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Abstract

Behavioral phenotyping is a crucial step in validating animal models of human disease. Most
traditional behavioral analyses rely on investigator observation of animal subjects, which can be
confounded by inter-observer variability, scoring consistency, and the ability to observe extremely
rapid, small, or repetitive movements. Force-Plate Actimeter (FPA)-based assessments can
quantify locomotor activity and detailed motor activity with an incredibly rich data stream that can
reveal details of movement unobservable by the naked eye. This report describes four specific
examples of FPA analysis of behavior that have been useful in specific rat or mouse models of
human neurological disease, which show how FPA analysis can be used to capture and quantify
specific features of the complex behavioral phenotypes of these animal models. The first example
quantifies nociceptive behavior of the rat following injection of formalin into the footpad as a
common model of persistent inflammatory pain. The second uses actimetry to quantify intense,
rapid circling behaviors in a transgenic mouse that overexpresses human laminin a5, a basement
membrane protein. The third example assesses place preference behaviors in a rat model of
migraine headache modeling phonophobia and photophobia. In the fourth example, FPA analysis
revealed a unique movement signature emerged with age in a digenic mutant mouse model of
Tourette Syndrome. Taken together, these approaches demonstrate the power and usefulness of the
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FPA in the examination and quantification of minute details of motor behaviors, greatly expanding
the scope and detail of behavioral phenotyping of preclinical models of human disease.
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1.1 Introduction

Behavioral phenotyping comprises the basis of perhaps the most fundamental features of the
validation of animal models of human disease. Many of the inroads in the effective use of
rodent models of disease and the development of therapeutic interventions have relied upon
straightforward observation of changes in the behavioral repertoire of a subject exposed to
various stimuli, physiological modifications, or drugs. In rodent models of human disease, if
a genetic variant or environmental perturbation (typically neurological) is responsible for
behavioral dysfunction, then a rodent model incorporating the variant or perturbation should
display corresponding behavioral changes. The use of standardized, robust behavioral
analyses of the mutant mouse can assess whether specific alterations lead to disease-relevant
phenotypes. Many disorders in humans, particularly those of the nervous system, are
associated with deficits in cognitive, sensory, motor, or social aspects of behavior.
Behavioral screening using a battery of well-defined tests can help determine whether the
rodent model displays behavioral features similar to the human disease. In such tests, the
face validity of rodent models has been largely dependent on the similarity of the subject’s
movement and actions as reflecting the human condition. While many of the simplest and
most hardy behavioral phenotyping approaches have relied on straightforward investigator
observation of the animal subjects’ behavior, this approach can be significantly
compromised by inter-observer variability, scoring consistency, and the ability to observe
extremely rapid, small, or repetitive movements. Accordingly, many useful refinements in
behavioral phenotyping have emerged through development of apparatus to objectively and
quantitatively measure specific aspects of rodent behavior.

Many common tests of general locomotor activity are based on observation of the subject’s
movements when placed in a novel open arena. Rodents have a natural drive to explore new
surroundings, and this can be leveraged to assess patterns of movement such as total distance
traveled, rearing, circling, bouts of low motility, and stereotypic behaviors (e.g., grooming).
Open-field arenas for rodents can be circular or square, and are typically divided into sub-
areas to facilitate observation of the patterns of movement around the arena.

Automated recording and measurement of locomotor activity can be accomplished using
apparatus that record rodent movement through breakage of photocell beams,
electromagnetic detection, or video tracking software (Grusser and Grusser-Cornehls 1998,
Drai, Kafkafi et al. 2001, Thifault, Lalonde et al. 2001). Some of these technologies can be
adapted to home cages instead of novel test arenas; this avoids anxiety-evoked thigmotaxis,
but this loses the advantage of evoking locomotion by exposure to a novel environment. A
distinct advantage of automated systems includes labor-reducing standardization of
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objective, unbiased quantification and recording of locomotion, and multiple options
regarding data analysis. Apparatus such as the force-plate actimeter can also be enclosed in a
sound-attenuating, opaque chamber, which removes the impact of observer presence
altogether (Chesler, Wilson et al. 2002).

