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ABSTRACT
Organophosphate (OP)-based pesticides have been used ex-
tensively for decades, and as a result, they have become al-
most ubiquitous in our environment. There is clinical and animal
evidence to suggest that chronic exposures to OPs can lead to
cognitive dysfunction and other neurological abnormalities, al-
though the mechanism for these effects is unknown. We pre-
viously reported that repeated, subthreshold exposures (de-
fined as doses not associated with signs of acute toxicity) to the
commonly used OP chlorpyrifos (CPF) resulted in protracted
impairments in the performance of attention and memory-re-
lated tasks in rodents as well as deficits in axonal transport ex
vivo (in the sciatic nerve). Here, we investigated the effects of
CPF and its active metabolite CPF oxon (CPO) on the dynamics
and movement of mitochondria in rat primary cortical neurons
using time-lapse imaging techniques. Exposure to CPF (1.0–

20.0 �M) or CPO (5.0 nM–20.0 �M) for 1 or 24 h resulted in a
concentration-dependent increase in mitochondrial length, a
decrease in mitochondrial number (indicative of increased fu-
sion events), and a decrease in their movement in axons. The
changes occurred at concentrations of CPF and CPO that did
not inhibit acetylcholinesterase activity (the commonly cited
mechanism of acute OP toxicity), and they were not blocked by
cholinergic receptor antagonists. Furthermore, the changes did
not seem to be associated with direct (OP-related) effects on
mitochondrial viability or function (i.e., mitochondrial membrane
potential or ATP production). The results suggest that an un-
derlying mechanism of organophosphate-based deficits in cog-
nitive function might involve alterations in mitochondrial dy-
namics and/or their transport in axons.

Introduction
The highly toxic organophosphate (OP) class of chemicals

comprises many of the agricultural, industrial, and residen-
tial insecticides that are used worldwide. The acute toxicity
of OPs has been studied extensively and is believed to result
from irreversible inhibition of the enzyme acetylcholinest-
erase and consequent elevations in synaptic acetylcholine
levels (reviewed in Ecobichon, 1996). However, there is sub-
stantial evidence that this mechanism cannot alone account
for the wide range of deleterious effects associated with OPs
(Pope, 1999), especially when the exposure level is sub-
threshold for producing acute toxicity. There is clinical evi-
dence that this type of exposure can result in prolonged
deficits in attention and other domains of cognition (Brown

and Brix, 1998; Ray and Richards, 2001), although few pro-
spective studies have addressed this subject.

Several (primarily indirect) observations in older studies
suggested that OPs might interfere with axonal transport
and, as a result, produce toxic effects that were unrelated to
direct effects on acetylcholinesterase. For example, it was
observed that OPs that produce delayed neurotoxicity (at
high doses) cause accumulations of tubulovesicular profiles
within axons before degeneration, a pathology that is consis-
tent with the stagnation of membrane traffic (Abou-Donia
and Lapadula, 1990). More recently, we provided direct evi-
dence that repeated subthreshold exposures to OPs can lead
to deficits in axonal transport. In particular, both antero-
grade and retrograde transport of vesicles in the sciatic
nerves (ex vivo) of rats was significantly reduced after a
14-day exposure period to the commonly used OP, chlorpyr-
ifos (O,O-diethyl O-[3,5,6,-trichloro-2-pyridyl] phosphoro-
thionate) (CPF), and these deficits persisted throughout a
14-day washout period (Terry et al., 2003). Later, time course
studies indicated that a significant reduction in axonal trans-
port occurred within 10 h of a single exposure of 18 mg/kg s.c.
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CPF (Terry et al., 2007). In vitro studies in our laboratories
(and our collaborator’s laboratories) also indicated that OPs
can disrupt kinesin-driven movement, covalently modify tu-
bulin, and inhibit microtubule formation, i.e., factors that
may contribute to the observed impairments in axonal trans-
port (Gearhart et al., 2007; Prendergast et al., 2007; Grigo-
ryan et al., 2008).

In this study, we tested the hypothesis that OP-related
disruptions in axonal transport could affect the movement of
an essential cargo, the mitochondrion. It is noteworthy that a
mutually dependent relationship seems to exist between mi-
tochondrial dynamics (e.g., placement, morphology, and func-
tion) and axonal transport. Specifically, axonal transport re-
quires intact motor proteins moving along cytoskeletal
networks (i.e., ATP-dependent processes) that depend on
proper mitochondrial placement. Without the appropriate
placement of mitochondria, ATP availability and buffering of
intracellular Ca2� is compromised, resulting in the impair-
ment of a variety of processes (including axonal transport),
which can result in catastrophic effects on neuronal function
(Chang and Reynolds, 2006). Given the relatively recent de-
velopment of fluorescent markers for imaging mitochondria
(e.g., MitoTracker) in neuronal culture and the importance of
cortical neurons to cognitive function, we chose to use cul-
tured primary cortical neurons as a model system for study-
ing CPF-related effects on mitochondrial dynamics and their
transport in axons.

