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Abstract

Organophosphates (OPs) are valuable as pesticides in agriculture and for controlling deadly
vector-borne illnesses; however, they are highly toxic and associated with many deleterious health
effects in humans including long-term neurological impairments. Antidotal treatment regimens are
available to combat the symptoms of acute OP toxicity, which result from the irreversible
inhibition of acetylcholinesterase (AChE). However, there are no established treatments for the
long-term neurological consequences of OP exposure. In addition to AChE, OPs can negatively
affect multiple protein targets as well as biological processes such as axonal transport. Given the
fundamental nature of axonal transport to neuronal health, we rationalized that this process might
serve as a general focus area for novel therapeutic strategies against OP toxicity. In the studies
described here, we employed a multi-target, phenotypic screening, and drug repurposing strategy
for the evaluations of potential novel OP-treatments using a primary neuronal culture model and
time-lapse live imaging microscopy. Two multi-target compounds, lithium chloride (LiCl) and
methylene blue (MB), which are FDA-approved for other indications, were evaluated for their
ability to prevent the negative effects of the OP, diisopropylfluorophosphate (DFP) on axonal
transport. The results indicated that both LiCl and MB prevented DFP-induced impairments in
anterograde and retrograde axonal transport velocities in a concentration dependent manner. While
in vivo studies will be required to confirm our in vitro findings, these experiments support the
potential of LiCl and MB as repurposed drugs for the treatment of the long-term neurological
deficits associated with OP exposure (currently an unmet medical need).
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1. Introduction

The highly toxic class of chemicals known as the organophosphates have valuable uses
worldwide especially as pesticides and insecticides in agriculture and for controlling deadly
vector-borne illnesses (for reviews see Cooper and Dobson, 2007; Fernandez-Cornejo et al.,
2014). In recent years, the widespread use of OPs has become controversial, however, since
they have been linked to a variety of deleterious health effects in humans including long-
term neurological impairments such as those observed in syndromes like Gulf War IlIness
(reviewed, Naughton and Terry, 2018). Moreover, the intentional use of chemical warfare
agents (CWAs) by rogue governments and terrorist organizations continues to represent a
threat worldwide and OPs such as sarin and soman are among the most toxic CWA used
(Worek et al., 2016).

Antidotal treatment regimens (pralidoxime, atropine, and benzodiazepines) are available to
combat the symptoms of acute OP toxicity, which result from the irreversible inhibition of
acetylcholinesterase-AChE. However, there are no established treatments for the
neurological impairments that have been identified as long-term consequences of acute OP
toxicity or repeated exposures to lower levels of OPs that were not associated with
symptoms of acute toxicity. A barrier to the formulation of new treatment strategies in this
context is the lack of knowledge regarding the underlying mechanisms of the neurological
impairments.

In addition to AChE, OPs can affect hundreds of other enzymes, receptors, and proteins
(Costa 2018) and influence multiple neurobiological processes including inflammation (Koo
etal., 2018; Mohammadzadeh et al., 2018), oxidative stress (Eftekhari et al., 2018; Abolaji
etal., 2017), autoimmunity (Abou-Donia et al., 2013, 2017; El Rahman et al., 2018), and
axonal transport (Gao et al., 2016, 2017). Given this level of complexity, it would appear
that a multi-target approach to drug discovery would likely have more potential for treating
long-term OP toxicity than a single-target single drug approach. However, there must be
some rationale for narrowing down the host of potential drug targets. Given the fundamental
nature of axonal transport to neuronal health and its impairment in multiple neurologic and
neurodegenerative illnesses, we rationalized that this process might serve as a general focus
area for novel therapeutic strategies against OP toxicity. Notably, axonal transport is
essential for the movement of important macromolecules (e.g., proteins, lipids, mRNA,
mitochondria) to and from a neuron’s cell body and impairments in axonal transport have
been implicated in multiple neurological illnesses including amyotrophic lateral sclerosis,
Alzheimer’s disease, Huntington’s disease, Parkinson’s disease, Pick’s disease, and
progressive supranuclear palsy (see Millecamps and Julien, 2013 for review). It is
noteworthy that many of these illnesses are characterized by similar neurological and
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neurobehavioral deficits that have been observed in people who have been exposed to OP-
based pesticides (reviewed, Naughton and Terry, 2018).

Deficits in axonal transport resulting from OP exposure were first demonstrated in an ex
Vivo rat optic nerve preparation by Reichart and Abou-Dorin (1980) where relatively high
doses of OPs (i.e., phenylphosphonothioate esters and TOCP) impaired fast anterograde
axonal transport. We have subsequently observed impairments in axonal transport in
multiple model systems (at relatively low concentrations or doses) including ex vivo sciatic
nerve preparations (ex vivo) (Terry et al., 2007), cultured neurons (in vitro) (Gao et al.,
2016; 2017), and living rats (in vivo) using manganese-enhanced magnetic resonance
imaging (Hernandez et al., 2015; Naughton et al., 2018). Experimental efforts to identify
potential underlying mechanisms of the OP-related impairments in axonal transport in our
laboratory and others have resulted in observations of kinesin detachments after OP
exposures (Gearhart et al., 2007), disruptions in mitochondrial trafficking and morphology
(Middlemore-Risher et al., 2011), and decreases in microtubule outgrowth and tubulin
acetylation (Rao et al., 2017; Yang et al., 2018). These observations highlight potential
therapeutic targets.

