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Sickness behavior is defined by a coordinated set of behavioral changes that emerge during infection and
other inflammatory states. A major challenge for assessment, however, is the broad suppression of behav-
ioral output, which hampers the dissociation of specific affective states from generalized motor inhibition.
In this study, we applied facial expression analysis to characterize the sickness state in lipopolysaccharide
(LPS)-injected male mice, leveraging the well-established capacity of rodents to express affective states
through facial action units. LPS induced changes in both movement-related and grimace-like facial features.
Inter-feature correlation analysis revealed that grimace-like features, including orbital tightening and nose
bulging, showed LPS-specific temporal correlations in a subset of time bins. Furthermore, grimace-like read-
outs showed greater inter-individual variability than movement-related measures. Together, these findings
support the viability of facial expression analysis as a noninvasive readout for behavioral states in inflamma-

tory models that induce hypoactivity.
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INTRODUCTION

Sickness behavior refers to a coordinated set of behavioral
changes, including reduced locomotion, anorexia, and adipsia,
that emerge during infection and other inflammatory states.?
Traditionally, these behaviors are quantified through metrics,
such as home-cage locomotion, food intake, and water intake,
which require the animal to move.Y Gauging internal state
during sickness is therefore difficult, as the very behaviors used
for assessment are themselves suppressed. Thus, additional read-
outs that do not depend on motivated locomotion are needed.

Facial expression analysis offers an appealing readout
measure. Facial recordings can be captured passively from
head-fixed mice without requiring motivated behavior and
yield multiple categories of features within a single session,
including movement-related features that reflect orofacial
activity and geometric features that capture postural and
muscular changes independent of voluntary movement. The
Mouse Grimace Scale (MGS) provides a canonical frame-
work for scoring pain-related facial changes,*> but relies on
discrete, human-rated categorical scores that inherently limit
temporal resolution and inter-rater reproducibility. Recent
automated approaches using convolutional neural networks
have addressed this by classifying pain states from facial
images of freely moving mice,” providing objective and tem-
porally resolved pain probability estimates. However, to our
knowledge, changes in facial expression have not been charac-
terized in sickness behavior.
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Thus, we sought to address this gap by examining facial
features in a well-characterized murine model of sickness
behavior: mice treated with lipopolysaccharide (LPS), a bac-
terial endotoxin that causes systemic inflammation.”® In addi-
tion to suppression of facial movements, as assessed by nose
and mandible movement, we observed the gradual emergence
of grimace-like facial features derived from the established
MGS.» Both movement and grimace-like metrics distin-
guished LPS-treated animals from phosphate-buffered saline
(PBS) controls. These results demonstrate the utility of facial
expression analysis as a continuous readout of behavioral
changes during sickness.

MATERIALS AND METHODS

Animals All experiments were performed with the
approval of the animal experimental ethics committee at the
University of Tokyo (Approval Number: A2025P007) and in
accordance with the National Institutes of Health (NIH) guide-
lines for the care and use of animals. All efforts were made to
minimize animal suffering. A total of eighteen 12—16-week-old
male C57BL/6J mice (Japan SLC, Shizuoka, Japan) weighing
20-30g were housed in groups under conditions of controlled
temperature and humidity (22+1°C, 55+5%) and maintained
on a 12:12-h light/dark cycle (dark phase from 7:00a.m. to
7:00 p.m.) with ad libitum access to food and water.

Surgery Mice were anesthetized with isoflurane (3%
for induction, 1.0-1.5% for maintenance) in air. Mice were
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head-fixed in a stereotaxic apparatus (SROM-HT, Narishige,
Tokyo, Japan). Stereotaxic coordinates were defined relative
to bregma; grounding screws were implanted at anteroposte-
rior: +1.5 and —6.5mm; mediolateral: +1.0 or 0.0mm. A head
plate (CF-10; Narishige) was secured using dental cement, and
the entire skull surface was covered. Animals were allowed
to recover in their home cages for at least one day prior to
behavioral experiments.

