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Cognitive impairments and motor dysfunction are commonly observed behavioral phenotypes in genetic animal models of neuro-
degenerative diseases. JNPL3 transgenic mice expressing human P301L-mutant tau display motor disturbances with age- and gene
dose-dependent development of neurofibrillary tangles, suggesting that tau pathology causes neurodegeneration associated with
motor behavioral abnormalities. Although gait ignition failure (GIF), a syndrome marked by difficulty in initiating locomotion, has
been described in patients with certain forms of tauopathies, transgenic mouse models mirroring human GIF syndrome have yet to
be reported. Using the open field and balance beam tests, here we discovered that JNPL3 homozygous mice exhibit a marked delay
of movement initiation. The elevated plus maze excluded the possibility that hesitation to start in JNPL3 mice was caused by en-
hanced levels of anxiety. Considering the normal gait ignition in rTg4510 mice expressing the same mutant tau in the forebrain, GIF
in JNPL3 mice seems to arise from abnormal tau deposition in the hindbrain areas involved in locomotor initiation. Accordingly,
immunohistochemistry revealed highly phosphorylated paired helical filament tau in JNPL3 brainstem areas associated with gait
initiation. Together, these findings demonstrate a novel behavioral phenotype of impaired gait initiation in JNPL3 mice and under-

score the value of this mouse line as a tool to study the neural mechanisms and potential treatments for human GIF syndrome.
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INTRODUCTION

Cognitive deficits and motor dysfunction are frequently ob-
served behavioral phenotypes in genetic animal models of neuro-
degenerative diseases [1]. Neurofibrillary tangles (NFT) composed
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of highly phosphorylated forms of microtubule-associated protein
tau are commonly found in various tauopathies such as Alzheim-
ers disease (AD) [2], Picks disease [3], progressive supranuclear
palsy [4], frontotemporal dementia [5], Parkinsonism linked to
chromosome 17 (FTDP-17) [6], and corticobasal degeneration
[4, 7], implicating tau dysfunction in the pathology underpinning
neurodegeneration and behavioral deficits. Preceding the onset of
neurodegeneration, hyperphosphorylated tau proteins undergo
abnormal assembly, leading to the formation of diverse tau pro-
tein species [8]. These various mis-processed tau aggregates lead
to cognitive and motor impairments, potentially by interrupting
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normal synaptic circuit function [9, 10]. In JNPL3 transgenic (Tg)
mice, expression of human tau containing the most common
FTDP-17 mutation (P301L) under the control of the mouse prion
promoter resulted in motor disturbances including weakened
grasping strength, hunched posture, and hindlimb paralysis with
age- and gene-dose-dependent development of NFT [11]. NFT
and Pick-body-like inclusions were observed in the amygdala,
septal nuclei, pre-optic nuclei, hypothalamus, midbrain, pons,
medulla, deep cerebellar nuclei, and spinal cord of JNPL3 mice,
with tau-immunoreactive pre-tangles observed in the cerebral
cortex, hippocampus, and basal ganglia [11]. Therefore, better un-
derstanding of the behavioral traits associated with overexpressed
mutant human tau is critical for the identification of new thera-
peutic strategies for neurodegenerative disorders.

Gait ignition failure (GIF) is a syndrome characterized by the
hesitation or inability to initiate gait from a static position [12,
13]. Interestingly, once this hesitation is overcome, gait is normal;
or at least resembles the patients normal pattern [14]. Gait often
arrests again during turns, while traversing narrow spaces such
as doorways, or when distracted [12]. GIF phenotype is observed
in several neurological disorders, including normal pressure hy-
drocephalus [15], subcortical vascular disease [16], parkinsonian
syndromes [17], progressive supranuclear palsy [18], corticobasal
degeneration [19], multiple system atrophy [20], and various focal
lesions [21]. This indicates that GIF may occur in some forms of
tauopathies. This led us to hypothesize that JNPL3 mice may dis-
play behavioral characteristics of GIF syndrome. Despite several
clinical studies describing GIF syndrome in human patients [13,
14,16, 19,21-24], the corresponding behavioral phenotype has not
been reported in genetic mouse models of tauopathies.

