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ABSTRACT

Metabolic flux augmentation via glucose transport activation may be desirable in Glucose
transporter 1 (Glut1) deficiency (G1D) and dementia, whereas suppression might prove useful
in cancer. Using lung adenocarcinoma cells that predominantly express Glut1 relative to other
glucose transporters, we screened 11,613 compounds for effects on the accumulation of an
extracellularly-applied fluorescent glucose analog. 5 drugs currently prescribed for unrelated
indications or preclinically-characterized robustly enhanced intracellular fluorescence.
Additionally identified were 37 novel activating and 9 inhibitory compounds lacking previous
biological characterization. Because few glucose-related mechanistic or pharmacological
studies were available for these compounds, we developed a method to quantify G1D mouse
behavior to infer potential therapeutic value. To this end, we designed a 5-track apparatus to
record and evaluate spontaneous locomotion videos. We applied this to a G1D mouse model
that replicates the ataxia and other manifestations cardinal to the human disorder. Because the
first two drugs that we examined in this manner (baclofen and acetazolamide) exerted various
impacts on several gait aspects, we used deep learning neural networks to more
comprehensively assess drug effects. Using this method, 49 locomotor parameters
differentiated G1D from control mice. Thus, we used parameter modifiability to quantify efficacy
on gait. We tested this by measuring the effects of saline as control and glucose as G1D
therapy. The results indicate that this in vivo approach can estimate preclinical suitability from
the perspective of G1D locomotion. This justifies the use of this method to evaluate our drugs or

other interventions and sort candidates for further investigation.
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SIGNIFICANCE STATEMENT

One approach to Glucose transporter | (Glut1) deficiency syndrome (G1D), dementia and
cancer treatment is modulation of glucose transport. Using lung adenocarcinoma cells rich in
Glut1, we identified, in high-throughput fashion, activators and inhibitors of fluorescent glucose
analog transport. We also developed a gait testing platform for the deep learning neural network
analysis of G1D mice that quantifies drug impact on 49 gait parameters, thus evaluating the

potential preclinical efficacy of these drugs and other interventions via analysis of locomotion.
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INTRODUCTION
Glucose is the principal metabolic fuel utilized by cells throughout the organism. This is
particularly relevant in neural and cancer cells, which exhibit elevated glycolysis rates
associated with normal functional activity or with survival and proliferation, respectively. Glucose
enters many of these cells predominantly via the facilitative membrane transporter Glut1. This
transporter is subject to haploinsufficiency, downregulation or upregulation in neurological and
oncological diseases. For example, diminished Glut1 expression and brain glucose content is a
hallmark of Glucose transporter 1 deficiency (G1D) (Pascual et al., 2002; Rajasekaran et al.,
2022) and various types of dementia (Rosenberg and Pascual, 2020), whereas elevated Glut1
expression can signify cancer growth, invasiveness or adaptation (DeBerardinis and Chandel,
2016). Thus, there is a longstanding interest in stimulating or supressing glucose flux into neural
or cancer cells via Glut1 or other mechanisms.

G1D is often associated with glucose-responsive encephalopathy (Pascual and Ronen,
2015). The disease usually stems from partial or complete loss of function (or
haploinsufficiency) of only one copy of the slc2al gene (Pascual et al., 2008). Despite the
presence of other glucose transporters in the brain, Glut1 virtually constitutes the obligate or
principal facilitator of glucose flux across red blood, blood-brain barrier and cerebral glial cells.
Consequently, in G1D there is, most likely, progressively decreased glucose flux through a
series of cellular compartments that span from circulating red blood cells or plasma to neural
cells. This results in metabolic substrate deprivation of the brain (Marin-Valencia et al., 2013).

The clinical expression of G1D represents a multiform neurological disease with infantile
onset. Despite constituting a disorder studied by numerous investigators (Klepper et al., 2020)
and one for which an informative stable antisense mouse model exists (Marin-Valencia et al.,
2012; Marin-Valencia et al., 2013; Rajasekaran et al., 2022), G1D has proven incompletely or
inadequately treatable. Paradoxically, most antiseizure drugs aggravate or are ineffective
against seizures when they are present (Wang et al., 1993; Rajasekaran et al., 2022). Current

5
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therapies thus include a modified Atkins diet, a ketogenic diet, or a regular diet supplemented
with triheptanoin (Pascual et al., 2014), the latter of which remains under investigation (clinical
trial NCT03181399). Despite seizure amelioration in two-thirds of G1D individuals who tolerate a
ketogenic diet, none of the treatments are fully effective (Hao et al., 2017). Further, the diet can
prove detrimental for seizures in a small fraction of patients (J.M.P., clinical observations, n= 5
of 220 patients). Thus, alternative or additional treatments are needed (Klepper et al., 2020).

This, and the desire to augment celluar glucose influx in dementia and to suppress it in
cancer, provided the motivation to identify novel modulators of glucose transport. We therefore
tested a series of compounds for effect on the accumulation of a glucose analog reporter in
cultures of the pulmonary squamous adenocarcinoma cell line HCC95. These cells express
Glut1 at about 10-fold greater abundance than all other glucose transporters combined
(Goodwin et al., 2017b).

Numerous compounds exhibited glucose transport modulatory actvitity. Hovever, prior
information on Glut1- or glucose transport-relevant actions for most of them was lacking. Thus,
instead of proceeding to characterize the compounds in mechanistic terms, we reasoned that
their impact on the G1D mouse phenotype could constitute an expeditious and effective
preliminary sorting criterion. To this end, we used the cited G1D mouse model, which harbors
about 50% residual Glut1 activity, in line with human observations (Marin-Valencia et al., 2012).
Importantly, G1D persons almost invariably exhibit motor dysfunction and this is replicated by
the mouse model. Thus, this mouse phenotype could constitute a robust test bed to evalaute
the drugs. Because of ataxia, the G1D mice proved unsuitable for rotarod testing, but could be
evaluated by assessment of spontaneous locomotion via the measurement of body part spatial
relations during motion. While measuring these relations for the first two drugs (acetazolamide
and baclofen), we observed differential effects on various measures of gait, indicating that
individual body part movements are not uniformly amenable to modulation. Thus, to facilitate
and expand this analysis, we drew upon a machine learning assisted method that we previously

6
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developed for rotarod motor evaluation (Jakkamsetti et al., 2021) using deep learning neural
networks. This allowed for the identification of 49 locomotor parameters that differentiated G1D
from control, which were differentially sensitive to treatment with saline as control or glucose as
therapy. Altogether, the results of our screening and analysis method suggest that numerous
prescription and other unsuspected drugs can exert glucose transport stimulation or inhibition

and that locomotor testing in G1D mice is suitable for their sorting.
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MATERIALS AND METHODS
High-throughput screening (HTS)

HTS was performed at the High-Throughput Screening Shared Core at UT Southwestern.

1. Chemical libraries. We used the Prestwick Chemical Library (1,200 compounds in clinical

use), NIH Clinical Collection (446 compounds in clinical use or utilized in previous clinical trials),
and the UT Southwestern Diversity Pilot Library (9,967 compounds that are a diversity-based
subset of the larger UT Southwestern Medical Center chemical library which contains ~200,000
drug-like compounds). The Diversity Pilot Library includes drug-like molecules in accord with
Lipinski’'s Rule of Five (Lipinski et al., 1997). All compound libraries were maintained in 100%

dimethyl sulfoxide (DMSO) at -20C.

2. HTS assay. Glucose assay in cells employed a Glucose Uptake Cell-based Assay Kit™
(Cayman, Inc., catalog number 600470) essentially as described by the manufacturer using the
non-small cell lung cancer cell (NSCLC) HCC95 (Goodwin et al., 2017b). The assay was
optimized for a 384 well plate format as follows. HCC95 cells were plated at a final density of
8,500 cells/well into 384 well plates (Greiner, Inc., catalog number 781091) in 60 pL of growth
medium (RPMI-1640 medium [Fisher Scientific, Inc., catalog number A1049101] plus 5% fetal
bovine serum (Atlanta Biologicals, Inc., catalog number S11150) and incubated overnight at
37°C (5% CO,). The medium was then removed using an EL-406 plate washer (Agilent, Inc.)
and the cells washed once with phosphate buffered saline. Glucose-free medium (55 pL) was
added to each well using a MicroFlo dispenser (Agilent, Inc.). The library compounds were
added at a final concentration of 2.5 uM to columns 3 — 22 of each assay plate with an Echo655
(Beckman-Coulter, Inc.). This concentration was informed by the inhibitory constant (Ki) of

common Glut1 inhibitors (typically 1 to 10 uM) (Meyer et al., 2018). DMSO was added to
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columns 1, 2 and 23. Columns 2 and 23 served as vehicle control. The cells were then
incubated for 24 hours at 37°C (5% CO,).

