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ABSTRACT 

 
SEAN X NAUGHTON 
Cholinesterase Inhibitor Toxicity: Mechanistic Studies and Therapeutic 
Strategies Focused on Axonal Transport 
 
(Under the direction of DR. ALVIN V. TERRY JR) 
 

Organophosphates (OPs) are a broad class of chemicals with a variety of uses that 

include pesticides, chemical warfare agents, fuel additives, and plasticizers.  Due to their 

sheer number of applications and known toxicological profile, OPs represent a persistent 

concern to human health worldwide.  Furthermore, the effects of OPs that occur 

independently of their well-known mechanism of acute toxicity (AChE inhibition) have 

not been well studied.  The presented research seeks to expand upon our understanding of 

AChE-independent mechanisms of OP toxicity as well as to identify potential therapies 

for treating these negative effects. In Manuscript 1 we demonstrate that the OP 

diisopropylfluorophosphate (DFP) induced axonal transport deficits occur in vivo at 

exposure levels that were not associated with cholinergic toxicity.  Additionally, we 

observed deficits in white matter integrity following sub-acute DFP exposure.  In 

Manuscript 2 we present a series of experiments, which were conducted to identify 

potential therapeutic compounds for the treatment of OP induced deficits in axonal 

transport.  Here, we utilized a phenotypic drug-screening assay in order to identify 

compounds that could be protective against DFP.  In Manuscript 3 we present data which 

demonstrates that the carbamate physostigmine does not impair axonal transport, as has 

been previously demonstrated with OPs.  These experiments were critical to 



 
 

demonstrating the AChE independence of OP-induced axonal transport deficits and 

further elucidate the unique nature of OP toxicity in comparison to other AChE 

inhibitors.  Collectively, these studies contribute to a better understanding of the full 

spectrum of toxicological effects of OPs and provide insightful findings into potential 

therapeutics for the treatment of OP related toxicity.   
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1. INTRODUCTION 

 

A. Statement of the Problem and Specific Aims 

 

The chemicals known as the organophosphates (OPs) have a wide variety of important 

applications in industry and agriculture. However, many OPs are highly toxic and they 

pose a significant risk to the health of millions of people worldwide from both accidental 

and intentional poisonings (e.g., from suicides and nerve agent attacks by rogue 

governments and terrorists). The cholinergic-based symptoms of acute OP toxicity and 

their underlying mechanism, acetylcholinesterase (AChE) inhibition, are well established. 

Moreover, while they may not be optimal, treatments are available to combat the 

symptoms of acute OP toxicity. However, there is now substantial evidence that 

exposures to OPs at levels not associated with acute toxicity (sub-acute exposures) can 

lead to chronic neurological deficits including impairments in cognition. Unfortunately, 

the mechanism of this type of toxicity is unknown, but significant evidence suggests that 

it cannot be fully explained by AChE inhibition alone. Accordingly, one long-term goal 

of our laboratory is to determine the mechanism of the adverse neurological effects 

associated with sub-acute exposures to OPs so that effective therapeutic strategies can be 

developed. We now have clear evidence using both in vitro and in vivo models that the 

commonly used insecticide OP chlorpyrifos, (CPF) and the nerve agent OP, 

diisopropylfluorophosphate (DFP), impair axonal transport in CNS neurons. Given the 

fundamental importance of axonal transport to neuronal health and function, this negative 

effect of OPs could provide one explanation for their long-term neurological effects. The 
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objective of this thesis is to elucidate the molecular mechanisms responsible for OP-

related impairments of axonal transport to identify therapeutic targets.  

Due to the potency of many OPs as AChE inhibitors, an important challenge to this line 

of inquiry is that it is often difficult to distinguish other potential mechanisms of toxicity 

from AChE inhibition. Moreover, it is unclear if AChE inhibitors that are not OP-based 

have this effect on axonal transport. Therefore, in the proposed work, we evaluate S,S,S-

Tributyl Phosphorotrithioate (DEF Defoliant also known as Tribufos), an OP that is a 

poor AChE inhibitor, but an effective carboxylesterase inhibitor and we evaluate a potent 

AChE inhibitor that is not an OP (i.e., the carbamate, physostigmine).  

To achieve these objectives, we pursued the following two specific aims:  

 

1. Elucidate mechanisms responsible for OP-induced axonal transport deficits to 

identify potential therapeutic targets. The working hypothesis is that OPs alter the 

function of key macromolecules (e.g., Tau, ERK, AKT, GSK,) and that drugs which act 

on multiple targets affected by OPs will reverse DFP-induced deficits in axonal transport.  

 

2. Distinguish OP effects on axonal transport from AChE Inhibition. The working 

hypothesis is that the OP, DEF will impair axonal transport in a similar fashion to CPF 

and DFP, while the reversible (carbamate based) AChE inhibitor physostigmine will not.  

 

 

 



 
 

3 
 

B. Literature Review 

Organophosphates (OPs) are a large class of chemicals that are organic derivatives of 

phosphorus, typically esters of phosphoric, phosphonic and phosphinic acids.  Von 

Hoffman synthesized the first OP, methyl phosphor chloride, in 1837 (Balali-Mood and 

Balali-Mood, 2008).    Additional OPs were developed over the next 100 years, however 

the German chemist Gerhard Schrader (along with his colleagues) would ultimately be 

responsible for the development of approximately 2,000 OP compounds.  Schrader was 

an employee of I.G. Farben and began developing OPs as pesticides to increase 

agricultural productivity.  When the highly toxic nature of OPs was fully discovered, 

Wolfgang Wirth and others pursued their development for use as chemical weapons.  

Eventually 24 scientists and executives of I.G. Farben would be prosecuted at the 

Nuremberg Trials for their roles in the development of the Nazi chemical weapons 

program and related crimes. (For full historical accounts, see Soltaninejad and Shadnia, 

2014; Lopez-Munoz et al., 2009).  In modern times, OPs are used in hundreds of 

applications such as pesticides, defoliants, flame retardants, industrial solvents, 

lubricants, plasticizers, fuel additives, prescription drugs, and nerve agents (Soltaninejad 

and Shadnia, 2014; Costa 2018). OPs represent a persistent threat to human health under 

a variety of circumstances.  A growing concern in recent years has been the unregulated 

usage of pesticides (including as OPs) by cartels growing illegal drugs on public lands in 

the United States.  Such use of highly toxic pesticides and rodenticides can have 

devastating effects on wildlife and natural ecosystems, in addition to posing a potentially 

life-threatening hazard to law enforcement officials and recreation hikers.  Furthermore, 

the decontamination of such sites has become a substantial economic burden to local and 
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state governments (Levy, 2014; Thompson et. al., 2017).   The use of pesticides can 

account for approximately 1 in 5 suicides worldwide.  Such instances often occur in low 

and middle-income countries, and OPs are commonly used for suicidal ingestion (WHO, 

2019).   Additional exposure to OPs may occur in airline workers chronically exposed to 

fumes from jet engines, which use OPs as additives and lubricants (aerotoxic syndrome) 

(Winder and Balouet, 2001).      Please see Fig 1 for an illustration of several 

representative sources whereby humans and other non-target species may be exposed to 

toxic levels of OPs.    
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OP-Pesticides 

    As a consequence of their widespread use as pesticides, OPs (and their 

residues) are now among the most common synthetic chemicals detected in rivers, 

groundwater, soil, air, and plants, as well as in animal and human tissues worldwide 

(Schnoor, 1992; Davisson et al., 2005; Barr et al., 2011; Clune et al., 2012; Voorhees et 

al., 2017).  This fact has become an increasing environmental concern because of the 

deleterious health effects of OPs that have been documented in both adults and children 

for decades (reviewed, Rohlman et al., 2011; Reiss et al., 2015; Worek et al., 2016; 

Masson and Nachon, 2017).  In many places in the world, governments have had some 

success at reducing toxic exposures to OPs by imposing stricter regulations on their use.  

However, in some Eastern Mediterranean, Asiatic, and Western Pacific countries 

(especially those that are heavily reliant on agriculture), accidental OP exposures and 

suicidal ingestions remain as a persistent problem that may actually be worsening 

(Tsatsakis et al., 2008; Kumar et al., 2010;  Costa, 2018; reviewed, Pope, 1999; Iyer et 

al., 2015; Gunnell et al., 2007). 

 

  OP Nerve Agents as Components of Chemical Weapons 

While the risk of toxicity from pesticide exposures is considerably higher for most 

people in the world, the threat from intentional poisonings with OPs by rogue 

governments and terrorists is also an ongoing concern (reviewed, Eisenkraft and Falk, 

2016).  Over the last 35 years, there have been multiple (well-documented) cases where 

OP-nerve agents were used against military soldiers and/or civilians.  For example, in the 

1980s the Iraqi military attacked Iranian military soldiers (Majnoon Island) and Kurdish 
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civilians (Halabja) with OP-based nerve agents producing casualties estimated to be as 

high as “tens of thousands” (Barnaby, 1988; Macilwain, 1993; O’Leary, 2002; Hawrami 

et al., 2004).  The Tokyo Sarin attack in March of 1995 by the domestic terrorist group 

Aum Shinrikyo resulted in the deaths of 12 people and the emergency medical evaluation 

and/or treatment of more than 5,000 other individuals (Suzuki et al., 1995; Nagao et al., 

1997).  The Organization for the Prohibition of Chemical Weapons (OPCW) and the 

United Nations have now concluded that Sarin has been used against civilians in Syria on 

multiple occasions (Sellström et al., 2013; Guterres, 2017), and the fatal sarin poisoning 

in 2013 has also been verified by a network of international laboratories (John et al., 

2018).  The recent news reports of the use of the OP VX in the assassination of the North 

Korean dictator’s half-brother in Malaysia (Latiff and Chow, 2017) and the attempted 

assassination of a former Russian military intelligence officer and his daughter with the 

OP Novichok in Britain (Smout and Holden, 2018) demonstrates the continued risks of 

intentional OP attacks on a global scale.    

 

OPs and Gulf War Illness 

There is now a large body of published evidence indicating that approximately 

25-32% of the United States (US) veterans who served in the 1990-1991 Persian Gulf 

War (Operation Desert Shield and Operation Desert Storm) are affected by a 

constellation of chronic health symptoms now known collectively as Gulf War Illness 

(GWI).  These symptoms have not been commonly observed in US veterans of the same 

era who did not deploy to the Gulf region or veterans who were deployed in other areas 

of the world (e.g., Bosnia, Germany).  However, they have been reported in veterans 
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from other countries who also participated in the Gulf War (United Kingdom, Canada, 

Australia, Denmark, and France, reviewed, Iverson et al., 2007; White et al., 2016).  The 

symptoms of GWI are diverse and may include unexplained fatigue, headaches, 

respiratory problems, musculoskeletal pain, gastrointestinal distress, skin rashes, and a 

variety of neurological and neuropsychiatric problems including cognitive impairment 

(Sullivan et al., 2018).   

While a variety of possible contributing factors to GWI symptoms have been 

discussed (heat, stress, vaccinations, smoke from oil well fires, infectious organisms), a 

particularly plausible explanation for the neurological-based symptoms is exposure to one 

or more acetylcholinesterase inhibitors (AChEIs) (see Golomb, 2008, reviewed, White et 

al., 2016).  It has been estimated that at least 41,000 military personnel were over-

exposed to insecticides that contained either carbamate or OP-based AChEIs 

(Winkenwerder, 2003).   For general military personnel, sources of exposures included 

fly baits, pest strips, sprayed liquids and powders and for military pesticide applicators, 

pesticide fogs and prisoner delousing compounds were additional sources of exposure.  In 

addition to OP-pesticides, exposures to OP-nerve agents may have also been a 

contributing factor to GWI.  It is now well documented that as many as 100,000 soldiers 

may have been exposed to low (i.e., non-acutely toxic) levels of sarin/cyclosarin 

following the destruction of an Iraqi munitions storage complex at Khamisiyah, Iraq, in 

March 1991 (Berardocco, 1997).   

It is important to note, however, that more than two decades after the Gulf War, 

GWI remains a controversial topic (reviewed, Nettleman, 2015; Reardon, 2015).  

Members of the United States Institute of Medicine (IOM) and other scientists continue 
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to argue that there is not enough evidence implicating either the prophylactic agent 

pryidostigimne or pesticide use as conclusive enough to assign causality.  In particular, 

they cite the lack of objective exposure data, the need to rely on self-reports, and a lack of 

consistency of symptoms across patients as barriers to establishing causality.  

 

Acetylcholinesterase Inhibition 

Acute toxicity from OPs is caused by the irreversible inhibition of the enzyme 

acetylcholinesterase (AChE).   OPs covalently modify a serine residue within the active 

site of the enzyme, compromising its ability to cleave acetylcholine and resulting in 

cholinergic intoxication (Balali-Mood and Balali-Mood, 2008).  The symptoms of acute 

OP toxicity are associated with central and peripheral elevations in acetylcholine and are 

denoted through the acronym DUMBELS (diarrhea, urination, miosis, emesis, 

bradycardia, emesis, lacrimation, and salivation) (Roberts and Aaron, 2007).   Treatment 

of acute toxicity is largely focused on managing symptoms.  The muscarinic antagonist 

atropine is used to prevent excessive cholinergic stimulation, and benzodiazepines are 

frequently used to control seizures.  Additionally oximes  (i.e. pralidoxime ) can be used 

to liberate the OP from AChE prior to enzymatic aging, however their therapeutic 

efficacy can be limited (Roberts and Aaron, 2007).  It is important to note that many 

additional toxic effects of OPs exist, which occur beyond or in the absence of cholinergic 

symptoms.  OPs can affect hundreds of different biological targets leading to various 

pathological outcomes such as learning and memory deficits, inflammation, and oxidative 

stress (Costa, 2018; Terry, 2012).  In Fig 2, we have illustrated potential consequences of 

OP interactions with some of these targets (i.e., axonal transport deficits, oxidative stress, 
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neuroinflammation, and autoimmunity).  It is worth noting that the relationship between 

AChE and OP-induced inflammation may be somewhat complicated.  This is because 

seizures resulting from cholinergic toxicity could potentially be a cause of OP-induced 

inflammation, however OPs may also potentially stimulate the cholinergic anti-

inflammatory pathway (for a full discussion see Banks and Lein 2012). 

 For the purposes of the current review we will focus on OP-induced axonal 

transport deficits as well as structural changes in brain tissue associated with OP 

exposure.   

 

Axonal Transport Deficits 

Axonal transport is a fundamental process within neurons, whereby various 

organelles, membrane bound vesicles, and additional cargoes are transported along 
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microtubules between the cell body and distal tip of the axon. The process is essential to 

neuronal development and axonal outgrowth as well as the maintenance and function of 

fully developed neurons (reviewed, Maday et al., 2014). Neurons have distinctive 

features that make them uniquely vulnerable to toxic insults. They are among the largest 

cells in mammals with >99.9% of their total cell volume located in the axonal 

compartment. Various membrane-bound organelles (MBOs), including mitochondria, and 

synaptic vesicles containing receptor proteins, ion channels, etc. must travel in some 

cases very long distances in axons both in the anterograde and retrograde direction to 

their destinations. The transport and delivery of membrane proteins and lipid components 

along axons is referred to as fast axonal transport, a process that is essential for neuronal 

and synaptic function. However, the large surface area of axons and the great distances 

they project render them vulnerable to a variety of toxic insults that can occur as part of 

the aging process as well as from environmental exposures including oxidative free 

radicals, misfolded and aggregated proteins (e.g., beta amyloid), chemicals, etc. 

Importantly, deficits in fast axonal transport have been documented in a variety of human 

neurodegenerative disorders suggesting a common defect acquired through different 

pathogenic pathways (for review, see Morfini et al., 2006; 2009) Early indicators that 

OPs might impair axonal transport were evident in a report where relatively high doses of 

OPs (i.e., phenylphosphonothioate esters and TOCP) known to be associated with 

OPIDN impaired fast anterograde axonal transport in a rat optic nerve preparation 

(Reichert and Abou-Donia, 1980).  Later studies in our laboratories (Terry et al., 2003; 

Terry et al., 2007) indicated that both anterograde and retrograde transport of vesicles in 

the sciatic nerves (ex vivo) were impaired in rats repeatedly exposed to chlorpyrifos, an 



 
 

11 
 

OP not associated with OPIDN except at doses well above the LD50 (reviewed, 

Richardson, 1995).  Importantly, the chlorpyrifos doses in these studies were below the 

threshold for acute toxicity and the deficits in axonal transport were persistent (detected 

for up to 14 days after the last chlorpyrifos injection).  In more recent studies in our 

laboratory, using time-lapse imaging techniques in primary neuronal culture, we have 

observed impairments in the axonal transport of mitochondria (Middlemore-Risher et al., 

2011) as well as membrane bound organelles (MBOs) (Gao et al., 2017) in axons 

associated with both chlorpyrifos and its metabolite CPF-oxon.  Similar impairments in 

vitro were observed with the nerve agent diisopropylfluorophosphate (DFP) (Gao et al., 

2016).  In all of these in vitro studies, the impairments in axonal transport could be 

detected at concentrations that did not inhibit acetylcholinesterase activity and they were 

not blocked by cholinergic receptor antagonists. These data indicate that OPs with 

considerably different chemical structures (alkylphosphate versus the oxon metabolite of 

a phosphorothioate) can exhibit quite similar profiles of fast, anterograde axonal transport 

impairments at very low concentrations.  Importantly, we have also observed persistent 

deficits in axonal transport in vivo in living rats exposed to chlorpyrifos or DFP using 

manganese-enhanced magnetic resonance imaging (MEMRI) (Hernandez et al., 2015; 

Naughton et al., 2018). 