Using a battery of behavioral tests including 1) the open-field
test, 2) the balance beam task, 3) the coat hanger task, and 4) the
elevated plus maze test, we demonstrate here that JNPL3 mice
expressing Prion-promoter-driven human mutant tau exhibit a
marked delay of gait initiation that recapitulates GIF syndrome
in human neurodegenerative diseases. Their hesitation or delay
initiating exploration is unlikely to be caused by enhanced anxiety
because INPL3 mice had similar anxiety levels in the elevated plus
maze compared to wild-type (WT) animals. Intriguingly, rTg4510
mice expressing the same mutant tau driven by the CaMKlila
promoter in the forebrain display normal gait ignition, suggesting
that gait freezing in JNPL3 mice may result from abnormal tau
deposition in the hindbrain areas associated with locomotion. In
support of this idea, immunohistochemistry revealed highly phos-
phorylated paired helical filament (PHF) tau in the JNPL3 brain
stem areas involved in gait initiation. Together, these findings dem-

onstrate a novel behavioral phenotype of impaired gait ignition
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in JNPL3 mice and underscore the value of this mouse model as a
tool to study the underlying mechanisms and potential treatments

for human GIF syndrome.
MATERIALS AND METHODS

Animals

Homozygous JNPL3 Tg mice (Tg(Prnp-MAPT*P301L)JN-
PL3HImc, stock number 2508) were purchased from Taconic
Biosciences (Rensselaer, NY, USA). JNPL3 and age-matched WT
mice were housed in polycarbonate cages with a 12-h light/dark
cycle, and had access to food and water ad libitum. Animals were
subjected to a series of behavioral assessments at 8 to 12 months of
age. Additionally, 21-month-old mice were tested in the open field
test. All animal experiments were performed in accordance with
the Institutional Animal Care and Use Committee of the Korea
Brain Research Institute (IACUC-17-00018).

Behavioral tests

Behavioral tests were performed during the light phase (08:00
to 17:00). Prior to each behavioral test, all subjects underwent 30
minutes of habituation in a sound-attenuated experimental room
with different illumination conditions (dim red light; 2.35 lux
or bright light; 161.5 lux). The apparatus was cleaned with 70%
ethanol (v/v in dH,0) between each trial of the behavioral test. All
experiments were recorded to evaluate behavioral patterns of mice
using video tracking software SMART 3.0 (Harvard Apparatus,
Holliston, MA, USA).

Coat hanger task

Strength and coordination were tested in the coat hanger test [25].
The mouse was suspended by its forepaws from the center of the
horizontal portion of a wire coat hanger. The goal was to raise its
hind legs to the bar, move to the end of the bar, and right itself onto
the diagonal portion of the coat hanger. Mice were subjected to
three trials (60 seconds/trial) separated by at least 10 minutes. The
latency to fall off the wire and a success assessment score of 0~3

were recorded based on behavioral performance.

Balance beam task

To evaluate general coordination, equilibrium, and balance, each
mouse was placed on a stationary beam and released. Mice were
placed on 3 cm-thick balance beam and trained to transverse the
beam from the starting point to the goal box. All mice were suc-
cessively trained at gradually longer starting points (10, 20, and
40 cm apart from the goal box) for 120 sec per trial. On test day,
mice were placed on the same beam 70 cm from the goal box and
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allowed to across the beam. The balance time was averaged from
three successive trials separated by at least 10 minutes. Maximum
trial length was 120 seconds. The latency to traverse or fall off the
beam was recorded.

Open field test

The open field test is a widely used behavioral paradigm for eval-
uating locomotor activity and anxiety in laboratory rodents. Mice
were placed in the center of an open field box (50x50x30 cm) and
allowed to move freely in the arena for 5 min. The entire open field
arena was divided into 16 grids to analyze behavioral patterns of
JNPL3 mice, including total distance traveled, time spent in the
central zone, and latency to gait ignition. The open field test was
performed under two different light intensities: bright (161.5 lux)
or dim red light (2.35 lux).

