licking behavior in rats. Licking behavior was quantified by recording lick
duration and licking frequency to study the effects of pimozide on non-water-restricted rats
(Gramling et al., 1984). A similar mechanism was used to study the effects of neuroleptics
on rate and duration of operant versus reflexive licking in rats (Gramling & Fowler, 1985).

Fowler used a simple setup of a closed-circuit system. A circular opening permitted head
entry of the experimental rat into a cylindrical recession that extended from the front panel
of the chamber wall, with a circular opening parallel to the chamber floor, to permit tongue
access to a lowered water/sucrose reservoir (Gramling et al., 1984). In a later model, the lick
surface consisted of a dry horizontal disk and a solenoid valve to deliver water reinforcement
into a cup. This was used for the investigation of operant licking condition, as opposed to
the reflexive licking condition, using a tap water reservoir. Fluid levels were raised in the
reservoir beneath the cylindrical recession prior to the experimental session, and levels were
dropped slowly during the course of each session. Lick durations (amount of contact time
between tongue and fluid/disk) and interlick intervals (ILI, amount of time between licks)
were recorded. An electrical current (1.5 pA) passed through the experimental animal in the
contact circuit to record licking measurements (Gramling et al., 1984; Gramling & Fowler,
1985).

In the following years, modifications of this apparatus were used to assess several outcome
measures. These included licking rate, contact duration, inter contact intervals (ICI), and ILI
measurements in a pharmacological context (Gramling & Fowler, 1986). Additionally, these
advances shifted the focus toward tongue force and contact time measurements for a more
detailed assessment of tongue dynamics in the context of various behavioral and drug studies
(Fowler & Mortell, 1992; Fowler & Das, 1994). Further technical modifications allowed

for measurement of peak tongue force strikes, number of separate tongue contacts, lapping
rhythms, and duration of tongue contact (Das & Fowler, 1996, 1996b).

THE FORCE TRANSDUCER AND THE FORCE DISK

Key to these novel measurement approaches was Fowler’s implementation of a force
transducer and force disk. A pressure transducer was used to measure the exerted force

by the tongue on the water source or force disk (Fowler & Mortell, 1992). While electrical
lick sensor models commonly use an electrical current in the experimental chamber floor
and on the tip of the water bottle to create a closed circuit, force lick sensors do not

pass an electrical current through the experimental animal (Weijnen, 1998). Force sensors
detect the pressure of the experimental rodent’s tongue upon either a lick surface (force
disk) or a drinking straw/tube to record tongue force. With his innovative modification

to the lickometer, /.e. the single lick force recording chamber, Fowler was able to derive
various new measurements studying muscle force timing and the underlying neurobiology
in diverse behavioral (Fowler et al., 2002; Skitek et al., 1999; Stanford et al., 2003) and
pharmacological contexts, such as the effects of haloperidol on rodent licking behavior
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(Fowler & Mortell, 1992; Fowler & Das, 1994; Das & Fowler, 1996; Fowler & Wang, 1998;
Wang & Fowler, 1999), the effects of clozapine on licking in rats (Das & Fowler, 1995b,
1996b), and the effects of 3-Acetylpyridine on tongue protrusion and lick rhythm in rats
(Moss et al., 2001).

Fowler’s extensive collaboration with Shyamal Das investigating pharmacological effects
on rats lapping and licking behavior accelerated the evolution of measurement derivatives,
the standardization and specification of tongue force measurements, and development of
testing device modifications (Fowler & Das, 1994, Das & Fowler, 1995, 1996, 1996b;). This
important work laid the foundation for wide-ranging, innovative, and novel investigations.
For example, researchers used modifications of the lickometer-based force disk and force
transducer to study the onset, progression, and treatment of swallowing dysfunction-related
conditions modeled in rats, such as functional swallowing changes post-stroke (Cullins &
Connor, 2019), the effects of aging on tongue protrusion forces (Nagai et al., 2008), and
tongue force and timing deficits in various models of Parkinson disease (Ciucci et al., 2011).