Other indications of OP-induced dysfunction in axons are evident in studies in 

vitro demonstrating decreased axonal outgrowth after exposure to chlorpyrifos or 

chlorpyrifos-oxon (CPO) (Howard et al., 2005; Yang et al., 2008).  Chlorpyrifos-oxon 

has also been shown to disrupt axonal growth as well as motor behavior in zebrafish 

(Yang et al., 2011).   The mechanisms of the OP-related deficits in axonal transport noted 
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above are unclear, but several hypotheses have been developed.  There is now a 

significant amount of evidence that OPs may alter the function of motor proteins such as 

kinesin and/or components of the neuronal cytoskeleton (e.g., microtubules) that are 

important for axonal transport.   In vitro evidence that OPs might interact with kinesin to 

negatively affect kinesin-driven axonal transport is evident in microtubule motility 

experiments where an increase in the number of locomoting microtubules that detached 

from kinesin-coated glass when kinesin was preincubated with the OPs chlorpyrifos, 

chlorpyrifos-oxon, or DFP was observed (Gearhart et al., 2007).  These data suggested 

that OPs modify kinesin and weaken the kinesin-microtubule interactions that facilitate 

anterograde axonal transport.  This hypothesis was supported by a later mass 

spectrometry study where (using the biotin-tagged OP agent, FP-biotin) OP binding to 

tyrosine in the human kinesin 3C motor domain was demonstrated (Grigoryan et al., 

2009) .   

There is also evidence that OPs impair tubulin polymerization and other factors 

that can affect microtubule assembly and stability, which in turn leads to impairments of 

axonal transport. For example in spectrophotometric studies, Prendergast et al., 2007 

demonstrated that chlorpyrifos-oxon inhibited the polymerization of tubulin, and, 

moreover, utilizing organotypic slice cultures of rodent brain and histological methods 

that chlorpyrifos-oxon caused a marked decrease in the concentration of microtubule 

associated protein-2 (MAP-2). Interestingly, multiple OPs (soman, sarin, DFP, CPO, FP-

Biotin) have been shown to covalently bind to tyrosine residues on tubulin, an effect that 

may explain the disruptions in tubulin polymerization (Grigoryan et al., 2008; Jiang et al., 

2010). 
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Other studies suggest that OPs can trigger changes in the post-translational 

modifications of molecules that are important for axonal transport.  As an example, DFP 

was recently shown to decrease tubulin acetylation to impair the axonal movements of 

mitochondria in both cultured rodent and human derived neurons.  The effect of DFP was 

exacerbated by corticosterone or cortisol, in rat and human neurons, respectively (to 

mimic stress), and these negative effects were attenuated by tubacin, a drug that inhibits 

HDAC6, the tubulin deacetylase (Rao et al., 2017).   Moreover, our recent study 

indicated that chronic exposure to chlorpyrifos leads to a significant and persistent 

inhibition of tubulin acetylation in the brain of rats (Yang et al., 2018). 

Finally, decreases in retrograde axonal transport related proteins dynein and 

dynactin have been observed in the spinal cord and cerebral cortex of hens after exposure 

to acutely toxic doses of TOCP (Song et al., 2012). These findings are particularly 

meaningful as hens display similar OP-related toxicity as humans and rats, and are a 

commonly used animal model for organophosphate induced delayed neuropathy (Abou-

Donia and Lapadula, 1990).    

 

 
Structural and Volumetric Changes in Nervous Tissue 

 

Numerous studies have reported structural abnormalities in the brains of humans 

exposed to organophosphates.  Reneman and colleagues observed decreases in white 

matter integrity associated with reduced cognitive performance in airline workers who 

has been exposed to engine oil fumes, which were believed to contain the OP tricresyl 

phosphate (TCP) (Reneman et al., 2016).  Reductions in grey matter volume have also 
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been reported after OP exposure.  Veterans of the first Gulf War that had been exposed to 

low levels of sarin and cyclosarin were found to have reduced total grey matter and 

hippocampal volumes, as well as reductions in grey matter density in the frontal, parietal, 

and occipital cortices relative to unexposed veterans (Chao et al., 2010).  Similarly, a 

different cohort of Gulf War veterans believed to have been exposed to sarin and 

cyclosarin were found to have reduced white matter volumes (Heaton et al., 2007).  

Victims who were exposed to sarin during a terrorist attack in the Tokyo subway in 1995 

were also observed to have decreased grey matter volumes in the right insular and 

temporal cortices.  Furthermore, these victims were found to have decreased grey matter 

volume in the hippocampus and decreased white matter volumes in the right temporal 

stem and frontal lobe (Yamasue et al., 2007).  Additional support for the notion of OP 

induced disruptions in white matter comes from animal studies.  Guinea pigs prenatally 

exposed to CPF were found to have reductions in myelination of the lateral nucleus of the 

amygdala as well as decreased white matter integrity in the corpus callosum (Mullins et 

al., 2015).   Another study found that DFP exposure decreased maturation of 

oligodendrocyte progenitor cells in vitro and decreased the proliferation of 

oligoendrocytes in the prefrontal cortex of DFP exposed mice (Belgrad et al., 2019). 

Oligodendrocytes are responsible for the myelination of axons and thus the observed 

disruptions may provide a potential mechanistic basis for the white matter deficits 

observed in humans (as described above).  Moreover, using a mouse model of hereditary 

spastic paraplegia, Edgar and colleagues (Edgar et al., 2004) demonstrated that 

oligodendrocytes regulate fast retrograde and anterograde axonal transport and that a loss 
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of loss of oligodendrocyte-specific molecules can indeed lead to functional impairment 

and loss of axons. 

 

 
We believe that the scientific research described in this dissertation is significant 

in that it seeks to expand upon currently understudied aspects of OP toxicology.  These 

experiments will address a currently unmet medical need by identifying potential 

therapeutics for the treatment of toxicity resulting from OP exposure.  In particular, the 

identification of effective therapeutic treatments for GWI was designated as “highest 

priority” by a research advisory committee solicited by the United States Department of 

Defense (DOD, 2008).   These experiments will begin to address a fundamental gap 

regarding the nature of AChE-independent mechanisms of OP toxicity and provide an 

important basis for future studies to develop effect therapeutic treatments and better 

understand the full toxicological profile of OPs. In particular, the following studies will 

address the central hypothesis that OPs can cause AChE-independent neurotoxic effects 

through the induction of axonal dysfunction (“axonopathy”).  We will address this 

hypothesis through the following specific aims:  

1. Elucidate mechanisms responsible for OP-induced axonal transport deficits 

to identify potential therapeutic targets.  

2. Distinguish OP effects on axonal transport from AChE Inhibition 
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2. FIRST MANUSCRIPT 

 

MANUSCRIPT 1  

 

Repeated exposures to diisopropylfluorophosphate result in structural disruptions 
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Abstract 

Organophosphates (OPs) are found in hundreds of valuable agricultural, 

industrial, and commercial compounds; however, they have also been associated with a 

variety of harmful effects in humans.  The acute toxicity of OPs is attributed to the 

inhibition of the enzyme acetylcholinesterase; however, this mechanism may not account 

for all of the deleterious neurologic effects of OPs, especially at doses that produce no 

overt signs of acute toxicity.  In this study, the effects of two weeks of daily subcutaneous 

exposure to the OP-nerve agent diisopropylfluorophosphate (DFP) in doses ranging from 

0.125-0.500 mg/kg on whole brain volume, white matter, and gray matter integrity were 

evaluated in post mortem tissues using histology and magnetic resonance imaging (MRI) 

methods. The effects of DFP on axonal transport in the brains of living rats were 

evaluated using a manganese-enhanced MRI (MEMRI) method.  Histological and MRI 

analysis of post mortem brains did not reveal any pronounced alterations of whole brain, 

white matter, or gray matter volumes associated with DFP.  However, electron 

microscopy did reveal an increase in structural disruptions of myelinated axons (i.e., 

decompactions) in the fimbria region on the corpus callosum.  MEMRI indicated that 

DFP was also associated with dose-dependent decreases in axonal transport in the brains 

of living rats, an effect that was also present after a 30-day (DFP-free) washout period.  

These results indicate that repeated exposures to the nerve agent, DFP at doses that are 

below the threshold for acute toxicity, can result in alterations in myelin structure and 

persistent decreases in axonal transport in the rodent brain.  These observations could 

explain some of the long-term neurological deficits that have been observed in humans 

who have been repeatedly exposed to OPs.    
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Introduction 

The chemicals known as the “organophosphates” (OPs) are found in hundreds of 

useful agricultural, industrial, and commercial products including pesticides, defoliants, 

fire retardants, industrial solvents, lubricants, plasticizers, and fuel additives (reviewed, 

Soltaninejad and Shadnia, 2014).  Unfortunately, many OPs are highly toxic and both 

accidental and intentional exposures to OPs resulting in deleterious health effects have 

been documented for decades (reviewed in Worek et al., 2016: Masson and Nachon, 

2017).  In the case of acute poisoning, a relatively sound causal argument can be made 

for the mechanism of both the acute symptoms of OP toxicity and the long-term 

neurological consequences.  In this case, inhibition of acetylcholinesterase (AChE) by the 

OP leads to marked elevations in synaptic acetylcholine levels which in turn lead to 

excessive stimulation of both muscarinic and nicotinic acetylcholine receptors 

(Ecobichon, 2001, for review see also Pereira et al., 2014).   Depending on the exposure 

level, some of the acute effects of OPs including excessive secretions, cardiorespiratory 

depression, and seizures can be life threatening, but they can also lead to a variety of 

long-term neurological and psychiatric consequences in survivors.  These effects of OPs 

are thought to result from hypoxia associated with seizures and respiratory distress and 

may include motor impairments, psychiatric disturbances, and deficits in attention, 

learning, and memory (reviewed in Pereira et al., 2014).  

In contrast to the consequences of acute OP poisoning, the long-term effects of 

repeated exposures to levels of OPs below the threshold for acute “cholinergic” toxicity 

are somewhat less clear (see below). This type of exposure is relatively common in 

agricultural workers and pesticide sprayers and it has been associated with persistent 
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alterations in psychomotor speed, executive function, visuospatial ability, working and 

visual memory (see Ross et al., 2013).  Lower level, repeated exposures to OPs have also 

been associated with a variety of adverse symptoms in other contexts.  For example, low-

level exposures to OP-based insecticides (e.g., chlorpyrifos, dichlorvos) as well as nerve 

agent-OPs (sarin and cyclosarin) following the destruction of an Iraqi munitions storage 

complex at Khamisiyah, Iraq, in March 1991 have been implicated in the etiology of Gulf 

War Illness (GWI), which affects up to one-fourth of the veterans from the first gulf war.  

GWI is characterized by a complex set of symptoms including unexplained fatigue, 

respiratory difficulties, musculoskeletal pain, gastrointestinal distress, skin rashes, 

headaches, and a variety of neurological and neuropsychiatric problems including 

cognitive impairment (RAC, 2014).  It is also worth noting that a recent study reported 

similar symptoms in Kurdish civilians who were exposed to chemical warfare agents 

(including OPs) as children, during the events leading up to the Gulf War (Talabani et. 

al., 2017).  In addition, repeated exposures to the OP, tri-cresyl phosphate (TCP), used as 

an anti-wear additive to jet engine oil, has been implicated in “Aerotoxic Syndrome” a 

term used to describe acute and persistent symptoms reported by aircrew following 

exposures to fumes in aircraft cabins. Symptoms include ear/nose/throat irritation, skin 

conditions, nausea and vomiting, respiratory problems, headaches, weakness and fatigue, 

nerve pain, tremors, and cognitive impairment (see review, Harrison and Mackenzie 

Ross, 2016, Michaelis et al., 2017).  

While the symptoms associated with OPs in each of the scenarios described above 

(agricultural exposures, GWI, Aerotoxic Syndrome) can be quite diverse, neurologic 

impairments, particularly deficits in cognitive function are a commonly reported feature 
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of each condition.  Some neuroimaging studies have been conducted to identify possible 

neuroanatomical correlates of the long-term neurological and behavioral symptoms 

described above.  For example, structural magnetic resonance imaging (MRI) has 

revealed reduced white and gray matter volumes in cortical areas in symptomatic Gulf 

War veterans and in sarin/cyclosarin-exposed Gulf War veterans (Chao et al., 2011; Chao 

et al., 2010; Rayhan et al., 2013; Rosenzweig et al., 2012).  Functional MRI studies of 

Gulf War veterans have revealed alterations in multiple brain regions including the 

thalamus, caudate, hippocampus, globus pallidus and putamen (Calley et al., 2010; Haley 

et al., 2009; Li et al., 2011).  Using diffusion tensor imaging and arterial spin labeling, 

preliminary evidence of white matter and cerebral perfusion alterations have also been 

reported in aircrew members exposed to engine oil fumes who self-reported cognitive 

deficits and depressive symptoms (Reneman et al., 2016). 

It is important to note that there are a number of confounding factors that can 

limit the interpretations of the human studies described above, particularly when attempts 

are made to make causal connections between illness symptoms and specific underlying 

biological mechanisms.  Most of the human literature on OP exposures is based on 

retrospective investigations, case reports, and epidemiology and in each of the conditions, 

the study subjects were likely exposed to multiple substances as well as additional 

environmental insults (e.g., heat, stress, smoke, high altitude).  Other factors that could 

confound the interpretations of the aforementioned studies include the inability to 

establish clear dose-effect relationships and the length of the periods of exposure to 

particular OPs.  Therefore, a critical need exists for prospective studies (that can only be 

conducted ethically in non-human model systems) to determine what neurobiological 
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consequences can indeed be linked directly to repeated exposures to particular OPs and 

when adverse effects can be linked,  to establish dose-effect and exposure-time 

relationships and well as the underlying biological mechanisms of the adverse effects.  

Regarding neurobiological mechanisms of the toxic effects OPs, significant 

evidence suggests that it may not be fully explained by AChE inhibition (reviewed, 

Banks and Lein, 2012; Terry et al., 2012).  Previous work in our laboratory suggests that 

OP-related impairments of axonal transport may contribute to the long-term alterations in 

neuronal function.  Specifically we have observed impairments in axonal transport in 

cultured neurons in vitro associated with both the insecticide OP chlorpyrifos as well as 

the nerve agent diisopropylfluorophosphate (DFP) (Gao et al., 2016; 2017).  We have 

also observed axonal transport deficits in vivo in living rats exposed to chlorpyrifos using 

manganese-enhanced magnetic resonance imaging (MEMRI) (Hernandez et al., 2015), 

but have not yet evaluated DFP with this method. This is an important determination to 

make since chlorpyrifos and DFP are quite different structurally and metabolically (i.e., 

chlorpyrifos is a phosphorothioate that requires metabolic conversion to an oxon to be 

potent as an AChE inhibitor while DFP is an alkylphosphate nerve agent with a very 

rapid action as an AChE inhibitor). 

In the study described here, the effects of repeated exposures to DFP on whole 

brain volume as well as white and gray matter integrity were evaluated in the post 

mortem rat brain using histological and MRI methods.  We also evaluated the effects of 

DFP on axonal transport in the living rodent brain using MEMRI. 

 

1. Material and Methods 
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2.1 Animals 

Male albino Wistar rats (Envigo, Indianapolis, IN, USA) 2–3 months old were 

housed in pairs in a temperature controlled room (25 °C), maintained on a standard 12-h 

light/dark cycle with free access to food (Teklad Global Rodent Diet 2918, Envigo, 

Madison, WI, USA).  Table 1 provides the details for the study cohorts, the numbers of 

animals tested per group, and the experiments conducted in each group.  All procedures 

employed during this study were reviewed and approved by the Augusta University 

Institutional Animal Care and Use Committee and are consistent with AAALAC 

guidelines.  Measures were taken to minimize pain and discomfort in accordance with the 

National Institutes of Health, Guide for the Care and Use of Laboratory Animals (NRC 

2011). Significant efforts were also made to minimize the total number of animals used 

while maintaining statistically valid group numbers. 

2.2 Drug administration 

Diisopropylfluorophosphate (DFP) (Sigma Aldrich (CAS 55-91-4, St. Louis, 

MO). was prepared fresh daily in peanut oil (Kroger® Pure Peanut Oil, obtained locally, 

Augusta, GA, USA) and administered subcutaneously (s.c.) 0.7 ml/kg body weight.  The 

doses evaluated in this study were identified in previous studies (Terry et al, 2011) and 

operationally defined as doses not associated with acute signs of cholinergic toxicity 

(e.g., muscle fasciculation, seizures, diarrhea, excessive urination, salivation, etc., see 

reviews, Rusyniak and Nanagas, 2004; Sungurtekin et al., 2006). 