Elevated plus maze test

The elevated plus maze was conducted to evaluate anxiety-
related behavior in JNPL3 mice. The apparatus was constructed
of opaque plastic with two sets of perpendicular arms (two open
arms: 25x6 cm and two closed arms: 25x6x20 cm) with a central
platform (6x6 cm). The maze was placed 40 cm above the floor.
Mice were placed on the central platform of the maze with the
head positioned towards an open arm and were allowed to explore
the maze for 5 min.

High-speed video recording system for gait analysis

Inter-limb coordination was recorded using a high-speed camera
(200 frames/sec) equipped with a semi-automated kinematic gait
analyzing system (MotoRater, TSE system, Homburg, Germany).
To reduce aversion to walking along an unfamiliar apparatus,
JNPL3 and WT mice underwent an adaptation phase before the
test trial. On test day, all mice were placed on a transparent linear
corridor of MotoRater and allowed to walk along the aisle. To
evaluate gait patterns in detail, each paw contact was analyzed per
frame, and paw contact interval was calculated using TSE motion
high-speed video analysis software.

Immunohistochemistry

After completion of behavioral tests, all mice were anesthetized
with 4% avertin (v/v, in warm phosphate-buffered saline [PBS])
and perfused with cold PBS (pH 7.4, Thermo Fisher Scientific,
Waltham, MA, USA). Each extracted brain was divided into two
hemispheres. Hemispheres underwent post-fixation in 4% para-
formaldehyde (Biosesang, Seongnam, Korea) at 4C for 24 hrs.
Fixed brains were cryo-protected in 30% sucrose (in PBS) and fro-

zen with optimal cutting temperature (OCT) compound. Brains
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were stored at -80T for subsequent immunohistochemistry. Pre-
mounted sagittal brain sections (30-pm-thick) were incubated
with permeabilization solution (0.3% Triton X-100, 0.05% Tween
20 in PBS) for 15 minutes, followed by blocking solution (5% nor-
mal goat serum in PBS) for 1 hr. All sections were then incubated
with primary antibody mixture, composed of PHF-tau (AT8) anti-
body (1:250, Invitrogen MN1020, Waltham, MA, USA) and NeuN
antibody (1:300, Abcam ab190195, Cambridge, UK), diluted in
antibody dilution solution (0.3% Triton X-100, 2% normal goat se-
rum in PBS) at 4C overnight. After three washes in PBS, sections
were incubated with a mixture of corresponding fluorescent sec-
ondary antibodies for 2 hr at room temperature. Immunostained
sections were incubated with Hoechst staining solution (Sigma,
St.Louis, MO, USA) for 10 min. To reduce lipofuscin-derived au-
tofluorescence, immunostained sections were incubated with 0.1%
Sudan Black B (in 70% EtOH, Sigma) for 20 min at room tempera-
ture. After completion of all staining processes, all sections were
mounted with antifade mounting medium (Biomeda, Foster City,
CA,USA).

Statistical analysis

All data are expressed as meanststandard error of the mean. P
values and all graphs were generated using GraphPad Prism 8.
Statistical significance was calculated using two distinct statistical
methods, including Mann-Whitney test and two-tailed unpaired
t test, depending on normal (Gaussian) distribution of data. All
statistical analyses were carried out after conducting Grubbs out-
lier identification test. The level of statistical significance was set at
p<0.05.

