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Introduction
Pesticides are used effectively worldwide to improve farming 
productivity and to combat vector borne illnesses. Their wide-
spread 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.1-3 Among the various chemi-
cals 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 impli-
cated.4 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 symp-
toms include fatigue, headaches, respiratory difficulties, mus-
culoskeletal pain, gastrointestinal distress, skin rashes, and a 
variety of psychiatric and neurological symptoms such as mood 
alterations, attentional deficits, and learning and memory 
impairments.5,6

While the etiology of GWI symptoms may be multifacto-
rial and potentially related to excessive heat, stress, vaccina-
tions, smoke from oil well fires, infectious organisms, etc., 1 
plausible explanation for the neurological symptoms is 

exposure to 1 or more acetylcholinesterase (AChE) inhibitors.7 
It was estimated that at least 41 000 military personnel were 
exposed to insecticides that contained either carbamate or 
OP-based AChEIs.8 In addition to OP-based pesticides, expo-
sures to OP-nerve agents may have also been a contributing 
factor to GWI since as many as 100 000 soldiers may have been 
exposed to low (ie, non-acutely toxic) levels of sarin/cyclosarin 
following the destruction of an Iraqi munitions storage com-
plex at Khamisiyah, Iraq, in March 1991.9 Finally, up to 250 
000 soldiers received the carbamate AChEI pyridostigmine 
bromide as a prophylactic measure against potential nerve 
agent exposure.

If exposures to carbamate or OP-based chemicals contrib-
uted to the etiology of GWI, the underlying mechanism for 
the long-term symptoms is unclear since there were no reports 
of widespread cholinergic-based symptoms in soldiers that 
would normally be associated with AChE inhibition after 
acute toxic exposures. OPs can affect hundreds of enzymes in 
addition to AChE, as well as neurotransmitter receptors, and 
other proteins10 and they can influence multiple neurobiologi-
cal processes including inflammation,11,12 oxidative stress,13,14 
and autoimmunity.15-17 Likewise, some carbamates (eg, carbo-
furan) can negatively affect multiple protein targets in addition 
to AChE and elicit neurophysiological and neurobehavioral 
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deficits4 as well as oxidative stress, endocrine disruption, and 
immunotoxicity.18 

In both neuronal culture and animal studies in our  
laboratory,19-22 we have identified OP-related axonal transport 
(AXT) deficits as a potential non-cholinesterase mechanism for 
the long-term deleterious neurological effects of OPs. These 
observations may be important given the fundamental nature of 
AXT to neuronal health and its impairment in multiple neuro-
logic and neurodegenerative illnesses, including diseases where 
cognitive impairments are observed. The efficient transport of a 
variety of cargoes (eg, synaptic vesicles, neurofilaments, cyto-
solic proteins) along axons in the anterograde direction, that is, 
from the cell body to synaptic terminals, in the opposite (retro-
grade) direction (eg, signaling endosomes, autophagosomes, 
injury signals, growth factors) and bi-directionally (eg, mito-
chondria, some endosomal populations, lysosomes, mRNAs) is 
essential to neuronal survival and function.23 To date, we have 
not evaluated the effects of carbamates on AXT, however. The 
notion that pyridostigmine would serve as a source of GWI 
symptoms,5 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 sug-
gest that exposure to stress can increase BBB permeability24 and 
accordingly, it has been hypothesized that combat stress may 
have facilitated central penetration of pyridostigmine in Gulf 
War soldiers. However, experimental studies on the central 
effects of combined exposure to stress and pyridostigmine in 
rodents are conflicting with some studies demonstrating 
increases in BBB permeability and inhibition of brain AChE 
activity (associated with pyridostigmine) while others have not 
confirmed this observation.25-27 It is also important to note that 
carbamate-based AChEIs including pyridostigmine, neostig-
mine, and rivastigmine have been used therapeutically for many 
years for conditions including myasthenia gravis and Alzheimer’s 
disease,28 and to our knowledge, GWI-like symptoms have not 
been observed in these patients. Thus, 1 purpose of the experi-
ments described in this report was to evaluate a different carba-
mate, physostigmine (PHY) on AXT using an in vitro live 
imaging assay that we have previously found to be very sensitive 
to OP-related deficits in AXT. PHY is potent AChEI and a 
lipid-soluble tertiary amine that readily crosses the BBB from 
peripheral administration.29,30 These experiments would be 
expected to address the question of whether carbamate-based 
AChE inhibitors impair AXT without encountering the con-
troversies surrounding BBB penetration.