Fluorescently labeled (2R,3R,4S,5R)-3,4,5,6-Tetrahydroxy-2-((7-
nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)hexanal (2-NBDG) (PubChem, 2004-) was used as
reporter or surrogate of glucose transport. 2-NBDG was added to column 1 of each assay plate
(as positive control) to a final concentration of 900 yM and 300 uM in columns 2 — 23. The
concentration of 300 uM was selected based on the kit manufacturer's recommendation.
Because positive controls of glucose uptake have not been described, a three-fold greater
concentration of 2-NBDG (900 uM) was used as a positive control. The final concentration of
DMSO in all wells was 0.5%. Following addition of 2-NBDG, assay plates were incubated for 20
hours at 37°C (5% CO,). Afterward, the assay plates were centrifuged for 5 minutes at 400g at
room temperature and the growth medium was exchanged for 100 uL of cell-based assay buffer
with propidium iodide using an EL406 Plate Washer (Agilent, Inc.) following the manufacturer’s
instructions (Cayman, Inc.). Assay plates were then centrifuged at 400g for 5 minutes at room
temperature. The cell-based assay buffer was aspirated and replaced with 60 uL of cell-based
assay buffer (without propidium iodide) using an EL406 plate washer and imaged on an INCell
Analyzer 6000 (Molecular Devices, Inc.) for 2-NBDG (excitation/emission: 485/535 nm) and for
propidium iodide-stained cells (excitation/emission: 488/650 nm). After excluding dead (i.e.,
propidium iodide positive) cells from quantitation, the 2-NBDG signal was measured using

CellPrdfiler (figure 1) (Jones et al., 2008).

3. Analysis of HTS data. The Screener™ analysis suite (version 16, Genedata, Inc.) was used

as described (Zhang et al., 2015). Compound activities were summarized as percent (%) effect
relative to test population (compound library wells) and robust Z scores (RZ-scores) were
calculated as previously (Zhijin Wu et al., 2008). In brief, we used the Genedata’s Screener™

analysis suite to determine a robust mean (p,) and standard deviation (c,) for the test
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population (chemical library compounds) on each assay plate. We then determined the RZ-
score for each compound using:

(xijp - Mp)

Op

RZ score =

where X;, is the normalized activity x of the compound in row i and column j on plate p, y, is the
robust mean of all compound wells on plate p, and o, is the robust standard deviation of all
compound wells on plate p. An RZ score > 3 or less than < -3 is scored as a statistically
significant hit in the primary assay. Compounds with RZ-scores > 3 (activators) or <-3
(inhibitors) were marked as “primary hits” in the initial or primary screening. This is marked as
primary screening In the supplementary materials. Of note, there are no known Glut1 activators.

Therefore, potency comparisons with established compounds were not feasible.

4. Confirmation of primary screening hits. Compounds from the primary screen were individually

taken from the chemical library and tested in the primary assay at the three doses (0.83, 2.5,
and 7.5 pM) with three replicates per dose. Using the assay described above, we performed a
confirmation study for each compound to determine if the activity observed in the primary
screen (1 dose, 1 replicate) was reproducible and dose-responsive. We dosed each compound
at 2.5 yM and two additional doses in the glucose uptake assay (a half-log lower and a half-log
higher). We then summarized the activity of each compound at each dose by calculating the
median activity from the normalized glucose update activities for the 3 replicates at each dose
(relative to vehicle DMSO). Compounds that demonstrated activity at the screening dose and at
least one additional dose were selected for further studies. In particular, fluorescent compounds
that overlapped the excitation and emission profile of 2-NBDG were excluded; this examination
was carried out using the same assay without the HCC95 cells (medium only). In the

supplementary materials this is condered the confirmatory screening.

10
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Mouse model

Mouse studies were carried out in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted the National Institutes of Health and were approved by the UT
Southwestern Institutional Animal Care and use Committee.

Wild-type C57BL/6J mice were purchased from the Jackson Laboratory. G1D mice were
previously described (Marin-Valencia et al., 2012; Rajasekaran et al., 2022). These mice
uniformly display frank ataxia with normal lifespan and other habits. They are also
phenotypically superior, for this purpose, to our hemizygous mouse model (which is
hypomorphic on several aspects) (Wang et al., 2006) or to other antisense DNA models (which
harbor severe brain malformations) (Heilig et al., 2003). All of the mice were housed in humidity-
and temperature-controlled facilities on a 12 hr on/12 hr off light/dark cycle with ad libitum

access to food and water except as noted for testing. Estrous cycle was not considered.

Drug and glucose administration to mice, locomotor testing sequence and statistical analysis

Habituation to the testing environment and locomotion recording were performed within the 9
AM to 5 PM period (i.e., in the light phase of the day cycle). Figures 3 and 4 illustrate the drug
administration and testing sequence for acetazolamide and baclofen, respectively. The purpose
of the mouse locomotor testing was not to perform dose-response calculations but to detect
locomotor impact and thus enable drug selection for future characterization. Therefore, we
aimed to maximize biological impact by using doses and frequency of administration likely to be

cumulative.

1. Acetazolamide. Twelve 9-month-old male G1D mice with a mean body weight of 23.27 g

were used. Acetazolamide (product number A6011, Sigma-Aldrich, St. Louis, MO) was
dissolved in saline. Dose (200 mg/kg) and route of administration (i.p.) were based on previous

11
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studies (Anderson et al.,, 1986; Czuczwar et al., 1986; Perles-Barbacaru et al., 2012;
Szczygielski et al., 2019). On testing days, animals were habituated to the testing room for 1h
inside their home cages. On testing day 1, 0.2 ml of saline was administered i.p. 30 min prior to
locomotion testing. This was followed by a 1 hr rest interval in the home cage. Then, 200 mg/kg
i.p. acetazolamide was administered 3 times at 2 hr intervals. Locomotion was again recorded 1
hr after the first and second administrations. The times of testing relative to injection were based
on previous studies indicating that acetazolamide is detectable in the brain 1 hr post injection
(Ichikawa et al., 1998) and that saline injection does not raise blood mouse glucose levels 30
min after injection (Zhao et al., 2017). On testing day 2, locomotion was recorded 24 hr after the

firstadministration of acetazolamide the day before.

2. Baclofen. Seventeen 7-month-old male G1D mice with mean body weight 21.23 g were used.
Baclofen (product number B5399, Sigma-Aldrich) was dissolved in saline. Doses (1.5 and 10
mg/kg) and route of administration (i.p.) followed previous studies (Cryan et al., 2004; Ebenezer
and Prabhaker, 2007; Li et al., 2013; Varani et al., 2014). On testing days, animals were placed
in the testing room for 1h for habituation prior to testing in their home cages. The route and
times of saline and baclofen administration and testing were similar to acetazolamide except

that the first and second doses of baclofen were 1.5 mg/kg and the third dose was 10 mg/kg.

3. Glucose. 10 control (5 females and 5 males) and 10 G1D (5 females and 5 males) mice aged
five months were used. The mice were fasted for 5 hr prior to the first injection. On testing day
1, locomotion was recorded without the administration of saline or glucose (product number
G8270, Sigma-Aldrich). On day 2, locomotion was recorded 30 min after 0.2 ml i.p. saline
injection. On day 3, locomotion was recorded 30 min after i.p. glucose injection at 2 g/kg of body

weight using a 0.25 g/ml glucose solution in saline. 5 pl blood samples of were collected from

12
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mouse tail clips immediately after locomotion recording and glucose concentration determined

with a Contour® glucometer (Bayer, Tarrytown, NY).

A paired t-test was used within each drug experimental group to examine the differences
between saline and the subsequent post-drug (acetazolamide or baclofen) locomotion sessions.
For the glucose experiments, the control mouse group was compared to the G1D group at
baseline using an unpaired two-sample t-test, whereas a paired sample t-test was performed to

compare the effects of saline and glucose injections between the control and G1D groups.

Mouse locomotion analysis

Mice were daily assessed for appearance and general health prior to locomotor testing. An
illuminated, 5-track rodent runway platform with plexiglas-separated lanes (figure 2) was built to
allow the video recording of the undersides of the mice through a glass platform. This enabled
the tracking of predetermined key points of each mouse body while it traversed the runway. The
mice were untrained. Ocassionally, some mice were prodded with a blunt object to facilitate the
crossing of the entire platform. These events were removed from analysis. Drug doses for
mouse studies were estimated from published data on dose and half-life. We defined a testing
session as a set of three trials. During a trial, a mouse crossed the track for one dose of
experimental drug, saline or no intervention. A trial was typically completed without stopping for

more than 10 s.

Video acquisition and pre-processing

Bottom (i.e., from below the locomotion plane) view videos of the mice were recorded using a
Nikon D7200-N1406 digital SLR camera with an 18-140 mm lens placed parallel to the platform.
The videos were recorded at 30 frames per second (fps) with a resolution of 1920 x 1080 pixels
for acetazolamide and baclofen recordings and 60 fps for all subsequent recordings. This

13
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difference in video recording temporal resolution was due to the fact that recordings at 30 fps
were sufficient to measure the locomotor behavior of the mice after acetazolamide and baclofen
using Kinovea (https://www.kinovea.org, version 0.9.3) while allowing for a favorable data
analysis time. For subsequent glucose experiments, we implemented the fully automated deep
neural network-based pose estimation package DeeplLabCut (Mathis et al., 2018; Nath et al.,
2019). Although the DeepLabCut network was trained adequately, some points recorded at 30
fps were mislabeled because of the fragmented nature of G1D mice and body-part relations in
the recorded videos. Increasing the frame rate of the camera from 30 fps to 60 fps allowed for
adequate automatic extraction of pose activity from G1D mouse videos. Optimum image
resolution required for accurate and expedient training of neural networks was 1280 x 720
pixels. Therefore, pre-processing adjusted the videos to this resolution using a Microsoft Video

editor.