It is also important to note that, while the worldwide population of individuals suffering
long-term neurological consequences of OP exposures may be significant, it is unlikely that
major pharmaceutical companies will invest in large-scale drug discovery efforts for this
indication given the relatively small market. Accordingly, it is of interest to evaluate
compounds that are already FDA approved for other indications against the negative effects
of OPs on axonal transport. Therefore, as will be evident below, in the experiments
described in this report, we employed a multi-target, phenotypic screening and drug
repurposing strategy (see review, Medina-Franco et al., 2013) for the evaluations of potential
novel OP-treatments.

Phenotypic drug screening is based on evaluations of functional outcomes resulting from
drug treatments (e.g., effects on axonal transport velocity) as opposed to engagement of a
specific molecular target. This strategy provides the benefit of screening multiple drugs with
different mechanisms of action within the same assay. Phenotypic screening has gained
renewed interest in recent years in drug discovery after numerous clinical failures of drugs
identified through target-driven high throughput screening (Vincent et al., 2015). Our
phenotypic drug screening studies were performed using a primary neuronal culture model
and time-lapse live imaging microscopy. Two multi-target compounds, lithium chloride
(LiClI) and methylene blue (MB), which are FDA approved for the treatment of non-OP
related disorders, (Bipolar disorder and methhemeglobinemia, respectively) were selected
for screening in our live imaging assay. LiCl was chosen in part based on previous reports of
its ability to increase axonal transport rates in other model systems (Decker et al., 2010;
Flores Il et al., 2011), while MB was selected for its ability to improve mitochondrial
function and provide neuroprotection in multiple models (see further details in the
Discussion). We chose to evaluate these compounds against the negative effects of the OP,
diisopropylfluorophosphate (DFP) on axonal transport. DFP is an alkyl phosphorofluoridate
that is often used as a surrogate nerve agent in laboratory studies since it possesses a great
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deal of structural homology with other highly toxic nerve agents such as sarin and soman,
but is less potent (Hobbiger, 1972) and less dangerous for laboratory personnel.

2. Materials and Methods

2.1 Chemicals and Reagents

Diisopropylfluorophosphate (DFP) and Methylene Blue were purchased from Sigma Aldrich
(St. Louis, MO). Lithium chloride was purchased from Fluka/Honeywell (Charlotte, NC).
All primary antibodies were purchased from Cell Signaling Technologies (Danvers, MA)
and secondary antibodies were purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA). Cell culture reagents were purchased from Fisher Scientific (Pittsburgh,
PA) unless otherwise stated.

2.2 Cell Culture

Primary cortical neurons were prepared as previously described (Gao et al., 2016; 2017)
with minor changes. Briefly, embryos were harvested from Sprague-Dawley pregnant dams
at gestation day E18. Embryonic Cortices were carefully dissected, then incubated at 37°C
for 15min in 0.25% Trypsin (Life Technologies, Carlsbad, CA) in the presence of DNAse
(Sigma #D4513), with gentle agitation every 5 min. Tissue was then briefly rinsed in HBSS,
followed by trituration with a glass fire-polished pasture pipette in neurobasal media (Gibco,
Gaithersburg, MD) with 2% B27 and 10% FBS in the presence of DNAse. Dissociated cells
were then centrifuged for 8min at 25°C at 200G. Pelleted cells were then re-suspended in
neurobasal media with 2%B27, 10%FBS, and 100U/mL penicillin-streptomycin (Life
Technologies, Grand Island, NY) and plated at a density of 500,000 cells/mL. Plating media
was replaced with serum-free media (neurobasal media with 2%B27, 100U/mL penicillin-
streptomycin and 0.5mM Glutamax) after 2hrs. Media was changed every 4 days with
0.5uM ARAC added overnight on DIV3 and penicillin-streptomycin removed before
transfection. Cells were maintained at 37°C with 5% CO> in a cell culture incubator.

2.3 Transfection and Drug Treatment

The method used in this study to measure axonal transport was a modification of our
previously published studies where time-lapse microscopy techniques were employed to
measure the trafficking of membrane-bound organelles (MBOs) containing a transfected
fluorophore-tagged amyloid precursor protein (APP) cDNA construct. Importantly, APP is
well documented to travel in neurons by fast axonal transport (see further details in Gao et
al., 2016). Cells were transfected on DIV5-6 with pEGFP-n1-APP (Addgene #69924).
Briefly, 2ug cDNA was incubated at room temperature in 25ul Neurobasal Media, separately
2 UL Lipofectamine® 2000 (Thermo Fisher) was incubated in 25uL Neurobasal Media.
After 5 min the two mixtures were combined and incubated at room temperature for an
additional 20min, before being added to the culture dish. Treatments with 1.0 nM DFP or
Vehicle (ultrapure water) were added to the culture dish for 24hrs, 4-6 hours after
transfection on DIV5-6. The concentration of DFP (1.0 nM) used in the experiments and the
exposure time (24 hrs) described in this report was selected from our previously published
studies (Gao et al., 2016) since it was associated with impairments of anterograde and
retrograde axonal transport, was not associated with overt cell toxicity, and was not
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associated with significant AChE inhibition. We previously observed that DFP impaired
anterograde and retrograde axonal transport both after 1 hour and 24 hours of exposure,
however, the magnitude of the effect was somewhat higher after 24 hrs (particularly at the
selected 10 nM concentration), so this DFP exposure period was selected for evaluations of
potential treatments.