RESULTS

JNPL3 Tg mice expressing human P301L mutant tau protein
exhibit progressive motor disturbances related to development of
NFT, including weakened grasping strength and hindlimb paraly-
sis [11]. To validate the pathologic development of motor deficits
in JNPL3 homozygous mice, we initially performed the coat
hanger and balance beam walk tests. At 8 months of age, INPL3
mice fell more quickly from the coat hanger wire when compared
to WT animals (Fig. 1A~C) (Latency to fall [in sec]: WT, 44.6+7.6;
JNPL3, 4.9+0.9; p=0.0006; Coat hanger score: WT, 1.43+0.48;
JNPL3, 0; p=0.021), indicating weakened paw strength and im-
paired motor coordination. Similarly, aged JNPL3 (12-month-
old) mice performed significantly worse on the balance beam test
than did WT animals (Fig. 1D~F) (Latency to cage [in sec]: WT,
20.5+8.5; JNPL3, 120.0+0; p<0.0001; Latency to fall [in sec]: W'T,
111.4+8.6; JNPL3,31.2+7.3; p<0.0001).
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Fig. 1. Impaired motor coordination in JNPL3 mice. (A~C) Coat hanger test to evaluate limb strength and coordination (WT, n=7; JNPL3, n=7,
8-month-old). (A) Success assessment scoring and representative image of each score. (B) Latency to fall off the wire in WT and homozygous JNPL3
mice. (C) Appraised scores based on scoring criteria in (A). Mann-Whitney test, *p<0.05, ***p<0.001. (D~F) Goal-directed balance beam test to evalu-
ate general coordination and balance (WT, n=13; JNPL3, n=15, 12-month-old). (D) Representative image comparing motor performance between WT
and JNPL3 mice. (E) Time spent to cross the balance beam. (F) Latency to fall oft the beam. Mann-Whitney test, ***p<0.001. (G~I) Trotting gait pattern
analysis of WT and JNPL3 mice (WT, n=12; JNPL3, n=15, 12-month-old). (G) Representative paw contact image of ground walking obtained from
high-speed video recording system. (H) Four-paw contact points over time displaying gait pattern. (I) Diagonal paw contact interval indicating limb co-
ordination in WT and JNPL3 mice. Two-tailed unpaired t test, ***p<0.001.

Based on the observed motor dysfunction in JNPL3 mice, we
reasoned that JNPL3 mice would display aberrant walking pat-
terns. To examine this, we performed kinematic gait analysis in
ground walking using a high-speed video tracking system. The
analysis of gait patterns revealed that 12-month-old JNPL3 mice
had significantly longer intervals between diagonal paw contacts

https://doi.org/10.5607/en.2019.28.3.404

when compared to WT animals (Fig. 1G~I; Video S1) (Diagonal
paw contact interval [in msec]: WT, 65.4+14.6; JNPL3, 24 3.0+38.5;
p<0.0001), indicating that JNPL3 mice developed severe disinte-
gration of interlimb coordination. In addition, we observed that
most JNPL3 mice presented with forelimb tremors and obtunda-
tion of hindlimbs caused by paralysis, consistent with a previous
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report [11]. These results suggest that JNPL3 homozygous mice  tended to take longer to initiate movement, resembling the GIF
have severe motor deficits in locomotor activity. phenotype in human neurodegenerative diseases [13, 14]. To