1.1.1 Force-plate Actimetry

Detailed analysis of locomotor activity, exploratory behaviors, stereotypy, tremor and ataxia
are facilitated by apparatus such as the BASi Force-Plate Actimeter (FPA) (Bioanalytical
Systems, Inc., Mount Vernon, IN), which provides a very rich data stream that records and
quantifies minute details of movement. The actimeter arena consists of a square, stiff
horizontal plate (42 cm x 42 cm) attached at the corners to force transducers that record the
center of mass (X,Y position) of the animal subject. A Plexiglas enclosure rests a few
millimeters above the plate to create a transparent enclosure (Figure 1). Animals are placed
into the testing arena and allowed to move freely for the testing period (as little as 10
minutes for initial screening purposes, but potentially for hours-long assessment). When the
test subject moves on the plate, its movements are sensed by the transducers, whose signals
are processed by a computer to detect and score a wide range of behaviors or behavioral
attributes, including behavioral events occurring at user-defined frequencies or amplitudes.
These include, but are not limited to, stereotypies, tremor, startle, or ataxia. The actimeter
simultaneously records larger movements such as locomotion (with mm scale resolution)
and fine movements (with frequency resolution up to 100 Hz). Analysis of the data gathered
during this time reveals several parameters such as total distance traveled (a sum of X,Y
deflections of the center of mass over time; includes both large and small movements), area
travelled (a two-dimensional integration of X,Y deflections over time), bouts of low mobility
(periods when the X,Y position remains within a defined small area over a period of time,
typically 10 sec), focused stereotypies (an area-partitioned variance of total force deflections
over time), left and right turns, and other aspects of both general locomotion and small body
movements, including very small movements like whisking (active sweeping movements of
the vibrissae that provide sensory input), respiration, and even heart beat (Fowler,
Birkestrand et al. 2003, Crosland, Zarcone et al. 2005, McKerchar, Zarcone et al. 2006,
Smittkamp, Brown et al. 2008, Fowler, Zarcone et al. 2010). This apparatus has been
particularly useful in analyzing rotational behaviors, inherent or drug-evoked tremor, and
seizure-like activity in rodents (Fowler, Miller et al. 2009). This is accomplished via
decomposition of the force-time data gathered by the FPA using a mathematical Fourier
transformation into a quantification of the power of movements as a function of frequency
(Fowler, Miller et al. 2009), which conceptually would be similar to evaluating the volume
of individual notes in a musical chord. Typical frequencies of normal rat behavior include
licking (4-7 Hz), respiration (1-2 Hz), heartbeat (6-8 Hz), and whisking (8-25 Hz;
(Deschenes, Moore et al. 2012)). Locomotion is typically large amplitude and very low
frequency (< 2 Hz).

1.1.2 Preclinical rodent models of human disease

The first example uses a common model of persistent inflammatory pain: injection of
formalin into the rat footpad. In this experiment, the behavioral responses of rats were
quantified using the FPA, resulting in much greater detail than possible counting hind limb
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flinches. The formalin test is an established, widely used model of persistent inflammatory
pain (Tjolsen, Berge et al. 1992, Porro and Cavazzuti 1993). This model is usually used in
mice and rats, and may provide a better approximation of clinical chronic pain than
traditional phasic nociceptive tests, such as acute radiant thermal, hot-plate, or mechanical
paw withdrawal tests. Formalin induces a biphasic pain-related behavioral response,
separated by a quiescent interphase. The first (early) phase is due to C-fiber activation, while
the second (late) phase is due to peripheral inflammation and central sensitization. The
behavioral responses that can be evaluated include lifting (flexing), licking, biting, and
flinching of the injected paw. The flinching response seems to be a consistent component of
the response, and is easy to observe and quantify. The other behavioral responses have been
more problematic, and it has been suggested that flinching is less influenced by conditions
that affect non-nociceptive behavior, and, thus, is a better end-point (Tjolsen, Berge et al.
1992). In the experiments used in this report as an example of actimetry, intensity of
nociceptive behaviors evoked by formalin were measured to provide a quantitative means for
subsequently assessing their modification by acute, activational effects of estrogen (Ralya
and McCarson 2014).

The second example uses actimetry to quantify intense circling behaviors in a transgenic
mouse that overexpresses human laminin a5, which is a basement membrane protein. In this
model, a bacterial artificial chromosome containing a portion of human chromosome 20
including the entire laminin a5 gene was phenotyped. Laminin a5 is required for kidney
glomerular basement membrane assembly, but is also found in vascular basement
membranes located throughout much of the body, including the CNS. The hemizygous
transgenic mice display normal kidney function with little or no urinary albumin as assessed
by ELISAs, normal blood urea nitrogen levels, and normal ultrastructure of the kidney GBM
(Steenhard, Zelenchuk et al. 2011). However, the homozygous mice also displayed a robust,
hyperlocomotive circling behavior far too rapid to quantify (or even observe clearly) with
traditional scoring approaches. The behavioral phenotype of the transgenic mice was
assessed through a battery of common tests as well as analyses of locomotor activity using a
FPA.

The third example shows the utility of modification of the force-plate actimeter to assess
place preference behaviors in a rat model of migraine headache. In this case, the Lucite
cover over the FPA was redesigned to allow the rat to choose between dark/bright or loud/
quieter zones of the plate, allowing quantification of time spent in each zone while allowing
the simultaneous assessment of other movement phenotypes (Vermeer, Gregory et al. 2014).
Studies of migraine pathogenesis have fallen behind other areas of pain research because of
the lack of an adequate rodent behavioral model. Animal models of migraine have been
hampered by limitations that reduce their face validity, such as electrophysiological end
points that do not encompass nociceptive behaviors(Burstein and Jakubowski 2004,
Oshinsky and Luo 2006), or behavioral models that rely on orofacial testing of restrained
subjects(Oshinsky and Gomonchareonsiri 2007, Wieseler, Ellis et al. 2010, Stucky, Gregory
et al. 2011). Most animal studies of migraine have used electrophysiological techniques to
assess sensitization of neurons, but none have specifically tested behaviors associated with
the clinical criteria for diagnosing migraine in humans(2004). In clinical assessment,
migraine headache must be accompanied by phonophobia or photophobia(2004). The rodent
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model in these studies uses application of “inflammatory soup” to the dura of untethered,
conscious, behaving rats as a model of sterile inflammation caused by neurogenic activation
of mast cell degranulation(Burstein, Yamamura et al. 1998, Burstein and Jakubowski 2004,
Stucky, Gregory et al. 2011, Vermeer, Gregory et al. 2014, Vermeer, Gregory et al. 2015).
The previously unparalleled face validity of this preclinical rodent migraine model may
provide a means for more detailed and predictive testing of novel therapeutic interventions
for migraine.