For Lithium chloride evaluations, cells were treated with 1.0 nM DFP for 24hrs, with LiCl
(01pM-10mM) or vehicle (ultrapure water) added during the final 2hrs before live imaging
(22hrs after addition of DFP). The culture incubation time (2 hours) and concentrations of
LiCl were selected based on previously published reports where LiCl was shown to increase
axonal transport velocities in cultured neurons in toxin (Ap) and molecular (DISC1
knockdown) models (Decker et al., 2010; Flores Il et al., 2011). For Methylene blue
evaluations, (0.1-100nM) methylene blue or vehicle (ultrapure water) was co-incubated with
1.0 nM DFP for 24hrs. The 24 hr incubation time and concentrations of MB were selected
based on their ability to improve the viability of cultured cells exposed to neurotoxins (e.g.,
rotenone, antimycin A) and increase ATP production (Wen et al., 2011).

2.4 Live Imaging and Analysis

Live imaging was performed as described previously (Gao et al., 2016; 2017). Briefly,
coverslips were placed in a live imaging chamber and media was changed to clear
Neurobasal media immediately before imaging. All experiments were performed on a Zeis
LSM780 inverted confocal microscope, equipped with an environmental chamber
maintained at 37°C with 5% CO,. All experiments were performed 24-36hrs after
transfection. GFP-APP transfected neurons were located in primary cortical cultures under
63X magnification (1.42 numerical aperture) and axons were identified by their fluorescence
and morphological features as originally described by Kriegstein and Dichter (finest, longest
cell processes with no spines) (Kriegstein and Dichter, 1983). Axons were video recorded
for 3 min and frames were captured at a rate of one frame every 2 sec for a total of 90 frames
(Zen, Carl Zeiss) to track the movements of dynamic particles and identify stationary
particles. All image processing and analysis was performed using FIJI/ImageJ 1.52b. Images
were processed using the bleach correction tool and axons were straightened using the
“straighten curved objects” plugin. Kymographs were manually generated using the
“Kymograph Action Tool” plugin and analyzed using the KymoAnlyzer plugin toolkit VV1.01
(Neumann et al., 2017). The following settings were adjusted in KymoAnalyzer: Cmin=3,
cminRV=3, pixel size =0.307, frame rate=0.5, factor=0.33/frame. Anterograde cargos were
defined as cargos that moved more than 3um away from the cell body, retrograde cargos
were defined as having moved more than 3um towards the cell body, reversing cargos were
defined as having changed directions and traveled more than 3um, stationary cargos were
defined as having traveled less than 3um. A pause was defined as period where a cargo’s
speed was temporarily reduced to <0.15um/s. Density was calculated as the total number of
cargos (anterograde, retrograde, stationary, and reversing) per micron of axon length. Net
velocities were calculated based on the total distance traveled during each 3 minute video,
including time spent pausing or reversing directions. Fig 1 provides an example of a GFP-
APP transfected neuron, a representative kymograph, and a series of video frames indicating
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movements of individual membrane-bound organelles (MBOs) in the anterograde or
retrograde direction.

2.5 Cell Lysates

Cells were grown in 6-well plates at a density of 500,000 cells/mL for 6 days in vitro then
treated for 24hrs with 1nM DFP prior to processing. Each plate was rinsed twice using ice
cold PBS, cells were then scraped in 200uL 1X RIPA buffer containing the following
inhibitors: Phosphatase cocktail 2 (Sigma #P5726), Phosphatase inhibitor cocktail 3 (Sigma
#P0044) protease inhibitor cocktail (Sigma #P8340), 10mM sodium fluoride, and 1mM
PMSF. Treated cells from each six well plate were pooled such that 1 plate = 1 independent
experiment (n=4). Scraped cells were then centrifuged at 16,000g, 4°C for 20min, the
supernatant was then removed and stored at —80°C until further processing.

2.6 Immunoblotting and Analysis

Immunoblotting was performed using standard techniques. Briefly, samples were run on
12% gels at 50-100V. Samples were then transferred overnight at 30V onto a PVDF
membrane (Immobilon®-P, Millipore). The membrane was incubated for 1hr in 0.2% I-
block reagent (Applied Biosystems), then incubated in 1:250 primary P-GSK antibody (cell
signaling technologies #9336) over night at 4°C with gentle agitation. The Membrane was
then rinsed 3 times with TTBS before incubation with 1:5000 secondary antibody (Jackson
ImmunoResearch labs #111-035-003) for 1hr at RT. The membrane was then rinsed 3 times
in TTBS and incubated for 5min in ECL (Western Lighting® ECL Pro, PerkinElmer) before
being imaged using a G Box chemiluminescent imaging system (Syngene). The Membrane
was then stripped via 20min incubation at 37°C with gentle agitation using Restore™
Western Blot Stripping Buffer (Fisher Scientific). The membrane was then rinsed 3 times in
TTBS. The membrane was then probed and imaged again using similar procedures as
described above, with 1:1000 GSK primary antibody (cell signaling technologies #9315) and
1:10,000 secondary antibody (Jackson ImmunoResearch labs #111-035-003). Densitometry
was performed in F1JI/ImageJ with P-GSK normalized to total GSK.

2.7 Statistics

Statistical analysis was performed using SigmaPlot 11.2 and statistical significance was
assessed using an alpha level of 0.05. Student t tests and analysis of variance were used as
appropriate followed by the Student Newman Keuls test for post hoc analysis after ANOVA
comparisons. All results are expressed as the mean (xSEM).

3. Results
3.1 GFP-APP transfection and live imaging

Twenty-four hours following transfection, cultured neurons exhibited clear expression of
GFP-APP in the soma and axons (Fig 1A). For imaging, individual GFP-APP -labeled
MBO’s in axons were identified as distinct (green fluorescent) structures with a circular or
tubular shaped appearance (see the arrows in Figure 1A). Definitive proximal and distal
axonal regions of each axon were identified and corresponding kymographs (see Fig 1B for
a sample) demonstrate that many MBOs were highly mobile, moving in both the anterograde
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and retrograde directions, while others remained stationary. The arrows in Fig 1C indicate
individual MBOs moving along the axon at various stages in the anterograde and retrograde
direction.