Materials and methods
Chemicals and reagents

Diisopropylfluorophosphate (DFP) and eserine hemisulfate 
(PHY) were purchased from Sigma-Aldrich (St. Louis, MO). 
To maintain stability of DFP, the colorless liquid concentrate 
was stored in a freezer at −70°C. The PHY salt was stored in a 

refrigerator in a desiccator at 4°C. Cell culture reagents were 
purchased from Fisher Scientific (Pittsburgh, PA) unless oth-
erwise stated.

Cell culture

Primary cortical neurons were harvested from pregnant 
Sprague-Dawley rats on gestation day E18 as described  
previously.19,20 Cortices were incubated at 37°C for 15 minutes 
in 0.25% Trypsin (Life Technologies, Carlsbad, CA) in the 
presence of DNase (Sigma #D4513), with gentle agitation 
after every 5 minutes. Tissues first rinsed in HBSS underwent 
trituration with a glass fire-polished pipette in neurobasal 
media (Gibco, Gaithersburg, MD) with 2% B27 and 10% fetal 
bovine serum (FBS) in the presence of DNase. Dissociated 
cells were then spun into a pellet in a centrifuge for 8 minutes 
at 25°C at 200G. The cells were then re-suspended in neuroba-
sal media with 2% B27, 10% FBS, and 100 U/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 with serum-free media comprised 
of neurobasal media with 2% B27, 100 U/mL penicillin-strep-
tomycin and 0.5mM GlutaMAX™ Supplement (l-Alanyl-l-
glutamine) was added to provide a stable source of l-glutamine. 
Media was changed after 4 days and 0.5 μM AraC (cytarabine) 
was added overnight at 3 days in vitro (DIV) to inhibit glial cell 
proliferation and penicillin-streptomycin was 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 at DIV5-6 using the plasmid 
pEGFP-n1-APP (Addgene #69924). Cells were transfected 
using 2 μg cDNA and 2 μL Lipofectamine® 2000 
(ThermoFisher) per coverslip. Cells were treated on DIV5-6 
with drugs (DFP or PHY), or vehicle (ultrapure water) for 
24 hours prior to imaging. Both DFP and PHY solutions were 
made up fresh just before each experiment (ie, dissolved in 
ultrapure water and immediately added to the neuronal cul-
tures to begin the 24 hour incubation period).

Live imaging and analysis

Live imaging experiments were performed as previously 
described.19,20,31 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 to 36 hours after transfection on 
a Zeiss 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 green fluorescent amyloid precursor protein 
(GFP-APP) were identified 63X magnification (1.42 numerical 
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aperture) and axons were identified using morphological criteria 
defined by Kriegstein and Dichter (finest, longest cell processes 
with no spines).32 Videos of individual axons were captured at a 
rate of 1 frame every 2 seconds for 3 minutes (90 frames total) 
using Zen image capture software (Carl Zeiss). Image process-
ing and analysis were conducted using FIJI/ImageJ 1.52b. Prior 
to analysis, we used the bleach correction tool in FIJI/ImageJ to 
help control for the effects of photobleaching; additionally, the 
“straighten curved objects” plugin was used to straighten indi-
vidual axons. Kymographs were generated using the “Kymograph 
Action Tool” plugin and analyzed using the KymoAnlyzer 
plugin toolkit V1.01.33 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 retro-
grade cargos were defined as having moved more than 3 μm 
away from (anterograde) or towards (retrograde) the cell body. 
Reversing cargos were defined as having traveled a total distance 
greater than 3 μm and having changed directions. Cargos were 
considered stationary if they traveled less than 3 μm. Pauses were 
defined as periods where a motile cargo’s speed reduced to ⩽0.15 
μm/s. Density was calculated as the total number of cargos 
(anterograde, retrograde, stationary, and reversing) per micron 
across the entire length of axon.