In the fourth example, FPA analysis was used to identify a band of repetitive movements that
emerge with age in a digenic mutant mouse model of Tourette Syndrome. This experiment
leveraged human genetic information from Dr. Sarah Soden ‘s efforts at Children’s Mercy
Hospital (Kansas City)(Soden, Saunders et al. 2014), that described a family with a father
and three affected sons. Through whole exome sequencing a mutation was found in the
coding region of the nerve growth factor-related receptor tyrosine kinase-like WNT receptor
1 (ROR1) gene. An additional variation in these patients was identified in the nerve growth
factor (NGF) gene. NGF is a neurotrophic factor essential for the survival and maintenance
of numerous types of neurons in the peripheral and central nervous systems (Levi-
Montalcini 1987, Pezet, Krzyzanowska et al. 2006, Reichardt 2006). We hypothesized that
impaired NGF expression or loss of signaling by NGF in conjunction with altered ROR1
function could provide a basis for the behavioral phenotypes observed in the affected
patients.

These four experimental examples of the assessment of movement have been useful in
helping define the specific rat or mouse models of human disease. The focus of this report
does not concern the underlying pathophysiological details of the rodent models used, but
rather the many ways that FPA analysis can be used to capture and quantify specific features
of the complex behavioral phenotypes of these animal models.

2.1 Materials and Methods

The behavioral phenotyping aspects of the experiments described in this report were
conducted or supervised as activities of the University of Kansas Rodent Behavior Facility
and the Kansas Intellectual and Developmental Disorders Center at the University of
Kansas. All the experimental assays and manipulations were approved by the University of
Kansas Medical Center Institutional Animal Care and Use Committee and conducted
according to the Institute of Laboratory Animal Research guidelines. Animal husbandry,
care and use activities were conducted in facilities and using procedures consistent with the
AAALAC Guide for Care and Use of Laboratory Animals.

2.1.2 Formalin-evoked nociceptive behaviors

Adult female Sprague-Dawley rats (~11 weeks old, 200-230 g, Harlan, Indianapolis, IN)
were used in these experiments. The rats were ovariectomized as previously described
(Allen and McCarson 2005) for a period of one week before nociceptive behavioral testing,
but received no further manipulation. Seven days after ovariectomy, rats received a unilateral
injection of 100 pL of 5% formalin into the plantar hind paw as a model of persistent
inflammatory pain (Dubuisson and Dennis 1977, McCarson and Goldstein 1989, Winter and
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McCarson 2005). Spontaneous hind paw flinches were quantified post-injection. Behavioral
responses were recorded for one hour before, and for one hour immediately after formalin
injection. Detailed recordings of the rats’ movements were collected during these periods
using an FPA. Force-plate actimetry data were collected, and distance metrics and frequency
spectra power analyses performed, using FPA analysis software provided by the
manufacturer (Bioanalytical Systems, Inc.). Three categories of frequency band (range) were
empirically designated for the power spectra, based on transitions and peaks within the
difference power spectrum of 5% formalin. The frequency band designations were: Low:
0.3-1.5 Hz; Peak: 4.4-5.4 Hz; High: 2.4-9.3 Hz. Frequency/power data were exported to
Microsoft Excel to compile group values, for analysis of power spectra within selected
frequency bands, and for general statistical analyses and plotting. All data represent the
mean + SEM. Data were analyzed by Student’s t-test or ANOVA statistical analyses with the
significance level set to p < 0.05.

2.1.3 Hyperlocomotion and circling behaviors

To study the regulation of the laminin a.5 gene expressed in adult basement membranes, a
transgenic mouse was created with an insertion bacterial artificial chromosome (BAC)
containing the complete laminin a5 gene. Transgenic mice expressed human laminin a5 in
locations where mouse laminin a5 is normally expressed, including kidney glomerular
basement membrane (Steenhard, Zelenchuk et al. 2011). Behavioral analyses were
performed on male and female homozygous, heterozygous , and wild-type littermate mice
from multiple litters at five, seven and twelve weeks of age. All behavioral tests were
conducted between 0800 and 1400 on a single day for each age time point. The FPA was
used to measure locomotor function along with a wide range of locomotor behaviors. Mice
were placed into the testing arena and allowed to move freely for 10 minutes. During this
time, the actimeter recorded several parameters such as total distance traveled, area travelled,
bouts of low mobility, focused stereotypies, and left and right turns.

2.1.4 Photophobia and Phonophobia

Female Sprague-Dawley rats were fitted with an indwelling dural cannula placed over the
occipital cortex. Briefly, a plastic cannula was secured to the skull using a stereotactic
apparatus and under isoflurane anesthesia. The cannula was placed on the right side 5 mm
lateral to midline and halfway between the bregma and lambda over the occipital lobe to
model unilateral migraine. Baseline behavioral testing was conducted prior to surgery and 7
days post-surgery. In all subsequent behavioral assays, the observer was blind to treatment
group. Groups of rats were then treated with a widely-used dural stimulation model of
migraine headache; application of 20 pl of an inflammatory soup (IS) containing 1mM
histamine, serotonin, bradykinin and 0.1 mM PGE2 (Stucky, Gregory et al. 2011). Chronic
migraine was modeled by repeated application of inflammatory soup 3 times per week over
a total of 8 applications. Behavioral testing was conducted during and after dural stimulation
in a modified FPA apparatus, providing detailed, quantitative measurements of locomotor
activity. The actimeter was fitted with a light/dark place preference enclosure with sound
attenuation, allowing measurement of movement patterns of the rat to avoid light or sound
(Figure 2). Previous results have shown that female rats exhibit attenuated locomotor activity
following dural stimulation, indicating avoidance of normal exploratory activity (Stucky,
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Gregory et al. 2011, Vermeer, Gregory et al. 2014, Vermeer, Gregory et al. 2015). Following
infusion of the dural stimulus while in the behavioral chamber, conditions in the behavioral
arena, rats were given a 5-minute exploratory time in the divided arena with no external light
or noise stimuli. After 5 min, the light side of the chamber was illuminated to 250 lux. The
rat could freely choose to explore light and dark areas for 5 minutes. Subsequently, the light
was turned off and the animal allowed to rest in the absence of light for 5 minutes.
Phonophobia tests were conducted using an enclosure with loud (75 dB) and sound-
attenuated chambers in a similar place-preference design.