After each daily injection, individual rats were monitored (in their home cages for 

a period of approximately 5 mins) for visible cholinergic signs (diarrhea, excessive 
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salivation or lacrimation, respiratory difficulties, muscle fasciculation) or other signs of 

distress throughout the study.  Subjects were also weighed at least twice per week. 

2.3 Acetylcholinesterase activity 

Acetylcholinesterase activity was assessed in red blood cells (RBCs) and brain 

using the method of Ellman (Ellman 1961) with modifications to accommodate a 96-well 

microplate format at 25°C (see Terry et al., 2007).  Blood and brains were collected in 

separate sets of animals in parallel with the animals in the histology and MRI studies (see 

Table 1) at two time points, 1) 24 hours after completing 14 days of repeated DFP 

exposure (0.125-0.500 mg/kg, s.c.), and 2) 30 days after completing 14 days of repeated 

DFP exposure 0.125-0.500 mg/kg, s.c.).  Subjects were anesthetized with isoflurane and 

transcardially perfused with ice-cold phosphate-buffered saline (PBS) to thoroughly clear 

the brain of blood, particularly peripheral borne butyrylcholinesterases.  Red blood cells 

were collected in Potassium/EDTA Vacutainers (BD®, Franklin Lakes, NJ) and spun in a 

clinical centrifuge for 15 mins to separate RBC’s and plasma. Plasma was aspirated and a 

1:50 dilution containing 50 µl of RBC’s and 2450 µl of 0.9% (w/v) blood bank saline 

with 1.0 % Triton X-100 (Sigma, St. Louis, MO) was made. RBC’s were frozen and 

stored at -80°C until the Ellman assay was performed.   Brains were extracted, rinsed 

with PBS and stored at -80°C until use.  Brain tissue was homogenized in ice-cold PBS 

(wt/vol: 1 g wet brain tissue/4 mL PBS) using a motor driven glass-Teflon tissue grinder. 

Brain and RBC total protein concentration was measured using a Micro BCA Protein 

Assay Kit (ThermoFisher Scientific Inc., Rockford, IL, USA) according to 

manufacturer’s instructions. Brain homogenates (20–50 µg protein/µl) and RBC’s (7-12 

µg protein/µl) were assayed in triplicate for AChE using 0.48 mM acetylthiocholine 
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(substrate) and 0.52 mM dithiobisnitrobenzoic acid  diluted in 1.0 mM sodium phosphate 

buffer (see Terry et al., 2007).  The reaction mixture for RBC’s included 0.097 mM ISO-

OMPA (Sigma, St. Louis, MO) and was pre-incubated with the samples five minutes 

prior to substrate addition for butyrylcholinesterase inhibition. The formation of reaction 

product (yellow color) was monitored by measuring absorbance values (in optical 

density) at 412 nm every 2 mins for 16 min (µQuant™ Microplate Spectrophotometer, 

BioTek Instruments Inc., Winooski, VT, USA).  The cholinesterase-mediated reaction 

rate (moles/L per min) was calculated by dividing the change in absorbance per min by 

13,600 (Ellman, 1961). 

2.4 Histology 

2.4.1 Tissue preparation - After repeated OP exposure, rats were anesthetized 

with isoflurane and euthanized by transcardial perfusion with phosphate-buffered saline 

(PBS) (pH 7.4), followed by fixative (4% (wt/vol) paraformaldehyde in PBS). Extracted 

whole brains were post-fixed overnight and cryoprotected (in 30% (wt/vol) sucrose for 

long-term storage at 4°C. Cryosectioning was performed at the Histology Core Facility at 

Augusta University to obtain whole 40 µm sagittal sections starting at the midline. All 

sections were collected sequentially and stored at -20°C in ethylene glycol-based 

cryoprotectant. For stereological analysis, every 5th section (200 µm between sections) 

was mounted in sequence onto charged microslides. To identify boundaries of target 

regions of interest (ROIs), cresyl violet and luxol fast blue stains were utilized to stain 

neuropil (neurons and glia) and myelin, respectively. Sections were adhered to slides with 

acetone then defatted with xylene and rehydrated with ethanol to stain with 0.5% (wt/vol) 

cresyl violet or 0.1% (wt/vol) luxol fast blue (both in acetate buffer). Following staining, 
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slides were differentiated and clarified in ethanol and xylene, respectively, to coverslip 

with mounting media. 

2.4.2 Stereological analyses - A semiautomatic stereology system (Stereologer, 

Stereological Resource Center, Baltimore, MD) was used by a trained individual blind to 

the treatment of each rat to measure the volume of these ROIs: hippocampus proper, 

hippocampus subregions and corpus callosum based on the Cavalieri principle (Bonthius 

et al., 2004). Briefly, anatomical landmarks were localized for each target ROI under low 

magnification (5X) to manually outline and a randomly placed grid was superimposed for 

automated point counting (area per point = 0.1 or 0.5 mm2). Brain volumes were 

estimated by the Cavalieri method using the formula V=∑A* T, where ∑A is the surface 

area of each section and T is the distance between sections. The results for one 

hemisphere were multiplied by two to give whole brain volume estimations.   

2.5 Magnetic Resonance Imaging (MRI) – Post-mortem volume 

All MRI data acquisition was performed at the Core Imaging Facility for Small 

Animals (CIFSA), Augusta University. 

2.5.1 Image Acquisition - volumetric MRI analysis of postmortem rat brain was 

performed using modifications of a previously published protocol for mice (Howell et al., 

2014).  The fixed brains were imaged with a Bruker BioSpec 7.0T/ 20cm horizontal bore 

MRI system (Bruker Instruments, Billerica, MA, USA). Images were acquired using a 

standard transmit/receive volume coil (35mm i.d.) with the fixed rat brain in prone 

position.  A Rapid Acquisition with Relaxation Enhancement (RARE) sequence was used 

to acquire anatomical images with contrast dominated by proton density to perform the 

volumetric measurement via image segmentation.  Parameters of the scan were as 
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follows: TE/TR = 9.0/1740 ms; matrix = 256 x 256; RARE factor = 4; field of view 

(FOV) = 2.0 x 2.0 cm2; slice thickness = 0.75 mm; zero-filled acceleration = 1.33; 

number of averages = 6; and total scan time = 8 min 21 sec.   

2.5.2 Volume Measurements - From ex vivo MR images, the volumes of the 

whole brain, cerebral cortex, and subcortical structures (striatum, hippocampus, lateral 

ventricles, and corpus callosum) were determined by two individuals who were blind to 

the group assignments using a similar method to that described by Vernon et al., 2011.   

For each brain region, tracings were drawn on a slice-by-slice basis in the coronal plane 

(rostral to caudal) using the ROI tool in ImageJ software (National Institutes of Health, 

Bethesda, Maryland).  For each structure, ROI contours were traced in both brain 

hemispheres and combined.  Sample ROI contours for each region from a vehicle-control 

rat are shown in Fig. 3.  Clear anatomical landmarks referenced to a standard rodent brain 

atlas (Paxinos and Watson, 1998) were used to define ROI contours.  The following 

anatomical criteria were used for the measurement of each brain structure: whole brain, 

36 consecutive slices from the olfactory bulb to the end of the cerebellum (approx. +6.70 

to -14.60 mm from bregma), cerebral cortex, 17-19 consecutive slices (approx. +3.70 to -

8.00 mm from bregma), defined with reference to corpus callosum, external capsule and 

rhinal fissure, corpus striatum, 12-14 consecutive slices (approx. +2.20 to -1.60 mm from 

bregma), defined with reference to corpus callosum, external capsule, anterior 

commissure and lateral ventricles, hippocampus, 9-11 consecutive slices (approx. -1.88 to 

-6.04 mm from bregma), defined with reference to corpus callosum and external capsule, 

corpus callosum, 7-9 consecutive slices (approx. +1.60 to -5.30 mm from bregma), 

defined with reference to cingulum and external capsule, lateral ventricles,  6-8 
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consecutive slices (approx. +1.20 to -0.80 mm from bregma), defined from brain tissue 

by intense contrast of CSF.  Volumes were calculated by multiplying the sum of the areas 

measured for each brain structure (corrected for the different number of slices visualized 

in each image stack) by the slice thickness (750 µm). 

2.6 Diffusion Tensor Imaging (DTI) 

For DTI analysis of the corpus callosum in post mortem brains, a diffusion-

weighted spin echo sequence was performed on the same 7T MRI system, with the 

following parameters: TE/TR = 18.8/4000 ms; number of averages = 6; number of 

diffusion directions = 12; number of b0 images (without diffusion gradient) = 2; b value 

= 1700 s/mm2; acquisition matrix = 128 x 128; number of slices = 16; slice thickness = 

1.5mm; FOV = 2.0 x 2.0 cm2; and total scan time = 11 hour 57 min.  The raw gradient-

direction-dependent diffusion-weighted images were then processed using Bruker’s 

Paravision 5.1 software to reconstruct DTI map images for all slices that were further 

respectively categorized into the fractional anisotropy (FA), trace of diffusion tensor, b0 

image, trace weighted image, diffusion tensor component, eigenvalue and eigenvector, 

respectively, using ImageJ (Abramoff et al, 2004) with an ‘in-house’ scripted plug-in.  

Specifically, we manually outlined the corpus callosum (a prevalent myelinated structure) 

for FA parametric maps.  Raw FA intensity values were corrected for the area measured 

(in pixel number).  Mean FA values for the corpus callosum are reported. 

2.7 Electron Microscopy (EM) Experiments 

We also added electron microscopy (EM) as a method to analyze axons at a 

higher level of resolution to determine if demyelination and/or myelin-related damage 

was associated with DFP exposure.  EM analysis of myelin was performed using a 
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modification of the procedure described previously by Tao et al., 2009.  Rats were 

anesthetized and cardiac perfused with 4% formaldehyde and 2% glutaraldehyde in 0.1 

M sodium cacodylate buffer (NaCac; pH 7.4). Brains were removed and fixed overnight 

at 4°C in the same perfusion fixative for 24 hours.  They were washed by 0.1 M NaCac 

and osmicated with 2% osmium tetroxide for 30–60 mins at 4°C, washed by 0.1 M 

NaCac and by deionized H2O for 30–60 mins at 4°C, and dehydrated in graded (30–70%) 

ethanol.  Whole brains were sectioned at 500 microns in the coronal plane to isolate the 

fimbria, a region connecting the corpus callosum to the hippocampus. The fimbria was 

dissected and processed to stain with 2% uranyl acetate in 70% ethanol at 4°C for 30 

mins, followed by dehydration with 70–100% ethanol. Samples were incubated two times 

with propylene oxide for 10 mins and embedded with resins. Ultrathin sections (65 nm) 

were collected using an ultramicrotome (Reichert Ultracut T and Leica UC6) from resin-

embedded fimbria, oriented to obtain a cross-sectional view of axons.   

EM micrographs collected at 15,000 X magnification were digitized with a JEM 

1230 Transmission Electron Microscope and converted to TIFF format to assess axon 

morphology. Briefly, at the FOV in which analysis was conducted, axons were sorted 

into two categories based on the intensity of electron density staining surrounding each: 

myelinated (black or dark) or unmyelinated (unstained or light) (Payne et al., 2011) (See 

Fig. 5). Axons were classified as “myelinated” when up to a minimum of 85% of the 

exterior surface was bordered with dense electrons (i.e., compact myelin). Some axonal 

surfaces exhibited more than 15% disruption to the interaction between the multiple 

layers of lamellae (between axon and myelin) and classified as “decompacted myelin.’’ 

Axons were categorized as “unmyelinated’ in the absence of an electron dense surface 
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surrounding the exterior of an axon. Additionally, partial axons were excluded if more 

than 15% of their surface area was outside the boundaries of the micrograph. Based on 

these select criteria, myelin integrity in the fimbria portion of the corpus callosum was 

evaluated following exposure to DFP in comparison to its corresponding vehicle 

treatment (18-25 images per rat, n=4 rats per group).  

In order to eliminate any potential bias based on circularity, g-ratios were 

calculated by the perimeter of the axons (inner) divided by the perimeter of the 

corresponding myelin sheath (outer) as described in Tao et al, 2009.  All measurements 

were completed in NIH ImageJ. 

2.8 Manganese-enhanced magnetic resonance imaging (MEMRI)  

MEMRI studies were conducted as we have described in detail previously (see 

Hernandez et al., 2015).  Below we have provided an abbreviated overview of the 

methods.  

2.8.1 Intravitreal Manganese Administration - Rats were anesthetized with a 

mixture of ketamine, 100 mg/kg i.p. and xylazine, 10 mg/kg i.p. prior to each intravitreal 

injection.  MnCl2 (200 µM/4 µL) was injected with a 30G1½ needle (Beckon-Dickinson 

Hypodermic #306106) behind the lens to access the vitreous humor of the left eye using 

care to avoid reflux after removal.   Animals were returned to their home cage to be 

monitored for signs of distress and fully recover prior to each MRI session.  

2.8.2 MRI - MRI scans were collected 6 and 24 hours following each intravitreal 

Mn2+ injection in three separate sessions at the following time points: 1) a pre-treatment 

baseline, 2) at the end of 14 days of DFP exposure, and 3) following a 30-day DFP-free 

washout period.  Prior to and throughout the MRI imaging session, rats were anesthetized 
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with a mixture of medical air, oxygen (1:1), and 2.5% isoflurane. Once anesthetized, the 

head was secured (using medical tape) to a thermo-controlled (37.8ºC) cradle while the 

remainder of the body was unrestrained to promote unrestricted respiration.  ECG and 

respiratory signals were monitored by a physiological monitoring system (SA 

Instruments, INC., Stony Brook, NY).  Initial imaging using a three-plane, 2D T1W Fast 

Low Angle Shot (FLASH) sequence (TE/TR = 3.6/100 msec; Matrix = 128x128; FOV = 

3.84x3.84cm2; flip angle = 30°; and three 0.5-mm thick tri-orthogonal slices) was 

performed to confirm the successful injection of Mn2+ into the eyeball.  Visualization of 

the optic nerve enhancement was realized using a 3D FLASH sequence (TE/TR = 

3.7/12.5 ms; number of averages = 10; Matrix = 192x192x192; field of view = 3.84 x 

3.84 x 3.84 cm3; and flip angle = 30°). Total scan time was approximately 60 minutes 

with total time in the scanner from start to finish being approximately 70 minutes. 

2.8.3 MEMRI Data Analysis - Based on our previously published study 

(Hernandez et al., 2015), we determined that analysis of the superior colliculus (SC) 24 

hours after intravitreal injection of MnCl2 was the best approach for making comparisons 

of axonal transport between treatment groups.  In the current study, the 6 hour time point 

was used primarily to confirm successful injection of Mn2+ into the eyeball and that the 

contrast agent was progressing along the optic nerve as expected.   Each MRI image set 

was imported as a raw data file (16-bit, 192 x 192 x 192 pixels) and analyzed using a 

semi-automated method with ImageJ software (Abramoff et al., 2004). Mn2+-

enhancement in the SC was localized and identified with reference to the Rat Brain Atlas 

(Paxinos and Watson, 4th Edition) to establish neuroanatomical boundaries. Both Mn2+ 

enhanced and contralateral (non-enhanced) SC were manually outlined and analyzed to 
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obtain a mean intensity value, defined as the sum of each voxel’s raw intensity value 

contained with an outline divided by the total number of voxels. For each image, the 

enhanced SC intensity value was divided by the contralateral non-enhanced SC intensity 

value to obtain a normalized SC intensity value.  In turn, the mean normalized SC 

intensity was obtained from all image slices in which the SC appeared (10-11 per subject) 

within each time point for each subject.  

2.9 Statistical Analyses 

All statistical analyses were performed using SigmaPlot 11.2 (Systat Software, San 

Jose, CA).  Student’s t-tests or analysis of variance (with repeated measures when 

indicated) were used to compare dose (vehicle vs. DFP at different doses) and time 

(baseline (BL), washout 1 (WO1) or washout 2 (WO2)) for the MEMRI experiments.  

Student Newman-Keuls multiple comparison procedures were used to examine post hoc 

differences when indicated.  Statistical significance was assessed using an alpha level of 

0.05. For each figure and table presented, error values denoted by ± indicate the standard 

error of the mean.  

 

2. Results 

3.1 Body Weights Visual Observations 

All test subjects were weighed upon arrival, then again daily during the DFP 

exposure period.    Fig. 1 illustrates the body weights of representative test subjects 

(N=12) from cohorts 1-4 (see Table 1) over the course of the 14-day DFP treatment 

period.  Both vehicle and DFP-treated subjects gained weight as expected over the course 

of the two weeks, effect of weighing day, F13,572 = 7.87, p<0.001.  Statistical analysis did 
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indicate a significant dose x day interaction. F39,572 = 128.34, p<0.001, and post hoc 

analysis indicated that the DFP 0.500 mg/kg-treated subjects gained slightly, but 

significantly (p<0.05) less weight (approximately 10 versus 30 grams of weight gained) 

than the other three experimental groups on days 12-14 of treatment.   As noted in the 

Methods individual test subjects were monitored daily for visible cholinergic symptoms 

and/or other signs of distress throughout the study.  There were no cases where such signs 

of distress or cholinergic signs were detected in any portion of the study. 