Materials and Methods
Cell Culture. Instructions for culturing neurons were obtained

from (Poindron et al., 2005) with modifications. In brief, the cortex
from postnatal day 0 Sprague-Dawley pups was removed, placed in
dissecting medium � trypsin (500 ml of Hanks’ balanced salt solu-
tion, 2.5 g of glucose, 2.4 g of HEPES, 3.5 g of sucrose, pH 7.3–7.4),
sterile-filtered, stored at 4°C, and incubated at 37°C in a water bath
with gentle shaking for 25 min. The reaction was halted by adding 5
ml of culture medium with serum [500 ml of RPMI 1640 medium, 25
ml of fetal bovine serum, 50 ml of horse serum (heat-inactivated),
1.25 ml of 100 U/ml penicillin, and 100 �g/ml streptomycin]. The
tissue was centrifuged for 5 min at 1000g, and the supernatant was
removed and replaced with 1 ml of culture medium with serum.
Mechanical dissociation was performed, and the dissociated neurons
were filtered (BD Falcon 352340; BD Biosciences, Franklin Lakes,
NJ) into a sterile tube and centrifuged for 5 min at 1000g. The
neuronal pellet was resuspended in 1 ml of serum culture medium,
and the cells were counted and added to poly-L-lysine-coated plates
at the desired concentration. After a 1-h incubation at 37°C, 5% CO2,
the serum medium was removed and replaced with serum free me-
dium (500 ml of neurobasal media, 2% B27 supplement (Invitrogen,
Carlsbad, CA), 300 �l of 100 U/ml penicillin, 100 �g/ml streptomycin,
75 �l of L-glutamine), sterile-filtered, and stored at 4°C.

Drugs and Chemicals. CPF and CPO were obtained from Chem-
Service (PS-674, MET-674B; West Chester, PA). CPF was dissolved
in 0.5% dimethyl sulfoxide and used immediately. CPO was dis-
solved in methanol (80 mM) and stored at �80°C until needed. The
final concentrations of dimethyl sulfoxide and methanol that were
used in the cell cultures (for vehicle and OP exposures) were 0.01%.
Atropine (A0257; Invitrogen) and mecamylamine (M9020; Sigma-
Aldrich, St. Louis, MO) were dissolved in water for immediate use.

Measurement of Mitochondrial Axonal Transport and Mor-
phology. Neurons were grown on eight-well 1.5 borosilicate glass
bottom chamber slides (155409; Nalge Nunc International, Roches-
ter, NY). CPF (0, 1, 5, 10, 20 �M) or CPO (0, 0.005, 1, 5, 10, 20 �M)
was added to the medium for 1 or 24 h. After the desired exposure

period, the neurons were fluorescently tagged with 50 nM Mito-
Tracker CMXRos (Invitrogen) and placed in phenol red-free neuro-
basal media. The chamber slides were placed on the confocal micro-
scope (Deltavision, Deconvolution Olympus IX71; Olympus, Bothell,
WA) in a Precision Control Weather Station (37°C, 5% CO2) for 5 min
to equilibrate before imaging. Images of axonal mitochondria were
captured every second for 8 s or for 5 min using a 60�, 1.42 numer-
ical aperture objective (SoftWoRx; Applied Precision, Issaquah, WA).
The images were compressed into audio video interleaved (AVI)
animation files using NIH ImageJ (http://rsb.info.nih.gov/ij/). Mito-
chondrial length and number were measured within the axon (�100
�m from the cell body) from the first still frame, and the number of
moving mitochondria were counted over five sequential frames using
the Image J LSM reader. The specific criteria for mitochondrial
movement was based on previously published literature and on our
own observations (Ligon and Steward, 2000; Kaasik et al., 2007). The
working definition (i.e., criteria) for mitochondrial movement was as
follows: 1) mitochondrion must move in the same direction for a
minimum of three of five total frames observed, and 2) mitochondrial
leading and trailing edges must move in the same direction. The
results were expressed as the mean number of mitochondria per
micrometer, the mean mitochondrial length within the region of
interest, and the mean number of mitochondria moving per micro-
meter (each factor was expressed as a percentage of vehicle control
levels).

AChE Inhibition Assays. Neurons were grown on clear 96-well
plates (Nalge Nunc or Thermo Fisher Scientific, Waltham, MA) and
treated with CPF or CPO (�1 and �0.005 �M, respectively) for 24 h.
AChE inhibition was determined as described previously (Prender-
gast et al., 2007). In brief, 5,5-dithio-bis(2-nitrobenzoic acid) and
acetylthiocholine iodide were added to the wells and allowed to
equilibrate for 1 min. Plates were then loaded into the Beckman
Coulter DTX 880 multimodal detector (Beckman Coulter, Fuller-
ton, CA), and absorbance at 412 nm was measured every 2 min for
16 min. The rate of AChE activity was then calculated for each
time point of measurement using the formula (� absorbance/min)/
(1.36 � 104).