2.1.5 Repetitive movement signatures

Mouse models of Algfand RorI missense variants were produced via gene targeting in
mouse embryonic stem cells (Ag# or via CRISPR/Cas9 genome editing /n vivo (Ror1). The
mutated strains were intercrossed to produce double heterozygous animals that are fertile
with no health or gross morphologic features. This approach has created mouse lines with
mutations of the RorZ and Ngfgenes harboring the relevant variants identified in the human
cases. Preliminary assessment of the Ror1/Ngfmutant strains was conducted in a small
cohort of 15 mice. Group numbers ranged from n=1 to 4 (only 2 Ror1/Ngfdouble-het
males). Animals were followed for 44 weeks and tested on a variety of tasks, including
thermal analgesiometry, Rota-Rod, Y-maze and force-plate actimetry. Like the other
examples, the FPA was used to measure locomotor behaviors. Mice were placed into the
testing arena and allowed to move freely for 10 minutes. During this time, the actimeter
recorded several parameters such as total distance traveled, area travelled, bouts of low
mobility, focused stereotypies, and left and right turns. In the analysis of these data, the mice
were compared in terms of rhythms in force variation produced by ambulation or other fine
movements (e.g., stereotypy or tremor). The total vertical force/time were weighted by a
Hanning data window and processed using the FPA Analysis software (BASi, West
Lafayette, IN) using fast Fourier transformation to yield power spectra of movement
intensity across frequency (Hz).

3.1 Results

3.1.1 Formalin-evoked nociceptive behaviors

In a time-course experiment addressing the behavioral effects of injection of 5% formalin
into the hind paw of female rats, nociception-evoked paw flinches were quantified 0-60
minutes post-injection. The number of flinches recorded by an observer were in accordance
with previously published time courses of flinching behavior following formalin injection
(Tjolsen, Berge et al. 1992) and demonstrated a typical biphasic response (data not shown).
Locomotor analysis using the FPA revealed more detailed results. Figure 3 shows
representative spatial plots from FPA force/time recordings of female rats over a one-hour
testing period. These data demonstrate movement of the rats across the force plate arena and
that movement changed over time. Integration of movement across the (X, Y) coordinates of
the force plate grid provides the basis for the analysis of total distance traveled. Analysis of
total distance traveled from FPA recordings was performed, revealing that 5% formalin-
treated (n = 6) rats had higher total distance traveled over Naive (n = 6) rats (Figure 4,
Student’s t-test). Figure 5 shows representative force/time recordings from rats that were
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either naive or injected with 100 pL 5% formalin into the left hind paw, then placed in the
FPA for one hour. These force/time traces demonstrate activity of the rats and that the force
on the plate changed over time as the subject manifested either restricted body movements
(such as grooming) or moved about the behavioral arena (such as locomotion). These
temporal patterns of force on the FPA floor are related to the specific patterns of movement
that comprise behavior, and are the basis for Fourier-transformation of the data into
frequency/power spectra.

Figure 6 shows Fourier-transformed power spectra of FPA force/time recordings of female
rats that were either naive or injected with 100 uL of 5% formalin into the left hind paw,
then placed in the FPA open field for one hour. Results revealed different power spectra for
Naive (n = 6) and 5% formalin-treated (n = 6) rats.

To visualize and quantify the components of nociceptive behavior that emerge beyond
typical locomotor and stereotypic behaviors, the mean power spectrum for naive (n = 6) rats
was subtracted from that of 5% formalin-treated (n = 6) rats. Results revealed a difference
power spectrum with relative larger magnitudes at some frequencies than those at 5%
formalin (Figure 7). Results for 5% formalin revealed a difference in power for Sham (n = 6)
vs. formalin-treated (n = 6) rats at the Peak frequency band (Figure 8), but not in the Low or
High frequency bands (Student’s t-test). These data demonstrate that 5% formalin induced
an increase in nociception-evoked movements that is represented by power in a 4.4-5.4 Hz
frequency band.