3.2 Acetylcholinesterase (AChE) Activity 

The effects of repeated exposures to DFP on RBC and brain AChE activity are 

provided in Table 2.  AChE activity in RBCs was reduced (24 hours after the last 

injection) in DFP-treated rats (effect of dose, F3,27 = 18.6, p<0.001) to approximately 

54%, 35%, and 29% of control in the 0.125, 0.250, and 0.500 mg/kg DFP groups, 

respectively (post hoc p<0.001 for all 3 doses).  After the 30-day DFP-free washout 

period, AChE activity in RBCs had fully returned to control levels in the lower dose 

group, whereas it was slightly (but not significantly) reduced in the higher dose groups 

(effect of dose, F3,20 = 0.52, p>0.6).   Similarly, AChE activity in brain was reduced (24 

hours after the last injection) in DFP-treated rats (effect of dose, F3,22 = 92.5, p<0.001) to 

approximately 42%, 23%, and 18%  of control in the 0.125, 0.250, and 0.500 mg/kg DFP 

groups, respectively (post hoc p<0.001 for all 3 doses).  After the 30-day DFP-free 

washout period, AChE activity in brain had fully returned to control levels in the lower 

dose group, whereas it was slightly (but again not significantly) reduced in the higher 

dose groups (effect of dose, F3,20 = 2.98, p>0.05).    

3.3 Histology 
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The results of histological experiments are presented in Fig. 2. Quantitative 

stereological techniques were used to evaluate potential (DFP-related) alterations in 

volume of the hippocampal CA1 and CA3 pyramidal layers and DG granule cell layer as 

well as the volume of the whole hippocampus.  Stereology was also used to evaluate 

potential DFP-related alterations of the corpus callosum.  A representative cresyl violet-

stained image of the hippocampus is provided in Fig. 2A and the mean volumes of the 

hippocampal subregions as well as the whole hippocampus associated with vehicle and 

each dose of DFP are presented as a histogram in Fig. 2B.  There were no statistically 

significant differences in the volumes of the hippocampus associated with any of the 

doses of DFP compared to vehicle (all p values were >0.05).  A representative luxol fast 

blue stained image of the corpus callosum is provided in Fig. 2C and a histogram of the 

volumes associated with vehicle and each dose of DFP are presented as a histogram in 

Fig. 2D.  Again, there were no statistically significant differences in the volumes of the 

corpus callosum associated with any of the doses of DFP compared to vehicle (all p 

values were >0.05). 

3.4 Brain volume measurements through anatomical MR images 

As noted in the Methods section, sample ROI contours for each brain region in 

anatomical MR images obtained ex vivo from a vehicle-control rat are shown in Fig. 3.  

The mean volumes of the whole brain, cerebral cortex, and subcortical structures 

(striatum, hippocampus, lateral ventricles, and corpus callosum) obtained ex vivo from 

vehicle and DFP (0.5 mg/kg) treated subjects are presented in Table 3.  Statistical 

analysis indicated no significant differences in the volumes of any of the brain regions 

associated with DFP compared to vehicle (all p values were >0.05). 
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3.5 Diffusion Tensor Imaging (DTI) 

In white matter, axonal tracts favor water diffusing parallel to the long axes, but 

restrain water movement perpendicular to the axonal direction due to the longitudinal 

structure within the tissue. Therefore, through visualizing water diffusion, DTI can 

provide a quantitative approach to studying the microstructural components of white 

matter, including myelination and axon organization that complements the structural MRI 

studies of white matter volume (Asato et. al 2010).  The results of the DTI analysis 

(Fractional Anisotropy-FA) of the corpus callosum from the post mortem brains of DFP 

(0.5 mg/kg)-treated rats compared to vehicle are illustrated in Fig. 4. A coronal slice of 

the rat brain atlas with detailed anatomical delineation and an FA parametric map from a 

representative subject treated with vehicle are provided in Fig. 4A while a histogram of 

the FA values associated with vehicle and DFP 0.5 mg/kg are presented in Fig. 4B. 

Statistical analysis indicated no significant differences in FA values associated with DFP 

compared to vehicle (p >0.05). 

3.6 Electron Microscopy (EM) Experiments 

Fig. 5 illustrates the effects of DFP 0.5 mg/kg on axons in the fimbria region of 

the corpus callosum.  Sagittal and coronal rat brain maps illustrating the brain slice level, 

respectively, where transmission EM images were acquired are shown in Fig. 5A, 

representative images from a vehicle and DFP-treated rat are illustrated in Fig. 5B, and 

representative images demonstrating the categories for scoring 3 types of myelination are 

illustrated in Fig. 5C.  Histogram plots indicating the total number of myelinated and 

unmyelinated axons per field of view as well as g-ratios and the number of decompacted 

axons per field of view are provided in Fig. 5D. There were no statistically significant 
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differences in the total number of myelinated or unmyelinated axons or in the g-ratios in 

DFP versus vehicle study groups (all p values were >0.05).  In our analysis, g-ratios 

typically ranged between 0.70 and 0.85 which is similar to the range that is considered 

normal for rat corpus callosum of 0.75–0.81 (see review, Chomiak and Hu, 2009).  Here 

it is important to note that g-ratios were calculated in normally-myelinated axons only, as 

abnormally-myelinated axons often possessed irregular sheaths of myelin that varied in 

thickness around the axon and their inclusion would artificially skew the data.  In 

contrast, there was a clear increase in the numbers of decompacted axons in DFP-treated 

rats versus vehicle-treated controls (p=0.028, DFP versus vehicle-treated subjects).   

3.7 Manganese-enhanced magnetic resonance imaging (MEMRI)  

The effects of repeated exposure to DFP compared to vehicle administered by 

subcutaneous injection (once daily for 14 days) on axonal transport within retino-

collicular projections of living rats are illustrated in Fig. 6.   Fig. 6A illustrates the 

intravitreal injection method used in this study and the transport of Mn2+ within the axons 

of the optic nerve pathway.  Histograms illustrating the normalized intensity values in the 

superior colliculus of vehicle and DFP-treated animals are provided in Fig. 6B and 

representative rat brain horizontal MR images from the vehicle and DFP treated groups 

are provided in Fig. 6C.  Statistical analysis of the normalized intensity values in the 

superior colliculus, 24 hours after intravitreal Mn2+ injection revealed the following, 

group (dose) effect, F (3,20) = 3.13, p=0.047, effect of the time period (i.e., duration of time 

following 14-days of DFP exposure), F(2,33) = 3.83, p=0.032; group x time period 

interaction, F(6,33) = 2.75, p=0.028.  Post hoc analysis indicated that signal intensity was 

significantly (p<0.05) higher at WO2 compared to BL and WO1 for the lowest dose of 
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DFP.  In contrast, signal intensity was significantly lower (p<0.05) at WO1 and WO2 for 

the 0.5 mg/kg DFP group compared to vehicle-treated controls.  In addition, within group 

comparisons indicated that DFP 0.5 mg/kg, but not 0.125 or 0.250 mg/kg was associated 

with reduced Mn2+ enhancement (p<0.05) in the superior colliculus at both WO1 and 

WO2 compared to the respective baseline values. 

 

3. Discussion 

The major findings of this study can be summarized as follows: 1) Histological 

and MRI analysis of post mortem rat brains did not reveal any pronounced DFP-related 

alterations of whole brain, white matter, or gray matter volumes, 2) electron microscopy 

did reveal a DFP-related increase in structural disruptions of myelinated axons (i.e., 

decompactions) in the fimbria region of the corpus callosum, and 3) MEMRI indicated 

that DFP was also associated with dose-dependent decreases in axonal transport in the 

brains of living rats, an effect that was also present after a 30-day (DFP-free) washout 

period. 

Given the previous reports of both structural and functional alterations in white 

and gray matter in Gulf War veterans (some of whom were known to have been exposed 

to sarin/cyclosarin), it was our original hypothesis that we would observe similar effects 

in the brains of DFP-exposed rodents.  However, this was not the case.  Several potential 

explanations for our negative observations could be offered, but most would relate to 

challenges in modelling exposures/conditions in gulf war veterans.  These challenges 

would include the unknown OP dose and contact periods, potential exposures to multiple 

substances (e.g., vaccines, prophylactic drugs against nerve agent exposures) and 
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additional environmental insults (e.g., heat, stress, smoke).  Another potential factor 

could be the long period between the OP exposure and the time the neuroimaging tests 

were performed in the veterans. 

The DFP-related disruptions of myelin sheaths (decompactions) we observed in 

the fimbria region of the corpus callosum in the electron microscopy experiments were 

interesting. Myelin sheaths are projections of the plasma membrane of oligodendrocytes 

that wrap axons and myelin layers and when they are compacted, they increase axon 

conduction velocity (Bauer et al 2009; Franklin and Gallo, 2014).  Decompactions of 

myelin sheaths often accompany axon swellings subsequent to neuron injury and they are 

often sustained throughout chronic secondary degeneration.  We did not observe axon 

swellings or other evidence of a more severe acute injury.  It should be noted, however, 

that CNS myelin is rich in lipids (e.g., phospholipids) which are highly vulnerable to 

peroxidation.  Lipid peroxidation is a known pathophysiological event occurring during 

secondary degeneration following nerve injury and a variety of self-perpetuating events 

including the failure of mitochondrial functioning and antioxidant mechanisms result in 

elevations of reactive radical species that react with cellular membranes, including 

myelin (see Payne et al., 2012).  Notably, it is well documented that OPs can increase 

oxidative stress as well as impair mitochondrial function (reviewed, Soltaninejad and 

Abdollahi, 2009; Banks and Lein 2012; Terry, 2012). 

The effects of DFP on myelin sheaths in the fimbria region may be especially 

important to previous observations of DFP-related memory impairments. The fimbria 

contains commissural fibers that project via the ventral hippocampal commissure to the 

CA1, CA2 and CA3 regions of the hippocampus and it also contains fibers that project 
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via the fornix to multiple brain regions (Andersen, 2007).  Importantly, hippocampal 

involvement in memory function has been repeatedly demonstrated through lesions of the 

fimbria–fornix, which normally relays hippocampal output to the septum (Levin et al, 

1999; Balse et al, 1999; Levin et al, 1993).  Moreover, exposure to DFP and other OPs 

(e.g., chlorpyrifos) have been associated with prolonged impairments of spatial learning 

tasks (e.g., the Morris water maze) which are dependent on intact hippocampal function 

(Terry et al., 2012).   

Our observations of DFP-related decompactions at the high-resolution 

microscopic (EM) level without obvious effects in the lower resolution histological and 

MRI anatomical images may be explained by the lack of significant changes in the total 

number of myelinated and unmyelinated axons and/or the g-ratios.  This would indicate 

that the DFP dosing regimen influences the axonal structure microscopically, but does 

result in overt neuronal loss or more severe (macroscopic) changes in neuronal 

morphology.       

The MEMRI results are similar to those collected in a previous study with the 

commonly used pesticide, chlorpyrifos (see Hernandez et al., 2015) and indicate that an 

alkylphosphate nerve agent, DFP (like a phosphorothionate, insecticide OP, chlorpyrifos) 

can result in persistent alterations in axonal transport in the living mammalian brain.  The 

basis for the modest increase in signal intensity associated with the 30-day washout 

period after the lowest dose of DFP is unclear, but may represent some type of 

compensatory effect.  Transient increases in axonal transport (considered a form of 

plasticity) have been observed in CNS neurons after acute injury in both rodent and non-

human primate models (Brock et al., 2018).  Here it is important to note, however, that 
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we did not observe any evidence of acute neuronal injury with the doses of DFP 

evaluated (especially the lowest dose) and we did not observe an increase in axonal 

transport after exposure to the lowest dose of chlorpyrifos in the previous (Hernandez et 

al., 2015) study.  The method we used (MEMRI) is a non-invasive imaging approach that 

has gained popularity in the last few years to detect impairments of fast axonal transport 

in multiple contexts including aging in rats (Cross et al., 2008), transgenic mouse models 

of Alzheimer’s disease (Kim et al., 2011; Smith et al., 2007; Smith et al., 2011), and 

frontotemporal dementia (Majid et al., 2014).   In the current study (similar to the 

Hernandez et al., 2015 study), we utilized the method to visualize Mn2+ enhancement of 

the optic nerve projections (see Lin et al., 2014) from the retina to the superior colliculus.  

From intravitreal injection, Mn2+ has been shown to enter retinal ganglion cells and to 

travel within their axons in the anterograde direction along the optic nerve to the superior 

colliculus and lateral geniculate nucleus (Bearer et al., 2007; Watanabe et al., 2001).   

While the role of a potential relationship between the myelin-related alterations 

we observed associated with DFP exposure and axonal transport deficits is unclear, 

previous studies in mice have indicated that fast axonal transport is dependent on 

oligodendrocyte function.  For example, using a mouse model of hereditary spastic 

paraplegia type 2 due to a null mutation of the myelin Plp gene, a progressive impairment 

in fast retrograde and anterograde transport was observed (Edgar et al., 2004).  

Interestingly, the loss of oligodendrocyte support of myelinated axons disrupts 

mitochondrial function and reduces adenosine triphosphate (ATP) production leading to 

axonal transport deficits, axon swelling, and eventually Wallerian degeneration (Nave, 

2010; Ferreirinha et al., 2004).  Thus, it appears that oligodendrocyte 
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function/myelination and the axonal transport process have mutually dependent roles in 

neuronal function.  Future studies will be designed to investigate the effects of OPs on 

key components of the myelination process (e.g., levels of myelin basic protein levels, 

myelin proteolipid protein). 

Additional mechanisms of the DFP-related alterations in axonal transport will also 

be the subject of future experiments.  There is now a significant amount of evidence that 

OPs may alter the function of motor proteins such as kinesin and/or components of the 

neuronal cytoskeleton (e.g., microtubules) that are important for axonal transport 

(reviewed, Terry, 2012).   For example evidence that OPs might interact with kinesin to 

negatively affect kinesin-driven axonal transport is supported by previous in vitro studies 

(microtubule motility assays) (Gearhart et al., 2007) as well a mass spectrometry studies 

where (using the biotin-tagged OP agent, FP-biotin) OP binding to tyrosine in the human 

kinesin 3C motor domain was demonstrated (Grigoryan et al., 2009).    There is also 

evidence that OPs impair tubulin polymerization leading to the disruption of microtubule 

assembly, which in turn leads to impairments of axonal transport (Prendergast et al., 

2007; Grigoryan and Lockridge, 2009).  Interestingly the oxon metabolite of chlorpyrifos 

has also been shown to covalently bind to tubulin, an effect that may explain the 

disruptions in tubulin polymerization (Jiang et al., 2010).  Moreover, our recent study in 

rats indicated that chronic exposure to chlorpyrifos leads to a significant and persistent 

inhibition of tubulin acetylation in the brain, another key regulator of axonal transport 

(Yang et al., 2018). 

Other recent publications that may have relevance to the results of this study and 

OP effects on cytoskeletal proteins (discussed in the preceding paragraph) come from 
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studies designed to identify peripheral biomarkers of neurotoxicity in veterans with GWI 

and farmers exposed to pesticides who developed neurological signs and symptoms of 

neural injury (Abou-Donia et al., 2017; Abdel-Rahman et al., 2018).  In study 1, the 

serum of 20 veterans with GWI and 10 non-veteran symptomatic (low back pain) 

controls were screened for the presence of autoantibodies to central nervous system-

specific proteins, while in study 2, serum samples from 50 farmers chronically exposed to 

different mixtures of pesticides (including a variety of OPs) and 25 non-exposed controls 

were analyzed.  In each study, higher levels of autoantibody reactivity against the 

following proteins were detected in the veterans with GWI and pesticide exposed farmers 

(compared to controls): neurofilament triplet proteins (NFP), tubulin, microtubule 

associated tau proteins (Tau), microtubule associated protein-2 (MAP-2), myelin basic 

protein (MBP), myelin associated glycoprotein (MAG), glial fibrillary acidic protein 

(GFAP), and calcium-calmodulin kinase II (CaMKII).  The findings of the two studies 

described above are similar to a previous study (Abou-Donia et al., 2013) of flight crew 

members who were anecdotally exposed to cabin air emissions containing OPs and who 

experienced symptoms now referred to as “Aerotoxic Syndrome”.  Collectively, while 

the human studies cited here are relatively small, retrospective, and/or descriptive, they 

would appear to support the argument that OP exposure may lead to the generation of 

autoantibodies that target proteins known to play critical roles in both the structure and 

function of neurons including myelination and axonal transport.  An “autoimmune” 

response might offer one explanation for why OP exposures could lead to chronic (in 

some cases lifelong) symptoms.  
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In conclusion, results of this study indicate that repeated exposures to the nerve 

agent, DFP at doses that are below the threshold for acute toxicity, can result in persistent 

decreases in axonal transport as well as alterations in myelin structure in the rodent brain.  