Mecamylamine and Atropine Coincubation Experiments.
The method described above for assessing mitochondrial axonal
transport, length, and number was also used to determine the effects
of coincubation of CPF or CPO with the nicotinic antagonist mecam-
lyamine or the muscarinic antagonist atropine. Specifically, cortical
neurons were coincubated with 1.0, 3.0, or 10 �M mecamylamine or
1.0, 10.0, or 50.0 �M atropine with 1.0 �M CPF or 0.005 �M CPO for
24 h.

Effects of CPF and CPO on Mitochondrial Membrane Po-
tential, ATP Synthesis, and Superoxide Production. Neurons
were grown on 96-well plates (Nalge Nunc International and Thermo
Fisher Scientific) and 50-mm glass coverslips (Fisher 22050238) and
treated with 0 to 500 �M CPF or CPO for 24 h. The medium
containing vehicle, CPF or CPO, was removed, and the neurons were
incubated with the DePsipher (Trevigen, Gaithersburg, MD) reagent
to determine whether mitochondrial membrane potential (��m) was
altered by the OPs. The neurons were imaged using the Leica SP2-
scanning confocal microscope and imaged using a 63�, 1.4 numerical
aperture objective. A 485-nm excitation filter and 535- and 590-nm
emission filters were used to measure green and red fluorescence.
Quantification was performed using the photon-counting multimode
plate reader (Mithras LB940; Berthold Technologies GmbH, Wild-
bad, Germany) (for more details, see Hollins et al., 2009). The ratio
of green to red fluorescence was assessed, and OP-related effects
were expressed as a percentage of the control ratios. To determine
whether OP-related changes in superoxide production were present,
MitoSOX Red (Invitrogen) kits were used to according to the manu-
facturer’s instructions. MitoSox-derived fluorescence was measured
using the plate reader described above at 515 nm/590 nm (excitation/
emission) and expressed as a percentage of control. To determine
whether changes in ATP production were associated with exposure
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to the OPs, a bioluminescent somatic cell assay kit (FLASC; Invit-
rogen) was used according to the manufacturer’s instructions. ATP
production was determined using the microplate fluorescence reader
(FLx800 and KC Junior software; BioTek Instruments, Inc., Win-
ooski, VT) and expressed a percentage of control. In these later
experiments, valinomycin, a potassium ionophore known to deplete
ATP levels at micromolar concentrations, and antimycin A, a mito-
chondrial respiratory chain complex III inhibitor known to elevate
superoxide levels, were used as positive controls.

Statistics. Comparisons between treatments were made using
analysis of variance followed by the Student-Newman-Keuls method
for post hoc analysis (SigmaStat 2.03; SPSS Inc., Chicago, IL) when
appropriate. Statistical significance was assessed using an � level of
0.05. Data are shown as the mean 	 S.E.M. p values reflect differ-
ences between treatments unless stated otherwise.

Results
CPF Disrupts Mitochondrial Axonal Transport and
Morphology

Representative images of cortical neurons exposed to vehi-
cle or 1.0 �M CPF for 24 h are provided in Fig. 1,A and B,
respectively. The images show a significant CPF-related in-
crease in the number of elongated mitochondria. Represen-
tative time lapse images of single axons exposed to vehicle or
CPF 1.0 �M are provided in Supplemental Movie Files 1 and

2, respectively. In the live cell-imaging movies, a clear (CPF-
related) decrease in the movement of mitochondria is ob-
served relative to control levels. Quantitative analysis re-
vealed that, after 24 h of exposure to CPF, there was a
significant (p 
 0.05) decrease in mitochondrial axonal trans-
port associated with all of the doses (1.0–20 �M) that were
evaluated (i.e., down to 40–50% control levels; Fig. 1C). The
reduction in transport was accompanied by a dose-dependent
increase in mitochondrial length (up to �170% control) and
decrease in mitochondrial number (down to �60% control;
see Fig. 1, D and E, respectively), suggestive of an increase in
mitochondrial fusion versus fission events. Subsequent ex-
periments were conducted to determine whether the deficits
in transport and changes in morphology occurred more
acutely (1 h). At this time point (see Fig. 1, F, G, and H), more
robust changes in axonal transport (decreases down to �30%
control) and mitochondrial dynamics (i.e., increases in mito-
chondrial length up to �250% control and decreases in mi-
tochondrial number down to �45% control) were observed. It
is also important to note that at both the 1- and 24-h time
point, the changes in mitochondrial length seemed to be more
robust than the decreases in mitochondrial number, suggest-
ing that mitochondrial elongation may begin before the in-
duction of mitochondrial fusion.