Drug Administration and Recording Following two
days of habituation to the recording environment, mice
were head-fixed using a simple head holder plate (MAG-I1;
Narishige) and filmed using USB cameras (GZ303LEDM
and MCM-320; Gazo, Niigata, Japan) positioned at an angle
of approximately 32° relative to the plate. Data collection
was performed for 60min prior to and 150min following
intraperitoneal drug administration. LPS from Escherichia
coli O111:B4 (L2630-10MG; Sigma-Aldrich, St. Louis, MO,
U.S.A) was dissolved in sterile PBS and administered
intraperitoneally at 0.83mg/kg, consistent with previously
established protocols.®? PBS-injected animals served as
controls.

Data Analysis All data analyses were performed using
custom-written Python scripts. Statistical analysis was
computed using Pingouin (v. 0.5.5). The summarized data
are reported as the means+standard deviation. The signif-
icance level was set at 0.05, and the null hypothesis was
statistically rejected when p<0.05 (or 9<0.05 for Benjamini—
Hochberg false discovery rate [FDR] correction), based on
two-tailed tests. Image processing, including the addition of
scale bars for representative images, was performed using
ImageJ software (NIH, Bethesda, MD, U.S.A.).

Facial landmarks were annotated and tracked using Dee-
pLabCut.!® Among the canonical MGS action units (orbital
tightening, nose/cheek bulge, ear position, and whisker
change), we selected eye flatness and nose bridge slope as geo-
metric proxies for orbital tightening and nose bulge, respec-
tively. Ear position and whisker change were not quantified
because ears frequently rotated out of the field of view under
head fixation, and whisker diameter and movement velocity
precluded reliable landmark tracking at our frame rate. Eye
flatness was quantified as the ratio of the minor to major
axis of an ellipse passing through the medial canthus, lateral
canthus, and the lowest point of the lower eyelid, while nose
bridge slope was derived via least-squares linear regression of
five points linearly aligned from the medial canthi level to the
nose tip.

For pre-administration analysis, the baseline was the mean
of representative values excluding the initial acclimation
period (0—15min). For post-administration analysis, the first
15-min bin served as the baseline to compensate for potential
spatial shifts caused by head repositioning. A pre-injection
baseline could not be used because releasing mice for intra-
peritoneal injection altered head positioning relative to the
camera, precluding direct geometric comparisons across time
points. To validate this baseline selection, we confirmed that
no systematic baseline differences existed between groups
during this period (Supplementary Fig. 2). Only frames with
a tracking likelihood >0.85 were analyzed. This threshold was

validated to ensure accurate tracking without significant esti-
mation errors (Supplementary Fig. 1). To standardize the tem-
poral dynamics, relative changes in kinetic parameters (nose
and mandible movement) were expressed as a percentage
change from baseline (A%=[ratio to baseline — 1]x 100). Con-
versely, changes in geometric parameters (eye flatness and nose
bridge slope) were expressed as a percentage point difference
(%A=difference from baseline x 100). To maintain a balanced
dataset across individuals and time bins, random downsam-
pling was performed based on the minimum number of valid
frames identified across all bins (nose: 114; mandible: 153;
eye flatness: 177; nose bridge: 174 frames). The median of the
downsampled data was then used as the representative value
for each bin. For temporal representation, pre-administration
data points were assigned to the midpoint of each 15-min bin
(i.e., 7.5min after bin onset). Conversely, post-administration
data points were assigned to the onset of each 15-min bin
(e.g., the 0—15min interval was defined as Omin).

To evaluate the statistical significance of differences
between experimental groups over time, a two-way mixed
ANOVA was performed. In this model, Time (represented by
the 15-min bins) was treated as a within-subjects (repeated-
measures) factor, and Group was treated as a between-
subjects factor. We evaluated the main effect of Group to
assess overall differences across the entire time course; there-
fore, we did not conduct tests for simple main effects. Detailed
statistical outputs for the two-way mixed ANOVA are pro-
vided in Supplementary Fig. 2.

Inter-feature correlations were evaluated using absolute
Pearson correlation coefficients (|r), excluding the baseline
(the initial 15-min post-injection bin). To control for multiple
comparisons, raw p-values derived from these Pearson cor-
relations were adjusted using the Benjamini-Hochberg FDR
procedure (0<0.05).