THE FORCE SENSING DISK AND THE ACTOMETER

The force-sensing disk was another method employed extensively by Fowler for studying
force in forelimb (Fowler et al., 1990, 1994) and licking tasks (Fowler & Das, 1994, Fowler
& Mortell, 1992). The apparatus includes a 23x20x19 cm chamber with stainless steel rods
(6.5 mm in diameter) running parallel to the front of the chamber and a light mounted to the
top. Chambers used for forelimb force have a cylindrical recession (5.7 cm in diameter) in
the front panel with access to a solenoid-operated dipper and an opening to a manipulanda.
This design allows rats to press an operandum with their forelimb and drink from the

dipper simultaneously (see Figure 1) (Fowler et al., 2002b; Liao et al., 1997; Stanford et al.,
2000; Stanford & Fowler, 1997, 1998, 2000, 2002). Force emissions from the operandum,

as well as response durations, forelimb tremor, and time measurements are recorded and
subsequently analyzed (Fowler et al., 1990, 1994, Fowler & Das, 1994). Similarly, chambers
used for licking behavioral tasks include a 6x6x3 cm recession in the front panel with access
to a circular (18 mm in diameter) metal disk, which is connected to a force transducer and

is used as the lick contact surface (see Figure 2) (Das & Fowler, 1996; Fowler et al., 2002;
Fowler & Mortell, 1992). Outcomes including the number of licks within a specific time
frame, lick peak force (g), and lick rhythm (Hz) have been measured over the past several
decades using these force transducers.

In 2001, Fowler and colleagues published another method for measuring rodent motor
behavior: the force-plate actometer (Fowler et al., 2001). The computer-based instrument
uses an immobile, low-mass horizontal plate and four supporting force transducers to
monitor and score animal movements, including locomotion, rotation around the center,
whole-body tremor, rearing, and amphetamine-induced stereotypies (Fowler et al., 2001).
The force-plate actometer combines mechanical, electronic, and computational properties,
resulting in an apparatus that allows for the objective collection of behavioral data.
Throughout the literature, the actometer is often coupled with the force-sensing disk, as
both inform motor function. For example, both methods have been used to assess behavioral
deficits in genetically modified animals (Fowler et al., 2002, 2002b). Depending on the
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research question and the context of the study, tongue function can also inform body
function or vice versa. For example, the tongue can influence the neuromotor control of

a lower limb (Bordoni et al., 2018). Specifically, tongue positioning (extended up to the
palatine spot) significantly increased knee flexion peak torque (Di Vico et al., 2013). This
demonstrates that tongue function may have implications for lower limb movement, beyond
just the classically considered oromotor behaviors like chewing and swallowing. As such,
we will review the actometer briefly, as future work may benefit from the combined use of
the force-sensing disk and the actometer, to measure cranial and appendicular movements.

The force-plates were created to be 280x280 mm, a size deemed suitable for both rats and
mice, eliminating the need to make changes for either species. Force plates were made from
0.125 mm thick aluminum foil and aluminum honeycomb, achieving low mass and high
stiffness. Wide (15 mm) strips of aluminum tape were used to cover sharp edges of the
plates. Four of the plates were attached to the transducer shafts. A stainless-steel reference
plate was used to fix the position of the transducers. An approximately 20 Ib square piece
of granite (349x349x28.6 mm) was used as a ballast plate to ensure no environmental
interference (e.g. vibrations) was picked up by the sensors.

The animal chambers are constructed 2 mm above the force plates using plexiglass,
aluminum, and brass, all non-toxic materials likely to withstand animal urine and feces.
Transparency of the plexiglass allows for direct visualization of animals. Holes at the top of
the chamber provide ventilation. All interior surfaces are smooth and level as to prevent the
biased use of space in the chamber (e.g. some animals are prone to climbing). The chamber
also includes unique rotometer inserts that, unlike other commonly used rotometers, do

not require that the animal be harnessed or tethered. Furthermore, compared to traditional
video systems or photobeams, the force-plate actometer provides high spatial and temporal
resolution, significantly improving the quality of locomotor research.

The force-plate actometer and its associated specialized computer algorithms have
revolutionized behavioral data collection. Since its inception, the force-plate actometer has
been adapted and used to measure a number of motor behaviors in various animal models of
disease, including Huntington’s disease (Fowler et al., 2009), Parkinson disease (Meredith &
Kang, 2006), Alzheimer’s disease (Winkler et al., 2015), and Tourette syndrome (Fowler et
al., 2017).

MODIFICATIONS OF FOWLER’S INSTRUMENTS IN RESEARCH

Fowler’s work has been adapted for numerous lines of research in recent years. For example,
modified techniques using the force transducer have been established by Connor and Russell
for aging research, and this approach has extended to Connor trainees for examining
complex tongue behavior in models of aging (Cullins et al., 2018, 2019; Cullins & Connor,
2017; Glass et al., 2021; Kletzien et al., 2012, 2020; Nagai et al., 2008; Schaser et al., 2016,
Connor et al., 2009), Parkinson disease (PD) (Ciucci et al., 2011, 2013; Glass et al., 2020),
stroke (Cullins & Connor, 2019), and head and neck cancer (Russell & Connor, 2014).
Further, this paradigm has been used to measure tongue muscle function and subsequent
correlation with histopathological assays in various models of aging and disease (Cullins et
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al., 2019; Cullins & Connor, 2017, 2019; Glass et al., 2020; Ota et al., 2005; Connor et al.,
2009).