These observations could explain some of the long-term neurological deficits that have 

been observed in humans who have been repeatedly exposed to OPs. 
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Fig. 1.  Effect of daily subcutaneous injections of vehicle or DFP on body weight over a 

14-day period.  Each point represents the mean ± S.E.M.  N=12 rats/group.  *, p < 0.05, 

DFP 0.5 mg/kg vs vehicle comparison. 
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Fig. 2.  Effects of 14-days of repeated exposures to DFP on the volume of the 

hippocampus and the corpus callosum (postmortem histology).  (A) Representative 

histological image (sagittal plane) of the hippocampal formation from sections treated 

with cresyl-violet. The enlarged image illustrates the hippocampal subregions that were 

measured: CA1 pyramidal, CA3 pyramidal, and DG granule neuron layers. (B) 

Histogram illustrating the effects of the different doses of DFP compared to vehicle on 

total hippocampal volume and (C) on the volumes of different subregions of the 

hippocampus. (D) Representative histological image of the corpus callosum (sagittal 

plane) from sections treated with luxol fast blue. (E) Histogram illustrating the effects of 

the different doses of DFP compared to vehicle on the volume of the corpus callosum. 
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The Cavalieri principle (point counting) was employed to measure volumes using 

unbiased stereological methods. N=6 rats per group.   

 

 

Fig. 3.  Representative MRI coronal images with contrast dominated by proton density 

acquired ex vivo from a vehicle-treated rat to illustrate the brain regions of interest 

manually outlined for the volumetric determinations shown in Table 3. Contour borders 

were defined as described in the methods using a standard rodent brain atlas.  LV = 

lateral ventricles. 
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Fig. 4.  Effects of 14-days of repeated exposures to DFP on the corpus callosum 

(postmortem MRI-diffusion tensor imaging). (A) Top-Representative coronal rat brain 

map (edited from the 4th edition of Paxinos and Watson Rat Brain Atlas) and Bottom-an 

FA parametric map from subject treated with vehicle.  cc = corpus callosum (B) 

Histogram illustrating the effects of the DFP (0.5 mg/kg) compared to vehicle on FA.  

N=6 rats per group. 
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Fig. 5.  Effects of 14-days of repeated exposures to DFP on axon morphology within the 

fimbria region of the corpus callosum (postmortem electron microscopy studies). (A) 

Sagittal and coronal rat brain map (edited from the 4th edition of Paxinos and Watson Rat 

Brain Atlas) illustrating the brain slice level where transmission electron microscopy 

(TEM) images were acquired.  The filled red square indicates the region isolated for 

cross-sectional analysis of the corpus callosum at the level of the fimbria.  (B) 

Representative TEM images from a vehicle and DFP-treated rat. Scale Bar = 500 nm. (C) 

Representative TEM images demonstrating categories for scoring 3 types of myelination 

based on electron density (see red arrows): unmyelinated (low electron density), 

normally-myelinated (high electron density), and abnormally myelinated (decompacted) 

axons. (D) Histogram plots indicating the total number of myelinated and unmyelinated 
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axons per field of view as well as g-ratios and the number of decompacted axons per field 

of view. * = statistical difference (p<0.05) between DFP (0.5 mg/g) and vehicle-treated 

rat. N=4 rats per group.  

 

Fig. 6.  Effects of repeated exposures to DFP on axonal transport in the brains of living 

rats.  (A) Diagram illustrating the intravitreal injection method used in this study and the 

transport of Mn2+ within the axons of retinal ganglion cells (retina) in the anterograde 

direction (red line) along the optic nerve to the contralateral superior colliculus (SC) and 

lateral geniculate nucleus (LGN).  (B) Histograms illustrating the normalized intensity 

values (mean ± s.e.m.) in the superior colliculus of vehicle and DFP-treated animals.   

Baseline = before repeated DFP or vehicle exposures, Washout 1 = one day (24 hours) 

after the last DFP injection; Washout 2 = 30 days after the last DFP injection.  * = 
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significantly lower (p<0.05) than baseline value.  * = significantly higher (p<0.05) than 

baseline value. (C) Representative rat brain horizontal MR images (approximately 

interaural 6.14 mm, bregma -3.86 mm) from the vehicle and DFP 0.500 mg/kg treated 

groups.  Both the original black and white and color-enhanced images are provided.  Note 

the clear Mn2+ enhancement in the superior colliculus (indicated by white arrow) of all 

groups at baseline and reduced enhancement associated with DFP (0.500 mg/kg) at 

washout 1 and 2.  N=6-7. 
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Table 1:  Rat Experimental Protocol 

 

Cohort Group N
Treatment 
x 14 days

Baseline 1 30

1 A 6 Vehicle
AChE 

Activity

B 6
DFP 0.125 
mg/kg/day

AChE 
Activity

C 6
DFP 0.250 
mg/kg/day

AChE 
Activity

D 6
DFP 0.500 
mg/kg/day

AChE 
Activity

2 E 6 Vehicle AChE Activity

F 6
DFP 0.125 
mg/kg/day AChE Activity

G 6
DFP 0.250 
mg/kg/day AChE Activity

H 6
DFP 0.500 
mg/kg/day AChE Activity

3 I 6 Vehicle
Histology 

(CV)

J 6
DFP 0.125 
mg/kg/day

Histology 
(CV)

K 6
DFP 0.250 
mg/kg/day

Histology 
(CV)

L 6
DFP 0.500 
mg/kg/day

Histology 
(CV)

4 M 6 Vehicle
Histology 

(LFB)

N 6
DFP 0.125 
mg/kg/day

Histology 
(LFB)

O 6
DFP 0.250 
mg/kg/day

Histology 
(LFB)

P 6
DFP 0.500 
mg/kg/day

Histology 
(LFB)

5 Q 6 Vehicle DTI

R 6
DFP 0.500 
mg/kg/day DTI

6 S 4 Vehicle EM

T 4
DFP 0.500 
mg/kg/day EM

7 U 6 Vehicle MEMRI MEMRI MEMRI

V 6
DFP 0.125 
mg/kg/day MEMRI MEMRI MEMRI

W 6
DFP 0.250 
mg/kg/day MEMRI MEMRI MEMRI

X 6
DFP 0.500 
mg/kg/day MEMRI MEMRI MEMRI

Days of Washout/Procedure Conducted
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Abbreviations, DFP = Diisopropylfluorophosphate, AChE, acetylcholinesterase, LFB, 

luxol fast blue, CV, cresyl violet, DTI, diffusion tensor imaging, EM, electron 

microscopy, MEMRI, manganese-enhanced magnetic resonance imaging. 
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Table 2: Acetylcholinesterase Activity 

 

Acetylcholinesterase activity is expressed as nmoles acetylthiocholine 

hydrolyzed/min/mg protein.  

Abbreviations, DFP = Diisopropylfluorophosphate; Washout 1 = 24 hours after the last 

DFP or vehicle injection; Washout 2 = 30 days after the last DFP or vehicle injection.  

"**", p<0.001 versus vehicle at the time point indicated.  N=6 for each determination. 

 

Treatment Washout 1 % of Control Washout 2 % of Control 

     Red Blood Cells     

Vehicle 1.87±0.24 

 

1.34±0.10 

 DFP 0.125 mg/kg 0.98±0.05** 54.54±2.72 1.33±0.08 99.32±5.98 

DFP 0.250 mg/kg 0.65±0.06** 35.01±3.00 1.22±0.09 90.68±6.34 

DFP 0.500 mg/kg 0.55±0.04** 29.20±2.10 1.20±0.14 89.64±10.14 

  Brain   

Vehicle 24.77±1.51  18.50±0.99  

DFP 0.125 mg/kg 10.45±0.99** 42.13±3.99 18.86±0.89 101.94±4.80 

DFP 0.250 mg/kg 5.81±0.50** 23.41±2.02 16.98±1.07 91.80±5.79 

DFP 0.500 mg/kg 4.39±0.48** 17.72±1.92 15.22±0.88 82.28±4.77 
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Table 3:  Volumetric Data for Individual Brain Region from Ex Vivo MRI Scans 

(mm3±sem) 

 

Abbreviations, DFP = Diisopropylfluorophosphate, LV = lateral ventricles, CC = corpus 

callosum.  N=6 for each determination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 Whole Brain Hippocampus Striatum Cortex LV CC 

Vehicle 1819.85 ± 46.81 81.58 ± 3.10 71.22 ± 2.54 428.51 ± 11.81 5.16 ± 0.53 53.28 ± 1.94 

DFP 0.5 mg/kg 1848.99 ± 63.78 90.26 ± 6.10 71.31 ± 2.30 413.12 ± 13.19 4.71 ± 0.32 53.06 ± 1.98 
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3.1  Multifunctional compounds Lithium Chloride and Methylene Blue attenuate 

the negative effects of diisopropylfluorophosphate on axonal transport in rat 

cortical neurons   

 

Sean X Naughton1, Wayne D. Beck1, Zhe Wei1, Guangyu Wu1, and Alvin V. Terry, Jr.1 

 

This study is currently under peer review in Toxicology.  
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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 Illness (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 et al., 2018; Mohammadzadeh et al., 2018), oxidative stress 

(Eftekhari et al., 2018; Abolaji et al., 2017), autoimmunity (Abou-Donia et al., 2013, 
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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 

(reviewed, Millecamps and Julien, 2013), we rationalized that this process might serve as 

a general focus area for novel therapeutic strategies against OP toxicity.  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.  
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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 (LiCl) 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 III et al., 2011), while 

MB was selected for its ability to improve mitochondrial function and provide 
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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 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-
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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 0.5µM ARAC 

added overnight on DIV3 and penicillin-streptomycin removed before transfection.  Cells 

were maintained at 37°C with 5% CO2   in a cell culture incubator.   

2.3 Transfection and Drug Treatment 

Cells were transfected on DIV5-6 with pEGFP-n1-APP (Addgene #69924).  

Briefly, 2µg cDNA was incubated at room temperature in 25µl Neurobasal Media, 

separately 2 µL 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 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 associated with 

significant AChE inhibition.  

  For Lithium chloride evaluations, cells were treated with 1.0 nM DFP for 

24hrs, with LiCl (01µM-10mM) or vehicle (ultrapure water) added during the final 2hrs 
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before live imaging (22hrs after addition of DFP).  The incubation time and 

concentrations of LiCl were selected based on previously published reports where LiCl 

was shown to increase axonal transport velocities in cultured neurons (Decker et al., 

2010; Flores III 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.  These 

concentrations were selected based on their ability to increase ATP production and 

provide neuroprotection in other model systems (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% CO2.  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 
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analyzed using the KymoAnlyzer plugin toolkit V1.01 (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 3µm away from the cell body, retrograde cargos were defined as 

having moved more than 3µm towards the cell body, reversing cargos were defined as 

having changed directions and traveled more than 3µm, stationary cargos were defined as 

having traveled less than 3µm.  A pause was defined as period where a cargo’s speed was 

temporarily reduced to ≤0.15µm/s.  Density was calculated as the total number of cargos 

(anterograde, retrograde, stationary, and reversing) per micron of axon length.  Fig 1 

provides an example of a GFP-APP transfected neuron, a representative kymograph, and 

a series of video frames indicating movements of individual 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. 
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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 

FIJI/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 (±SEM). 
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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 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 µm/sec in the anterograde, and ~0.4-1.5 

µm/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 (0.5-3.0µm/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 4) similar to the decreases described in our previous 

report where APPDendra2-labeled MBOs were analyzed. (Gao et al., 2016).  While some 
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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 µm) 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 (Tables 1 and 2).    

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 (10µM-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) (F7, 1281=10.75, p<0.001).  With respect to retrograde velocities, a 

similar inverted U trend was observed, however only treatment with 100µM LiCl 

significantly prevented DFP-induced deficits (Figure 2) (F7, 743=6.344, p<0.001).  

Treatment with 100µM 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, 100µM LiCl alone was 

associated with a significant decrease in the percentage of stationary particles when 

compared to DFP (F7, 189=3.094, p=0.005).   While the majority of LiCl concentrations 
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tested were not associated with significant changes in cargo density, the lowest 

concentration (1µM) 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 (F7, 189=3.689, p<0.001).  Lithium treatment was not associated 

with significant changes in pause duration or pause frequency.  Interestingly, 100µM 

LiCl was associated with an increased pause frequency compared to vehicle alone 

(Tables 1 and 2) (F7, 2126=7.575, p<0.001).   

3.5 GSK Phosphorylation in vitro 

  In order to determine if changes in the phosphorylation status of GSKIIIβ 

might be responsible for DFP induced axonal transport deficits, we probed for changes in 

the phosphorylation of GSKIIIβ 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 GSKIIIβ after exposure to DFP 

(Figure 3), 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).   

3.6 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 
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enhanced anterograde axonal transport velocities across a range of concentrations (1nM-

100nM) (F6, 1272=9.683, p<0.001), while only 10nM was associated with significantly 

increased retrograde velocities (Figure 4) (F6, 658=8.334, p<0.001).  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 (F6, 147=3.678, p=0.043).  Additionally, Vehicle+ 10nM MB was associated 

with a significant increase in the percentage of particles moving in the anterograde 

direction (F6, 147=3.953, p=0.045) and a significant decrease in the number of stationary 

particles compared to 1nM DFP(F6, 147=3.678, p=0.023).   None of the treatments was 

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 (F6,1955=6.511,p=0.048), while the remaining 

concentrations tested did not significantly affect pause frequency (Tables 1 and 2).   

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 4) as we 

have previously reported (Gao et al., 2016).  APP has been documented in several 

previous studies to travel in neurons by fast axonal transport (Koo et al., 1990; Sisodia et 

al., 1993) , and was thus chosen as a marker for this process in our studies.   We observed 
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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).  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 2).  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. 
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  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 100µM 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 (1µM) 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+100µM 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 2). 

4.3 Methylene Blue Prevents DFP-induced Axonal Transport Deficits in vitro. 
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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 4).  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 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 2). The basis 

for this observation is unclear.    
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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-20th 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 1mM LiCl is on the threshold for 

GSK inhibition, 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 GSKIIIβ 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 III et al., 

2011).  GSKIIIβ acts as a negative regulator of axonal transport and phosphorylation of 

GSKIIIβ at serine 9 has been associated with its inhibition, thus we initially expected to 

observe decreased phosphorylation of GSKIIIβ after DFP exposure.  Interestingly, we did 

not observe significant changes in the level of pGSK after exposure to DFP (figure 3). 

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 
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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 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 
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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 
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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 observed 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.   

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 
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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 et al., 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 Illness (GWI), which is characterized by 
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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 (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 in preventing OP-induced axonal transport 

deficits.  Accordingly, these compounds may have potential as repurposed drugs for the 

treatment 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 MBOs, scale bar=20µm.  (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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Figure 2.  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 (10µM-1mM).  (B) 100µM 

LiCl attenuates DFP-induced deficits in retrograde axonal transport.  n=14-21 neurons 

pooled from 3-5 independent experiments.  #= p<0.05 compared to DFP *=p<0.05 

compared to Vehicle. Analysis conducted via one-way ANOVA. 

 

 

 

 



 
 

80 
 

 

 

 

 

 

Figure 3.  GSKIIIβ phosphorylation after DFP exposure.  Histograms depicting levels of 

GSKIIIβ phosphorylation (ser9) after 24hr incubation with vehicle or 1.0 nM DFP (A).  

Immunoblots for P- GSKIIIβ (ser9) and total GSKIIIβ from primary cortical neurons (B). 

Each bar represents mean ± S.E.M., n=4 with significance assessed at p<0.05.  Analysis 

conducted via T-test. 
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Figure 4.  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.  n=14-17 neurons pooled 

from 3-5 independent experiments.  #= p<0.05 compared to DFP *=p<0.05 compared to 

Vehicle.  Analysis conducted via one-way ANOVA. 
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Compound(s) Concentration Anterograde Retrograde Stationary Reversals

µM
% of All 
Particles

% of All 
Particles

% of All 
Particles

% of All 
Particles

Vehicle 0 29.0± 4.57 18.4± 1.84 46.5± 4.00 6.1± 1.44
 DFP 1.0 nM Plus:
Lithium Chloride 0 22.5± 3.03 16.2± 2.02 57.5± 3.35 3.8± 0.975

1 32.6± 3.69 13.0± 2.00 48.3± 3.59 6.1±1.39
10 32.2± 3.65 15.3± 2.19 47.1± 3.54 5.5±0.921
100 32.5± 2.87 17.8± 2.97 44.4± 2.94 5.3± 1.66

1000 33.3± 5.53 19.3± 4.15 39.8± 4.65 7.6± 2.47
10000 24.4± 7.06 8.3± 3.02 59.4± 6.59 7.9± 2.19

Vehicle Plus Lithium Chloride 100 34.5± 5.35 20.9± 3.91 #35.8± 4.53 8.8± 1.58

Vehicle 0 37.4 ± 2.93 14.3 ± 2.91 44.2 ± 2.82 4.1 ±0.825
 DFP 1.0 nM Plus:
Methylene Blue 0 26.3 ± 4.35 18.8 ± 3.45 49.5 ± 4.69 5.4 ±1.96

0.0001 21.9 ± 4.17 19.1 ± 2.38 48.9 ± 4.05 10.1 ±2.221
0.001 33.5 ± 5.00 18.9 ± 3.12 37.4 ± 4.23 10.3 ±1.99
0.01 42.0 ± 3.91 18.4 ± 2.52 #33.2 ± 3.41 6.3 ±1.48
0.1 35.7 ± 5.02 17.0 ± 3.62 44.3 ± 3.80 3.0 ±0.874

Vehicle Plus Methylene Blue 0.01 #44.7 ± 3.97 16.5 ± 309 #30.8 ± 3.94 8.1 ±1.95

Each value represents the mean ± s.e.m obtained from 14-21 individual neurons from 3-5 separate 
experiments.  * = significantly (p<0.05) different from vehicle control #= significantly (p<0.05) different 
from 1nM DFP.