Locomotion analysis of acetazolamide and baclofen

Acetazolamide (200 mg/kg) was intraperitoneally injected in 12 G1D male mice that were seven
or nine months of age. Four sessions were conducted with the first following a saline injection to
control for the subsequent 3 sessions (figure 3). The interval between injection and testing was
30 min for saline and 1 hr for acetazolamide. Two hours after the first session was completed,
each of the three subsequent sessions were conducted following a dose of the drug with an
interval of 1 hr between sessions and doses. Baclofen was tested using 18 G1D male mice
seven months old following a 1.5 mg/kg intraperitoneal dose. 3 sessions included saline control,
followed by 2 more sessions (figure 4). Two hours after the first session was completed, each
of the two other sessions were conducted following a dose of the drug with an interval of 2 hr
between sessions and doses. We also tested a second dose (10 mg/kg) in a subsequent
session that followed the last session by 3 hr. Videos recorded during these trials were used to
track the hind limbs of the mice using semi-automated annotation software Kinovea.

14
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These drugs caused visible changes in locomotion. To evaluate their effects, pose-
estimation coordinates of hind limbs were imported to MATLAB. The speed was calculated
using function ‘diff’ by dividing the displacement by the time between any two video time frames.
MATLAB ‘pdist’ function was utilized to obtain the Euclidean distance between the hind paws
(i.e., gait width). The stationary gait width was calculated within the first 500 ms of mouse
placement on the track, with the stationary period defined as lack of any movement velocity
greater than 5 cm/s. Subsequently, moving gait width and speed were similarly computed for
movement speeds above 5 cm/s. Stride was evaluated using a speed versus the x-coordinate
graph of the limb. In this manner, multiple speeds were detected. The area between a speed
value below zero and the next consecutive value below zero represented one swing motion.
The distance between two consecutive minimum speeds was defined as the stride length,
whereas the average swing speed was calculated by averaging the speed values between two
consecutive minimum speed values. These seven parameters sufficed to statistically determine

significant changes induced by the drugs.

Automation of pose estimation by deep neural networks

The semi-automated testing of acetazolamide and baclofen described above was sufficient with
only the two hind limbs tracked, as the changes in locomotion were salient. However, we
expanded the tracking to multiple body parts to analyze more subtle changes that the drugs
may potentially cause. Because of the ataxic locomotion of G1D mice, multi-point tracking of
mouse body parts proved imprecise using Kinovea (Shishov et al., 2021). Thus, we used a deep
neural networks for completely automated pose estimation.

DeepLabCut 2.2.0.2 was used for automated tracking of body parts in the recorded
videos. This was tested for no injection and for saline and glucose administrations. 10 G1D mice
and 10 littermate control mice 7 months old with half of each group comprising males were
tested in 3 sessions: Baseline, saline and glucose administrations. To propitiate metabolic

15
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homogeneity, the mice fasted from 9:30 am to 2:30 pm for all three sessions. Blood glucose
was measured using a Contour® Next EZ glucometer. Baseline sessions were conducted the
day before saline and glucose sessions were performed on the following day. Saline injection
volume was 0.2 mL for all mice. Glucose dose was 2 mg/g, dissolved in the same volume.

Injections were followed by a 15-minute pause before placement on the track.

1. Deep learning neural network tracking dataset. From 60 videos (3 sessions including 20

mice), the 6 videos that displayed the most diversity in with respect to mouse behavior and
lighting were selected for training. 5 additional videos with different camera angle and zoom
settings were also selected. Using a k-means algorithm, 350 frames were selected from these
11 videos. On these frames, 12 points were manually labeled with precision, with 8 body parts

on each mouse and 4 points on the track for calibration (figure 5A).

2. Network training and performance evaluation. The training dataset was created using the

ImageNet pre-trained ResNet-50 architecture (Mathis et al., 2020). To mitigate motion blur, an
‘imgaug’ method was chosen for data augmentation. The training was performed using 95% of
the annotated frames while the 5% of frames were used for evaluating the network. The
evaluation was accessed after 500,000 iterations to determine the best fit model. The final
model was created using 1,030,000 iterations, which had a combined train error of 1.48 pixels

and a test error of 9.31 pixels for all labeled parts.

3. Tracking of novel videos. Using the trained model, all the recorded videos, 54 novel and the 6

used for training, were analyzed. The results were saved in Excel. Labeled videos were created
to verify the performance of the network for both control and G1D mice. The purpose was to

relabel any outlier frames and add to the training dataset any outlier frames for re-training the
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network. However, the prediction on the final labeled videos was satisfactory and therefore the

model was not retrained.

4. Pre-processing and data optimization. The Excel datasheets were imported into MATLAB.

Each labeled mouse part contained 3 values: x-coordinate in pixels, y-coordinate in pixels and
the likelihood of the prediction being accurate. Euclidian pixel distance values were converted to
cm using four points marking the track for calibration. Even while displaying a low error rate, the
network did detect rare outliers in several frames. For instance, the paws of the animals were
not touching the plexiglass while being placed on the platform (first few s). Therefore, we set a
low threshold for likelihood and then filtered and interpolated the data to facilitate automated
tracking. A low likelihood threshold (p-cutoff) was selected to include all of the high confdence
and majority of low confidence data points. The low confidence points were included to not have
gaps in tracking values and any outliers would be later removed during pre-processing. A low
likelihood threshold of 0.09 (9% likelihood) was selected after inspecting the evaluation test
error rate (table 1). A histogram with a nonparametric kernel-smoothing distribution was
generated for the y-coordinate values using MATLAB ‘histfit’ function (figure 6C). All values
beyond a certain lower and upper threshold limits in the histogram, which were set using the
normal range of motion possible on the track, were discarded and the final data was

interpolated using the ‘interpl’ function (figure 6A, B).

5. Behavioral profiling parameters. A total of 49 locomotor measures were extracted from the

selected data (table 2). These measures were based on both stationary and movement
parameters of the mice. Parameters were calculated for the first forward motion on the track
(half a lap), one stationary period and the entire duration on the track. The first half lap on the

track and one stationary period were extracted manually using the function ‘ginput’ in MATLAB.
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The body parts analyzed, the duration for which the feature was extracted, and the nature of the

feature (temporal/spatial) are in table 2. The definitions of the features are in table 3.

Statistical analysis

Statistical tests employed MATLAB R2021a and GraphPad Prism 9. Two-sample t-tests
(MATLADB’s ‘ttest2’) were used to calculate control relative to G1D group differences. Student’s
paired t-test (MATLAB ‘ttest’) was used to compare changes due to saline and glucose

injections within each group. p< 0.05 was considered statistically significant.

Principal component analysis

To visualize differences between different trials and groups, cluster analysis was performed
using MATLAB principal component analysis algorithm ‘pca’. All 49 parameters described above
(table 2) constituted the feature set for pca, which was used to compare baseline with saline,
saline with glucose, and baseline with glucose for both groups of mice. Linear discriminant
analysis was implemented on the principal component values to determine the components that
displayed maximum class separation. To evaluate this classification, a confusion chart was
generated for observing the true labels and predicted labels. Subsequently, one-way
multivariate analysis of variance (‘manoval’ in MATLAB) was performed on the principal
components to determine the statistical significance of the group mean classification. This

statistical model provided a robust method for quantifying the cluster separation.
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RESULTS
High throughput screening