3.2 Axonal Transport Velocity

The velocity of GFP-APP labeled MBO movements in cortical axons observed in this study
under control conditions, ~0.4-2.0 um/sec in the anterograde, and ~0.4-1.5 um/sec in
retrograde direction, is similar to that observed in our previously published studies using
APPDendra2-labeled MBOs (Gao et al., 2016; 2017). Moreover, the range of velocities
generally fits within the range (0.5-3.0um/sec) that is considered as “fast axonal transport”
(see review, Maday et al., 2014).

3.3 DFP Disrupts Axonal Transport

Following 24hr incubation with 1.0 nM DFP we observed significant decreases in the
anterograde and retrograde velocities of GFP-APP containing membrane-bound organelles
(MBOs) (Figures 2 and 3) similar to the decreases described in our previous report where
APPDendra2-labeled MBOs were analyzed. (Gao et al., 2016). While some modest changes
were observed, we did not detect any statistically significant differences in the percentage of
particles moving in the anterograde or retrograde directions nor did we detect significant
changes in the percentage of stationary or reversing particles. We also analyzed the total
density (cargos per um) of particles and found no significant differences in the density of
cargos after DFP exposure. DFP treatment was also not associated with significant changes
in pause duration. An increase in pause frequency was observed after DFP exposure;
however, this effect was only significant in one of the two data sets presented (Table 1).

3.4 Lithium Chloride

The effects of DFP on axonal transport were attenuated by co-incubation with LiCl in a
concentration dependent manner. Interestingly, we observed an inverted U shaped
concentration-response curve indicating that lower concentrations (10uM-1mM) of lithium
were most effective in preventing DFP-induced anterograde axonal transport deficits while
higher concentrations (1mM-10mM) were associated with reductions in velocity (Figure 2).
With respect to retrograde velocities, a similar inverted U trend was observed, however only
treatment with 100uM LiCl significantly prevented DFP-induced deficits (Figure 2).
Treatment with 100uM LiCl alone was not associated with significant changes in velocity
when compared to vehicle. We did not observe significant changes in the percentage of
cargos traveling in the anterograde or retrograde direction, remaining stationary, or reversing
after co-incubation of LiCl with DFP. Interestingly, 100uM LiCl alone was associated with a
significant decrease in the percentage of stationary particles when compared to DFP. While
the majority of LiCl concentrations tested were not associated with significant changes in
cargo density, the lowest concentration (1uM) was associated with a significantly higher
density compared to DFP, while the highest concentration (10mM) of LiCl was associated
with a significantly lower density compared to DFP. Lithium treatment was not associated
with significant changes in pause duration or pause frequency. Interestingly, 100uM LiCl
was associated with an increased pause frequency compared to vehicle alone (Tables 1 and
2).

Toxicology. Author manuscript; available in PMC 2021 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Naughton et al. Page 8

3.5 Methylene Blue

24hr co-incubation of MB with DFP was also associated with concentration dependent
increases in the velocity of GFP-APP containing MBOs. MB significantly enhanced
anterograde axonal transport velocities across a range of concentrations (1nM-100nM),
while only 10nM was associated with significantly increased retrograde velocities (Figure
3). The majority of the concentrations of MB were not associated with significant changes in
the percentage of anterograde, retrograde, stationary, or reversing cargos. However, 10nM
MB treatment was associated with a significant decrease in the number of stationary
particles compared to 1nM DFP. Additionally, Vehicle+ 10nM MB was associated with a
significant increase in the percentage of particles moving in the anterograde direction and a
significant decrease in the number of stationary particles compared to 1nM DFP. None of the
treatments were associated with significant changes in the number of cargos per micron
(density). With respect to pause duration, we did not observe significant changes in response
to any treatment. However, 0.1nM MB treatment was associated with a significantly higher
pause frequency compared to DFP, while the remaining concentrations tested did not
significantly affect pause frequency (Tables 1 and 2).

3.6 GSK Phosphorylation in vitro

Some previous studies have indicated that OPs such as omethalate and chlorpyrifos can alter
the phosphorylation of GSK (Qiao et al., 2017; Chen et al., 2012) (see additional details in
the Discussion). Thus, in order to determine if changes in the phosphorylation status of
GSKIIIB might be responsible for DFP induced axonal transport deficits, we probed for
changes in the phosphorylation of GSKIIIp at the ser9 phosphorylation site after exposure to
1nM DFP for 24hrs in cultured primary cortical neurons. Surprisingly, western blot analysis
revealed no significant changes in the phosphorylation of GSKIIIB after exposure to DFP
(Figure 4), indicating that it is unlikely to be a mechanistic factor in the DFP-induced
reduction of axonal transport velocity (i.e., at this particular concentration). Furthermore, the
concentrations of LiCl that were most effective in preventing DFP-induced deficits in axonal
transport velocity fell below the threshold for GSK inhibition (see Discussion), while those
that were associated with slower transport rates (right side of the inverted U dose-response
curve), fell within the known threshold for GSK inhibition by LiCl (Klein and Melton,
1996).