During the balance beam test, we noticed that JNPL3 mice  examine whether JNPL3 mice displayed behavioral phenotypes
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Fig. 2. Delayed gait ignition in JNPL3 mice. (A~F) Open-field test to evaluate general locomotor activity in 12-month-old WT and JNPL3 mice under
bright (A~C) and dim red light (D~F) conditions (W', n=19; JNPL3, n=12). Latency to gait ignition (A and D), time spent in the central zone of open-
field arena (B and E), and total traveled distance (C and F) in WT and JNPL3 mice. Two-tailed unpaired t test, “p<0.05, **p<0.01, **p<0.001. (G~I)
Open-field test in 21-month-old WT and JNPL3 mice under bright light condition (W, n=7; JNPL3, n=9). Mann-Whitney test, **p<0.01. (J) Gait initia-
tion failure in balance beam walk test (W', n=13; JNPL3, n=15). Mann-Whitney test, **p<0.001. (K) Open-field test in 7-month-old WT and rTg4510
mice under bright light condition (WT, n=12;rTg4510,n=12). Two-tailed unpaired ¢ test, p>0.05.
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mirroring human GIF syndrome, we performed the open-field
test to assess exploratory behaviors and general locomotion. The
level of illumination is a key factor that may affect anxiety and ex-
ploratory behavior in rodents [26]. Thus, we conducted the open-
field test under two different illumination conditions: (1) bright
illumination condition (Fig. 2A~C); (2) dim red lighting condition
(Fig. 2D~F). In this test, WT mice initiated walking immediately
after they were placed in the center zone of the open field arena.
Notably, 12-month-old JNPL3 mice exhibited a significant delay
in the onset of gait initiation regardless of lighting intensity (Fig.
2A and 2D; Video S2) (Latency to gait initiation under bright light
[in sec]: W'T, 4.0+0.5; JNPL3, 33.848.1; p<0.0001; Latency to gait
initiation under dim red light [in sec]: W', 1.5+0.2; JNPL3, 5.0+ 1.6;
p=0.013), although the difference in delay time between genotypes
was modest in the dim light condition. JNPL3 mice spent more
time in the central zone under bright illumination but not under
dim red light (Fig. 2B and 2E) (Percentage of time in central zone
under bright light: WT, 7.7+1.2; JNPL3, 22.1+3.3; p=0.0006; Per-
centage of time in central zone under dim red light: W'T, 3.9+1.2;
JNPL3, 9.0+3.6; p=0.12). Accordingly, under bright illumination,
JNPL3 mice exhibited significantly decreased total exploratory
distance relative to that of their WT littermates (Fig. 2C) (Distance
travelled [in cm]: WT, 2254+102; JNPL3, 1727+103; p=0.0017). In
contrast, the total distance traveled by JNPL3 mice under dim light
conditions was comparable to that of WT animals (Fig. 2F) (Dis-
tance travelled [in cm]: WT,2196+107; INPL3, 2168+107; p=0.86),
which is reminiscent of GIF patients with normal gait patterns
once the hesitation is overcome [14]. These findings suggest that
the total amount of exploratory behavior in JNPL3 mice is dif-
ferentially affected by different light intensities. In addition, the de-
layed gait ignition in the open field test was maintained in JNPL3
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mice up to at least 21 months of age (Fig. 2G~I) (Latency to gait
initiation under bright light [in sec]: WT, 3.5+1.6; JNPL3, 24.3+5.0;
p=0.0032; Percentage of time in central zone under bright light:
WT, 3.6+0.8; JNPL3, 17.522.1; p=0.001; Distance travelled under
bright light [in cm]: WT, 2248+198; JNPL3, 1968+252; p=0.42).
Importantly, the increased latency of gait initiation in JNPL3 mice
was reproducible on the balance beam test, which requires goal-
directed activity (Fig. 2]) (Latency to gait initiation [in sec]: WT,
0.2+0.1; JNPL3,23.5+4.2; p<0.0001).

Based on these results, we conjectured that the heightened levels
of anxiety in JNPL3 mice may have caused the delayed gait igni-
tion in the open field and balance beam tests. Therefore, we con-
ducted the elevated plus maze test to evaluate anxiety-like behav-
ior in 12-month-old JNPL3 mice. Behavioral analysis revealed that
JNPL3 mice had similar levels of anxiety compared to their WT
littermates under both bright and dim light conditions (Fig. 3A~B)
(Number of total arm entries under bright light: WT, 9.3+1.4;
JNPL3, 7.7+1.6; p=0.46; Number of total arm entries under dim
red light: WT, 13.6+1.4; JNPL3, 11.0+1.9; p=0.29; Percentage of
open arm entries under bright light: WT,7.6+2.9; INPL3, 16.0+5.4;
p=0.15; Percentage of open arm entries under dim red light: WT,
12.6+3.0; JNPL3, 22.1£6.2; p=0.13), suggesting that enhanced
anxiety was unlikely to have induced the GIF phenotype in JNPL3
mice. Together, these findings suggest that the prolonged time
taken to initiate spontaneous walking in JNPL3 mice is caused by
abona fide motor system dysfunction but not enhanced anxiety.