Our adaption of a commercial protocol (Cayman, Inc.) from a 96-well assay format to a
384-well format proved suitable for HTS. The optimal HCC95 cell number per well was 8,500
and the incubation times for glucose starvation and 2-NBDG were optimized to 24 and 20 hours,
respectively, which maximized the assay time window. For positive control (e.g. increased
uptake of 2-NBDG), we used a 2-fold higher concentration of 2-NBDG compared with DMSO
control wells and the wells where the chemical library was added (columns 3 — 22). The assay
was unaffected by DMSO concentrations up to 0.5%. Automated media exchange further
afforded Z’ factors of ~0.62, thus indicating HTS assay robustness (Zhang et al., 1999).
Figure 1 illustrates typical plate results obtained from the screeening of a clinical/preclinical
drugs collection (Prestwick Chemical Libraries and NIH Clinical Collection) and a diversity-
based pilot library of 9,967 drug-like small molecules. Compounds from both libraries were
scored for activity (% effect relative to control and RZ-score; see methods and figure 1). Ten
glucose transport activators were confirmed from the approved or preclinical drugs
(supplementary Excel file 1), and 32 additional activators were identified from the diversity-
based pilot library. Supplementary table 1 includes a summary of the uses and other
information available for the approved or preclinical drugs. Of these 42 activators, 37 were
compounds not previously described in Glut1l or glucose transport related studies. Two
inhibitors were identified from the approved/preclinical drugs, and 7 from the diversity-based
pilot library. None of the 9 inhibitors have been previously described in Glut1 related studies.
Four compounds that were positive in an initial screen were not further pursued because of
fluorescence (verteporfin, metformin, pyrvinium pamoate, auranofin).
These results are summarized in table 4 and provided in full in supplementary tables 1 - 8.
These tables divide the results into primary and confirmatory screening results. Specifically,
supplementary table 1 presents salient literature on top Prestwick-NIH glucose transport
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activators relevant to Glut1-related aspects, supplementary table 2 lists 91 NIH-Prestwick
activators from the initial screening, supplementary table 3 lists 6 NIH and Prestwick inhibitors
identified in the initial screening, supplementary table 4 lists 30 NIH and Prestwick activators
and inhibitors that proceeded to dose response and autofluorescence confirmation,
supplementary table 5 lists 6 NIH and Prestwick activators without autofluorescence and
confirmation at all 3 doses, supplementary table 6 indicates 4 NIH-Prestwick activators without
autofluorescence and confirmation at 2 doses, supplementary table 7 lists 8K Diversity Screen
activators and inhibitors and supplementary table 8 lists 7 Inhibitors confirmed from the 8K
Diversity library. Supplementary Excel files 1 — 7 give the chemical structures, Z scores and
catalog numbers for the activator and inhibitor compounds. Specifically, supplementary Excel
file 1 lists primary screening activator results for Prestwick and NIH libraries, supplementary
Excel file 2 primary screening inhibitor results for Prestwick and NIH libraries, supplementary
Excel file 3 confirmatory screening activator and inhibitor results for Prestwick and NIH
libraries, supplementary Excel file 4 primary screening activator results for 8K diversity library,
supplementary Excel file 5 primary screening inhibitor results for 8K diversity library,
supplementary Excel file 6 confirmatory screening activator results for 8K diversity library and

supplementary Excel file 7 confirmatory screening inhibitor results for 8K diversity library

Initial testing of drug effects on locomotion

To test behavioral effects, two activators were injected into mice. Figure 7 demonstrates the
effect of acetazolamide and baclofen on the gait of G1D mice. Gait parameters after 1 hr and 5
hr of first acetazolamide injections were compared to saline injections. Stationary gait width
increased significantly after 1 hr (p < 0.001, figure 7A) and after 5 hr of injecting the first dose
(p < 0.05, figure 7B). These effects were reversible 24 hr post injection (not shown). We also
assessed the effects of baclofen injections at different points compared to saline injections.
Several parameters demonstrated a significant change (figure 7C and D). Average swing
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speed of the paw displayed changes that were close to attaining significance (p = 0.051, figure
7C). We also observed that stride length decreased significantly 1 hr post baclofen compared to

saline (p < 0.05, figure 7D).

In-depth determination of locomotor parameters that differentiate G1D from control mice
Because of the inhomogeneity in the significance of the baclofen results (figure 7C and D), and
in order to expedite the testing of the drugs (i.e., analyzing one drug dose consumed about
three hours in the manual analysis of a group of five mice using the Kinovea video annotation
tool (version 0.9.3)), we extracted a larger number of features from the videos using deep
learning neural network tracking. The resulting expediency also eliminated potential bias implicit
in the manual analysis of the results while improving the quality and reliability of the data being
recorded.

Of 49 features identified via deep neural network analysis, 27 (55%) proved statistically
significant (Student’s t-test, a=0.05) for differentiating G1D from control mice (tables 2 and 3).
Principal component analysis (PCA) revealed a clear separation between the two populations
(figure 5B). Principal components 1, 2 and 3 together explained 61.7% of the total variation
between the control and G1D groups. The parameter of half lap time exerted the most influence
on principal component 1, whereas mean tail base rate of change of speed for one lap was the
largest contributor to the variation in principal component 2. In principal component 3, the
greatest influence was mean speed of tail base for the entire duration on the track. This
indicated that most of the variation between the control and G1D mice was due to temporal (i.e.,
movement) parameters of these mice. The time required to prepare a dataset and train the
DeepLabCut network for 1,030,000 iterations was approximately 48 hours. Once the network
was trained to produce satisfactory tracking, it was utilized to extract pose from 20 mice for 3
trials. Extracting pose from one mouse video took approximately 7 minutes without any human
intervention.
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Saline and glucose effects

These parameters allowed us to test the effects of saline or glucose administration on
locomotion. Saline injections were associated with increased blood glucose concentrations as
compared with baseline trials in G1D mice (figure 8). This was not observed in control mice.
We detected a significant increase in blood glucose concentration after glucose injections in
both groups. In G1D mice, measures of average speed of left hind limb, average rate of speed
of left hind limb, average speed of tail base and average rate of speed of tail base for the entire
duration on the track demonstrated a significant change for saline relative to glucose and
baseline relative to glucose (figure 5). These parameters were also different for control mice,
albeit at a different level of statistical significance.

We also used the feature set of 49 parameters to perform PCA and determine the
greatest cluster separation using linear discriminant analysis (LDA). As described in the
methods, we performed multivariate analysis of variance (MANOVA) on these LDA for all
comparisons between baseline, saline and glucose measurements. The results, shown in table
5, for all 7 comparisons were significant for d=1, which enabled us to reliably reject the null
hypothesis that the means of each group in the comparison were the same and that any

difference observed in the sample set was due to random chance.

Sex and body weight effects

Because control and G1D mice exhibited different glucose level responses to saline injection,
we investigated factors that may impact this response. Thus, we elucidated the effect of sex on
mouse weight and blood glucose levels and further characterized saline effects on blood
glucose in control relative to G1D mice by comparing the body weights of the 10 control and 10
G1D mice used in saline and glucose studies. As previously noted (Marin-Valencia et al., 2012),
G1D mice weighed less than control. The body weight of control and G1D mice was 24.30 +
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1.17 g and 18.40 = 0.91 g, respectively (mean + SEM, n= 10, p< 0.01). This difference was
accentuated for G1D females relative to G1D males. (supplementary figure 1). Blood glucose
concentration was greater in male G1D mice at baseline and following saline injections, but no
difference was noted in control mice (supplementary figure 2A and B). Blood glucose level at
baseline and after saline injection in G1D female mice was 81.00 + 3.03 mg/dl and 102 + 1.50
mg/dl, respectively (mean £ SEM, n=5, p < 0.01). The same level in male G1D mice at baseline
and after saline injection was 111.8 £ 7.39 mg/dl and 126.2 + 7.22 mg/dl, n= 5, p < 0.05). We
also examined the sex differences in locomotion in G1D mice at baseline and after saline
injections for the four motor parameters that were presented in figure 5. Male and females were
significantly different in speed and rate of change of speed only at baseline (supplementary

figure 2C), but not after saline injections (supplementary figure 2D).
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DISCUSSION

We evaluated accumulation of the glucose analog 2-NBDG in HCC95 cells because they
express Glut1 at greater abundance than other glucose transporters (Goodwin et al., 2017b).
Glut1 in these cells is functional in the plasma membrane, as its expression is driven by
aberrant phosphoinositide 3-kinase (PI3K)-mediated translational stabilization of hypoxia-
inducible factor (HIF)-1a. These properties enabled us to attribute changes in the accumulation
of the reporter to Glut1 mediated transport and/or to other unknown mechanisms. In contrast
with 5TGM1 myeloma cells (D'Souza et al., 2022), L929 fibroblasts (Hamilton et al., 2021) or T
cells (Sinclair et al., 2020), where 2-NBDG or 2-deoxyglucose entry measured over 4 to 60
minutes is mediated or complemented by Glut1-independent mechanisms, 2-NBDG enters (and
exits) HCC95 cells via Glut1 (Goodwin et al., 2017a). The dominant facilitation by Glut1 of
native glucose transport, and the mechanism that enables this facilitation, is more robustly
substantiated for HCC95 than for most other cell types by studies of its related in vivo tumors
and xenografts using '®Fluoro-2-deoxy-glucose, 2-deoxy-D-glucose and the Glut1 inhibitor
WZB117 (Goodwin et al., 2017a). HCC95 Glut1 levels have been shown to be modulable and
biologically impactful. For changes in expression of Glut1 by this cancer cell is relevant beyond
glucose transport, as expression level is associated with glycolysis, tumor growth and patient
death rates (Goodwin et al., 2017b). Thus, the exposure of HCC95 cells to the 2-NBDG reporter
allowed us, in the context of control assays used for comparison, to identify in unbiased manner
activator and inhibitor compounds previously unknown or understudied in relation to Glut1 or
glucose transport.

Only modest glucose transport increases such as those experienced postprandially are
beneficial to G1D patients (von Moers et al., 2002; Akman et al., 2010; Koy et al., 2011; Parolin
et al., 2011; Rajasekaran et al., 2022). This suggests that relatively small (i.e., below two-fold)
changes in net glucose transport can significantly ameliorate brain dysfunction in G1D. Thus, for
any drug(s) to be potentially clinically useful, only a relatively modest increase on glucose
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transport activity may suffice. In contrast, excessive transport augmentation may be undesirable
as illustrated by toxic Glut1 gain of function with consequent overstimulation of glycolysis
(Allaman et al., 2015). This contention made us defer studying alternative approaches
characterized by more vigorous or poorly regulable gain of function such as gene therapy as
currently conceived.