4. Discussion

4.1 DFP Inhibits Axonal Transport

In the currently study, our first observation was that 24hr exposure to 1nM DFP was
associated with decreases in anterograde and retrograde transport velocity of fluorescent,
amyloid precursor protein (APP) containing MBOs (Figures 2 and 3) as we have previously
reported (Gao et al., 2016). We observed only modest, non-significant changes in the
percentage of MBOs moving in the anterograde and retrograde direction or the percentages
of stationary cargos in association with DFP exposure. In our previously published
experiments (Gao et al., 2016) we observed small, but statistically significant decreases in
the percentage of MBOs moving in the anterograde direction and a small increase in the
percentages of stationary cargos in association with the 1.0 nM DFP concentration (Table 1).
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Similar to the current study, we did not observe any DFP-related changes in the percentage
of MBOs moving in the retrograde direction in the Gao et al., 2016 study. These
observations appear to suggest that while the 1.0 nM concentration of DFP can clearly
impair anterograde and retrograde axonal transport velocities, it is on the threshold for
affecting the percentages of cargoes moving in a particular direction or remaining stationary.
An additional observation in the current study was that no significant differences were
present in the overall density of cargos after DFP treatment, indicating that the observed
axonal transport deficits likely occurred independently of alterations in APP synthesis or its
packaging in vesicles. DFP treatment was also not associated with significant changes in
pause duration, indicating that prolonged pausing of cargos is not a contributing factor to
reduced axonal transport velocities. An increase in pause frequency was observed after DFP
exposure; however, this effect only reached significance in one of the two data sets collected
(Table 1). Thus, increases in pause frequency may contribute to the slower transport rates
observed, but this observation requires additional replication before it could be viewed as a
definitive finding.

4.2 Lithium Chloride Reverses DFP-induced Axonal Transport Deficits in vitro.

Our next observation was that LiCl prevented the negative effects of DFP in a concentration
dependent manner (Figure 2). Both anterograde and retrograde velocities were improved
following LiCl treatment and the concentration response curve followed an inverted U
shaped pattern, indicating that an optimal concentration range is required to achieve full
efficacy. LiCl was not associated with significant changes in the percentage of anterograde,
retrograde, stationary, or reversing cargos (Table 1). Interestingly, we did observe a
significant decrease in stationary cargos when comparing Veh+LiCl 100uM to 1nM DFP.
This indicates that lithium treatment alone may have some modest effects on the overall
percentage of particles moving. Another interesting observation was that the, the lowest
(1uM) and highest (10mM) concentrations of LiCl (when combined with DFP) were
associated with modest, but statistically significant changes in the overall density of cargos
(i.e., increased and decreased, respectively) while the remaining concentrations had no
effect. These observations may indicate that specific combinations of DFP and LiCl
concentrations may have the potential to induce minor changes in APP expression. Minor
changes in pause duration and frequency were also observed with LiCl treatment particularly
at concentrations associated with faster axonal transport speeds; however, these changes
were not statistically significant. Surprisingly, Veh+100uM LiCl was associated with a
significant increase in pause frequency when compared to 1nM DFP treatment. This
observation appears paradoxical since this treatment was not associated with increases in
pause frequency when co-incubated with DFP (Table 1).

4.3 Methylene Blue Prevents DFP-induced Axonal Transport Deficits in vitro.

Methylene blue (MB) was also effective against DFP induced axonal transport deficits in a
concentration dependent manner increasing velocity of both anterograde and retrograde
MBOs (Figure 3). Veh+10nM MB did not significantly affect axonal transport velocities
when compared to vehicle controls. The majority of MB concentrations tested did not have
significant effects on the percentage of anterograde, retrograde, stationary, or reversing
cargos. However, 10nM MB treatment was associated with a significant decrease in the

Toxicology. Author manuscript; available in PMC 2021 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Naughton et al.

Page 10

percentage of stationary cargos when compared to 1nM DFP. This result may be indicative
of overall changes in transport dynamics stimulated by MB (Table 1). Additionally, Veh
+10nM MB was associated with a significant decrease in the percentage of stationary cargos
and a significant increase in the percentage of anterograde cargos compared to 1nM DFP.
These results may indicate that MB possesses the ability to stimulate generalized changes in
the movement dynamics of APP-bound cargos. No significant changes were detected in
cargo density across any concentration of MB tested, indicating that its effects (similar to
Lithium Chloride) are likely to occur independently of gross changes in APP synthesis or its
packaging in vesicles. MB treatment was also not associated with significant changes in
pause duration indicating that reductions in the pause time of individual cargos is not a
contributing factor to the effects of MB on axonal transport (Table 2). Finally, with the
exception of the 0.1 nM concentration of MB (which was associated with an increase in
pause frequency when combined with DFP), the majority of MB concentrations tested did
not affect pause frequency, when compared to 1nM DFP alone (Table 1). The basis for this
observation is unclear.