Measurement of AChE activity

AChE activity was determined by the method of Ellman with 
minor modifications to accommodate 96 well microplate  
format19,20 using purified eel acetylcholinesterase (CAS # 9000-
81-1, Sigma-Aldrich, St. Louis, MO, USA). The reaction mix-
ture was prepared in 1.0 mM sodium phosphate buffer (pH 7.0 ± 
0.05) and contained the following concentrations for each chem-
ical (Sigma-Aldrich, St. Louis, MO): 0.48 mM acetylthiocholine, 
0.070 mM tetraisopropyl pyrophosphoramide (iso-OMPA, a 
butyryl-cholinesterase inhibitor) and 0.52 mM 5,5ʹ-dithiobis(2-
nitrobenzoic acid). Reaction product formation was monitored by 
measuring absorbance values at 412 nm every 2 minutes for 
16 minutes (Mx synergy Microplate Spectrophotometer, BioTek 
Instruments Inc., Winooski, VT, USA). The rate of AChE activ-
ity was then calculated for each individual time point of measure-
ment using the formula (change in absorbance/min)/(1.36 × 
104), before normalization to the intra-experiment vehicle-treated 
control. Velocity was expressed as micromoles of substrate hydro-
lyzed per minute for every milligram of protein. All assays were 
performed at least 2 or 3 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 GraphPad Prism 
Version 8.4.3 (GraphPad Software, San Diego, CA). Analysis 
of variance (ANOVA) was used to compare the concentration-
dependent effects of chemical treatments to vehicle-treated 

controls and the method of Dunnett was used to examine post 
hoc differences when indicated. Statistical significance was 
assessed using an alpha level of 0.05. Values depicted in the 
histogram 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 indi-
cated in the figure legends.

Results
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 (Figure 1A). For imaging, individual GFP-APP 
-labeled membrane bound organelles (MBOs) in axons were 
identified as distinct (green fluorescent) structures with a circu-
lar 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 Figure 1B for 
an example) demonstrate that many MBOs were highly mobile, 
moving in both the anterograde (A) and retrograde (R) direc-
tions, while others remained stationary (S). The arrows in 
Figure 1C 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, –1.1 to 
1.6 µm/sec in the anterograde, and −0.7 to 1.0 µm/sec in 

Figure 1. Methods for testing DFP and PHY 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 = 20 µm, (B) kymograph generated from images 

captured at a rate of 1 frame every 2 s 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), and (C) 

representative frames demonstrating progression of MBOs moving in the 

anterograde and retrograde directions.
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retrograde direction, is similar to that observed in our previously 
published studies using APPDendra2-labeled APP as well as 
GFP-APP labeled MBOs.19,20,31 Moreover, the range of veloci-
ties fits within the range (0.5 to 3.0 µm/sec) that is considered 
“fast AXT.”34

Effects of DFP on AXT velocity

In the current study, we evaluated DFP as a reference com-
pound in concentrations ranging from 0.001 to 10 µM. As 
expected, DFP incubated in neuronal culture for 24 hours, 
depending on the concentration, decreased the velocity of both 
anterograde and retrograde AXT (see Figure 2A and B, respec-
tively) as we have observed in our previously published 
results.19,31 Statistical analysis indicated a significant main 
effect of concentration on anterograde velocity, F(3, 573) = 
9.545, P < .0001; and retrograde velocity, F(3, 288) = 5.248,  
P = .0015. Post hoc analysis indicated that the 0.1 and 1.0 µM 
concentration of DFP significantly (P < .05) decreased anter-
ograde velocity and the 0.1 µM concentration significantly 
decreased retrograde velocity compared to vehicle control. 
Please see Gao et al.19 for a more extensive analysis of addi-
tional effects of DFP on other AXT-related measurements 
such as the percentage of all particles that moved in the antero-
grade or retrograde direction or remained stationary, reversals, 
pauses, etc.

Effects of PHY on AChE activity

As expected, PHY was found to strongly inhibit purified eel 
AChE with an IC50 of 0.02 μM as determined by a modifica-
tion of the Ellman assay (see Figure 3). These data are in agree-
ment with other previously published in vitro studies35,36 where 

IC50 values in the low nM range for AChE inhibition were 
reported. In the subsequent culture experiments (see Results 
below), we evaluated a wide range of concentrations to cover 
levels that were below and well-above above the threshold for 
AChE inhibition.