Among the Prestwick and NIH Clinical Collection compounds, 10 are activators and 2
inhibitors of glucose transport. Among the former are 9 drugs used in disorders unrelated to
glucose metabolism. The remaining activating drug (vanoxerine or GBR 12909 dihydrochloride),
which is not approved for clinical use, has been studied in humans but is toxic. Most of these
drugs are available in oral formulations. Only four have been used in neurologic diseases
(acetazolamide, baclofen, vanoxerine, idebenone). One compound has limited data for systemic
bioavailability and is used topically (clotrimazole). Some of these transport activating drugs
(hesperidin, itraconazole and telmisartan) have been studied in cell line or animal models for
Glut1 mRNA and/or protein expression (Yang et al., 2013) (Popovic et al., 2019) (Zhou et al.,
2017). However, only one study demonstrated increased Glut1 activation by telmisartan (Zhou
et al., 2017), with the other two compounds being associated with Glut1 suppression.

The remaining 32 activators and 7 inhibitors, identified from the pilot library, represent
classes of large numbers of derivatives and are novel. To our knowledge, they have not been
studied preclinically or in cell lines or animals. The effect of these compounds on glucose
transport is similar to or greater than those above.

We used ventral-view videos of spontaneous mouse locomotion. Quantification of the
motor difficulties of G1D patients has remained elusive. Our deep learning-based approach for
quantifying various performance parameters in G1D mice may be applicable to patients. Using
DeepLabCut (Mathis et al., 2018) (Nath et al., 2019), we have generated a robust tool G1D
mouse part tracking. Glucose administration provided proof of concept for the automated
tracking of mouse behavior and validated the expanded locomotor parameter set. Importantly,
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55% of the parameters of the set reported differences between control and G1D mice. Following
glucose administration, the speed parameters were significantly lower even for a small stretch of
run on the track (half lap). This, along with a lower rate of change of speed, also suggests that
glucose induces a more balanced and stable gait, similar to baclofen. Strikingly, one-way
multivariate analysis of variance test on PCA values for all comparisons yielded a significant
cluster separation for both saline and glucose injection, when compared with baseline, both for
control and G1D mice. Intraperitoneal injections can cause motor performance changes (Lapin,
1995) and this may account for the cluster separation for baseline and saline in both groups of
mice. We found that a significant sex difference in body weight for G1D mice might account for
the sex dependence of the glucose and motor effects (supplementary figure 1). Another cause
could be a sex difference in renal Glut1 expression level. Notably, even with a relatively small
sample size (n= 5 mice in each group), our methodology was robust enough to discern gender
differences in foot speed and rate of change of speed at baseline associated with a difference in
blood glucose concentration. Nevertherless, a greater number of mice would likely be needed

for further motor analyses based on sex.

Among our activator drugs, some have been sporadically used in G1D. However, in all
likelihood, ineffective drugs remain unreported. In this context, acetazolamide has been utilized
to treat episodic motor and other dysfunction ((Anheim et al., 2011; Chambon et al., 2013;
Ramm-Pettersen et al., 2013; Tchapyjnikov and Mikati, 2018) and J.M.P., n= 71 patient
observations in G1D epilepsy). This is based on an unsystematic, trial-and-error approach
(Klepper et al., 2020; Cervenka et al., 2021). Caution must be exercised to assign beneficial or
detrimental effects to isolated locomotor features. For example, 1 hr post acetazolamide
administration, several mouse performance parameters exhibited a ‘negative’ or deviating from

normal impact. We observed an increase in stationary gait-width after 1 hour of acetazolamide
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injection that persisted for 5 hr. Increase in gait width has been associated with lesions (Gadalla

et al., 2014), but see below.

Another example of transport activator used in G1D is baclofen, which has been
employed for a movement disorder ((Hanci et al., 2018) and J.M.P, n= 8 patient observations),
but sedation has precluded further evaluation. 1 hr after baclofen administration, G1D mouse
average swing speed decreases and is close to attaining significance. Stride length decreases
significantly. This may indicate that the mice increase balance by reducing the vertical center of
mass motion as humans do (Orendurff et al., 2004), signifying a more balanced gait, with the
mice talking slower or more steady steps relative to the rapid and excessively fragmented gait
characteristic of G1D mice.

These observations help situate the locomotor parameter evaluation into context. For
human gait is a dynamic composite of multiple postural relations such that a change in a
parameter does not necessarily convey a negative impact on locomotion. For example,
broadening of gait may be considered a compensation for, rather than a manifestation of, the
mechanism responsible for ataxia. For attempting locomotion with a narrow gait base in ataxia
can lead to falls. Thus, further studies may be necessary to elucidate the overall impact of a
drug on human locomotion when this cannot be directly inferred from mouse data.

In conclusion, we have identified compounds with significant potential to stimulate or
inhibit cellular glucose transport and developed a method to assess their whole-organism
impact via automated mouse behavioral analysis. To our knowledge, few or no stimulators have
been previously described. However, the screening approach we used for the activators does
not differentiate between increased kinetics of glucose transport at the individual transporter
level versus increased levels of overall protein, among other molecular mechanism possibilities.
The same considerations apply to inhibitors. Thus, future work will study the compounds at a

mechanistic level. Mechanism is important in G1D because disease-causing mutations may act
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via a variety of effects, including changes in Glut1 production, posttranslational modification,
localization, regulation, aggregation, recycling from the cell membrane or catalytic activity
(Pascual et al., 2008; Lee et al., 2015; Meyer et al., 2018) and these may prove differentially
susceptible to drug modulation. This may not be the case in non-genetic forms of Glut1
dysfunction such as dementia, where the nature of Glut1 dysfunction is more uniform and
activation via one, or more than one but homogeneous pharmacological mechanisms may be
sufficient for clinical benefit. It is possible that the identified compounds target multiple
mechanisms. In this instance, leveraging different Glut1 or glucose transport activation or
suppression mechanisms may enable synergistic combination therapies. Overall, the drugs for
which clinical or preclinical data exist have the greatest potential to prove useful in brain glucose
deficiency disorders. However, the drugs from the pilot library and their derivative compounds
may represent a greater long-term opportunity to identify a larger array of high potency Glut1 or

glucose transport activators and inhibitors.
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FIGURE LEGENDS

Figure 1. High throughput screening for modulators of glucose transport in HCC95 cells
A. Heat map of activities observed in the primary screen with the FDA-approved Drugs
Collection from Prestwick Chemical, Inc. The map was generated in the Analyzer™ module of
the Screener™ software suite (version 16, Genedata, Inc.), where red, white, and blue wells
indicate activities greater, equal to, and less than, respectively, than the robust mean of the
library wells. The positive activities are presented in columns 1 and 23 and the DMSO activities
are in columns 22 and 46 (as labeled under the image). B. Quantile-quantile plot of screening
results for the 8,000-compound subset and the FDA-approved drugs collection. Robust Z scores
(RZ-scores) were calculated for each library compound and rank ordered from low to high. Red

symbols indicate compounds with RZ-scores > 3 (activators) and < -3 (inhibitors).

Figure 2. Locomotor testing platform

A. Custom designed mouse track apparatus. B, C. lllumination (LED) used illustrated for the
middle lane of the track apparatus, used to enhance the detection of mice body-parts. D.
Example labeled frame from the recorded videos. The colored + signs on the plot represent
manual annotations used for training the network. Four points are marked on the track (white

box), used as a length calibration for post hoc analysis.

Figure 3. Diagram of mouse acetazolamide injection studies

Schedule of events utilized for the testing of acetazolamide effects on G1D and control (WT)
mice. Every other block in the diagram indicates how much time has elapsed along with what
action is performed at that point in the timeline. Since each mouse takes an average of five
minutes to complete each locomotor session, five minutes are added to the total time elapsed
going forward in the timeline. Injection times per mouse are excluded from the total elapsed time

since injections take less than a minute to administer and are thus negligible.
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Figure 4. Diagram of mouse baclofen injection studies

Schedule followed for testing baclofen on G1D and control (WT) mice. The timeline for the
baclofen drug is similar to that of acetazolamide (figure 3) except that the third injection and
subsequent locomotor session are replaced with a longer pause before the second dose

followed by a larger overnight dose.

Figure 5. Locomotor effects of glucose injections

A. Picture taken from video illustrating body parts and calibration points that were tracked by
DeepLabCut. B. Example PCA plot generated using the feature set of 49 behavioral parameters
shows the separation between the two cohorts of mice at baseline. Control (WT) and G1D mice
are represented by red and blue, respectively. C. Parameters that displayed statistical
significance for the G1D group after glucose injections. The top row illustrates average speed
and rate of change of speed of left hind limb and of tail base (left to right) for G1D mice. The
bottom row displays average speed and rate of change of speed of left hind limb and of tail base
(left to right) of control mice. Paired t-test with a=0.05 was performed on these comparisons (*

and ** stand for p < 0.05 and < 0.01 respectively).