While the specific mechanisms of the positive effects of LiCl and MB on axonal transport
were not the primary focus of the current study, each compound has a number of potentially
relevant pharmacological actions. LiCl has been used in the treatment of Bipolar Disorder
dating back to the mid-20t" century and it has been the focus of numerous pharmacological
studies. The best characterized pharmacological effects of lithium pertain to its inhibition of
GSKIII, both through direct inhibition by competitively binding to the Mg+ binding site, as
well as indirect inhibition through an increase in phosphorylation of the inhibitory site (ser9)
(Klein and Melton, 1996; Pan et al., 2011). Previously published reports have demonstrated
that ImM LiCl does not inhibit GSK, while 10mM LiCl strongly inhibits GSK (Klein and
Melton, 1996). Thus, in our study, the effective range of LiCl concentrations fell below the
threshold for GSK inhibition, while doses that were within the range of effective GSK
inhibition were associated with deleterious effects on axonal transport. These observations
led us to conclude that the positive effects of LiCl on axonal transport velocities are not
likely to be mediated by GSKIIIg inhibition. Such findings are not unprecedented, as
previous reports have shown LiCl induced increases in axonal transport speed that could not
be mimicked by specific inhibitors of GSK or GSK knockdown by shRNA (Flores 111 et al.,
2011). GSKIIIP acts as a negative regulator of axonal transport and phosphorylation of
GSKIIIB at serine 9 has been associated with its inhibition, thus we initially expected to
observe decreased phosphorylation of GSKIIIB after DFP exposure. Interestingly, we did not
observe significant changes in the level of pGSK after exposure to DFP (Figure 4). These
findings are in contrast to Qiao and colleagues who demonstrated decreased GSK
phosphorylation after exposure to the OP omethalate (Qiao et al., 2017) and Chen and
colleagues who observed hyperphosphorylation of GSK after exposure to the OP
chlorpyrifos (Chen et al., 2012). Lithium has been shown to stabilize microtubules
(Bhattacharyya and Wolf, 1976) within the range of concentrations that we found effective at
preventing the negative effects of DFP on axonal transport. This may represent a potential
mechanism of the positive effects of LiCl in our experiments, given that OPs have been
shown to reduce tubulin acetylation, (Rao et al., 2017; Yang et al., 2018) a post translational
modification typically associated with reduced microtubule stability. Additionally, OPs have
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been shown to prevent tubulin polymerization and covalently modify tubulin (Prendergast et
al., 2007; Grigoryan et al., 2008). Lithium treatment has also been shown to upregulate a
number of transport and cytoskeletal related proteins including kinesin-1 heavy chain
(Gottschalk et al., 2017). A recent study found that Lithium treatment is also associated with
increased activity of the cytoskeletal modulator Collapsin Response Mediator Protein-2
(CRMP2) through both GSK-dependent and independent pathways (Tobe et al., 2017).
CRMP2 is an important cytoskeletal regulator that is involved with axonal transport
(Arimura et al., 2009; Kimura et al., 2005; Kawano et al., 2005), as well as microtubule
assembly (Fukata et al., 2002). Thus, lithium induced modulation of CRMP2 activity
through GSK-independent pathways may provide a rational explanation for the observed
effects of LiCl either through the activity of CRMP2 as a cargo receptor or through its
activity in promoting microtubule assembly. Finally, axonal transport is regulated by a
number of additional kinases beyond GSK such as PKC, AKT, ERK1/2, cdk5, JNK and p38
kinase (Gibbs et al., 2015) all of which can be effected by lithium treatment (Chen et al.,
2003; Pardo et al., 2003; Jorda et al., 2005; Pan et al., 2011; Valvassori et al., 2017).

MB is a tricyclic phenothiazine that was the first fully synthetic drug to be used in a
therapeutic context (Schirmer et al., 2011). For our studies, the positive effects of MB on
mitochondrial respiration and ATP production (Wen et al., 2011) were major factors in our
choice of this compound as a potential OP-treatment. Previous studies have shown that the
OPs CPF and CPO can produce disruptions in mitochondrial morphology and transport
(Middlemore-Risher et al., 2011). Interestingly, exogenous ATP application has been shown
to increase the velocity of kinesin moving along microtubules in a model system in a
concentration dependent manner (Schnitzer and Block, 1997). Additional studies have
shown increases in axonal transport by leveraging energy production through the application
of fatty acids and by the application of extracellular ATP (Takenaka et al., 2003; Sakama et
al., 2003). A similar strategy has been demonstrated in the field of exercise science and
muscle physiology, in which creatine supplementation can be used to enhance muscle
performance (Casey and Greenhaff, 2000). By donating a phosphate molecule, creatine
phosphate (CP) catalyzes the conversation of ADP to ATP and provides ATP to power
myosin driven muscle contraction (Widmaier et al., 2007). Given that myosin is a molecular
motor ATPase similar to dynein and kinesin, it is possible that similar strategies to increase
the available supply of ATP may increase their rate of movement. An alternate explanation
for the observed effect of MB is that increased ATP levels may lead to a higher rate of
microtubule polymerization. ATP has been shown to promote tubulin polymerization
(Zabrecky and Cole, 1982) and may counterbalance previously observed disruptions in
tubulin polymerization after OP exposure (Prendergast et al., 2007). Interestingly, MB has
also been shown to inhibit GSK through increased phosphorylation at ser9 -site and
decreased phosphorylation at the tyr216-site (Chen et al., 2019). While we did not observe
changes in GSK phosphorylation following DFP exposure, we cannot rule out the possibility
that MB may have increased axonal transport velocities through a compensational
mechanism involving decreased GSK activity.
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4.4 Phenotypic screening assay and Multifunctional Drugs for the treatment of
Organophosphate Toxicity