We next tested whether the GIF phenotype in JNPL3 mice re-
sulted from tau P301L mutation per se using an independent tau
transgenic mouse line, rTg4510, which expresses the same P301L
mutant tau specifically in the forebrain driven by the CaMKIla
promoter [27, 28]. Seven-month-old rTg4510 mice have been
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Fig. 3. Anxiety levels in JNPL3 mice. (A and B) The elevated plus maze test comparing anxiety-like behavior between WT and JNPL3 mice (n=19 and
12, respectively). The number of total arm entries representing exploratory activity (left) and proportion of entries into open arms (right) indicating
anxiety levels in bright (A) and dim red light (B) conditions. Note that JNPL3 mice exhibited similar anxiety levels when compared to WT animals. Two-

tailed unpaired ¢ test, p>0.05.
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Fig. 4. Immunohistochemistry
for PHF tau in JNPL3 hind-
brain. (A) Schematic of circuits
associated with initiation of
locomotion (Cbl, cerebellum;
MLR, mesencephalic locomotor
region; Cnk, cuneiform nucleus;
PPN, pedunculopontine nucleus;
RE reticular formation; BSN,
brainstem nuclei; IRt, Intermedi-
ate reticular nucleus; LPGi, Lat-
eral paragigantocellular nucleus;
LRt, Lateral reticular nucleus). (B)
Immunohistochemical analysis
of PHF tau expression levels in
brainstem regions of JNPL3 mice
(WT, n=3; JNPL3,n=3; 4V, fourth
ventricle). Yellow boxes indicate
magnified regions (LPGi). Scale
bars, 50 pm. (C) Quantified
PHF tau-immunopositive fluo-
rescence intensity. Two-tailed
unpaired ¢ test, *p<0.01.
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reported to display a marked increase in PHF tau levels, as well as
cognitive impairments, in the water maze test [27,28]. In the open
field test, however, rTg4510 mice exhibited no delay in gait initia-
tion when compared to their WT littermates (Fig. 2K) (Latency
to gait initiation [in sec]: W'T, 1.8+0.5; rTg4510, 2.0£0.4; p=0.67).
This suggested that the GIF phenotype in JNPL3 mice likely arose
from Prion-promoter-driven expression of P301L mutant tau in
hindbrain areas. Therefore, we performed immunohistochemistry
for highly phosphorylated PHF tau in JNPL3 brains using an anti-
PHEF tau antibody, AT8. PHF tau was barely detectable in sagittal
brain sections of WT mice, while high levels of PHF tau were ob-
served in brainstem areas associated with locomotor initiation (Fig,
4A, B). Quantitative analysis of immunolabeling data revealed
that the fluorescence intensity of PHF tau was significantly higher
in the reticular formation of JNPL3 mice compared to their WT
controls (Fig. 4C) (PHF tau-positive area [%]: W'T, 0.0083+0.0048;
JNPL3,0.14+0.027; p=0.0091; intensity of PHF tau [arbitrary units,
auw]: WT, 29.47+3.23; JNPL3, 55.55+2.72; p=0.0035). As these
brainstem areas are closely associated with locomotor initiation,
these results suggested that GIF in JNPL3 mice may be caused by
dysfunctional brainstem networks.

DISCUSSION

Impaired cognitive and motor function has been described in
various genetic animal models of neurodegenerative diseases in-
cluding tauopathies [1]. The usefulness of mouse models depends
on reproducibility and recapitulation of the human phenotype
[29]. However, subtle behavioral alterations in mouse models
may miss detection because of poor sensitivity of behavioral tests
and inaccuracy of monitoring devices. These factors may limit
reproducibility, validity of preclinical research, and opportunities
to investigate neural mechanisms and potential therapeutic inter-
ventions for human behavioral symptoms. Therefore, it is crucial
to understand the detailed behavioral characteristics of mouse
models for better clinical translation of basic research findings.

To extend previous findings of progressive motor disturbances
in JNPL3 mice [11], here we examined whether JNPL3 mice ex-
hibited novel behavioral phenotypes that recapitulated the motor
deficits observed in human tauopathies. Using a battery of motor
behavioral tests and high-speed video tracking system, we initially
observed that JNPL3 mice displayed severe interlimb discoordina-
tion in trotting gait patterns (Fig. 1). The disrupted trotting pattern
and longer interval between diagonal paw contacts in JNPL3 mice
are likely due to weakened paw strength and hindlimb paralysis,
with age- and gene-dose-dependent development of NFT [11].