3.1.2 Hyperlocomotion and circling behaviors

When hemizygous human a5 laminin transgenic mice were mated, the homozygous
progeny were significantly smaller, displayed altered tail suspension reflex and an abnormal
circling behavior. The homozygous transgenic mice overexpress the human laminin a5 gene,
downregulating corresponding murine laminin a5 gene expression and murine protein
content in kidney(Steenhard, Zelenchuk et al. 2011); similar expression patterns may exist at
other anatomic sites not yet determined. The homozygous a.5 laminin transgenic mice were
small in body weight, approximately 70% of WT littermates, but had normal grip strength/
body weight ratios. The behavioral phenotype was most extreme in HZ mice, and generally
became more severe as the mice matured. The homozygous mice displayed a profound
behavioral phenotype with overt hyperlocomotion and circling behaviors. Wall-rearing and
bouts of low mobility were diminished. The hyperactivity of the transgenic mouse was
expressed as almost continuous high-speed, circular locomotion (Figure 9) characterized by
both broader and tighter circular loops (Figure 10) that could occur anywhere on the
actimeter floor. The circling movements were extremely rapid, with oscillating diameters
comprising a continuous spiral with variable centers (Figure 10). The wild type mouse was
normoactive, and its movement trajectories reflected runs and pauses with more movements
along walls than across the center of the chamber and relatively few rapid reversals of
direction (Figure 9).
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3.1.3 Photophobia and Phonophobia

Female rats with indwelling dural catheters received stimulation of the dura with
Inflammatory soup eight times over a sixteen-day period. After inflammatory soup infusion
onto the dura, rats were placed in the modified FPA that measured locomotion and place
preference. Following illumination of one chamber with a 250-lux lamp, rats spent
progressively, and significantly less time in the light stimulus side after dural stimulation
when compared to pre-treatment baselines during a ten-minute testing period (Figure 11,
panel A). Similarly, when a 75 dB white noise was emitted from the internal speakers, rats
showed significant sound aversion compared to pre-treatment baselines, spending
progressively less time in the sound-stimulus side of the place preference chamber (Figure
11, panel B).

3.1.4 Repetitive movement sighatures

Mouse lines were generated with mutations of the RorZ and Ngfgenes harboring gene
variants analogous to a family with a father and three affected sons diagnosed with TS.
Analysis of fine motor movements using FPA analysis of power spectra such as those
generated in section 3.1.1 revealed that male Ror1/Ngfdouble-het mutant mice have a
repetitive movement signature that emerges over the 40-week period of testing. Figure 12
shows that at 40 weeks of age, specifically the male double-het subject showed a robust
movement signature captured in an 8.5 — 14 Hz band of the power spectrum. The increased
movement power in this frequency range in the double-het mouse is representative of group
results.

4.1 Discussion

The first experiment used the FPA to characterize nociception-related behaviors following
formalin injection as a model of persistent inflammatory nociception (D&D 1977). This
approach typically uses timed observer counting to quantify flinching of the inflamed hind
paw, a labor-intensive and observer-dependent process. Automated analysis using FPA
collected data on two end points: total distance traveled and Fourier-transformed power
spectra during the hour after formalin injection.

The behavioral response to formalin injection into a hind paw is comprised of two periods of
intense shaking, flinching, licking and grooming of the hind paw, and the traditional
assessment of the dynamic pattern of these behaviors over time were in accordance with
previously published time courses of flinching behavior following formalin injection
(Tjolsen, Berge et al. 1992).

Many previous studies have investigated locomotor activity or exploration after formalin
injection. Definitive studies have characterized multiple behaviors over time and at several
concentrations of formalin in adult rats (Abbott, Ocvirk et al. 1999). The observer-dependent
nature of traditional data gathering has led to the development of several automated data
collection methods, including approaches based on breakage of light beam grids (Holland
and Goldstein 1990), magnetic field arenas (Yaksh, Ozaki et al. 2001), movement
displacement of a small chamber (Jett and Michelson 1996, Xie, Wang et al. 2005), and
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various video-tracking strategies (Jourdan, Ardid et al. 1997, Jourdan, Alloui et al. 1999,
Sakiyama, Sujaku et al. 2008). In this context, FPA analysis allows automated quantitation
of the complete range of behaviors elicited by persistent inflammatory nociception in this
widely-used model.

Analysis of these behaviors using the FPA in this study revealed the typical biphasic pattern.
Spatial plots from FPA position/time recordings of female rats over one hour demonstrate
movement of the rats across the force plate area and that movement changed over time
(Figure 3), and integration of the position over the assay period showed an increase in total
distance traveled by the subjects during the testing period (Figure 4). Analysis of total
distance traveled from FPA recordings revealed that 5% formalin-treated rats had higher
total distance traveled compared to naive rats (Figure 4), indicating the nociceptive stimulus
evoked more locomotion and movement than rats that were not enduring a noxious stimulus.
In interpreting FPA data, it is important that movement across the arena floor is not the sole
contributor to total distance measurements; the total distance sum also includes the small
deflections in the center of gravity of the subject that result from smaller movements
(including whisking, breathing, etc.). These small movements and complex behaviors not
visible to the naked eye can be captured by the exquisite sensitivity of the FPA, however.

The force/time traces in Figure 5 demonstrate intense locomotor activity of the rats during
the typical early- and late-phase responses to the injection, as evidenced by the force on the
plate changing over time. Fourier-transformation-based power spectral analysis was
performed on the FPA force/time traces over the entire 60-minute period following formalin
injection (Figure 6). Based on the difference in power spectra between control rats and those
injected with formalin, three specific frequency bands (ranges) were designated for further
comparison of behavioral power (Figure 7). Results revealed an increase in power for
formalin-treated rats in the Peak frequency band (Figure 8), but not at the Low or High
frequency band. These data demonstrate that 5% formalin evoked an increase in a
behavior(s) that is represented by power in the 4.4-5.4 Hz frequency band. This increase
was accompanied by an apparent loss of power in a 1.0 — 2.5 Hz frequency band. Specific
behaviors are associated with power in restricted frequency bands. The few well-defined
examples include licking (4—7 Hz), respiration (1-2 Hz), heartbeat (6-8 Hz), and whisking
(8-25 Hz). Locomotion is typically large amplitude and very low frequency (< 2 Hz).
Accordingly, the increased power in the 4.4-5.4 Hz frequency band may represent increased
licking and whisking behaviors, and perhaps an increased respiratory rate in 5% formalin-
injected rats. The concomitant loss of power in the 1.0 — 2.5 Hz frequency band may reflect
relatively fewer respiratory or locomotive movements at these frequencies, perhaps due to
alteration of normal locomotion by flinching behaviors.