As discussed in the Introduction, axonal transport can be regulated by a number of different
factors such as signaling kinases; post-translational modifications of microtubules and
microtubule associated proteins, as well as mitochondrial activity. Thus, a target driven
screen focused solely on one particular mechanism may not be the most fruitful approach.
Phenotypic drug screening assays provide the benefit of applying an unbiased target and
agnostic approach to drug discovery. In fact, an analysis by Swinney and Anthony found that
from 1999-2008 the majority of new first in class drugs were discovered using phenotypic
screening, despite a strong inclination towards target-driven approaches during that time
(Swinney and Anthony 2011). Given the high cost of drug development and the relatively
small population of patients affected by OP exposure, we reasoned that the repurposing of
currently FDA approved drugs might provide the most reasonable path towards providing
treatment for such patients. We thus selected candidate compounds for screening that had
already been FDA approved for other therapeutic uses. We chose to evaluate two different
drugs for their potential ability to reverse OP-induced axonal transport deficits. However,
axonal transport deficits are not the only detrimental effects associated with OP exposure.
Thus, when choosing potential therapeutic compounds to evaluate, drugs with
multifunctional and multi-target properties were chosen. MB has a number of beneficial
effects, which may be of therapeutic value after OP exposure. Mitochondria are a primary
site of action by MB, and show disrupted transport and morphology after OP exposure
(Middlemore-Risher et al., 2011). Additionally the autophagy stimulating properties of MB
(Congdon et al., 2012) may be of particular benefit. A recent report has shown that exposure
to the OP chlorpyrifos-oxon (CPO) can cause tubulin to form intermolecular cross-links
leading to high molecular weight tubulin aggregates, similar to the aggregation of various
proteins in neurodegenerative disorders (Schopfer and Lockridge, 2018). Autophagic
clearance of such aggregations could be of therapeutic value. MB has also been shown to
have antioxidant and anti-inflammatory properties (Tucker et al., 2018) and OP exposure has
been linked to increases in oxidative stress and inflammation (Eftekhari et al., 2018; Abolaji
etal., 2017; Koo et al., 2018; Mohammadzadeh et al., 2018). Furthermore, MB has been
shown to be neuroprotective in preclinical models of a number of neurodegenerative
disorders (Tucker et al., 2018). These properties make MB a good candidate generalized
neuroprotection in the treatment of OP related toxicity.

Lithium shares several of the multifunctional properties of MB, such as the ability to induce
autophagy (Kerr et al., 2018) and antioxidant properties (Won and Kim, 2017; Kerr et al.,
2018). Additionally, lithium has been demonstrated to increase grey matter volumes and
white matter integrity (Won and Kim, 2017) as well as to promote re-myelination (Fang et
al., 2016). These properties make lithium a good potential candidate in the treatment of Gulf
War Iliness (GWI), which is characterized by constellation of chronic health symptoms,
observed in many United States (US) veterans who served in the 1990-1991 Persian Gulf
War. Both grey and white matter have been shown to be decreased in GWI and OP exposure
is believed to be a contributing factor to the neurologic symptoms (Chao et al., 2010, 2011;
Rayhan et al., 2013; Rosenzweig et al., 2012). Additionally, LiCl has been shown to be
effective in reversing depressive behaviors in mice after exposure to the OP omethalate
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(Qiao et al., 2017). A recent study by Greenwood and colleagues demonstrated that
concentrations of lithium in the high nanomolar to low micromolar range exhibit
neuroprotective properties through disruption of the p75NTR-Sortilin complex and its
internalization (Greenwood et al., 2018). Lithium has also been shown to up-regulate brain
derived neurotrophic factor (BDNF) (Won et al., 2017), a neurotrophin well known for its
positive role in synaptic plasticity, neuroprotection, and cognitive function.

In summary, the results of the in vitro experiments described in this report indicate that LiCl
and MB are effective at attenuating OP-induced axonal transport deficits. The specific
culture conditions we chose (LiCl applied during the last 2 hrs of a 24 hr DFP exposure
period and MB applied simultaneously with DFP for the entire 24 hr exposure period)
support LiCl as a potential antidotal (post toxin exposure) treatment and MB as a
prophylactic or preventative approach. Accordingly, these compounds may have potential as
repurposed drugs for the treatment/prevention of neurologic symptoms associated with OP
exposure. Additional studies will be required to determine if treatment with LiCl and MB
can reverse learning and memory deficits and other long-term neurological deficits
associated with OP exposure in vivo.
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Figure 1.
Methods for testing compounds for their ability to affect axonal transport in vitro. (A)

Representative image demonstrating successful transfection with pEGFP-n1-APP in rat
primary cortical neurons. Arrows indicate membrane-bound organelles (MBOs), scale
bar=20pum. (B) Kymograph generated from images captured at a rate of one frame every 2s
for 3 min demonstrating movement of pEGFP-n1-APP labeled MBOs. MBOs are
categorized in 1 of 4 ways: anterograde (A), retrograde (R), stationary (S), or Reversal (RV).
(C) Representative frames demonstrating progression of MBOs moving in the anterograde
and retrograde directions.
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Effects of Lithium Chloride (LiCl) on DFP-related impairments in axonal transport in rat
primary cortical neurons. (A) LiCl attenuates DFP-induced anterograde axonal transport
deficits across a range of concentrations (10uM-1mM). (B) 100uM LiCl attenuates DFP-
induced deficits in retrograde axonal transport. Histograms depict the mean £SEM of all
MBOs measured per treatment: anterograde transport, n= 55-284 MBOS and a total of 1289
MBOs analyzed; retrograde n=20-140 MBOs and a total of 751 MBOs analyzed. The
MBOs analyzed were obtained from 14-21 individual neurons from 3-5 independent
experiments. #= p<0.05 compared to DFP *=p<0.05 compared to \Vehicle.
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Figure 3.
Effects of methylene chloride (MB) on DFP-related impairments in axonal transport in rat

primary cortical neurons. (A) MB attenuates DFP-induced anterograde axonal transport
deficits across a range of concentrations (1nM-100nM). (B) 10nM MB attenuates DFP-
induced deficits in retrograde axonal transport. Histograms depict the mean £SEM of all
MBOs measured per treatment: anterograde transport, n= 126-225 MBOs and a total of
1278 MBOs analyzed; retrograde n=78-137 MBOs and a total of 665 MBOs analyzed. The
MBOs analyzed were obtained from 14-17 individual neurons from 3-5 independent
experiments. #= p<0.05 compared to DFP *=p<0.05 compared to \Vehicle.
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Figure 4.
GSKIIIB phosphorylation after DFP exposure. Histograms depicting levels of GSKIIIB

phosphorylation (ser9) after 24hr incubation with vehicle or 1.0 nM DFP (A). Immunablots
for P- GSKIIIB (ser9) and total GSKIIIP from primary cortical neurons (B). Each bar
represents mean = S.E.M., n=4 with significance assessed at p<0.05.