Fig. 1. CPF disrupts mitochondrial trans-
port and alters mitochondrial dynamics
in cortical neurons. Representative im-
ages of cultures exposed to vehicle or 1.0
�M CPF for 24 h are provided in A and B,
respectively. Scale bar, 100 �m. CPF ex-
posure for 24 h was associated with a
dose-dependent decrease in axonal trans-
port (mean number of mitochondria mov-
ing per micrometer) (C), an increase in
mitochondrial length (mean mitochon-
drial length within the region of interest)
(D), a decrease in mitochondrial number
(mean number of mitochondria per micro-
meter) (E). CPF exposure for 1 h was also
associated with a dose-dependent de-
crease in mitochondrial movement (F), an
increase in mitochondrial length (G), and
a decrease in mitochondrial number (H).
Data are expressed as the percentage of
control 	 S.E.M. �, significantly different
(p 
 0.05) from control.
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CPF Metabolite CPO Disrupts Mitochondrial Axonal
Transport and Morphology

It has been suggested that the majority of CPF activity (as
a cholinesterase inhibitor-based insecticide) is expressed via
its conversion to CPO; therefore, it was important to deter-
mine whether changes in mitochondrial dynamics and trans-
port occurred in the presence of CPO. Representative images
of cortical neurons exposed to vehicle or 0.005 �M CPO for
24 h are provided in Fig. 2, A and B, respectively. The images
(similar to the case of CPF) show a significant CPO-related
increase in the number of elongated mitochondria. Represen-
tative time lapse images of single axons exposed to vehicle or
0.005 �M CPF are provided in Supplemental Movie Files 3
and 4, respectively. In the live cell-imaging movies, a clear
(CPO-related) decrease in the movement of mitochondria was
observed relative to control levels. Quantitative analysis re-
vealed that 24 h of exposure to CPO (similar to CPF) resulted
in a decrease in mitochondrial axonal transport (by as much
as �40%; Fig. 2C). Figure 2D shows an increase in mitochon-
drial length (up to �200% control); however, the decreases in
mitochondrial number (Fig. 2E) were less pronounced (com-
pared with CPF), with a maximal decrease of approximately
20% (dose effect, p 
 0.054). At the 1-h time point, there were
also significant deficits in axonal transport (down to �40%

control; Fig. 2F) and an increase in mitochondrial length (up
to 225% control; Fig. 2G). The CPO-related decrease in mi-
tochondrial number observed at the 1-h time point (down to
�65% control; see Fig. 2H) was greater than that observed at
the 24-h time point.

CPF/CPO-Related Inhibition of AChE Is Not Necessarily
Responsible for the Deficits in Axonal Transport and
Changes in Mitochondrial Dynamics

Subsequent experiments were conducted to determine
whether the OP-related effects on mitochondrial length, num-
ber, and axonal transport required the inhibition of AChE.
After 24 h of exposure to CPF, inhibition of AChE was observed
at the 5.0, 10.0, and 20.0 �M concentration (Fig. 3A). However,
there was no significant (p � 0.899) inhibition of AChE at 1.0
�M CPF (a concentration that did result in significant deficits
in axonal transport and changes in mitochondrial dynamics, see
above). As expected, 24-h exposure to CPO resulted in a more
pronounced AChE inhibition from 0.01 to 20 �M; however, no
AChE inhibition was detected after exposure to 0.005 �M CPO
(Fig. 3B), again, a concentration that did result in significant
deficits in axonal transport and changes in mitochondrial
dynamics.

Fig. 2. CPO disrupts mitochondrial
transport and alters mitochondrial dy-
namics in cortical neurons. Representa-
tive images of cultures exposed to vehicle
or 0.005 �M CPO for 24 h are provided in
A and B, respectively. Scale bar, 100 �m.
CPO exposure of 24 h was associated with
a decrease in axonal transport (mean
number of mitochondria moving per mi-
crometer) (C), an increase in mitochon-
drial length (mean mitochondrial length
within the region of interest) (D), and a
nearly significant (dose effect p 
 0.054)
decrease in mitochondrial number (mean
number of mitochondria per micrometer)
(E). CPO exposure for 1 h was also asso-
ciated with a decrease in mitochondrial
movement (F), an increase in mitochon-
drial length (G); and a decrease in mito-
chondrial number (H). Data are pre-
sented as the percentage of control 	
S.E.M. �, significantly different (p 
 0.05)
from control; $, p 
 0.09.
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CPF/CPO-Related Alterations in Mitochondrial Dynamics
and Axonal Transport Are Not Necessarily Dependent on
Direct or Indirect Actions at Cholinergic Receptors

Although the experiments described above indicated that the
effects of CPF and CPO on mitochondria did not depend on the
inhibition of AChE, a second (complimentary) set of experi-
ments was conducted to determine whether elevated synaptic
acetylcholine at its receptors (related to CPF or CPO exposure)
or direct effects of the OPs at cholinergic receptors might con-
tribute to the mitochondrial changes. In this series of experi-
ments, mecamylamine and atropine (nicotinic and muscarinic
acetylcholine receptor antagonists, respectively) were coincu-
bated with CPF and CPO, and the effects on axonal transport
and mitochondrial dynamics were assessed. The concentrations
of mecamylamine and atropine were based on previously pub-
lished neuronal culture studies (Heppner and Fiekers, 1992;
Slotkin et al., 2007; Ueda et al., 2008).