To summarize facial expression changes at the individual
animal level, two composite indices from PBS-referenced
features were calculated. Movement-related features (nose
and mandible movement) were log-transformed prior to
Z-scoring given their ratio scale (baseline=1), while grimace-
like features (eye flatness ratio, nose bridge slope) were
Z-scored directly (baseline=0). All Z-scores were referenced
to the PBS group mean and standard deviation computed
across all post-injection timepoints. A movement score (M)
and a grimace score (G,) were then defined as:

M,=(z_nose_movement + Z_mandible_movement)/2
G,=(z_eye flatness_ratio + Z_nose_slope_ratio)/2

Both scores were computed over the entire session as well as
for a peak sickness window (75—105min post-injection).

RESULTS

Following LPS administration, we observed facial expres-
sion changes in head-fixed mice, with the LPS-treated
group exhibiting alterations in facial morphology relative
to both baseline and PBS-injected controls (Fig. 1A). To
quantify these changes, we defined specific landmarks for
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(A) Representative images of mice following intraperitoneal (i.p.) administration of PBS or LPS. “Baseline” indicates the 0—15min post-injection bin. Scale bar: 5mm
(scale is approximate due to the 32° camera angle and uncorrected depth perspective). (B) Facial landmarks annotated for DeepLabCut tracking. (C—F) Time course of
percentage changes in orofacial and facial parameters from baseline following PBS or LPS i.p. injection: (C) A% nose movement, (D) A% mandible movement, (E) %A
eye flatness, and (F) %A nose bridge slope. Pre-administration data (PBS n=6, LPS n=8) are plotted at bin centers for reference. Post-administration data points are
consistently aligned with the onset of each 15-min bin. Statistical analyses were performed on the post-administration data (PBS: n=8, LPS: n=38) using a two-way mixed

ANOVA (factors: Group and Time). Data represent the means+the standard deviati

four parameters (Fig. 1B), which were grouped into two
categories: movement and grimace-like facial features. For
movement metrics, we tracked (1) the nose tip and (2) a repre-
sentative ventral point of the mandible, quantifying movement
as the Euclidean distance between coordinates in consecutive
frames. In LPS-treated mice, both nose and mandible move-
ment scores decreased gradually, peaking at approximately
75min, while PBS-treated mice remained near baseline
levels (Figs. 1C and 1D; n=8 mice per group, two-way
mixed ANOVA). In parallel, we assessed facial expressions
based on the MGS, a framework originally developed to score
pain-related facial changes and comprising orbital tightening,
nose bridge bulging, cheek bulging, ear position changes, and
whisker repositioning. Among these, we selected (3) the eye
and (4) the nose bridge, as they could be reliably extracted
from video; some mice also exhibited visible cheek bulging
(Fig. 1A). Orbital tightening has been identified as a key and
reliably weighted action unit across rodent grimace scales.!!"1?
These grimace-like facial features were concurrently evident
in LPS mice, including an increased eye flatness ratio reflect-
ing orbital tightening and an elevated nose bridge slope indic-
ative of upward bulging of the nose bridge. Notably, both

ons.
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measures increased gradually and closely mirrored the time
course of movement suppression, peaking at approximately
75-90min post-injection (Figs. 1E and 1F; n=8 mice per
group, two-way mixed ANOVA).

To further characterize the temporal dynamics of these
facial changes, we constructed inter-feature correlation matri-
ces across post-injection timepoints. This analysis showed
that eye flatness ratio and nose bridge slope exhibited signif-
icant correlations at a subset of post-injection time-bin pairs
in the LPS group but not in the PBS group (Figs. 2A and 2B;
Benjamini—Hochberg FDR-corrected QO < 0.05, n=8 mice per
group). To quantify the magnitude and time course of the
effects, composite Z-scores were computed per mouse (see
Materials and Methods). These standardized scores showed
the expected gradual onset, peaking at 75min post-injection
and remaining elevated until the recording termination at
150min (Figs. 2C and 2D; n=8 mice per group, two-way
mixed ANOVA). While movement suppression was observed
reliably across all LPS-treated mice during the peak phase
(75-90min), grimace-like facial scores were more variable
across individuals, with some mice showing little elevation
above PBS controls (Fig. 2E).
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Temporal Dynamics and Individual Variability of LPS-Induced Movement and Grimace-Like Facial Features