Figure 6. Locomotor data pre-processing

A, B. x and y co-ordinate data of left hind limb before pre-processing (black) and after pre-
processing (red). C. Output of the MATLAB's ‘histfit’ function with kernel-smoothing distribution
used for pre-processing pose estimation data. After appropriate thresholding, the representative
green shaded box region was retained, which helped remove outliers (outlier peak is highlighted
by a red downward facing arrow). D. Example spatial parameters that were generated. Angle
between two red lines (snout to tail base and tail base to left hind limb) was recorded as stride
angle. The black line separating the hind limb represented the hind limb width, whereas the hind
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limb separation from the body was calculated as the sum of two perpendicular yellow lines. The

green shaded polygon represents the mean limb area.

Figure 7. Locomotor effects of acetazolamide and baclofen

A. Effect of acetazolamide 1 hour after injection. Stationary gait increases with high significance.
B. Stationary gait width after 5 hours of acetazolamide is higher than at saline after 5 hours of
first injection. C, D. Effect baclofen 1 hour after injection. Stride length significantly decreases
after 1-hour of administration. Average swing speed decreases with near significance. (*, ** and

*** stand for p < 0.05, <0.01 and < 0.001 respectively).

Figure 8. Glucose levels and weights during glucose locomotor testing

Blood glucose levels of G1D mice (A) and control (WT) mice (B) of various weights measured
after each session on the locomotor track. The blood glucose level of each mouse was
measured at baseline on the first day (blue data points), followed by a saline injection on the
second day (red), and finally with a glucose injection on the third day (green). Males and

females are represented by triangles and dots, respectively.
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TABLES

Table 1. Evaluation of error test rates using DeepLabCut. Errors were obtained after
evaluating the trained DeepLabCut network with multiple p-cutoff values. Error values are
calculated as the distance (in pixels) between the labels marked by DeeplLabCut network and
the scorer. The results displayed here were generated using p-cutoff (likelihood) ranging from
0.09 to 0.9. These values were then utilized to determine the appropriate p-cutoff value for

thresholding.

p-cutoff used | Train error with | Test error with
p-cutoff p-cutoff
0.09 1.2 3.84
0.1 1.2 3.84
0.2 1.2 3.84
0.3 1.2 3.37
0.4 1.2 3.37
0.5 1.2 3.37
0.6 1.2 3.33
0.7 1.2 3.33
0.8 1.2 3.31
0.9 1.2 3.17
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Table 2. Locomotor parameters that characterize mouse gait. These 49 features were

calculated from the pose coordinates of the mice placed on the testing platform track. Every

feature is associated with the body parts analyzed and the duration on track for which it was

calculated. The 49 features segregate into 31 temporal and 18 spatial features.

Sr. Feature Body part analyzed Duration on Feature

no. track type

1 Mean speed Left hind limb All laps Temporal

2 Median speed Left hind limb All laps Temporal

3 Mean speed Left hind limb Half lap Temporal

4 Median speed Left hind limb Half lap Temporal

5 Mean speed Tail base All laps Temporal

6 Median speed Tail base All laps Temporal

7 Mean speed Tail base Half lap Temporal

8 Median speed Tail base Half lap Temporal

9 Mean rate of change of speed | Left hind limb All laps Temporal

10 Median rate of change of Left hind limb All laps Temporal
speed

11 Mean rate of change of speed | Left hind limb Half lap Temporal

12 Median rate of change of Left hind limb Half lap Temporal
speed

13 Mean rate of change of speed | Tail base All laps Temporal

14 Median rate of change of Tail base All laps Temporal
speed

15 Mean rate of change of speed | Tail base Half lap Temporal

16 Median rate of change of Tail base Half lap Temporal
speed

17 Mean forward speed Left hind limb All laps Temporal
smoothness

18 Mean forward speed Left hind limb Half lap Temporal
smoothness

19 Mean lateral speed Left hind limb All laps Temporal
smoothness

20 Mean lateral speed Left hind limb Half lap Temporal
smoothness

21 Mean forward speed Left hind limb Stationary Temporal
smoothness period

22 Mean lateral speed Left hind limb Stationary Temporal
smoothness period

23 Mean forward speed Tail base All laps Temporal
smoothness

24 Mean forward speed Tail base Half lap Temporal
smoothness
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25 Mean lateral speed Tail base All laps Temporal
smoothness
26 Mean lateral speed Tail base Half lap Temporal
smoothness
27 Half lap time Left hind limb Half lap Temporal
28 Number of spastic jerks Left hind limb Half lap Temporal
29 Maximum stride speed Left hind limb Half lap Temporal
30 Mean stride speed Left hind limb Half lap Temporal
31 Stride speed variation Left hind limb Half lap Temporal
32 Mean stride angle Left hind limb and axis | Half lap Spatial
of the body
33 Median stride angle Left hind limb and axis | Half lap Spatial
of the body
34 Mean hind-limb width Both hind limbs Half lap Spatial
35 Median hind-limb width Both hind limbs Half lap Spatial
36 Mean hind-limb width Both hind limbs Stationary Spatial
period
37 Median hind-limb width Both hind limbs Stationary Spatial
period
38 Mean hind limb separation Both hind limbs and Half lap Spatial
from the body axis of the body
39 Median hind limb separation Both hind limbs and Half lap Spatial
from the body axis of the body
40 Mean hind limb separation Both hind limbs and Stationary Spatial
from the body axis of the body period
41 Median hind limb separation Both hind limbs and Stationary Spatial
from the body axis of the body period
42 Mean limb area All four limbs Half lap Spatial
43 Median limb area All four limbs Half lap Spatial
44 Mean limb area All four limbs Stationary Spatial
period
45 Median limb area All four limbs Stationary Spatial
period
46 Mean stride length Left hind limb Half lap Spatial
47 Maximum stride length Left hind limb Half lap Spatial
48 Mean stride length Left hind limb Half lap Spatial
49 Stride length variation Left hind limb Half lap Spatial

41

202 ‘€T YoIe N Uo sjeudnor 134SY e Bio'seuinofiedse ied[ wody papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 12, 2023 as DOI: 10.1124/jpet.122.001428
This article has not been copyedited and formatted. The final version may differ from this version.

Table 3. Description of the movement parameters. The movement features cited in table 2

are defined in this table.

Speed: Magnitude of the difference in the position of the limb/paw between two successive
frames divided by the inter-frame duration. Mean and median speeds were calculated for both
x and y coordinates for all cited motion types.

Rate of change of speed: Difference in the instantaneous speed between two successive
frames divided by the inter-frame duration.

Speed Smoothness/Spectral Arc Length: Smoothness of speed of a limb using MATLAB’s ‘fft’
function (Jakkamsetti et al., 2021).

Stride angle: Angle of the limb calculated from the axis of the body at the end of a forward
stride. This can estimate if the stance is narrow or wide.

Hind-limb width: Euclidean distance between the hind limbs of the mouse.

Hind limb separation from the body: Perpendicular distance of the hind-limb paws from the
axis of the body (snout to tail base).

Limb area: Area of the polygon subtended by all four limbs of the mouse.

Half lap time: Time spent by the mouse in completing half a track (one forward motion; i.e.
one length of the track).

Number of spastic jerks: Sudden increase in the speed of the limb during the first half track
movement were recorded. This parameter is the total number of such jerks during one
forward motion.

Stride length: Distance between two consecutive minimum speed values (would mean that
the limb is in contact with the surface) on speed versus X co-ordinate (distance) graph of left
foot. It was calculated for one forward motion (half-track), similar to acetazolamide and
baclofen methods.

Stride speed: The minimum speed in speed versus distance graph were further evaluated.
Average of speed values between two consecutive minimum speed values was recorded as
stride speed.
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Table 4. Numbers of activators and inhibitors of glucose transport identified in HCC95

cells via high throughput screening

Library Compounds .Activators . Inhibitors
screened Confirmed | Novel * | Confirmed | Novel *
Prestwick Chemical 1,200 8 4 1 1
NIH Clinical Collection 446 2 1 1 1
UT Southwestern Diversity 8,000 32 32 7 7
Pilot +
Total 9,646 42 37 9 9

* Confirmed compounds that have not been previously described in association with Glut1 or

glucose transport.

+ Representative of ~200,000 compounds.
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Table 5. Multivariate analysis of variance on baseline, saline and glucose injection
effects. MANOVA was performed on the principal component analysis values exhibiting the
greatest cluster separation to compare the sample means. The d value for all the MANOVA
comparisons was 1 and associated p values are given in the table. D=1 stands for rejecting the
null hypothesis that the sample means are the same vector but there is not enough evidence to

reject that they lie on the same line. Control indicates normal littermate mice

Group 1 Group 2 MANOVA p-value
G1D Baseline  |Control Baseline 2.62E-08
G1D Baseline |G1D Saline 0.0052
G1D Saline G1D Glucose 2.87E-04
G1D Baseline  |G1D Glucose 7.87E-04
Control Baseline [Control Saline 4.05E-04
Control Saline |Control Glucose 2.42E-04
Control Baseline [Control Glucose 0.0044
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Identification of glucose transport modulators in vitro and method for their deep learning
neural network behavioral evaluation in Glut1 deficient mice
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Supplementary figure 1. Weight of control and G1D mice. Comparisons of body weight of 10
control (WT, 5 females and 5 males) and 10 G1D mice (5 females and 5 males), 5 months old.
A: Comparison of all males and females by genotype. B: Comparison of all males by genotype.