Specifically, custom instruments have been created by Connor and Russell to acquire
maximal tongue force and timing measures in an awake rat to assess tongue strength and
timing. Such modifications include an operandum within a single animal enclosure that
measures lick rate, number of licks, lick interval, and tongue force (see Figure 3) (Connor
et al., 2009). An 18 mm aluminum disk is fitted with a force transducer on the shaft; when
pressed with a designated amount of force, a 0.10 mL water reward is dispensed onto the
disk via a variable ratio schedule. The water reward is delivered as more force is generated
by the experimental rat. The operandum is connected to computer software that allows for
real-time capture of relevant measures and can be programmed to reinforce at force-specific
targets. Measurements obtained provide functional behavioral data that are correlated to
other physiologic findings, discussed below.

Examples of these physiologic correlates include studies focused on neuromuscular
electrical stimulation (NMES). Muscle contractile properties have been elicited and
subsequently evaluated using bilateral hypoglossal nerve stimulation, specifically maximum
forces and fatigability of the tongue in an aging model (Ota et al., 2005). Examination

of protrusive tongue force and timing characteristics (e.g., via bilateral hypoglossal nerve
stimulation (Ciucci et al., 2013) in the rat model have key clinical implications related to
oromotor and swallow function. Correlating behavioral findings with physiologic measures
such as stimulated forces allows more nuanced analysis of muscle function as it relates to
swallow function (Nagai et al., 2008; Russell & Connor, 2014).

The ability to assess tongue force and timing using the modified operandum has also been
described by the Connor and Ciucci research groups in several models of PD, including
the Pink 1-/-rat model (Glass et al., 2020; Grant et al., 2015) and 6-hydroxydopamine
(6-OHDA\) neurotoxin model of PD (Ciucci et al., 2011, 2013). The tongue press paradigm
allows for measurement of function in extrinsic tongue muscles, including force and
timing measures (Ciucci et al., 2013; Glass et al., 2020). Subsequent correlations to
histopathological findings allow for comparisons between behavioral and neurologic-based
outcomes, such as striatal dopamine depletion, neuronal loss in cranial brainstem regions,
and pathology of peripheral nerves and muscles (Ciucci et al., 2013; Glass et al., 2020).
Conclusions provide crucial insight into the mechanism of tongue motor function (central
vs. peripheral), as well as critical information regarding early disease signs that manifest in
functional licking.

Tongue force has also been measured by Plowman in the 6-OHDA rat model of PD and

in autologous muscle-derived stem cell (MdSC) therapy in denervated tongue muscle of
ewes (Plowman et al., 2014, 2014b). In 2014, Plowman and colleagues piloted a study

on denervated tongue muscle of ewes using hypoglossal nerve stimulation coupled with

a tensometer and high-resolution manometry to gather data on tongue strength, allowing

for functional and histological comparisons pre- and post-mortem. Specifically, maximal
contractile force and tongue pressure were measured to assess the utility of MdSC therapy in
the presence of denervation; preliminary findings demonstrated increased tongue strength
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post-therapy. Measurement of tongue strength is crucial in assessing key mechanistic
function related to swallowing, as well as the potential utility and validity of intervention
methodologies such as MdSC therapy.

With regard to the 2014 6-OHDA study, Plowman and colleagues used targeted motor
training to examine the potential impacts of said rehabilitation methodology on limb

motor and cranial motor (licking) function, as well as corresponding corticobulbar and
corticospinal circuits (Plowman, 2014b). They used a lick/force recording apparatus to study
licking dynamics and to employ a targeted training paradigm (2 g lingual force requirement
for 14 days) (Plowman, 2014b). Understanding orolingual motor deficits in models of PD
allows for refined investigation and subsequent preclinical intervention methodology, aiding
future clinical research in populations affected by dysphagia (Nuckolls et al., 2012).