Mecamylamine. Three concentrations of mecamylamine (1.0,
3.0, or 10.0 �M) were evaluated separately and coincubated with
1.0 �M CPF or 0.005 �M CPO for 24 h. As indicated in Fig. 4, the
axonal transport deficits (Fig. 4, A and D) and increased mitochon-
drial length (Fig. 4, B and E) induced by CPF and CPO, respec-
tively, persisted in the presence of mecamylamine. The nonsignif-
icant decreases in mitochondrial number associated with CPF
(Fig. 4C) also were not antagonized, whereas the effects on the

CPO-related response (Fig. 4F) were less clear. Mecamylamine
alone was not associated with significant effects on mitochondrial
transport or length (see Fig. 4, A and B, right; however, it was
associated with significant increases in number (see Fig. 4C,
right).

Atropine. Three concentrations of atropine (1.0, 10.0, or
50.0 �M) were evaluated in the next set of experiments and
coincubated with 1.0 �M CPF or 0.005 �M CPO for 24 h. As
indicated in Fig. 5, the axonal transport deficits (Fig. 5, A and
D) and increased mitochondrial length (Fig. 5, B and E) induced
by CPF and CPO, respectively, also persisted in the presence of
atropine. The nonsignificant decreases in mitochondrial num-
ber associated with CPF and CPO (Fig. 5, C and F, respectively)
were also not antagonized by atropine; in fact, they were in-
creased further. Atropine alone was not associated with signif-
icant effects on mitochondrial movement (Fig. 5A); however, it
was associated with a decrease in the length and an increase in
the number of mitochondria (Fig. 5, B and C).

CPF/CPO-Related Alterations in Mitochondrial Dynamics
and Axonal Transport Do Not Seem to Be Associated
with Direct (OP-Related) Effects on Mitochondrial
Viability, Function, or Superoxide Formation

Mitochondrial Membrane Potential. OP-related effects
on ��m were assessed via the DePsipher kit, which uses a

Fig. 3. Concentration-dependent effects
of CPF/CPO on AChE activity. Cortical
neurons were exposed to various concen-
trations of CPF and CPO for 24 h. The
results indicate a concentration-depen-
dent decrease in AChE activity after ex-
posure to 5 to 20 �M CPF (A) and 0.01 to
20 �M CPO. B, at concentrations of 1.0
�M CPF or 0.005 �M CPO (i.e., concen-
trations associated with alterations in ax-
onal transport and altered mitochondrial
dynamics), no AChE inhibition was de-
tected. Data are presented as mean AChE
inhibition (% control) 	 S.E.M. �, signifi-
cantly different (p 
 0.05) from control.

Fig. 4. The nicotinic acetylcholine receptor
antagonist mecamylamine does not block
the effects of CPF or CPO on mitochondrial
transport or dynamics. Various concentra-
tions of mecamylamine were coincubated
with 1.0 �M CPF or 0.005 �M CPO for
24 h. The results show that the axonal
transport deficits (A and D) and increased
mitochondrial length (B and E) induced by
CPF and CPO, respectively, persisted in
the presence of mecamylamine. The non-
significant decreases in mitochondrial
number associated with CPF (C) were also
not antagonized, whereas the effects on the
CPO-related effect on mitochondrial num-
ber (F) were less clear. Mecamylamine
alone was not associated with significant
effects on mitochondrial transport or length
(A and B, right); however, it was associated
with significant increases in number (C,
right). Data are presented as mean (% con-
trol) 	 S.E.M. �, significantly different (p 