The transgenic human laminin a5 mouse studies provided an opportunity to use FPA
analysis to record and quantify extremely rapid movements. In this study, human laminin
a5-transgenic mice displayed a robust, hyperlocomotive circling behavior evident when the
mice are handled or otherwise disturbed or stimulated. These behaviors do not prevent the
hemizygous mice from maturing and mating.
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The homozygous mice showed remarkable hyperlocomotion, far too rapid to quantify (or
even observe clearly) with traditional scoring approaches. The behavioral hyperactivity of
the homozygous mice consisted of nearly constant, rapid circling behaviors (Figures 9).
Figure 10 shows the remarkable detail in which these locomotor behaviors can be analyzed,
revealing that the circling movements included changes in diameter of circling movement,
and that the behaviors were so rapid as to suggest that their expression is likely not being
controlled through recurrent inputs from sensory systems. These findings certainly suggest a
role for laminin a5 in CNS mechanisms that regulate locomotion and information
processing, and reveal the need for investigation of the anatomical or physiological
anomalies in the homozygous mouse brain.

The behavioral assays piloted in the migraine modeling study were undertaken as part of the
development of a multi-behavioral model in the rat (Vermeer, Gregory et al. 2014, Vermeer,
Gregory et al. 2015). Most previous studies of rodent models of migraine have focused on
the dynamics of neuronal signaling or gene expression in trigeminal systems. Surprisingly
few studies have specifically tested behaviors reflecting the clinical criteria for diagnosing
migraine in humans, where headache must be accompanied by phonophobia or photophaobia.
The current model attempted to recapitulate manifestation in the rodents of human
symptomology described by the clinical diagnostic criteria from the International
Classification of Headache Disorders (2004)(ICHD-11 and ICHD-III) (Society, 2004;
Society, 2013). Clinically, migraine diagnosis has no assay for a specific biomarker; analysis
of symptoms is the sole basis for diagnosis of this disorder. In this rodent model, rats
received a dural application of “inflammatory soup”, a well-established model for migraine
study in rats (Burstein, Yamamura et al. 1998). This stimulus evokes migraine-like
behaviors, such as diminished total locomotor activity (Stucky, Gregory et al. 2011), and
delayed stimulus-evoked grooming(Vermeer, Gregory et al. 2015).

Modification of the FPA arena provides a simple means of measuring avoidance of light
and/or sound in rodent models. By superimposing a divided place-preference chamber over
the FPA, positional data can be used to track the rats’ movement from side to side (loud/
quiet or light/dark) during the testing period (Figure 2). In the experiment shown rats
showed a significant shift in place preference toward dark or quiet environments following
dural stimulation. This effect mimicked photophobia and phonophobia, each of which is a
diagnostic symptom of migraine headache. The magnitude of the photo- and phonophobia
observed increased with repeated dural stimulation, revealing increased sensitization toward
light and sound like that which occurs in chronic migraine (Figure 11). Compared to other
popular testing approaches in rat models of migraine (e.g., mechanical stimulation of the
face in a restrained or freely-moving rat (Burstein, Yamamura et al. 1998, Liverman, Brown
et al. 2009, Stucky, Gregory et al. 2011), this approach provides a behavioral rodent
migraine model with higher face validity by measuring spontaneous reactions of the animal
to ambient conditions. This preclinical model of migraine may better predict the efficacy of
putative migraine pharmacotherapies using assessment of behaviors that reflect well-defined
diagnostic symptoms.

Finally, the FPA allows a means of obtaining high-yield behavioral data in the phenotyping
of mutant mouse models of human disease. Advances in genomics technologies have
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provided data associating gene variations with clinical phenotypes, many of which are rare
or previously undiagnosed. Identifying gene variants in patient populations can suggest
mechanisms that might contribute to the disease process, but this approach has limitations.
In particular, the relationship between gene changes and complex neurological disorders are
largely associative (Pauls, Fernandez et al. 2014). A prerequisite for validation of relevant
genetic variants or mutations is development of preclinical models that replicate the human
phenotype at both a cellular and behavioral level. The pattern of movement disorders
observed in these preliminary studies using the Ror1/Ngfdouble mutant mice (Figure 12)
shows that the mutant mice are manifesting a peak of movement power in the 8.5 — 14 Hz
frequency band. These frequencies of movement are consistent with whisking, sniffing,
respiration, or tremor; however, the exact nature of the movements contributing to this
signature have yet to be elucidated. Seizure activity, tremor and tic-related movements or
aberrant repeated motions (stereotypy) have previously been assessed by FPA, which is
particularly capable of detecting muscular activity related to fine movement and tremor
(Fowler, Birkestrand et al. 2003, Crosland, Zarcone et al. 2005, McKerchar, Zarcone et al.
2006, Smittkamp, Brown et al. 2008). Similar approaches were used to phenotype
behavioral deficits in a mouse model of Huntington’s disease, revealing gait disturbances
quantified using Fourier analysis of rhythmicity (Fowler, Miller et al. 2009).