Toxicology. Author manuscript; available in PMC 2021 February 15.



Page 22

Naughton et al.

0502 18100
FIVGVE 18/0°0 ¥788°0 F£02°0 66'TF £0T €TV TV LE ZTEF 68T 00'S FS'EE 7000
S69°T o 90700
F25LGE ST80°0 ¥T0C Ty F6LT0 122°2F 10T S0'Y T 6'8F 8EZFT6T ITYF612 70000
926'C 62200 anig
F180'TY ¥060°0 ¥ST6°0 F Y810 96'TF ¥'G 697 F G6Y Gr'e F88T GEVFE9T 00 auajAulsIN
snid
NUO'T d4a
8052 18700
F0T007 G890°0 ¥6.9°0 F6120 GZ80F TV 8TF Y 162 F VT E6TFVLE 00 EIIEIN
apLoIyD
S9v'T o T.T0°0 o wniy
F286'VE L8L0°0%¢8T'T, FSIT0 85T 788 €Sy ¥8'Sey 16'€ ¥6°02 GE'G FGVE 0'00T SIEEIGIIEN
85100
£65Y T905°6€ €¥T'0 ¥6/6°0 FIT Oy 617 76'L 65°9 ¥7'6G 20 7€'8 90'L Fr'vT 0°0000T
2200
8v8'Z TOVL 68 £680°0F 1€6°0 ¥6.T°0 LrZF9°L GO’V T8'6E STy F€'6T €5'G FE'EE 0'000T
89700
1IST F722E 1860°0 ¥/89°0 F99T°0 99'T ¥€'G v6'Z Ty 167F8°LT 187 F5°2€ 0'00T
8700
98T FIGG'9E 88L0°0 ¥TL0'T FI8T°0 126'0%G°G YS'E FT LY 612 F€'GT GO'E ¥2'TE 00T
_8ET00
£69°'T ¥288'TY 9690°0 66T'T 2T Oy 6ETFT'9 65°€ FE'8Y 002 FO'€T 69'€ F9'ZE 0T
o 82100 8pLoIyD
YSv'Z ¥298'ey vILO'0F9¥6°0, F98T°0 G/6'0 78°€ GE'E LS 202 F29T £0'€ 7522 00 wniy
snid
WU O'T d4a
S¥10°0
609'Z FLTE'9E /8900 ¥595°0 F6.T°0 AR 007 ¥5'F v8'T F'8T 1SV F0'6C 00 3[o1yaA
ww/sogIN sajoned sajonJed sajonIed sajonded
995 unwg/sssned # 104 1V 10 % IV 10 % 1V 10 % IV 10 % W
uoneing sajoiaed
asned AKouanbai4 asned ddv s|es1anay Areuonels apeaboilay apeabossiuy uoneIIuadu0D punodwo)
SIUBWIBAOA Jeuonoalig
(V) siuswiainsea| palejay-liodsuel] [RUOXY [eUOIPPY
‘T a|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Toxicology. Author manuscript; available in PMC 2021 February 15.



Page 23

Naughton et al.

'd4a WUT wouy Jusiayip (G0°0>d) Apuedyiubis =

#

1043U02 B]91YsA Wouy JuasayIp (50°0>d) Ajpuesyiubis =

x*

“JuswLIadxa [enpIAIpul Jad SUOINaU 9—T YHM SluawiLIadxa a1esedas G—¢ WoJy SUoINau [enpiAIpul TZ—4T WO PauIelqo W'a's F Ueaw ay syuasaidal anfeA yoeg

anig
89€C 8€T0°0 . . auslAupain
11288 8180°0 FT¥6°0 F19T°0 S6TFT'8 V6'€ ¥ 8084 60€ ¥ G9T LEEF LYy 100 SIEEIRII
8e5C S9T0°0
T 90v'0p 0T80°0 F65.°0 F26T0 vI8'0F0'E 08'EFEPY 29EFO0LT Z0G F LS8 10
98ee 9v10'0 .
Fl2T8E 15900 ¥699'0 FS6T°0 8y'IF €9 Tr'e ¥ C'egy S TFYST 16'€F 0Ty 100
wwy/sogiN sajolied sajoded sa|oIded sajoied
29s urwgysasned # 104 1V 10 % IV 10 % 1V 10 % IV 10 % W
uoieang sa|o1ed
asned Aouanbai4 asned ddv sjesdanay Areuoneis apeaboslay apeufolaiuy uoleAIusdU0D punodwo)
SIUSBWIBAO|A Jeuonndalig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Toxicology. Author manuscript; available in PMC 2021 February 15.



	Abstract
	Introduction
	Materials and Methods
	Chemicals and Reagents
	Cell Culture
	Transfection and Drug Treatment
	Live Imaging and Analysis
	Cell Lysates
	Immunoblotting and Analysis
	Statistics

	Results
	GFP-APP transfection and live imaging
	Axonal Transport Velocity
	DFP Disrupts Axonal Transport
	Lithium Chloride
	Methylene Blue
	GSK Phosphorylation in vitro

	Discussion
	DFP Inhibits Axonal Transport
	Lithium Chloride Reverses DFP-induced Axonal Transport Deficits in vitro.
	Methylene Blue Prevents DFP-induced Axonal Transport Deficits in vitro.
	Phenotypic screening assay and Multifunctional Drugs for the treatment of Organophosphate Toxicity

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.