0.05) from control; �, p 
 0.09 versus
control.
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unique lipophilic cationic dye to indicate loss of mitochon-
drial membrane potential. The dye readily enters neuronal
cells and exists as a monomer in the cytoplasm (emission
peak 527 nm; green). However, in the presence of healthy
mitochondria (with an intact ��m), the dye accumulates and
aggregates (emission peak 590 nm; red). In apoptotic cells,
the mitochondrial membrane potential collapses, and the
DePsipher reagent cannot accumulate within the mitochon-
dria. In these cells, DePsipher remains in the cytoplasm as a
green fluorescent monomeric form. Apoptotic cells, showing
primarily green fluorescence, are easily differentiated from
healthy cells, which also show red fluorescence. In the cur-
rent study, the ratio of green to red fluorescence was as-
sessed, and OP-related effects were expressed as a percent-
age of the control ratios. Representative images after 24-h
exposure to vehicle, 20 or 500 �M CPF (Fig. 6, A–C, respec-
tively) and 20 or 500 �M CPO (Fig. 6, D, E, and F, respec-
tively), are provided. Dose-effect relationships for CPF and
CPO are presented in Fig. 6, G and H, respectively. After
24-h exposure to 1 to 20 �M CPF/CPO (concentrations rele-
vant to the deficits in axonal transport and changes in mito-
chondria dynamics described above), there was no evidence of
a significant change in ��m. As expected, significant com-
promise of ��m was observed at concentrations of the OPs
(500 �M) that are known to be cytotoxic (p � 0.003 and p �
0.002 for CPF and CPO, respectively).

ATP Synthesis. Given the importance of ATP synthesis
for motor protein-dependent axonal transport and general
neuronal function, ATP production was also assessed after
24-h exposure to 1 to 20 �M CPF and CPO via a biolumines-
cent somatic cell assay kit (FLASC; Invitrogen). The results
indicate that there was no significant reduction in ATP pro-
duction after exposure to the parent compound (CPF) or
active metabolite (CPO) (p � 0.116–0.291 and p � 0.203,
respectively) (Fig. 7, A and B). ATP production was signifi-
cantly impaired (p 
 0.05 vs. vehicle), however, by positive
control compound, valinomycin (5 �M).

Superoxide Production. Lipid peroxidation (related to
elevated superoxide levels) has been observed after exposure

to high levels of CPF; therefore, we investigated whether
there were elevated levels of mitochondrial superoxide after
exposure to 1 to 20 �M CPF and CPO using MitoSOX Red
kits. The results, shown in Fig. 7, C and D, indicate no
significant increase in superoxide production after 24-h ex-
posure to CPF or the active metabolite CPO compared with
vehicle controls (p � 0.130 and 0.236, respectively). However,
superoxide levels were significantly increased by the higher
concentration of positive control compound antimycin A
(50 �M).

Discussion
The initial goal of the experiments described in this report

was to determine whether the impairments of axonal trans-
port that we had observed previously in the peripheral
nerves of rats exposed to CPF would be observed in CNS
neurons. We chose to analyze mitochondrial movement in
cultured neurons for these experiments for several reasons:
1) mitochondria are easy to identify, especially with the
availability of novel fluorescent markers such as Mito-
Tracker; 2) they, like other organelles and vesicles, move
along microtubules via motors of the kinesin family and
cytoplasmic dynein; 3) their transport is known to be modu-
lated in response to physiological signals; and 4) they are of
fundamental importance to normal neuronal functions, in-
cluding aerobic metabolism, calcium homeostasis, and apo-
ptotic processes (see Hollenbeck and Saxton, 2005 for re-
view). During these experiments, our first (surprising)
observation was the distinct alterations in morphology (i.e.,
elongations) of the mitochondria in neurons exposed to CPF
and CPO (discussed further below). Nevertheless, we were
able (using the defined criteria for mitochondrial movement
described under Materials and Methods) to clearly detect
decreases in mitochondrial movement in the OP-treated ver-
sus vehicle-treated neurons (i.e., decreases to approximately
40 and 60% control for CPF and CPO, respectively, at the
lowest concentrations that were evaluated). The mechanism
for these effects on mitochondrial movement are unclear but

Fig. 5. The muscarinic acetylcholine recep-
tor antagonist atropine does not block the
effects of CPF or CPO on mitochondrial
transport or dynamics. Various concentra-
tions of atropine were coincubated with 1.0
�M CPF or 0.005 �M CPO for 24 h. The
results show that the axonal transport def-
icits (A and D) and increased mitochondrial
length (B and E) induced by CPF and CPO,
respectively, persisted (and increased even
further) in the presence of atropine. The
nonsignificant decreases in mitochondrial
number associated with CPF and CPO (C
and F, respectively) were also not antago-
nized by atropine. Atropine alone was not
associated with significant effects on mito-
chondrial transport (A, right); however, it
was associated with significant decreases
in length and increases in number (B and
C, right). Data are presented as mean (%
control) 	 S.E.M. �, significantly different
(p 
 0.05) from control.
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may be related to the same factors that affect the movement
of vesicles. Previous work by us (and our collaborators) sug-
gested that alterations in axonal transport of vesicles after
OP exposure might be the result of covalent modifications of
specific tyrosine residues located near GTP binding sites or
within regions of protofilament-protofilament interactions,
thus inhibiting microtubule formation (Prendergast et al.,
2007; Grigoryan et al., 2008). In addition, coincubation of
kinesin (anterograde motor protein) with CPF and CPO was
shown to disrupt kinesin-dependent transportation along mi-
crotubules (Gearhart et al., 2007). The effects of OPs on
dyneins/dynactin (retrograde motor proteins) have not been
investigated to date; however, it is well documented that
disruptions of kinesins or dyneins/dynactin can impair bidi-
rectional transport (Martin et al., 1999).