Notably, we discovered that JNPL3 mice exhibited a marked

https://doi.org/10.5607/en.2019.28.3.404

delay in gait initiation (Fig. 2) that mirrors GIF syndrome in hu-
man patients with some forms of tauopathies such as Parkinsons
disease, progressive supranuclear palsy, and corticobasal degenera-
tion [12, 13]. This gait freezing in JNPL3 mice was not a result of
heightened anxiety because they exhibited comparable anxiety
levels to those of WT controls in the elevated plus maze test (Fig,
3).In addition, eye irritation has been observed in JNPL3 homozy-
gous mice, possibly due to the presence of the Pde6b™' retinal de-
generation allele [11]. However, the retinal degeneration mutation
(rd/rd) is unlikely to cause gait freezing in JNPL3 mice because
homozygous mice with the mutation perform normally on sen-
sorimotor tasks such as the rotarod test [30]. Furthermore, we did
not detect any signs of severe visual abnormalities in JNPL3 mice
that may have led to limited activity or bumps into the walls of the
arena during the open field test.

In this study, we observed a marked increase in fluorescence
intensity of highly phosphorylated PHF tau in JNPL3 mice, spe-
cifically in nuclei involved in locomotor initiation, including the
brainstem nuclei, and reticular formation (Fig. 4). The reticular
formation sends glutamatergic projections to spinal central pat-
tern generators [31]. Emerging evidence suggests that dysfunction
of the pontomedullary reticular formation is implicated in the
causation of gait freezing [32]. Furthermore, gait freezing has been
proposed to arise from disconnection of the frontal lobes from
subcortical and brainstem nuclei [33]. Collectively, our findings
support previous evidence and strongly suggest that GIF in JNPL3
mice may be caused by aberrant synaptic function in brainstem
networks. It will be of interest to examine whether optogenetic
and/or pharmacological manipulations of neural circuits associ-
ated with locomotor initiation alters the GIF phenotype in JNPL3
mice. Indeed, recent clinical studies have reported beneficial ef-
fects of the dopamine agonist ropinirole, noradrenaline precursor
L-threo-3,4-dihydroxyphenylserine, and subthalamic deep-brain
stimulation on gait freezing in human patients [14,23,24, 34].

It should be noted that P301L-mutant tau may have beneficial
effects in young adult JNPL3 mice, even though the mutation
ultimately results in loss of motor neurons, paralysis, and death be-
tween 7 and 12 months [11,35]. At 5~7 months of age, INPL3 mice
were superior to control animals in the rotarod task, balance beam,
and coat hanger tests [35]. However, only hemizygous JNPL3 mice
that express transgenic tau at levels equivalent to endogenous tau
were used in the behavioral experiments. Therefore, it appears that
modest tau or mutant tau expression in JNPL3 mice may provide
certain benefits for motor performance before the onset of neuro-
degeneration.

In summary, we demonstrate for the first time that JNPL3 hu-
man P301L-mutant tau mice display gait freezing that recapitu-
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lates the GIF phenotype in human patients. Our findings suggest
that gait freezing in JNPL3 mice arises from network dysfunction
of the hindbrain motor system. This study underscores the value
of this mouse model as a tool to study the cellular mechanisms

and potential therapeutics for human GIF syndrome.
ACKNOWLEDGEMENTS

The authors thank Ms. Na Young Do for the schematic il-
lustration describing the findings of this study. This work was
supported by the KBRI basic research program (18-BR-01-01;
L.KJ.) and a National Research Foundation of Korea grant (NRF-
2017M3C7A1048086; L.K.J.) funded by Ministry of Science
and ICT, the KIST Institutional Program (Project No. 2N43680-
18-045; L.K.J. and A.N.P), and KBSI R&D program (Project No.
D37700; L.K.J.). The authors declare no competing financial inter-

ests.
SUPPLEMENT

Video S1. High-speed video recording of limb coordination in
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