Measurement of tongue function provides critical information regarding swallow function
and degree of impairment for both speech and swallowing throughout amyotrophic lateral
sclerosis (ALS) disease progression (Perry et al., 2018, 2021). Fowler’s instruments have
been adapted for ALS research by scientists such as Stanford, Plowman, and Lever.
Smittkamp and Stanford were the first to measure tongue function in mice and rats

with ALS using the force transducer. Tongue force and lick rhythm were measured in
pre-symptomatic, symptomatic, and end-stage points of disease using a familial model of
ALS, specifically the SOD1-G93A model, allowing for characterization of bulbar motor
deficits (Smittkamp et al., 2008, 2010). Additional research by Ma and colleagues used a
modified operant chamber with a force transducer to assess both tongue motor function and
employ a strength-training paradigm. This allowed for exploration into orolingual deficits
and potential impacts of exercise related to bulbar function in an SOD1-G93A female

rat model of ALS (Ma et al., 2016). In Lever’s research, the force lickometer allows

for investigation of the potential benefit in implementing an individualized lingual exercise-
based program for patients with neurodegenerative diseases, coupled with assessment of oral
function using videofluoroscopy (Lever et al., 2008, 2010; Osman et al., 2020).

Beyond functional measurement, this modification has been used in the context of an
exercise-based treatment paradigm (Behan et al., 2012; Cullins et al., 2018; Glass et al.,
2021; Kletzien et al., 2012, 2020; Connor et al., 2009; Schaser et al., 2016, Ciucci et al.,
2011, 2013; Plowman et al., 2014). The progressive resistance training paradigm employed
by the Connor and Ciucci research groups is conducted 5x/week over the course of several
weeks (e.g., 6-8 weeks). The paradigm involves training rats to press the disk with an
increasing amount of force to obtain a water reward. Force requirements are individualized
and determined through baseline and mid-point testing. The maximum force produced
during a 5-minute session in the chamber is recorded, and a percentage of that maximum
force is calculated to define the force requirement. Percent required is then incrementally
increased by a specific amount (e.g. 20% for the first 2 weeks of training, 40% for the next
2, and so on). Midpoint recordings are conducted to update the maximum force produced,
and percentages are re-calculated before continuing the second half of the paradigm. Final
testing is done to collect relevant measures and allows for pre- to post-training comparisons.
Tongue exercise treatment in the rat model aligns with clinical dysphagia intervention
methods and enables exploration into how treatments may impact swallow function in both
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aging (Kletzien et al., 2012; Krekeler et al., 2018, 2020; Krekeler & Connor, 2017) and
disease models, such as head and neck cancer (Russell & Connor, 2014).

Tongue exercise therapy using the force transducer has also been explored beyond

the context of orolingual deficits. Such research includes upper airway stability, with
implications for obstructive sleep apnea (OSA) (Huang et al., 2021; Rueda et al., 2020).
Huang and colleagues described the use of an 8-week training paradigm, in which rats that
underwent a progressive resistance tongue exercise training were found to have increased
corticomotor excitability and EMG activity within the genioglossus muscle of the tongue,
thus providing data for a potential framework using tongue exercise in patients diagnosed
with OSA (Huang et al., 2021).

The modification and use of these instruments in research focused on aging and disease
models has provided crucial information related to quantifying key aspects of swallow
function. Measurements of lick rate, number of licks, tongue force, and variability in

force and timing correlate with implications in the oral phases of swallowing, which has
subsequent impacts on airway safety and swallowing efficiency. Further, this data allows
for translation to therapy-based paradigms in which researchers assess the utility of tongue
exercise on swallow function. In doing so, gaps in knowledge present in a wide variety of
clinical populations can be addressed, allowing for improvements in clinical research and
practice.

CONCLUSION AND FUTURE DIRECTIONS

The expansive contributions of Fowler continue to be used to measure tongue dynamics.
His innovation has left a lasting impact on various fields of research. Even today, many of
his innovations continue to be updated and adapted to address critical gaps in knowledge.
Functional measurements of tongue force remain an unparalleled method for studying the
onset, progression, and treatment of swallowing dysfunction related to ALS (Lever et al.,
2008, 2010; Osman et al., 2020; Perry et al., 2018, 2021), Parkinson disease (Ciucci et al.,
2011, 2013; Glass et al., 2020; Plowman et al., 2014b), aging (Cullins et al., 2018; Kletzien
etal., 2012; Krekeler et al., 2018, 2020; Krekeler & Connor, 2017; Nagai et al., 2008; Ota
et al., 2005; Connor et al., 2009), stroke (Cullins & Connor, 2019), and head and neck
cancer (Russell & Connor, 2014). These advances are continuing to elucidate not only the
mechanisms of diseases, but also pathways of treatment and care for a wide range of patient
populations. As a scientific community, we have robust tools to study tongue dysfunction
and swallowing impairment, made possible through the innovation of Fowler.
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Figure 1.
Outside-the-chamber view of a rat drinking from a dipper and exerting force on an isometric

force transducer (Fowler et al., 1990).
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Figure 2.

Line drawing of a rat licking the force-sensing lick surface (Fowler & Mortell, 1992).
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Schematic of the tongue force operandum (Connor et al., 2009).
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