The changes in mitochondrial transport noted above may
also be related to the altered mitochondrial morphology (i.e.,
elongation) associated with CPF and CPO. As indicated un-
der Results, in neurons exposed to either CPF or CPO, we
observed a relatively dramatic (concentration-dependent) in-
crease in mitochondrial length (e.g., as high as 350% of con-

trol in CPO-treated neurons) and a decrease in mitochondrial
number. The mechanism of these distinct morphological
changes is unclear but could involve OP-related effects on
key fusion and/or fission proteins such as mfn2/opa1 or drp1.
It is interesting to note that the fusion protein mfn2 has been
shown to interact with Miro (an essential member of the
complex that links mitochondria to kinesin motor proteins) to
assist with bidirectional axonal transport of mitochondria
(Russo et al., 2009). More recently, Misko et al. (2010) deter-
mined that disruption of mfn2 can selectively alter mitochon-
drial transport/distribution (a suggested mechanism of pe-
ripheral axon degeneration in Charcot-Marie-Tooth disease,
Cartoni and Martinou, 2009). Further studies will be neces-
sary to determine whether CPF and/or CPO have direct
effects on these crucial fusion/fission proteins or, conversely,
whether OP-related axonal transport deficits actually pro-
mote mitochondrial fusion in some manner.

It is noteworthy that deficits in axonal transport (particu-
larly of mitochondria) have been implicated in several neu-
rodegenerative illnesses, including Alzheimer’s disease, Par-
kinson’s disease, Huntington’s disease, and peripheral
neuropathies (Pigino et al., 2003; Trushina et al., 2004;
Chang and Reynolds, 2006; Misko et al., 2010). From a patho-
physiological standpoint, it is important to note that axonal
transport deficits and a decreased ability of mitochondria to
meet the spatial and local transient demands of the cell can
compromise neuronal function and promote programmed cell
death (Chang and Reynolds, 2006; Chen and Chan, 2006;
Iijima-Ando et al., 2009). Although no causal connections can
be made at this time, it also is interesting to note (given the
results of our experiments) that occupational exposures to
OP-pesticides have recently been associated with an in-
creased risk for developing Alzheimer’s disease (Hayden et
al., 2010).

Subsequent to the evaluations of the CPF and CPO-related
effects on mitochondrial transport and morphology, a series of
experiments were conducted to determine whether the OP-
related effects required the inhibition of AChE and/or if they
might be related to indirect or direct effects of the OPs at
cholinergic receptors. Direct effects of CPF/CPO at both musca-
rinic and nicotinic receptors have been described previously
(Huff et al., 1994; Katz et al., 1997). From these experiments,
we concluded that the mitochondrial changes occurred at con-
centrations of CPF and CPO that did not inhibit acetylcholin-
esterase activity (i.e., 1.0 �M and 5.0 nM, respectively) and,
further, that they were not blocked by either a nicotinic or
muscarinic receptor antagonist. It is important to note that both
the nicotinic antagonist mecamylamine and the muscarinic an-
tagonist atropine (when administered alone) increased the
number of mitochondria above control levels, indicating that
cholinergic receptor antagonism might promote the process of
fission in some manner.

Additional experiments were conducted to determine
whether the OPs might have direct effects on mitochondrial
viability or function as would be suggested by alterations in
��m or ATP production. The results indicated that ��m and
ATP production in CPF- and CPO-treated neurons were not
altered significantly at physiologically relevant concentra-
tions, (i.e., for subthreshold dosing, see Terry et al., 2007),
suggesting that direct mitochondrial toxicity or impairments
in the ability of mitochondria to generate ATP were not likely
to be responsible for the OP-related effects on mitochondrial