Of course, the larger challenge in this example, and essentially whenever FPA identifies a
novel movement signature at a specific frequency or magnitude, is to identify the specific
body movements that produce the changes in force on the actimeter plate. The difficulty of
this process can vary between examples; drug-evoked tremor or stereotypic tongue
movements may be predicted and observable (Fowler, Birkestrand et al. 2003, Smittkamp,
Brown et al. 2008), or may be too small or rapid to simply observe. Accordingly, high
resolution, time-synced video recording may be necessary to generate images that can be
slowed down and viewed simultaneously with FPA data in attempts to link specific
movements with FPA data events.

4.1.5 Conclusion

Taken together, each example of the assays in this report demonstrate the power and
usefulness of the FPA in behavioral phenotyping of rodent models of human disease. The
unique sensitivity of the FPA provides the ability to examine and quantify minute details of
motor behaviors. Furthermore, the FPA can measure open-field position and fine motor
movements simultaneously, even in complex position tasks like place preference testing. The
FPA is particularly suited to analysis of the frequency and magnitude of rhythmic
movements (e.g., tremor, stereotypy, or seizure activity). Force-plate actimetry provides a
rich data stream that can be analyzed to quantify specific aspects of behavior such as bouts
of low mobility, spatial statistics of time spent in different areas of the arena, stereotypy,
tremor, rearing, or startle. The FPA system is automated, which avoids the labor-intensive
aspects of live-time or video observation and scoring, and removes confounding issues with
multiple observers like inter-observer bias, variability, or blinding issues. Use of the FPA in
specific experimental constructs can be flexible in duration of testing, and the FPA arena can
accommodate modifications allowing more complex assays of rodent behavior (e.g., place
preference, olfactory dishabituation, acoustic startle, etc.). The use of FPA analysis of
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movement can be particularly relevant in models of neurological disorders, where specific
brain lesions, aberrant development, or pharmacological processes produce varied
disruptions in gait, stereotypic behaviors, tremor, etc. These approaches can greatly expand
the scope and detail of movement analysis in facilities involved in the behavioral
phenotyping of preclinical models of human disease.
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Highlights
This report describes four specific examples of Force-Plate Actimeter analysis of

behavior.

Force-Plate Actimeter analysis can be used to capture and quantify specific features of
the complex behavioral phenotypes of animal models of human disease.

Examples include Force-Plate Actimeter analysis of nociceptive behaviors, rapid circling
behaviors, place preference behaviors, and a complex movement signature in a Tourette
Syndrome model mouse.

Force-Plate Actimeter analysis is powerful and useful in the examination and
quantification of minute details of motor behaviors.

Force-Plate Actimeter analysis greatly expands the scope and detail of behavioral
phenotyping in preclinical models of human disease.
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Figure 1.
The BASI Force-Plate Actimeter modified for simultaneous video capture. In this

modification, three sides of the Actimeter have been modified with mirrors to facilitate an
unimpeded view of the behavioral area by a CCD camera that captures video of the subject.
Force transducers capture high resolution information about the center of force and its
magnitude and movement (noted in Figure 2).
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Figure 2.
> Behavioral testing arena for assessment of photophobia and phonophobia. Apparatus is a
= modified Force-Plate Actimeter (BASi) fitted with a light/dark place preference enclosure.
8 The “dark” side features opaque walls and sound attenuation; the “light” side has lamps and
=z speakers that provide computer-controlled delivery of stimuli. The actimeter floor allows
% precise measurement of locomotor activity and movement patterns of the rat to avoid intense
5 light or sound. In the migraine model, after infusion of the dural stimulus (while the subject
=3 is in the behavioral chamber) conditions in the behavioral arena were modified in five-
= minute periods with 1) no external light or sound, 2) illumination of one side of the chamber
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to 250 lux, 3) no external light or sound, and 4) 75 dB white noise delivered to one side of
the chamber. A: Force transducers. B. Sound-attenuated, dark side of divided chamber. C.

Opaque insulating material used to cover all sides of B. D. Speakers for delivery of audio

stimuli. E. Lamp for illumination of one side of the arena.
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Figure 3.
Representative example of recordings of position/time data of a naive female rat.. Data were

collected using a BASi force-plate actimeter. Analyses of total distance traveled was
calculated based on the change in position of the center of force recordings over time. Note
that the position traces reflect the initial exploratory behavior in the force-plate arena, which
generally diminishes over time, with alternating periods of locomotion and rest.
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Figure 4.
Analysis of total distance traveled from FPA force/time recordings of female rats following

hind paw injection of 5% formalin. Rats were either naive or injected with 100 uL 5%
formalin into the right hind paw, and were placed in the FPA for one hour. Results revealed
5% formalin-treated (n = 6) rats had higher total distance traveled compared to Naive (n = 6)
rats. Data represent the mean = SEM (*Student’s t-test [t(10)=3.42, p = 0.038]). Subjects in
the Naive and Formalin groups were the same rats, which were monitored in the FPA first
without formalin (Naive) then after formalin injection (Formalin). Rats had not been
previously acclimated to the FPA environment.
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Figure 5.