Table 1.  Additional Axonal Transport-Related Measurements (A)

Directional Movements
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Compound Concentration
nM

Vehicle 0
 DFP 1.0 nM Plus:
Lithium Chloride 0

1
10
100

1000
10000

Vehicle Plus Lithium Chloride 100

Vehicle 0
 DFP 1.0 nM Plus:
Methylene Blue 0

0.0001
0.001
0.01
0.1

Vehicle Plus Methylene Blue 0.01

# pauses/3min
Pause FrequencyAPP Particles Pause Duration

# of MBOs/mm

0.759± 0.0810
0.941± 0.0818

0.884± 0.0787
0.669± 0.0651

0.203 ± 0.0181

0.915± 0.0904
#1.201± 0.0815

0.679± 0.06850.219 ± 0.0187

*1.182± 0.0787

0.931 ±0.0893

Table 2.  Additional Axonal Transport-Related 
Measurements (B)

0.166± 0.0168 32.244± 2.577

sec

0.179± 0.0145 36.317± 2.609

1.071± 0.0738
0.687± 0.0981

*0.946± 0.0714
1.199± 0.0696

0.186± 0.0128

0.565± 0.0687

42.862± 2.454
#0.224± 0.0138 41.882± 1.693
0.181± 0.0138 36.551± 1.736

0.179 ± 0.0106 35.752 ± 1.695

39.746± 2.848
#0.112± 0.0158 39.506± 4.593
0.175±  0.0171 34.982±  1.465

0.975± 0.143
0.179± 0.0224

40.010 ± 2.508

0.184 ± 0.0229 41.081 ± 2.926

Each value represents the mean ± s.e.m obtained from 14-21 individual neurons from 3-5 separate 
experiments.  * = significantly (p<0.05) different from vehicle control #= significantly (p<0.05) 
different from 1nM DFP.

34.541 ± 2.050
0.195 ± 0.0146 38.127 ± 2.336
0.192 ± 0.0165 40.406 ± 2.538
0.167 ± 0.0138 38.711 ± 2.368
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Abstract 

Pesticides are valuable for improving farming productivity and controlling deadly 

vector-borne illnesses, however, they have also been linked to a variety of deleterious 

long-term health effects in humans.  Of the various chemicals that are commonly used as 

pesticides, organophosphates (OPs), and to a lesser extent, carbamates, are most 

commonly associated with adverse long-term health consequences.  While most OP and 

carbamate-based pesticides are potent inhibitors of the enzyme acetylcholinesterase 

(AChE), this mechanism is inadequate to explain their long-term health effects especially 

when no signs of acute cholinergic toxicity were exhibited.   Previous work in our 

laboratory suggests that a potential mechanism of the long-term neurological deficits 

associated with OPs is impairment of axonal transport (AXT); however, we have not 

evaluated carbamates. Accordingly, one purpose of the experiments described here was 

to evaluate the carbamate physostigmine (a highly potent AChEI) on AXT using an in 

vitro live imaging assay that we have previously found to be very sensitive to OP-related 

deficits in AXT.  An additional objective was to evaluate the OP tribufos, a cotton 

defoliant that reacts very weakly with AChE in vitro, but has been associated with long-

term deficits in axonal function in vivo.  Surprisingly, neither physostigmine nor tribufos 

significantly affected anterograde or retrograde AXT across a range of concentrations.  

These data suggest that the long-term neurological deficits associated with some 

carbamates are not likely due to acute impairments of AXT, and further that OP-related 

deficits in AXT may depend on the specific compound and it unique structural 

characteristics.   
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Introduction 

Pesticides are used effectively worldwide to improve farming productivity and to 

combat vector borne illnesses.  Their widespread use has become an environmental 

concern, however, since a variety of deleterious neurodevelopmental effects and long-

term neurological symptoms have been associated with repeated exposures to pesticides 

(see reviews, London et al., 2012; Rauh and Margolis, 2016; Gunnarsson and Bodin, 

2019).  Of the various chemicals that are currently used as pesticides, organophosphates 

(OPs) are most commonly associated with adverse long-term health consequences, 

although other pesticide classes such as carbamates (particularly carbofuran) have also 

been implicated (see Seth et al., 2019).   One case where a large number of people are 

known to have been exposed to both OPs and carbamates is the first gulf war, which is 

associated with a host of chronic symptoms now collectively known as “Gulf War 

Illness” (GWI).  GWI symptoms include fatigue, headaches, respiratory problems, 

musculoskeletal pain, gastrointestinal distress, skin rashes and a variety of psychiatric 

and neurological symptoms such mood alterations, attentional deficits, and learning and 

memory impairments (White et al. 2016; Sullivan et al., 2018). 

While the etiology of GWI symptoms may be multifactorial and potentially related to 

excessive heat, stress, vaccinations, smoke from oil well fires, infectious organisms, etc., 

a particularly plausible explanation for the neurological symptoms is exposure to one or 

more acetylcholinesterase (AChE) inhibitors (see Golomb, 2008).  It was estimated that 

at least 41,000 military personnel were exposed to insecticides that contained either 

carbamate or OP-based AChEIs (Winkenwerder, 2003).  In addition to OP-based 

pesticides, exposures to OP-nerve agents may have also been a contributing factor to 
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GWI since as many as many as 100,000 soldiers may have been exposed to low (i.e., 

non-acutely toxic) levels of sarin/cyclosarin following the destruction of an Iraqi 

munitions storage complex at Khamisiyah, Iraq, in March 1991 (Berardocco, 1997).  

Finally, up to 250,000 soldiers received the carbamate AChE inhibitor, pyridostigmine 

bromide as a prophylactic measure against potential nerve agent exposure.   

If exposures to carbamate or OP-based chemicals contributed to the etiology of GWI, 

the underlying mechanism for the long-term symptoms is unclear since it was not typical 

for soldiers to exhibit classic cholinergic-based symptoms that would normally be 

associated with AChE inhibition after acute toxic exposures.   OPs can affect hundreds 

enzymes in addition to AChE, as well as neurotransmitter receptors, and other proteins 

(Costa 2018) and they can influence multiple neurobiological processes including 

inflammation (Koo et al., 2018, Mohammadzadeh et al., 2018), oxidative stress 

(Eftekhari et al., 2018; Abolaji et al., 2017), and autoimmunity (Abou-Donia et al., 

2013,2017; El Rahman et al.,2018.).   Likewise, some carbamates (e.g., carbofuran) can 

negatively affect multiple protein targets in addition to AChE and elicit 

neurophysiological and neurobehavioral deficits (see Seth et al., 2019) as well as 

oxidative stress, endocrine disruption, and immunotoxicity (reviewed, Dhouib et al., 

2016). 

In both neuronal culture and animal studies in our laboratory (Gao et al., 2016, 2017; 

Hernandez et al, 2015, Naughton et al., 2018), we have identified OP-related axonal 

transport (AXT) deficits as a potential non-cholinesterase mechanism for the long-term 

deleterious neurological effects of OPs.  To date, we have not evaluated carbamates, 

however.  The notion that pyridostigmine would serve as a source of GWI symptoms (see 
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White et al., 2016), especially the neurological symptoms, is somewhat perplexing given 

its charged quaternary ammonium structure which would be expected to prevent it from 

readily crossing the blood brain barrier (BBB).  There is evidence, however, to suggest 

that exposure to stress can increase BBB permeability (Esposito et al., 2002) and 

accordingly, it has been hypothesized that combat stress combined with pyridostigmine 

treatment may have induced central penetration of the compound.  However, 

experimental studies on the central effects of combined exposure to stress and 

pyridostigmine in rodents are controversial with some studies demonstrating increases in 

BBB permeability and inhibition of brain AChE activity (associated with pyridostigmine) 

while others have not confirmed this observation (see Friedman et al., 1996; Park et al., 

2008, Amourette et al., 2009).  It is also important to note that carbamate-based AChE 

inhibitors including pyridostigmine, neostigmine and rivastigmine have been used 

therapeutically for many years for conditions including myasthenia gravis and 

Alzheimer’s disease (see Pope et al., 2005), and to our knowledge GWI-like symptoms 

have not been observed in these patients.  Thus, one purpose of the experiments described 

in this report was to evaluate a different carbamate, physostigmine on AXT using an in 

vitro live imaging assay that we have previously found to be very sensitive to OP-related 

deficits in AXT.  Physostigmine is potent AChE inhibitor and a lipid-soluble tertiary 

amine that readily crosses the blood-brain barrier from peripheral administration (Somani 

and Khalique, 1987; Scremin et al., 1990). These experiments would be expected to 

address the question of whether carbamate-based AChE inhibitors impair AXT without 

encountering the controversies surrounding BBB penetration.   
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An additional objective of this study was to evaluate the OP, tribufos (S,S,S-Tributyl 

phosphorotrithioate) (also called DEF) which is a cotton defoliant that reacts very weakly 

with AChE in vitro, but has been associated with long-term neurological deficits in 

axonal function in vivo.  While we have observed OP-related AXT deficits in vitro well 

below the threshold for AChE inhibition, we hypothesized that the results of the two 

studies described here would help us further determine if the AXT deficits are unique to 

OP-based AChEIs and whether OPs that are not potent AChEIs also impair AXT.   

Materials and Methods 

Chemicals and Reagents 

Eserine hemisulfate (physostigmine) was purchased from Sigma-Aldrich (St. 

Louis, MO).  S,S,S-Tri-n-butyl phosphorotrithioate (DEF) was purchased from 

ChemServices (West Chester, Pa).  

Cell Culture 

Primary cortical neurons were harvested from pregnant Sprague-Dawley rats on 

gestation day E18 as described previously (Gao et al., 2016; 2017).  Cortices were 

incubated at 37°C for 15min in 0.25% Trypsin (Life Technologies, Carlsbad, CA in the 

presence of DNAse (Sigma #D4513), with gentle agitation after every 5 min.  Tissues 

were rinsed in HBSS, then underwent tituration with a glass fire-polished pipette in 

neurobasal media (Gibco, Gaithersburg, MD) with 2% B27 and 10% FBS in the presence 

of DNAse.  Dissociated cells were then spun into a pellet in a centrifuge for 8min at 25°C 

at 200G. The cells were then re-suspended in neurobasal media with 2%B27, 10%FBS, 

and 100U/mL penicillin-streptomycin (Life Technologies, Grand Island, NY) before final 

plating at a density of 500,000 cells/mL.  Two hours after plating, media was replaced 
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with serum-free media (neurobasal media with 2%B27, 100U/mL penicillin-streptomycin 

and 0.5mM Glutamax).    Media was changed after 4 days and 0.5µM ARAC was added 

overnight on DIV3 and penicillin-streptomycin removed before transfection.  Cells were 

maintained with 5% CO2 at 37°C with in a standard cell culture incubator.   

Transfection and Drug Treatments 

All transfections occurred on DIV5-6 using the plasmid pEGFP-n1-APP 

(Addgene #69924).  Cell were transfected using 2µg cDNA and 2 µL Lipofectamine® 

2000 (ThermoFisher) per coverslip.  Cells were treated on DIV5-6 for 24hrs.  PHY was 

dissolved in ultrapure water before being passed through a 0.22µm syringe filter and 

ultrapure water was used as a vehicle for comparison.  DEF was diluted in DMSO and 

DMSO was used as a vehicle for comparison.   

Live Imaging and Analysis 

Live imaging experiments were performed as previously described (Gao et al., 

2016, 2017).  Coverslips were placed in a specialized live imaging chamber and media 

was changed to clear Neurobasal media immediately before live imaging experiments 

began. All experiments were performed 24-36 hours after transfection on a Zeis LSM780 

inverted microscope.  The microscope was equipped with an environmental chamber 

which maintained the cells at 37°C with 5% CO2 for the duration of all experiments.  

Neurons expressing GFP-APP were identified 63X magnification (1.42 numerical 

aperture) and axons were identified using morphological criteria defined by Kriegstein 

and Dichter (finest, longest cell processes with no spines) (Kriegstein and Dichter, 1983).  

Videos of individual axons were captured at a rate of one frame every 2 sec for 3 min (90 

frames total) using Zen image capture software (Carl Zeiss).  Image processing and 
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analysis was conducted using FIJI/ImageJ 1.52b.  Prior to analysis, we used the bleach 

correction tool in FIJI/ImageJ help control for the effects of photobleaching, additionally 

the “straighten curved objects” plugin was used to straighten individual axons.  

Kymographs were generated using the “Kymograph Action Tool” plugin and analyzed 

using the KymoAnlyzer plugin toolkit V1.01 (Neumann et al., 2017).  The following 

settings were used in KymoAnalyzer: Cmin=3, cminRV=3, pixel size =0.307, frame 

rate=0.5, factor=0.33/frame.  Anterograde and Retrograde cargos were defined as having 

moved more than 3µm away from (anterograde) or towards (retrograde) the cell body.  

Reversing cargos were defined as having traveled a total distance greater than 3µm and 

having changed directions.  Cargos were considered stationary if they traveled less than 

3µm.  Pauses were defined as periods where a motile cargo’s speed reduced to 

≤0.15µm/s.  Density was calculated as the total number of cargos (anterograde, 

retrograde, stationary, and reversing) per micron across the entire length of axon.  Fig 2 

provides an example of a neuron transfected with GFP-APP along with a representative 

kymograph, and a series of video frames indicating movements of individual MBOs in 

the anterograde and retrograde directions. 

Measurement of Acetylcholinesterase Activity 

Acetylcholinesterase activity was determined by the method of Ellman with minor 

modifications to accommodate 96 well microplate format (Gao et al., 2016; 2017).  

Briefly, purified eel acetylcholinesterase (CAS # 9000-81-1, Sigma-Aldrich, St. Louis, 

MO, USA). The reaction mixture was prepared in 1.0 mM sodium phosphate buffer (pH 

7.0 ± 0.05) and contained the following concentrations for each chemical (Sigma-

Aldrich, St. Louis, MO): 0.48mM acetylthiocholine, 0.070mM tetraisopropyl 
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pyrophosphoramide (iso-OMPA, a butyryl-cholinesterase inhibitor) and 0.52 mM 5,5’-

dithiobis(2-nitrobenzoic acid).   Reaction product formation was monitored by measuring 

absorbance values at 412 nm every 2 min for 16 min (Mx synergy Microplate 

Spectrophotometer, BioTek Instruments Inc., Winooski, VT, USA). The rate of AChE 

activity was then calculated for each individual time point of measurement using the 

formula (change in absorbance/min)/(1.36 x 104), before normalization to the intra-

experiment vehicle-treated control. Velocity was expressed as micromoles of substrate 

hydrolyzed per minute for every milligram of protein.  All assays were performed at least 

two or three times. The IC50 values (concentration causing a half-maximal inhibition of 

the control response) were determined by nonlinear regression analysis of the 

concentration-response curves generated. 

Statistical Analyses 

All statistical analyses were performed using SigmaPlot (Systat Software, San 

Jose, CA) Analysis of variance (ANOVA) was used to compare the concentration-

dependent effects of chemical treatments to vehicle-treated controls and the method of 

Student Newman Keuls was used to examine post hoc differences when indicated. 

Statistical significance was assessed using an alpha level of 0.05.  Values depicted in the 

figures reflect the mean ± s.e.m.   The number of independent experiments conducted for 

each drug evaluation and the number of replicates per drug concentration are indicated in 

the figure legends. 
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Results 

Physostigmine is a potent inhibitor of AChE 

Physostigmine was found to strongly inhibit purified eel AChE with an IC50 of 

0.0198 µM as determined by a modification of the Ellman assay (see Fig 1A).  These data 

are in agreement with other previously published in vitro studies (see Atack et al., 1989; 

Jackisch et al., 2009) where IC50 values in the low nM range for AChE inhibition were 

reported.  