C: Comparison of all females by genotype. D: Comparison of G1D males and females. ** p <
0.05; *** p < 0.01.
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Supplementary figure 2. Sex differences in weight, blood glucose concentration and
behavior for control and G1D mice. A, B: Blood glucose concentration of male and female
control mice are demonstrated in (A) and differences for G1D mice are displayed in B. Male and
Female populations are represented as black circles and red squares respectively. First three
bar plots from the left in plots A and B were statistically compared using an unpaired t-test
(a=0.05). A paired t-test (0=0.05) was used on the line plots to test the changes after injections
within the male and female populations. C, D: the motor performance changes associated with
the significant glucose concentration changes are illustrated in these two panels. Individual plots
display the G1D gender differences in speed and rate of change of speed of left leg and tail
base at Baseline (C) and post Saline injections (D). Unpaired t-test (a=0.05) was utilized for all
bar plots in (C) and (D). *, ** and *** stand for p < 0.05, < 0.01 and < 0.001 respectively for all
the plots in the figure.



Supplementary table 1. Salient publications on top Prestwick-NIH glucose transport activators

relevant to Glut1-related aspects.

Clinical
Drug Approval Drug class Delivery Glut1 literature PMID*
Acetazolamide Yes Carbonic anhydrase inhibitor  oral, intravenous  Patients with 29266039,
anticonvulsants, carbonic G1D 23649827,
anhydrase inhibitors 23448551,
20830593
Baclofen (r,s) Yes Skeletal muscle relaxant oral, Intrathecal Patient with G1D 22212417
Clotrimazole Yes Topical antifungals, vaginal topical, lozenge
anti-infectives
Dehydrocholic acid Yes Synthetic bile acid oral
Vanoxerine+ NO Selective dopamine oral
transporter antagonist
Hesperidin Yes Nutritional supplement; oral Inhibitor of Glut1 23042260
bioflavonoid protein and
mRNA
expression
Idebenone Yes Synthetic coenzyme Q10; oral
Leber’s Hereditary Optic
Neuropathy
Itraconazole Yes Antifungal oral, Decreased Glut1 31423237
intravenous, protein
topical expression
Niclosamide Yes Antihelminthic (intestinal oral (Gl
nematodes) concentrated)
Primaquine Yes Antimalarial (co- oral
diphosphate administered with
chloroquine)
Telmisartan Yes Angiotensin |l receptor oral Increased Glut1 28955302

antagonist used for
hypertension

*PMID — PubMed Identifier Numbers.

+ Labeled as “GBR 12909 dihydrochloride” in other tables.

mRNA

Approval status, drug class and delivery from http://go.drugbank.com.




Supplementary tables 2 to 8:
Results of high throughput screening for glucose transport modulators in HCC95 cells
Section A. Supplementary tables 2 and 3: Initial screening.

Results from the initial (2.5 uM) screening of Prestwick and NIH Clinical libraries indicating a
total of 91 activating and 6 inhibiting compounds.

Supplementary table 2. 91 NIH-Prestwick activators from the initial screening (77 Prestwick;
14 NIH Clinical).

Chemical Name Common Supplier Catalog Number
Pyrvinium pamoate Prestwick Prestw-1040
Niclosamide Prestwick Prestw-40
Dequalinium dichloride Prestwick Prestw-388
Benzethonium chloride Prestwick Prestw-708
Antimycin A Prestwick Prestw-222
Chrysene-1,4-quinone Prestwick Prestw-615
Alexidine dihydrochloride Prestwick Prestw-777
Auranofin Prestwick Prestw-1233
Colchicine Prestwick Prestw-363
Thonzonium bromide Prestwick Prestw-925
Trichlorfon Prestwick Prestw-51
Methyl benzethonium chloride Prestwick Prestw-705
Ivermectin Prestwick Prestw-156
Thiostrepton Prestwick Prestw-522
Proscillaridin A Prestwick Prestw-986
Cyclosporin A Prestwick Prestw-435
Nifuroxazide Prestwick Prestw-555
Spiperone Prestwick Prestw-288
Clotrimazole Prestwick Prestw-267
Pimozide Prestwick Prestw-308
Doxorubicin hydrochloride Prestwick  Prestw-438
Fendiline hydrochloride Prestwick Prestw-270
Itraconazole Prestwick Prestw-1139
Perhexiline maleate Prestwick Prestw-286
Monensin sodium salt Prestwick Prestw-748
Cantharidin Prestwick Prestw-885
Acetazolamide Prestwick Prestw-3
Thimerosal Prestwick Prestw-1194
Dipyridamole Prestwick Prestw-142
Vorinostat Prestwick Prestw-1362
Primaquine diphosphate Prestwick Prestw-476
Doxycycline hydrochloride Prestwick Prestw-1399
Quinacrine dihydrochloride dihydrate Prestwick Prestw-318
GBR 12909 dihydrochloride Prestwick  Prestw-386
Raloxifene hydrochloride Prestwick  Prestw-862
Flubendazol Prestwick Prestw-1416
Daunorubicin hydrochloride Prestwick  Prestw-487
Nocodazole Prestwick Prestw-100

Podophyllotoxin Prestwick Prestw-782



Amiodarone hydrochloride
Nomegestrol acetate
Hesperidin

Acyclovir

Astemizole

Clofazimine
Fenbendazole
Edrophonium chloride
Mifepristone

Lidoflazine

Idebenone

Sertindole

Fulvestrant

Baclofen (R,S)

Methiazole

Mebendazole

Rifaximin

Papaverine hydrochloride
Oxibendazol

Calcipotriene

Pentamidine isethionate
Triflupromazine hydrochloride
Azelastine HCI

Flunisolide

Moroxidine hydrochloride
Toremifene

Miconazole

R(-) Apomorphine hydrochloride hemihydrate
Metformin hydrochloride
Busulfan

Thioridazine hydrochloride
Amidopyrine
Sulfaguanidine
Benoxinate hydrochloride
Albendazole

Amiloride hydrochloride dihydrate
Nitrofurantoin
Thioproperazine dimesylate
Doxorubicin hydrochloride
Idarubicin HCI

Vinorelbine

Telmisartan

Dehydrocholic acid

Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
Prestwick
NIHClinical
NIHClinical
NIHClinical
NIHClinical
NIHClinical
NIHClinical
NIHClinical
NIHClinical
NIHClinical
NIHClinical
NIHClinical
NIHClinical
NIHClinical

Prestw-409
Prestw-1033
Prestw-400
Prestw-86
Prestw-136
Prestw-376
Prestw-210
Prestw-83
Prestw-299
Prestw-381
Prestw-1288
Prestw-1341
Prestw-1424
Prestw-85
Prestw-1080
Prestw-217
Prestw-1478
Prestw-583
Prestw-1460
Prestw-1257
Prestw-553
Prestw-53
Prestw-1130
Prestw-643
Prestw-84
Prestw-1197
Prestw-67
Prestw-101
Prestw-4
Prestw-1179
Prestw-78
Prestw-88
Prestw-10
Prestw-57
Prestw-247
Prestw-7
Prestw-168
Prestw-149
SAMO001246768
SAMO001246676
SAM001246780
SAMO001246602
SAM001246869
SAM001246857
SAM001246906
SAMO001247091
SAM001246568
SAM001246570
SAMO001247107
SAM001246805
SAM001247065



NIHClinical SAM001247099



Supplementary table 3. 6 NIH and Prestwick inhibitors identified in the initial screening

Supplier Catalog number Chemical name common
Prestwick Prestw-143 Chlorhexidine

Prestwick Prestw-772 Leflunomide

Prestwick Prestw-870 Luteolin

Prestwick Prestw-709 Trioxsalen

Prestwick Prestw-1105 Verteporfin

NIH Clinical SAM001247068



Section B. Supplementary tables 4 to 8: Compounds used in dose response studies.

Supplementary table 4. 30 NIH and Prestwick activators and inhibitors that proceeded to dose
response (0.86, 2.5 and 7.5 uM) and autofluorescence (>1.0 Robust Z score at 2.5uM)

confirmation.