Representative FPA force/time recordings for rats without or with formalin injection. These
are representative force/time recordings from rats that received either A) sham restraint or B)
injection of 100 pL of 5% formalin into the left hind paw and then placed in the FPA for one
hour. Movement of the formalin-injected subjects in panel B reflect the typical biphasic
behavioral response of rats in the formalin test, with periods of brisk nociceptive behaviors

in the 0 — 10 min and 20 — 40 min time windows.
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Figure 6.
Fourier-transformed power spectra of FPA force/time recordings of female rats following

hind paw injection of 5% formalin. Fourier analysis assesses force/time data such as those
displayed in Figure 5 and coverts them into a representation of the rhythmicity (Hz) of the
movements captured by the FPA. Rats were either naive or injected with 100 pL 5%
formalin into the left hind paw, then were placed in the FPA for one hour. Results revealed
“different power spectra for Naive (n = 6) and formalin-treated (n = 6) rats. Data represent
mean power spectra across the entire 60 min testing period.
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Figure 7.
Fourier-transformed difference power spectrum of FPA force/time recordings of female rats

following hind paw injection of 5% formalin. Rats were either naive or injected with 100 pL
5% formalin into the left hind paw, then were placed in the FPA for one hour. The mean
power spectrum for Naive (n = 6) rats was subtracted from that of formalin-treated (n = 6)
rats. Results revealed a differential power spectrum with potentially significant magnitudes.
Data represent the mean power spectrum. For more detailed analysis of this difference in
movement power, frequency bands of the power spectra were designated and are
superimposed on the difference power spectrum of 5% formalin. Horizontal lines represent
frequency band (range) designations of the power spectrum. The frequency band
designations are: Low (L): 0.3-1.5 Hz; Peak (P): 4.4-5.4 Hz; High (H): 2.4-9.3 Hz.
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Figure 8.
Analysis of movement power across frequency bands in rats following 5% formalin. Power

spectra were summed over the frequency bands designated in Figure 7. Results revealed a
difference in power for Sham (n = 6) vs. formalin-treated (n = 6) rats at the Peak (4.4-5.4
Hz) frequency band, but not at the Low (0.3-1.5 Hz) or High frequency (2.4-9.3 Hz) band.
These data suggest 5% formalin induced an increase in movements that are represented by
power in the Peak frequency band. Data represent the mean £ SEM (*p < 0.05, unpaired
Student’s t-test).
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Figure 9.

Comparison of a WT mouse (A) and a homozygous transgenic laminin a5 mouse (B). The
mice were 12 weeks old at the time of this assay. The hyperactivity of the transgenic mouse
was expressed as almost continuous high-speed locomotion characterized by both broader
and tighter circular loops that could occur anywhere on the actimeter floor. The wild type
mouse was normoactive, and its movement trajectories reflected runs and pauses with more
movements along walls than across the center of the chamber and relatively few rapid
reversals of direction. Each square represents the floor of a 42 x 42 cm actimeter and
contains the center of force movement trajectory for 7.5 seconds. Time advances from top to
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bottom and from left to right (i.e., the top of column 2 picks up where the bottom of column
1 left off). Total recording session time was 20 minutes. Figure 10 is an enlarged image of
frame 99 for the homozygous transgenic mouse (B, shaded frame).
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Start
t=0
Finish
t=7.5s
segment 1 ——————
. segment 2 ————
segment 3 ——
segment 4 ———
segment 5
| | |
Figure 10.

This 7.5-second-long movement trajectory shows continuous locomotion by a homozygous
transgenic laminin a5 mouse from frame 99 in Figure 9. The recording is divided into 5
color-coded segments, each lasting 1.5 seconds (see right side of graphic). The whole
sequence of movements from t = 0 to t = 7.5 seconds can be described as “high speed nearly
circular loops of oscillating diameters comprising a continuous spiral with variable centers.”
It should be noted that all turns were to the left. The CNS mechanism responsible for this
pattern of behavior remains to be elucidated, but may reflect behavior occurring at a rate of
expression that is too high to be under feedback control of sensory stimuli.
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Figure 11.
Dural stimulation results in place-preference photo- and phonophobia. Baseline behaviors

were assessed one and two days prior to surgery and 7 and 8 days post-surgery; the
horizontal line represents the grand mean of pre- and post-surgical baseline behaviors with
no dural stimulation. Dural stimulation with inflammatory soup occurred eight times over a
sixteen-day period (every two or three days). Rats were introduced to the divided arena 15
minutes after inflammatory soup application, and were able to freely move in the arena for a
total of 170 minutes. The first 5 min of exposure in the arena was in the absence of stimuli,
the second 5 min period was in the presence of either light (250 lux), and then 5 min of
noise (75 dB) present on only one side of the divided chamber, with a 2 min dark rest period
between stimuli. Percentage of time in each side of the arena during the presentation of
stimuli was calculated using fully automated BASi FPA Analysis software. Note subsequent
applications of inflammatory soup to the dura decrease the amount of time spent in the light
(A) or noisy (B) side of the chamber (* p<0.05 compared to baseline, ANOVA, Dunnett’s

post-hoc; n=3-8).
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Figure 12.
Male double-het mutant mice have a repetitive movement signature. These preliminary data

show frequency analysis of fine motor activity in two representative male mice at 40 weeks
of age. The Ror1/Ngfdouble mutant mouse generated a consistent peak of additional
movement power in the 8.5-14 Hz frequency range. Associated groups of mice showed
similar results. This enticing finding generates numerous questions about the specific nature
of the movements and their contribution to the clinical relevance of this model, but
demonstrates the usefulness of FPA analysis in screening movement patterns.
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