Tribufos is a very weak inhibitor of AChE 

Tribufos was found to weakly inhibit purified eel AChE in vitro with an IC50 > 

1000µM (Fig 1B). These observations also agree with previously published in vitro 

experiments which indicate that tribufos at concentrations up to the limit of its solubility 

only weakly inhibit AChE (Murphy and DuBois, 1959) whereas the OP is a considerably 

more potent inhibitor of detoxifying esterase enzymes such as carboxylesterase (IC50 

values of ~0.49µM) and butyrylcholinesterase (IC50 values ~1.0 µM (Quistad and Casida, 

2000; Hur et al., 1992).  

GFP-APP transfection and live imaging  

Twenty-four hours following transfection, cultured rat cortical neurons exhibited 

clear expression of GFP-APP in the soma and axons (Fig 2A).  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 2A).   

Definitive proximal and distal axonal regions of each axon were identified and 

corresponding kymographs (see Fig 2B for a sample) demonstrate that many MBOs were 

highly mobile, moving in both the anterograde and retrograde directions, while others 
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remained stationary.  The arrows in Fig 2C indicate individual MBOs moving along the 

axon at various stages in the anterograde and retrograde direction. 

AXT Velocity 

The velocity of GFP-APP labeled MBO movements in cortical axons observed in 

this study under control conditions, ~1.0-1.4 µm/sec in the anterograde, and ~0.6-0.8 

µm/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 (0.5-3.0µm/sec) that is considered as “fast 

AXT” (see review, Maday et al., 2014). 

Physostigmine does not inhibit AXT  

Physostigmine incubated in neuronal culture for 24hrs across a range of 

concentrations (0.01-10nM) was not associated with any changes in the anterograde or 

retrograde velocities of GFP-APP tagged MBOs.   Physostigmine exposure was also not 

associated with changes in the percentage of cargos moving in the anterograde or 

retrograde directions, or remaining stationary.  A modest, but statistically significant 

decrease in the percentage of cargos reversing was observed, but only with 0.1nM 

concentration.  Physostigmine did not affect pause frequency or pause duration at any 

concentration that was evaluated.   

Tribufos does not affect inhibit AXT  

Tribufos incubated in neuronal culture for 24hrs across a range of concentrations 

(0.1nM-10µM) was also not associated with any changes in the anterograde or retrograde 

velocities of GFP-APP tagged MBOs.   Tribufos exposure was also not associated with 

changes in the percentage of cargos moving in the anterograde or retrograde directions, 



 
 

95 
 

nor did it affect the percentage of cargos remaining stationary or reversing.  Tribufos also 

did not affect pause frequency or pause duration at any concentration that was evaluated.   

 

Discussion 

The results of these experiments can be summarized as follows:  1) as expected, 

the carbamate physostigmine was a potent inhibitor of AChE in vitro, while the OP, 

tribufos was very weak 2) neither physostigmine nor tribufos significantly affected 

anterograde or retrograde AXT of APP-labeled MBOs in rat primary cortical neurons.  

As noted in the Introduction, one major objective of this study was to evaluate a potent 

carbamate-based AChE inhibitor for effects on AXT.  Given the suggestion that 

carbamate-based pesticides and therapeutic agents like pyridostigmine might lead to 

long-term neurological deficits like those observed in GWI, we were interested to learn if 

(similar to OPs) another potent class of AChE inhibitors, carbamates, might impair AXT.  

Like pyridostigmine, physostigmine is considered safe as a therapeutic agent when used 

at the appropriate doses and it is currently prescribed for the treatment of glaucoma and 

anticholinergic toxicity such as that occasionally encountered after accidental overdoses 

with antihistamines, atypical antipsychotics, and tricyclic antidepressants (Pope et al., 

2005; Watkins et al., 2015).  The most common acute side effects of physostigmine are 

associated with cholinergic overstimulation (Arens et al., 2018; Arens and Kearney, 

2019).  In fact, the mechanism of the acute toxicity of carbamates like physostigmine is 

similar to that of OPs (AChE inhibition), and the symptoms of acute carbamate poisoning 

are indistinguishable from OP toxicity, and include miosis, urination, diarrhea, salivation, 

muscle fasciculation, bradycardia and CNS effects.  However, AChE inhibition induced 
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by carbamates is transient and rapidly reversible, since there is rapid reactivation of the 

carbamylated enzyme, and carbamylated AChE does not undergo the aging reaction that 

is often observed with OPs (reviewed, Costa et al., 2018).  While the mechanism of the 

OP effects on AXT are currently unknown, we hypothesized that the reversible nature of 

the carbamylation enzyme reaction might be relevant to long-term effects on non-

cholinesterase targets.  Here it is important to note that our previous studies with OPs 

(chlorpyrifos oxon and diisopropylfluorophosphate) indicate that their ability to inhibit 

AXT in vitro occurs well below the threshold for AChE inhibition, whereas in the current 

study concentrations of physostigmine up to those that clearly impaired AChE activity 

did not affect anterograde or retrograde AXT.   In the previous work with OPs, we also 

found that the OP effects on AXT were not blocked by nicotinic or muscarinic receptor 

antagonists (Gao et al., 2016; 2017).  These previous observations along with the current 

observations with physostigme further bolster the argument that AXT effects (of potent 

AChE inhibitors) and impairments of AChE activity can be distinguished. 

 Our interests in evaluating tribufos were based on several previously 

published studies as well some surprising observations we have made with other OPs in 

previous studies.  Tribufos is commonly used in agriculture as a cotton defoliant and an 

estimated two million pounds of the OP were used in the production of cotton in 2013 

(USDHHS 2018).  Tribufos is considered to have moderate toxicity compared to other 

OPs and exposure to the general population is very low (USDHHS 2018).   More than 60 

years ago Murphy and DuBois, 1959 observed that while the acute toxicity of tribufos 

resembled the classic signs of cholinergic overstimulation, high doses of atropine failed 

to show any protection against an LD50 dose.  These observations along with the 
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aforementioned findings that tribufos was a weak inhibitor of AChE in vitro suggested 

that actions other than AChE inhibition were likely to be important to the acute toxicity 

of the compound.  Interestingly, tribufos has also been shown to induce Organophosphate 

Induced Delayed Neuropathy (OPIDN) in hens (Abou-Donia et al., 1979; 1986) which 

has been associated with OP binding to an enzyme called neuropathy target esterase 

(NTE). OPIDN is a neurological disorder manifested by delayed onset of ataxia and 

motor neuron spasticity coincident with distal axon and myelin degeneration (Abou-

Donia, 2003).  These negative (longer term) effects of tribufos on axons, despite low 

potency at AChE inhibition drove our interests in determining the potential of tribufos to 

impair AXT like we have observed with other OPs.  

We were surprised to observe that tribufos had no effects on AXT across a wide 

range of concentrations.  It has been suggested that the negative effects of tribufos in vivo 

(particularly the delayed and/or prolonged effects) are due to metabolites of tribufos as 

opposed to the parent compound.  Tribufos becomes a much stronger inhibitor of AChE 

and BuChE when incubated with liver microsomes in the presence of NADPH, a finding 

which implies that oxidative metabolism in the liver produces metabolites that are more 

biologically active (Hur et al., 1992).  Lapadula and colleagues have also shown that 

dermally applied tribufos induces CYP450 and results in strong inhibition of multiple 

esteases (AChE, BuChE, NTE) suggesting that active metabolites (primarily DEF-

sulfoxide) are likely responsible for the ability of DEF to induce OPIDN as described 

above (Lapadula et al., 1984).  Interestingly, hens that received oral exposure to tribufos 

did not display the same signs of axonal dysfunction (Abou-Donia et al., 1979) however; 

they did display signs of ataxia and were classified as having a “late acute effect”.  These 
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findings were believed to be the result of hydrolysis of the OP in the gastro-intestinal 

tract to n-butyl mercaptan. 

When designing the experiments with tribufos for the current study, we were 

aware of the possibility that potential effects on AXT might be more pronounced with 

one of its metabolites.  A similar rationale was considered when we previously evaluated 

the pesticide chlorpyrifos, which requires conversion to its oxon metabolite to exert 

potent inhibitory effects on AChE and insecticidal actions.  The oxon is also most 

commonly associated with toxicity in non-target organisms.  However, we surprisingly 

observed that chlorpyrifos (in its unmetabolized state) impaired anterograde AXT in vitro 

at a threshold concentration of 100 nM, whereas the IC50 value for the OP for AChE 

inhibition was greater than 10 µM (Gao et al., 2017).  There are structural differences 

between chlorpyrifos (a phosphorothioate with a lipophilic pyridinyl substituent) and 

tribufos (an aliphatic thiophosphate ester) that might underlie the differences in effects on 

AXT, but additional studies would be required to determine if there are indeed important 

structure-activity relationships that are relevant to OP effects on AXT.  The observation 

that DFP (an alkyl phosphorofluoridate) and chlorpyrifos (as well as its oxon metabolite) 

can potently impair AXT would suggest that OP representing a wide range of structures 

might be relevant. 

In conclusion, the results of these in vitro studies indicate that neither the 

carbamate physostigmine nor the OP tribufos significantly affected anterograde or 

retrograde AXT across a range of concentrations.  These data suggest that the long-term 

neurological deficits associated with carbamate-based AChEIs are not likely due to acute 
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impairments of AXT, and further that OP-related deficits in AXT may depend on the 

specific compound and it unique structural characteristics.   
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Fig 1.  Effects of a range of concentrations of physostigmine (A) and tribufos (B) on 

purified eel acetylcholinesterase (AChE) activity in vitro.  Each symbol represents the 

mean from 2-3 independent experiments and four replicates per concentration. The IC50 

values (concentration causing a half-maximal inhibition of the control response) were 

determined by nonlinear regression analysis of the concentration-response curves 

generated.  
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Fig 2.  Methods for testing physostigmine and tribufos for their ability to affect AXT in 

vitro.  (A) Representative image demonstrating successful transfection with pEGFP-n1-

APP in rat primary cortical neurons. Arrows indicate MBOs, scale bar=20µm.  (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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Fig 3.   Physostigmine exposure for 24 hr across a range of concentrations does not affect 

AXT in primary cortical neurons.  (A) Velocities of APP containing membrane bound 

organelles (MBOs) in the anterograde direction.  (B) Velocities of APP containing MBOs 

in the retrograde direction.  Each bar represents the mean ± s.e.m obtained from 19-35 

individual neurons pooled from 5-7 separate experiments.  Analysis conducted via one-

way ANOVA. 
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Fig 4.   Tribufos exposure for 24 hr across a range of concentrations does not affect AXT 

in primary cortical neurons.  (A) Velocities of APP containing membrane bound 

organelles (MBOs) in the anterograde direction.  (B) Velocities of APP containing MBOs 

in the retrograde direction.  Each bar represents the mean ± s.e.m obtained from 12-17 

individual neurons pooled from 3-5 separate experiments.  Analysis conducted via one-

way ANOVA. 
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Concentration Anterograde Retrograde Stationary Reversals APP Particles Pause 
Frequency

Pause 
Duration

nM % of All 
Particles

% of All 
Particles

% of All 
Particles

% of All 
Particles

# of 
MBOs/mm

# 
pauses/3min sec

0 34.4±3.99 18.5±3.93 39.3±4.25 7.76±1.55 0.179±0.013 0.738±0.060 40.147±1.880

0.01 31.9±4.89 29.5±4.42 32.5±4.45 6.12±1.15 0.147±0.015 0.820±0.075 35.331±1.943

0.1 29.7±3.14 22.2±2.40 44.7±3.38 *3.39±0.61 0.174±0.013 0.795±0.051 39.446±1.649

1 37.6±3.72 20.7±3.31 34.5±2.72 7.14±1.56 0.178±0.013 0.774±0.055 38.367±1.800

10 40.9±3.10 16.1±2.49 36.9±3.79 6.11±1.07 0.189±0.010 0.773±0.063 33.618±1.728

Each value represents the mean ± s.e.m obtained from 19-35 individual neurons from 5-7 separate experiments.  * = significantly (p<0.05) different from 
vehicle.

Table 1.  Additional AXT-Related Measurements-Physostigmine

Directional Movements
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Concentration Anterograde Retrograde Stationary Reversals APP Particles Pause 
Frequency

Pause 
Duration

nM % of All 
Particles

% of All 
Particles

% of All 
Particles

% of All 
Particles

# of 
MBOs/mm

# 
pauses/3min sec

0 30.9±4.48 18.5±2.78 41.9±4.19 8.63±1.39 0.165±0.012 0.987±0.080 39.086±2.048

0.1 33.5±5.26 18.0±3.05 39.4±4.71 9.07±1.97 0.155±0.014 1.022±0.090 39.371±2.147

1 33.2±3.84 19.8±3.69 39.0±4.06 8.08±1.66 0.132±0.012 0.930±0.080 39.310±2.178

10 36.4±4.56 18.4±2.79 36.0±4.72 9.13±1.47 0.157±0.010 0.977±0.072 36.257±1.690

100 34.7±4.43 25.9±4.13 31.2±3.91 8.25±2.09 0.139±0.012 0.862±0.072 39.474±2.210

10000 26.4±4.76 27.6±5.78 41.3±5.12 4.73±1.35 0.115±0.013 0.903±0.106 37.708±2.779

10000 25.9±5.51 31.5±5.00 35.4±5.17 7.23±1.91 0.138±0.016 0.893±0.084 38.716±2.305

Each value represents the mean ± s.e.m obtained from 12-17 individual neurons from 3-5 separate experiments.

Table 2.  Additional AXT-Related Measurements - Tribufos

Directional Movements
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3.3 Target Identification Studies  

Introduction 
 

Axonal transport is a fundamental process within neurons by which various 

proteins, receptors, neurotransmitters, and other cargos are trafficked along polarized 

microtubules between various locations proximal and distal to the cell body (Morfini et 

al., 2012).  We have previously observed deficits in axonal transport in vivo after 

exposure to the organophosphates CPF and DFP (Hernandez et al., 2015, Naughton et al., 

2018).  Additionally, we have reported in vitro axonal transport deficits after exposure to 

the OPs DFP, CPF, and CPO (Gao et al., 2016; 2017).  The goal of the present series of 

experiments was to identify potential OP-related mechanisms, which could help to 

explain the nature of the observed axonal transport deficits and serve as potential 

therapeutic targets.  A recent review identified 10 different kinases (e.g., JNK, Cdk5, 

GSKIIIβ, ERK1/2, PKA etc.) that can regulate various aspects of axonal transport, 

including the phosphorylation of motors, adapter proteins, and cargoes (reviewed, Gibbs 

et al., 2015).  Accordingly, we hypothesized that some of these kinases (if affected by OP 

exposure) could be targeted by new therapeutic agents to improve axonal transport.  

Using cortical lysates from rats chronically treated with 1.0mg/kg DFP for 30 days every 

other day or animals treated under the same regime but with a 14-day drug free washout 

period.  Our goal was to identify mechanistic targets, which could persist throughout an 

extended drug free washout period, since we had previously observed both persistent 

impairments of axonal transport and memory dysfunction in association with DFP.  We 

investigated three kinases; that have been specifically implicated in the regulation of APP 

containing cargos trafficked along the axon (ERK1/2, AKT, and GSKIIIβ).  Additionally, 
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we chose to investigate phosphorylation of the microtubule associate protein tau, which is 

also known to be important for axonal transport and microtubule stability.  Moreover, 

excessive tau  phosphorylation has been implicated in the neuropathology (as well as 

axonal transport deficits) in several degenerative neurological disorders.   

 
Materials and Methods 
 
Animals and Chronic treatments 

 Wistar rats were treated chronically with 1.0mg/kg DFP or Veh (peanut 

oil) every other day for 30days (subq.) (n=6), and an additional 13 rats (n=6-7 per group) 

were given the same treatments, followed by a 14 day drug free washout period.  

Tissue Collection and Processing 

  All animals were anesthetized using isoflurane (Henry Schein Animal 

Health, Dublin OH) and euthanized via transcardial perfusion with ice cold PBS 

containing protease (10ug/ml Pepstatin A  and 10ug/ml Leupeptin, Sigma-Aldrich) as 

well as phosphatase inhibitors (1 mM Sodium Orthovanadate , 10 mM Sodium Fluoride, 

and 1 mM PMSF). Whole brains were then extracted and the hippocampus was dissected 

on in ice-cold saline. All samples were frozen on dry ice and stored at −80°C until further 

processing.    Brain tissues were manually homogenized using a glass dounce 

homogenizer in RIPA Buffer (150mM NaCl, 1.0%NP-40, 0.5% sodium deoxycholate, 

0.1%SDS, 10% Glycerol, 0.1% Tris) containing protease and phosphatase inhibitors ( 

Sigma Protease inhibitor cocktail, Sigma Phosphatse inhibitor cocktails I & II, 1 mM 

PMSF and 1 mM Sodium Orthovanadate, .  The crude homogenate was briefly sonicated 

on ice, before 1hour nutation at 4°C.  The homogenate was then centrifuged for 30min at 



 
 

108 
 

4°C and 20,817 rcf .  The supernatant was then passed through a .45µM filter followed by 

a .22µ filter before being flash frozen in liquid nitrogen, and stored at -80 °C.  

Western Blotting 

All samples were analyzed for total protein using a micro BCA protein assay 

(ThermoFisher Scientific).  Sample were diluted to equal concentrations using 1X 

laemmlii buffer diluted in 1X RIPA.  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).  