(A, B) Heatmap displaying the absolute Pearson correlation coefficients (|r|) among four metrics (nose movement, mandible movement, eye flatness ratio, and nose bridge
slope) across 15-min time bins. Data from the first 15min were excluded from the correlation analysis. Asterisks indicate statistical significance (*0<0.05, Benjamini—
Hochberg FDR correction). (C, D) Time course of composite Z-scores following PBS or LPS i.p. injection. Data points are aligned with the onset of each 15-min bin. (C)
Movement-score (M), representing the composite Z-score of nose and mandible movement changes. (D) Grimace-score (G,), representing the composite Z-score of eye
flatness ratio and nose bridge slope changes. A two-way mixed ANOVA (factors: Group and Time) was performed on the data. (E) Scatter plot of M, versus G, for each

individual in the PBS and LPS groups. n=8 mice per group.

DISCUSSION

We establish continuous facial landmark tracking as a
robust, single-session readout of sickness behavior that
simultaneously captures orofacial movement suppression and
grimace-like facial changes in LPS-treated mice. Notably,
this study is the first to apply this approach to quantify these
features during LPS-induced sickness. We demonstrated that
both movement-related and grimace-like features peaked at
approximately 90min, and inter-feature correlation analysis
showed LPS-specific correlations between eye flatness ratio
and nose bridge slope at a subset of time bins (Figs. 2A and
2B). Collectively, these findings establish continuous facial
landmark tracking as a readout of sickness behavior that
simultaneously captures both orofacial movement suppres-
sion and grimace-like facial changes from a single passive
recording.

A central behavioral hallmark of LPS-induced sickness is
a marked reduction in voluntary movement.”'¥ This broad

suppression of movement, which includes spontaneous loco-
motion and self-grooming, is reliably observed at approx-
imately 90min post-injection.” Our finding that nose and
mandible movement are similarly suppressed at this timepoint
confirms that landmark-based tracking captures this canonical
feature of sickness and extends the documented hypoactivity
to the orofacial domain. This finding not only validates the
approach for capturing LPS-induced behavioral changes but
also situates the concurrent grimace-like features within a
recording that is already sensitive to a known behavioral sig-
nature of sickness.

Three key limitations should be considered when inter-
preting these findings. First, although the observed changes
in eye flatness and nose bridge slope are consistent with
grimace-like features described in the MGS literature,
alternative explanations cannot be ruled out. LPS induces a
broad sickness response that includes lethargy, somnolence,
and altered arousal,'*!> any of which represents a potential
confound that could produce eye narrowing independent
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of nociception. Similarly, changes in nose bridge geometry
couldreflectaltered breathing patterns orinflammation-induced
facial edema rather than engagement of orbital/perinasal
musculature.!®!? We therefore interpret the grimace-like
facial changes as consistent with, but not necessarily specific
to, a nociceptive component of sickness. Pharmacological
validation, such as selective reversal of grimace-like fea-
tures by analgesics without altering movement suppression,
together with concurrent measurement of respiratory and
inflammatory variables, is required to establish the mech-
anistic basis of these facial changes. Second, the current
approach relies on tracking only a limited set of discrete
facial landmarks (eye flatness and nose bridge slope), which
inevitably captures only a subset of the expressive repertoire;
the composite score constructed from these features is there-
fore inherently partial. Third, our analysis was restricted to
the acute phase of sickness (up to 150min post-injection).
The window was selected a priori based on the established
time course of LPS-induced hypoactivity in mice,"!® but it
may capture the onset or transition toward peak sickness
rather than a sustained plateau.” Longitudinal characteri-
zation spanning the later sickness and resolution phases is
therefore needed to determine whether the facial features
identified here apply to later stages.

In summary, these results establish that continuous facial
landmark quantification serves as a readout of LPS-induced
sickness behaviors, capturing grimace-like facial changes that
emerge concurrently with orofacial movement suppression.
Although the mechanistic basis of these grimace-like changes
remains to be established, this methodological approach effec-
tively complements traditional locomotor-based behavioral
assays in the LPS literature and may be particularly valuable
in paradigms where exploring continuous changes in the sick-
ness response is of experimental interest.
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