Chemical name common
Pyrvinium pamoate
Niclosamide

Auranofin

Colchicine

Ivermectin

Spiperone

Clotrimazole

Pimozide

Itraconazole
Acetazolamide
Dipyridamole

Primaquine diphosphate
GBR 12909 dihydrochloride
Flubendazol

Acyclovir

Astemizole
Dehydrocholic acid
Fenbendazole
Hesperidin

"Baclofen (R,S)"
Idebenone
Triflupromazine
hydrochloride

Sertindole

R(-) Apomorphine
hydrochloride hemihydrate
Metformin hydrochloride
Telmisartan

Papaverine hydrochloride
Luteolin

Verteporfin

Catalog

number
Prestw-1040
Prestw-40
Prestw-1233
Prestw-363
Prestw-156
Prestw-288
Prestw-267
Prestw-308
Prestw-1139
Prestw-3
Prestw-142
Prestw-476
Prestw-386
Prestw-1416
Prestw-86
Prestw-136
SAM001246857
Prestw-210
Prestw-400
Prestw-85
Prestw-1288

Prestw-53
Prestw-1341

Prestw-101
Prestw-4
SAM001246602
Prestw-583
Prestw-870
SAM001247068
Prestw-1105

TwoPt_RZ Robust_

_Score
(original)
149.44
144.38
19.36
13.50
10.78
8.27
7.93
7.52
6.07
6.05
6.01
5.24
5.16
5.14
4.61
4.36
4.31
4.24
4.19
3.77
3.61

3.49
3.44

3.38
3.37
3.34
3.27
INHIBITOR
INHIBITOR
INHIBITOR

Zscore
(7.5uM)
843.49
22.00
-0.20
-0.02
-0.15
-0.47
1.18
-0.98
-0.32
0.55
1.23
34.90
0.44
-0.78
0.09
-0.81
0.19
-1.23
0.34
0.95
0.72

0.00
-0.90

-0.49
0.71
4.10
-2.55
-1.93
-0.07
1242.25

Robust

_Zscore

(2.5 uM)
89.47
-0.53
1.14
-0.41
-0.39
-1.76
0.06
0.53
0.97
0.18
-0.26
0.29
0.30
-0.39
-0.40
-0.38
0.13
-0.34
-0.20
0.94
0.50

-1.55
-0.83

-0.81
0.52
2.65
-0.76
-0.99
-0.68
2200.86

Robust_
Zscore
(0.86 pM)
10.78
-0.05
0.88
0.29
-0.38
-1.05
-0.52
-0.05
1.01
0.91
-0.40
0.39
0.01
0.61
-0.76
-0.98
-1.18
0.34
0.59
1.03
0.25

-1.50
-0.36

0.48
-0.80
0.91

-0.30
0.18
-1.14
4.58

Autofluorescence
YES
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

NO
NO

NO
YES
NO
NO
NO
NO
YES



Supplementary table 5. 6 NIH and Prestwick activators without autofluorescence and
confirmation at all 3 doses.

Chemical name
common
Acetazolamide
Primaquine
diphosphate
GBR 12909
dihydrochloride
"Baclofen (R,S)"
Idebenone

Telmisartan

Catalog
number
Prestw-3

Prestw-476

Prestw-386
Prestw-85
Prestw-1288
SAMO0012466
02

TwoPt_RZ_Score
(original)
6.05

5.24
5.16
3.77
3.61

3.34

Robust_Zscore
(7.5 uM)
0.55

34.90
0.44
0.95
0.72

4.10

Robust_Zscore
(2.5 uM)
0.18

0.29
0.30
0.94
0.50

2.65

Robust_Zscore
(0.85 pM)
0.91

0.39
0.01
1.03
0.25

0.91



Supplementary table 6. 4 NIH-Prestwick activators without autofluorescence and confirmation

at 2 doses.
Chemical name Catalog TwoPt_RZ_Score Robust_Zscore Robust_Zscore Robust_Zscore
common number (original) (7.5 M) (2.5 M) (0.85 uM)
Clotrimazole Prestw-267 7.93 1.18 0.06 -0.52
ltraconazole Prestw-1139 6.07 -0.32 0.97 1.01
Dehydrocholic acid SAM001246857 4.31 0.19 0.13 -1.18
Hesperidin Prestw-400 4.19 0.34 -0.20 0.59

Note: one compound, niclosamide, exhibited a high activation (Two Point RZ Score=144.38; 2.5
MM) in the initial screen and a high activation at one dose (Robust Z score = 22.00; 7.5 yM);
however, the 0.86 uM and 2.5 yM doses subsequently studied showed no activation.



Supplementary table 7. 8K Diversity Screen activators and inhibitors.

Results for 32 activators from the screening. One approach to Glucose transporter | (Glut1)
deficiency syndrome (G1D), dementia and cancer treatment is modulation of glucose transport.

Using lung adenocarcinoma cells rich in Glut1, we identified, in high-throughput fashion,

activators and inhibitors of fluorescent glucose analog transport. We also developed a gait
testing platform for the deep learning neural network analysis of G1D mice that quantifies drug
impact on 49 gait parameters, thus evaluating the potential preclinical efficacy of these drugs
and other interventions via analysis of locomotion.
ening of the 8K diversity library. None exhibited autofluorescence. Activators underwent 2 or 3
confirmatory doses

Barcode

SW060812-1
SW060871-1
SW073142-1
SW008872-1
SW021187-1
SW104461-1
SW072303-1
SW049314-1
SW037834-1
SW032008-1
SW014668-1
SW009436-1
SW038359-1
SW078003-1
SW061045-1
SW120348-1
SW113395-1
SW105085-1
SW090238-1
SW072277-1
SW060774-1
SW049675-1
SW049173-1
SW078574-1
SW127501-1

Supplier
ChemDiv
ChemDiv
ChemDiv
ChembDiv
ChembDiv
ChemBridge
ChemDiv
ChemDiv
ChemDiv
ChembDiv
ChemDiv
ChemDiv
ChemDiv
ChembDiv
ChemDiv
ChemBridge
ChemBridge
ChemBridge
ChembDiv
ChembDiv
ChemDiv
ChemDiv
ChembDiv
ChemDiv
ChemBridge

Catalog
number

A0015651
A0060863
C259-0699
2081-1715
3453-1096
5220016
C241-1809
6031-0248
4622-8470
4327-0694
3033-2590
2187-3523
4725-0324
C365-0302
A0061526
5567717
5379263
5231791
K784-1247
C241-1723
A0013203
6049-1118
6018-1520
C388-0588
5784001

SinglePt_RZ_Score
(Original)
22.88
20.27
19.82
18.83
18.44
18.03
17.63
17.53
17.26
16.72
16.00
15.07
14.81
13.69
13.67
13.67
13.67
12.61
12.36
12.18
12.09
11.19
11.11
11.00
10.30

Robust_Zscore
(7.5 pM)
6.23
1.83
0.92
27.90
1.23
2.53
1.64
20.14
1.02
1.65
4.64
5.88
3.26
5.97
5.60
-2.22
-2.77
0.81
11.59
2.88
10.21
1.68
0.77
2.99
0.80

Robust_Zscore
(2.5 pM)
1.86
-0.38
5.27
19.59
2.90
-2.57
-0.40
6.12
-0.49
0.07
0.18
3.10
0.70
3.19
1.70
2.28
0.66
-0.41
3.10
1.39
3.71
1.83
0.08
1.41
2.43

Robust_Zscore
(0.86 uM)

-0.49
1.74
-1.80
4.99
0.49
0.68
0.09
1.57
0.36
-0.41
1.84
4.49
-0.45
0.47
-1.36
2.16
0.45
1.00
0.26
-0.15
1.38
-0.22
-0.31
1.02
0.80



Supplementary table 8. 7 Inhibitors confirmed from the 8K Diversity library. None displayed
autofluorescence. Inhibitors underwent 2 or 3 confirmatory doses.

Barcode

SW137440-1
SW209270-1
SW209252-1
SW129979-1
SW137313-1
SW026549-1
SW061419-1

Supplier
ChemBridge
Tambar Lab
Tambar Lab
ChemBridge
ChemBridge
ChemDiv
ChemDiv

Catalog
number

7006000

5961404
6980640
3909-8042
C050-0299

SinglePt_RZ_Score
(Original)
-8.85
-6.41
-6.27
-6.13
-6.11
-6.01
-5.92

Robust_Zscore
(7.5 pM)
0.72
0.20
-3.15
-1.49
-0.05
-10.36
0.16

Robust_Zscore
(2.5 pM)
-1.26
-2.05
-1.23
-1.59
-0.32
-9.77
-1.59

Robust_Zscore
(0.86 uM)
-1.09
-2.50
-0.76
-1.51
0.02
33.25
-1.55



Additional supplemental material

Supplementary material 1. Primary screening activator results for Prestwick and NIH libraries.
Chemical structures, Z scores and catalog numbers.

Supplementary material 2. Primary screening inhibitor results for Prestwick and NIH libraries.
Chemical structures, Z scores and catalog numbers.

Supplementary material 3. Confirmatory screening activator and inhibitor results for Prestwick
and NIH libraries. Chemical structures, Z scores and catalog numbers.

Supplementary material 4. Primary screening activator results for 8K diversity library.
Chemical structures, Z scores and catalog numbers.

Supplementary material 5. Primary screening inhibitor results for 8K diversity library. Chemical
structures, Z scores and catalog numbers.

Supplementary material 6. Confirmatory screening activator results for 8K diversity library.
Chemical structures, Z scores and catalog numbers.

Supplementary material 7. Confirmatory screening inhibitor results for 8K diversity library.

Chemical structures, Z scores and catalog numbers.
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