Membranes were incubated for 1hr in 0.2% I-block reagent (Appliedbiosystems), then 

incubated in primary antibody  (1:250-1:1000) (cell signaling technologies) over night at 

4°C with gentle agitation.  Membranes were then rinsed 3 times with TTBS before 

incubation with (1:5000-1:10,000) secondary antibody (Jackson Immuno Research labs 

#111-035-003) for 1hr at RT.  Membranes were 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).  Membranes were 

then stripped via 20min incubation at 37°C with gentle agitation using Restore™ Western 

Blot Stripping Buffer (Fisher Scientific).  Membranes were then rinsed 3 times in TTBS.   

Membranes were then probed and imaged again using similar procedures as described 

above. Densitometry was performed in FIJI/ImageJ with phospho-proteins were 

normalized to total un-phosphorylated counter parts.  

 

 

Results 
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Immunoblotting  

Cortex lysates were analyzed via Western Blot from animals treated for 30 days 

every other day with 1.0mg/kg DFP were either 1 day or 14 days after toxin exposure.  

Lysates were analyzed for changes in the phosphorylation of ERK1/2, AKT, GSKIIIβ, 

and Tau.   

ERK1/2 Phosphorylation 

Animals sacrificed 1 day after chronic exposure displayed a significant decrease 

in ERK1/2 phosphorylation (Thr202/Tyr204) when compared to vehicle controls (Fig. 

1A).  In animals given a 14-day drug free washout after exposure, we observed a 

significant increase in ERK1/2 phosphorylation (Thr202/Tyr204) relative to controls 

(Fig. 1B).   

AKT Phosphorylation 

Animals in the 30EOD exposure group displayed a significant decrease in AKT 

phosphorylation (Ser473/D9E) relative to vehicle treated controls (Fig 2A).  In animals 

given a 14-day drug free washout after exposure we observed a significant increase in 

AKT phosphorylation (Ser473/D9E) compared to vehicle treated controls (Fig. 2B). 

GSKIIIβ Phosphorylation 

Animals in the 30EOD exposure group showed no difference in GSKIIIβ 

phosphorylation (Ser9) relative to vehicle controls (Fig. 3A).  Additionally, animals in 

the 30EOD+14WO group showed no changes in GSKIIIβ (Ser9) relative to vehicle 

treated controls (Fig. 3B). 

Tau Phosphorylation 
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Cortical lysates from animals in the 30EOD treatment group showed no 

significant differences in tau phosphorylation (Ser202) relative to vehicle controls (Fig. 

4).  In animals from the 30EOD+14WO group we observed a minor, but statistically 

significant decrease in tau phosphorylation (Ser202) (Fig. 5).   

 

Discussion 

We explored changes in post-translational modifications to several signaling 

kinases and microtubule-associated proteins known to be involved with the regulation of 

axonal transport.  All proteins were examined in the cortex  (a region with known 

significance for a number of learning and memory deficits observed after OP exposure) 

of rats chronically treated with 1.0mg/kg (subq) DFP for 30 days, every other day either a 

24hr drug-free washout period or  a 14 day drug-free washout period 

ERK1/2 

We investigated changes in the phosphorylation status of extracellular signal-

regulated kinases (ERK1/2) at the phosphorylation sites Thr202 and Tyr204. 

ERK1/2 has been demonstrated to play a role in the regulation of axonal transport by 

phosphorylating dynein intermediate chains to regulate endosome binding and retrograde 

endosome signaling (Mitchell et al., 2012).  ERK has also been shown to regulate the 

binding of calsyntenin-1 to kinesin light chain 1 (KLC1) via phosphorylation at ser460.   

It is through this mechanism that ERK1/2 regulates the the trafficking of calsytenin-1 

which can facilitate APP transport (Vagnoni et al., 2011).    Following 30 day every other 

day exposure to 1.0mg/kg DFP we observed a significant decrease in the phosphorylation 

of ERK1/2 in the cortex (Fig. 1A).  This decrease in ERK1/2 was followed by a 
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“rebound” effect in which we subsequently observed a significant increase in the 

phosphorylation of ERK1/2 following a 14-day drug free washout period (Fig. 1B).  

These changes likely reflect unexplored aspects of OP toxicology, which do not directly 

related to previously reported changes in axonal transport.   

Akt 

We next probed changes in the phosphorylation of protein kinase B (Akt) at 

Ser473/D9E.  Akt has been shown to phosphorylate huntingtin (htt) at ser421.   

Phosphorylation at this site, by Akt ,can regulate the directionality of vesicular transport 

and the velocity of  APP containing cargos (Colin et al., 2008).  Additional studies have 

shown that Akt can stimulate mitochondrial transport in primary hippocampal neurons 

through the phospho-inhibition of GSK3β (Chen et al., 2007, 2008).   Interestingly, we 

observed a decrease in AKT phosphorylation after 30 day every other day exposure to 

1.0mg/kg DFP followed by an increase in AKT phosphorylation after a 14-day drug free 

washout period (Fig 2).  Given the biphasic nature of the observed changes in AKT 

phosphorylation, it is unlikely that these changes are responsible for previously reported 

in vivo deficits in axonal transport, which persisted beyond an extended drug free 

washout period.   

GSKIIIβ 

 We also probed changes in the phosphorylation of GSKIIIβ at Ser9.  

GSKIIIβ is a well-known negative regulator of axonal transport.  Phosphorylation of 

GSKIIIβ at the ser 9 site acts to inhibit GSKIIIβ activity.  Inhibition of GSKIIIβ has been 

shown to increase axonal transport velocity and reverse amyloid-beta induced axonal 

transport deficits (Decker et al., 2010).   In drosophila, dGSK has been shown to regulate 
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APP movement by decreasing the number of active kinesin-1 motor proteins associated 

with cargo proteins (Weaver et al 2013).  Additionally, GSKIIIβ has been shown to 

regulate dynein motility by reducing is association with NDEL1 (Gao et al., 2015).   

Surprisingly we did not observed significant changes in GSKIIIβ phosphorylation after 

DFP exposure, indicating that GSKIIIβ is not a critical regulator of previously observed 

deficits in axonal transport following DFP exposure (Fig. 3). 

Tau Phosphorylation 

We next sought to determine if DFP exposure could produce changes in the 

phosphorylation of the microtubule associated protein tau.  Under normal conditions, tau 

helps to stabilize microtubules and prevent depolymerization. (Barbier et al., 2019).   

When tau undergoes phosphorylation its ability to bind to (and thus stabilize) 

microtubules becomes compromised (Barbier et al., 2019). Pathological changes in tau 

hyper-phosphorylation have been observed in a number of neurodegenerative disorders in 

which axonal transport is disrupted.   In a transgenic mouse model of Alzheimer’s 

Disease, changes in tau phosphorylation were associated with decreases in microtubule 

density and axonal transport (Zhang et al., 2012). We did not observe significant changes 

in tau phosphorylation immediately following 30 say exposure to DFP (Fig. 4A).  

However, a slight but significant decrease in Tau phosphorylation was detected following 

a 14-day drug free washout period (Fig. 4B).  It is unlikely that these changes contribute 

to previously observed deficits in axonal transport, given that tau phosphorylation is 

typically associated with decreased affinity for microtubules, and thus decreased 

microtubule stability (Barbier et al., 2019), a minor decrease in phosphorylation is not 

likely to alter the stability of microtubules in a pathological fashion.   
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Summary and Conclusion 

The major findings of this series of experiments in rats were that repeated 

exposures to DFP over a 30 day period resulted in: 1)  decreases in ERK1/2 and AKT 

phosphorylation that rebounded during a 14 day DFP-free washout period to levels that 

were higher that vehicle (Fig. 1 & 2), 2) that GSKIIIβ phosphorylation was not affected 

by DFP exposure(Fig. 3), and 3) that minor decreases in tau phosphorylation were 

observed after the DFP-free washout period (Fig. 4). These observations (especially with 

ERK) were somewhat surprising given the well-described correlation between increased 

pERK and improved memory consolidation (reviewed, Adams and Sweatt, 2002), and 

our previous observations of persistent impairments of memory-related task performance 

after DFP exposures in rats (Terry et al., 2011).  It should be noted, however, that 

increases in pERK have been observed in Parkinson’s Disease, Alzheimer’s disease, and 

neuroinflammation models, and in some studies the increased pERK correlated with 

neuronal dysfunction (or death) and cognitive impairments (Walker et al., 2001; Gomez-

Santos et al., 2002; Zhu et al., 2002; Choi et al., 2007; Cui et al., 2011; Gong et al., 

2011). The unexpected increases in ERK1/2 and AKT phosphorylation combined with 

the (minor) decreases in tau phosphorylation and lack of effects of DFP on GSKIIIβ 

phosphorylation did not provide us with a rational target approach for further therapeutic 

investigations. The persistent increases in ERK1/2 and AKT phosphorylation after DFP 

exposure are interesting and worthy of further investigation, however. 

In conclusion, this series of experiments did not identify any clearly discernible 

mechanistic factors that might explain the nature of previously observed deficits in 
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axonal transport following OP exposure.  Therefore, we made the decision not to pursue 

this line of research further (i.e., focused on signaling kinases) in order to develop new 

therapeutic strategies against OP exposure.   
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Figure 1.  ERK phosphorylation after DFP exposure.  Histograms depicting levels of 

ERK  phosphorylation (Thr202/Tyr204) after 30 day every other day exposure (A) or 30 

day every other day exposure with a 14 day drug free washout period (B). Each bar 

represents mean ± S.E.M., n=6 with significance assessed at p<0.05.  Analysis conducted 

via T-test. 
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Figure 2.  Akt phosphorylation after DFP exposure.  Histograms depicting levels of Akt 

phosphorylation (ser473)(D9E)  after 30 day every other day exposure (A) or 30 day 

every other day exposure with a 14 day drug free washout period (B). Each bar represents 

mean ± S.E.M., n=6 with significance assessed at p<0.05.  Analysis conducted via T-test. 
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Figure 3.  GSKIIIβ phosphorylation after DFP exposure.  Histograms depicting levels of 

GSKIIIβ phosphorylation (ser9) after 30 day every other day exposure (A) or 30 day 

every other day exposure with a 14 day drug free washout period (B). Each bar represents 

mean ± S.E.M., n=6-7 with significance assessed at p<0.05.  Analysis conducted via T-

test. 
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Figure 4.  Tau phosphorylation after DFP exposure.  Histograms depicting levels of Tau 

phosphorylation (ser202) after 30 day every other day exposure (A) or 30 day every other 

day exposure with a 14 day drug free washout period (B). Each bar represents mean ± 

S.E.M., n=6-7 with significance assessed at p<0.05.  Analysis conducted via T-test. 
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4. DISCUSSION 

 

The persistent use of OPs represents a substantial cause for concern given their 

persistence in the environment and known toxic effects.  Despite their prominent usage 

our understanding of their toxicological mechanisms is currently incomplete.  In 

particular, there is a critical lack of knowledge regarding repeated, low-level exposures to 

OPs and toxicity that occurs independently of cholinergic toxicity.  Furthermore, there 

are currently no FDA approved therapies to treat the non-cholinergic aspects of OP 

toxicity. The presented research seeks to address these key issues.  We first demonstrated 

that axonal transport deficits resulting from exposure to the OP DFP occur in vivo, in 

addition to previously reported in vitro deficits.  This was an important study, since we 

had previously demonstrated in vivo axonal transport deficits associated with 

chlorpyrifos (an insecticide, phosphorothioate-based OP) but had not reported in vivo 

axonal transport deficits after exposure to an alkyl phosphate nerve agent such as DFP.    

Furthermore, we demonstrated that these deficits persisted throughout an extended 

washout period, a finding which implies that defective axonal transport could be 

responsible for neurological deficits that persist long after OP exposure.  We also 

performed prospective studies on the effects of DFP on grey and white matter volumes as 

well as white matter integrity in rats. Here, we detected no widespread defects in white or 

grey matter volume, but did detect more discrete increases in myelin decompaction in the 

fimbria region of the corpus callosum. These studies were of critical importance, as 

humans previously exposed to OPs have displayed alterations in white and grey matter 

that have been associated with the long-term neurological symptoms.  By prospectively 
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evaluating these metrics in DFP treated rats we were able to provide evidence of potential 

causal relationships between OP exposures and more discrete while matter abnormalities, 

which could not be established in human retrospective studies.   

In order to address the critical need for therapeutic compounds to combat the 

negative effects of low level OP exposure, we next utilized a phenotypic drug screening 

strategy to identify compounds that could prevent OP-induced axonal transport deficits.   

We evaluated compounds that had already been FDA approved for the treatment of other 

disorders in order to minimize the required investment for a given compound to be used 

clinically.  We also selected compounds that exhibit multi-target capabilities that could 

potentially address additional toxic effects of OPs.   Here, we reported that the 

compounds lithium chloride and methylene blue are protective against OP-induced 

axonal transport deficits in a concentration dependent manner.    

A particularly interesting implication for the work presented is the intersection 

between the pro-inflammatory and oxidative stress inducing actions of OPs and the anti-

inflammatory and antioxidant actions of methylene blue.  It has previously been reported 

that DFP can induce neuroinflammation in a manner that is exacerbated by corticosterone 

(Locker et. al., 2017; Michalovicz et. al., 2019).  Additional studies have indicated that 

some of the inflammatory actions of certain OPs may be directly linked to their ability to 

increase oxidative stress.   In recent studies it was demonstrated that targeting OP-

induced oxidative stress could attenuate the inflammatory actions of certain OPs (Liang 

et al., 2018; Mohammadzadeh et al., 2018).  This type of dual strategy focused on 

oxidative stress and inflammation could be particularly beneficial, given previous 

observations, which indicated that OPs can cause oxidative stress and increase 
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permeability in an in vitro model of the blood brain barrier (Ravid et al., 2018).   

Specifically, methylene blue would make a strong candidate for potentially reversing OP 

induced inflammation and oxidative stress given its anti-oxidant and anti-inflammatory 

properties (Tucker et al., 2018; Xu et al., 2017). 

Another interesting implication for our studies is the importance of chemical 

structure in determining the effects of OPs on various biological targets.  This is likely 

why we did not observe changes in GSK activity after DFP exposure, in contrast to other 

studies which demonstrated increases in GSK after CPF exposure (Moyano et. al., 2018 ).  

As discussed below, this is also likely to be a factor in our observed differences between 

DEF and other OPs. 

In the final series of experiments, we evaluated the carbamate physostigmine (a 

highly potent, but reversible AChE inhibitor) for effects on axonal transport as well as the 

OP tribufos, which is a cotton defoliant that reacts very weakly with AChE in vitro, but 

has been associated with long-term deficits in axonal function in vivo.  Importantly, both 

OPs and carbamate-based chemicals have been implicated in GWI as well as adverse 

pesticide-related toxicity, thus the first set of experiments was conducted to determine if a 

representative carbamate, like OPs, affected axonal transport.  The second series of 

experiments with tribufos was conducted to determine if negative effects on axonal 

transport are more prominent with OPs that are also potent AChE inhibitors.  The results 

indicated that neither physostigmine nor tribufos significantly affected anterograde or 

retrograde axonal transport across a range of concentrations.  These data suggest that the 

long-term neurological deficits associated with some carbamates are not likely due to 
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impairments of axonal transport, and further that OP-related deficits in axonal transport 

may depend on the specific compound and it unique structural characteristics. 

These studies have provided the necessary groundwork to pursue therapeutics that 

can target the non-AchE mechanisms of OP toxicity, a currently unmet medical need.  

Future studies should focus on determining whether LiCl and MB are able to reverse 

axonal transport deficits in vivo and if they can reverse OP-induced deficits in learning 

and memory.  Additional therapeutic strategies using drugs that target microtubules could 

also be explored. 
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5. SUMMARY 

 
 

1. Repeated exposures to the OP nerve agent, DFP at doses that are below 

the threshold for acute cholinergic toxicity, can result in discrete 

alterations in myelin structure and persistent decreases in axonal transport 

in the rodent brain.  These observations could explain some of the long-

term neurological deficits that have been observed in humans who have 

been repeatedly exposed to OPs.  

2. Using a primary neuronal culture model and time-lapse live imaging 

microscopy we demonstrated that two FDA-approved multi-target 

compounds, lithium chloride and methylene blue, prevented DFP-induced 

impairments in anterograde and retrograde axonal transport velocities in a 

concentration dependent manner.  Accordingly, these compounds may 

have potential as repurposed drugs for the treatment of neurologic 

symptoms associated with OP exposure. 

3. Additional in vitro studies indicated that neither the potent, carbamate-

based AChE inhibitor physostigmine, nor the weak AChE inhibitor OP, 

tribufos, affected anterograde or retrograde axonal transport across a range 

of concentrations.  These data suggest that the long-term neurological 

deficits previously associated with some carbamates are not likely due to 

impairments of axonal transport, and further that OP-related deficits in 

axonal transport may depend on the specific compound and it unique 

structural characteristics.   
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