Effects of PHY on AXT velocity and directional 
movements of MBOs

PHY incubated in neuronal culture for 24 hours across a range 
of concentrations (0.01-100 nM) was not associated with any 
changes in the anterograde velocities of GFP-APP tagged 
MBOs compared to control (Figure 4A), main effect of con-
centration, F(5, 1751) = 1.207, P = .30. Interestingly, the 
highest concentration of PHY was associated with a significant 
increase in the velocity of MBOs moving in the retrograde 

Figure 2. Effects of DFP exposure for 24 h across a range of 3 concentrations on AXT in primary cortical neurons: (A) velocities of APP containing 

membrane bound organelles (MBOs) in the anterograde direction and (B) velocities of APP containing MBOs in the retrograde direction. Bars depict the 

mean ± SEM of all MBOs measured (ie, 54-201 MBOs) per drug concentration obtained from 14 to 21 individual neurons from 2 to 3 independent 

experiments.
##P < .01. ###P < .001 = significant decrease compared vehicle control conditions.

Figure 3. Effects of a range of concentrations of PHY on purified eel 

acetylcholinesterase (AChE) activity in vitro. Each symbol represents the 

mean from 2 to 3 independent experiments and 4 replicates per 

concentration. The IC50 value (concentration causing a half-maximal 

inhibition of the control response) was determined by nonlinear 

regression analysis of the concentration-response curve generated.



Naughton et al 5

direction (Figure 4B) compared to vehicle control, main effect 
of concentration, F(5, 1028) = 3.782, P = .0021 and post hoc 
analysis indicated a significant (P < .05) difference between 
the 100 nM concentration and vehicle control. Another inter-
esting observation was that the 10 nM concentration of PHY 
was associated with an increase in the number of MBOs mov-
ing in the anterograde direction, while in contrast, the 100 nM 
concentration of PHY was associated with a significant 
decrease in the number of MBOs moving in the anterograde 

direction (Figure 4C). Statistical analysis indicated a main 
effect of concentration, F(5, 206) = 6.442, P < .0001, and post 
hoc analysis indicated significant differences (P < .05) between 
the 10 and 100 nM concentrations and vehicle control. The 
analysis of the number of MBOs moving in the retrograde 
direction (Figure 4D) indicated the following, main effect of 
concentration, F(5, 206) = 2.363, P = .04 and post hoc analy-
sis indicated a non-significant trend (P = .06) toward an 
increase associated with lowest PHY concentration (0.01 nM). 

Figure 4. PHY exposure for 24 h across a range of concentrations on AXT in primary cortical neurons: (A) velocities of APP containing membrane bound 

organelles (MBOs) moving in the anterograde direction, (B) velocities of APP containing MBOs moving in the retrograde direction, (C) percentage of all 

MBOs (particles) moving in the anterograde direction, (D) percentage of all MBOs (particles) moving in the retrograde direction, and (E) percentage of all 

MBOs (particles) remaining stationary. ANT = anterograde; RET = retrograde; STAT = stationary. Bars depict the mean ± SEM of all MBOs measured (ie, 

140-380 MBOs) per drug concentration obtained from 12 to 20 individual neurons from 3 to 4 independent experiments.
*P < .05. ***P < .001 = significant increase from vehicle control; #P < .05 = significant decrease from vehicle control.
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The analysis of the number of stationary MBOs (Figure 4E) 
indicated the following, main effect of concentration, F(5, 206) 
= 9.080, P < .0001. Post hoc analysis indicated that the 
100 nM concentration of PHY was associated with a signifi-
cant increase in the number of stationary MBOs.

Effects of PHY on additional AXT-related 
movements of MBOs

Table 1 provides a summary of the effects of PHY on several 
additional AXT-related measurements including the density of 
cargos, the percentage of particles that reversed direction, the 
pause frequency, and pause duration. The following observa-
tions were made: when compared to vehicle control, 1) 3 con-
centrations of PHY (0.01, 0.10, and 1.0 nM) were associated 
with a significant (P < .05) decrease in the number of MBOs/
mm, 2) 1 concentration of PHY (0.10 nM) was associated with 
a significant decrease in the percentages of particles that 
reversed direction, 3) the highest concentration of PHY 
(100 nM) significantly increased the number of pauses, and 4) 
with the exception of the highest concentration of PHY, all 
other concentrations slightly (but significantly) decreased the 
pause duration.

Discussion
The results of these experiments can be summarized as follows: 
(1) as expected, depending on concentration, DFP significantly 
impaired both anterograde and retrograde AXT of APP-
labeled MBOs in rat primary cortical neurons as we have 
observed previously, (2) also as expected, the carbamate PHY 
was a potent inhibitor of AChE in vitro, (3) PHY did not sig-
nificantly affect anterograde AXT across a wide range of con-
centrations including a concentration (100 nM) that was 
associated with near maximal (asymptotic) levels of AChE 
inhibition. The 100 nM concentration of PHY was, however, 
associated with some ostensibly negative effects including a 

decrease in the percentage of MBOs moving in the antero-
grade direction, an increase in the % of stationary particles, and 
an increase in the number of pauses.

There were other interesting observations regarding the 
effects of PHY that might be interpreted as positive or nega-
tive. For example, the 10 nM concentration of PHY was associ-
ated with an increase in the percentages of MBOs moving in 
the anterograde direction, the 0.1 nM concentration was asso-
ciated with a decrease in the percentage of MBOs that reversed 
directions, and, with the exception of the highest concentration 
of PHY (100 nM), all of the concentrations of PHY were asso-
ciated with a decrease in the pause duration. The observation 
that the highest concentration of PHY was associated with an 
increase in the velocity of MBOs moving in the retrograde 
direction is difficult to interpret since it decreased the % of 
MBOs moving in the anterograde direction, increased the % of 
stationary particles and the number of pauses. Finally, the 
observation that concentrations of PHY ranging from 0.01 to 
1.0 nM decreased the density of APP particles (MBOs/mm) 
while the highest concentration (100 nM) increased particle 
density is also perplexing.

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 pyri-
dostigmine, PHY is considered safe as a therapeutic agent 
when used at the appropriate doses and it is currently pre-
scribed for the treatment of glaucoma and anticholinergic tox-
icity such as that occasionally encountered after accidental 
overdoses with antihistamines, atypical antipsychotics, and tri-
cyclic antidepressants.28,37 The most common acute side effects 
of PHY are associated with cholinergic overstimulation.38,39 In 
fact, the mechanism of the acute toxicity of carbamates like 
PHY is similar to that of OPs (AChE inhibition), and the 

Table 1. Additional axonal transport-related measurements.

COMPOUND CONCENTRATION APP PARTIClES REVERSAlS PAUSE FREqUENCY PAUSE DURATION

NM # OF MBOS/MM % OF All PARTIClES #PAUSES/MIN S

PHY 0.0 0.24 ± 0.02 7.64 ± 1.21 0.95 ± 0.05 45.34 ± 1.58

 0.01 0.15 ± 0.01# 6.12 ± 1.15 0.82 ± 0.08 35.33 ± 1.94#

 0.10 0.17 ± 0.01# 3.39 ± 0.61# 0.79 ± 0.05 39.45 ± 1.65#

 1.0 0.18 ± 0.01# 7.14 ± 1.56 0.79 ± 0.06 38.37 ± 1.79#

 10.0 0.19 ± 0.01 6.11 ± 1.07 0.77 ± 0.06 33.62 ± 1.73#

 100.0 0.31 ± 0.02* 5.03 ± 1.06 1.20 ± 0.07* 50.77 ± 2.06

Each value represents the mean ± s.e.m obtained from 12 to 20 individual neurons from 3 to 4 separate experiments and 4 to 5 replicates/concentration.
*Significantly (P < .05) higher than vehicle control (0.0 concentration).
#Significantly (P < .05) lower than vehicle control (0.0 concentration) conditions.
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symptoms of acute carbamate poisoning are indistinguishable 
from OP toxicity, and include miosis, urination, diarrhea, sali-
vation, muscle fasciculation, bradycardia, and CNS effects. 
However, AChE inhibition induced 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.10 
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 PHY 
that clearly impaired AChE activity did not impair antero-
grade 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.19,20 These previ-
ous observations along with the current observations with 
PHY further bolster the argument that AXT effects (of potent 
AChE inhibitors) and impairments of AChE activity can be 
distinguished.

In conclusion, the results of these in vitro studies indicate 
that the carbamate PHY does not impair anterograde or retro-
grade AXT across a range of concentrations. These data sug-
gest that the long-term neurological deficits that have been 
attributed to carbamate-based AChEIs are not likely due to 
acute impairments of AXT. However, it is important to note, 
that while we have previously shown that the OPs, chlorpyrifos 
and DFP (in addition to their negative effects in vitro) also 
impair AXT in vivo in rats,21,22 we have not yet evaluated the 
effects of PHY on AXT in vivo. These experiments may be 
necessary in order for us to make more conclusive statements 
about PHY and AXT.
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