Fig. 6. Concentrations of CPF and CPO that alter mitochondrial trans-
port and dynamics do not compromise ��m. Cortical neurons were ex-
posed to various concentrations of CPF or CPO for 24 h and analyzed via
the DePsipher assay. A and B show representative images of vehicle and
20 �M CPF exposures, respectively. D and E show representative images
of vehicle and 20 �M exposures to CPO, respectively. C and F show
representative images of 500 �M exposures to CPF and CPO, respec-
tively. G and H show the dose-effect relationships for CPF and CPO,
respectively. Green images on the left (emission peak 527 nm) indicate
the monomeric form of the DePsipher reagent in the cytoplasm of the
neuron. Red images on the right (emission peak 590 nm) indicate the
accumulation and aggregation of the reagent in healthy mitochondria
(i.e., with an intact ��m). Thus, 20 �M CPF and CPO were not associated
with a compromise in ��m, whereas the lack of red labeling in the cells
exposed to 500 �M CPF or CPO indicates a compromise of the mitochon-
drial ��m. For quantitative comparisons, the ratio of green to red fluo-
rescence was assessed and OP-related effects were expressed as a per-
centage of the control ratios (i.e., as mean % control 	 S.E.M.). �,
significantly different (p 
 0.05) from control.
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dynamics or transport. However, given our observations of
OP-related increases in elongated mitochondria, it should be
noted that mitochondrial fusion and the formation of mito-
chondrial networks have been described as prosurvival
mechanisms whereby ��m and ATP production are main-
tained under stressful conditions, even when Bax has trans-
located to the mitochondrion (Lee et al., 2004; Tondera et al.,
2009). In contrast, impaired mitochondrial fusion can result
in the loss of ��m and a reduction in oxidative phosphory-
lation (OXPHOS) (Olichon et al., 2003; Chen et al., 2005). It
has been suggested that ATP production via OXPHOS re-
sults in the production of highly networked mitochondria,
whereas glycolysis-dependent ATP production leads to the
generation of more spherical mitochondria, although this has
yet to be established in neuronal cells (Plecitá-Hlavatá et al.,
2008). In the experiments reported here, we did not differen-
tiate between OXPHOS- and glycolysis-related ATP produc-
tion; however, our results would support the hypotheses that
the concentrations of OPs evaluated did not compromise
��m or OXPHOS-dependent ATP production or that they
drove mitochondrial fusion to maintain OXPHOS-dependent
ATP and preserve mitochondrial function.

Additional experiments were conducted to determine the
potential contributions of superoxide formation to the afore-
mentioned (OP-related) effects on mitochondria. It is rela-
tively well accepted that OPs can elicit oxidative stress and
DNA damage to cells (particularly at high concentrations, see
Soltaninejad and Abdollahi, 2009). In addition, Slotkin et al.
(2005) have shown that CPF can evoke lipid peroxidation in
the developing rat brain at concentrations that only cause
mild signs of systemic toxicity. Moreover, Crumpton et al.
(2000) observed a concentration-dependent increase in reac-
tive oxygen species formation in response to CPF exposure in
PC12 cells (commonly used as a neuronal model). We did not

detect significant increases in the production of superoxide in
this study (at the concentrations of CPF and CPO we evalu-
ated); however, we cannot completely rule out the possibility
that low levels of superoxide (i.e., below our limits of detec-
tion) could be produced over time in neurons exposed to OPs
potentially leading to alterations of mitochondrial dynamics.

There are some potential limitations to this study that
should be discussed. As noted in the Introduction, one reason
that we chose to use cultured primary neurons as a model
system for studying CPF-related effects was the relatively
recent introduction of fluorescent markers such as Mito-
Tracker. This marker made it easy to identify, microscopi-
cally analyze, and monitor the movement (using time-lapse
imaging techniques) of an important organelle that is funda-
mental to the physiology of neurons. Neuronal culture sys-
tems offer additional advantages, such as the ability to test
multiple drugs and drug concentrations (for dose-effect eval-
uations) in a high throughput manner. However, limitations
of cell culture experiments include the artificial two dimen-
sional environments where natural neuronal (afferent and
efferent) networks are not developed and the glial support
system is absent. In the current study, we chose OP concen-
trations that approximated levels we detected in rodents that
showed persistent cognition-related abnormalities as well as
neurochemical alterations ex vivo. However, it is unclear how
well such concentrations accurately model conditions in the
brain where multiple factors are different such as blood flow,
supportive cell networks, and so on. In addition, given the
“embryonic” nature of the culture system used, it is impor-
tant to exercise caution when extrapolating the current find-
ings to those observed in adult animals or humans. It is
noteworthy that there is a large database of literature on the
deleterious neurodevelopmental effects of OPs, and our re-
sults could have important ramifications in this context.

Fig. 7. Exposure to CPF and CPO does
not significantly alter ATP synthesis or
increase superoxide levels. Cortical neu-
rons were incubated with various concen-
trations of CPF or CPO up to 20 �M or
the positive control compound valinomy-
cin (VAL), 5 �M for 24 h. ATP production
was determined with a bioluminescent
somatic cell assay kit (FLASC; Invitro-
gen). Exposure to CPF (A) or CPO (B),
respectively, did not impair ATP produc-
tion. ATP production was impaired by
valinomycin. In subsequent experiments,
cortical neurons were incubated with var-
ious concentrations of CPF or CPO up to
20 �M or the positive control compound
antimycin A (Ant) and 5 or 50 �M for
24 h. Superoxide production was subse-
quently determined with MitoSOX Red
kits. Exposure to CPF (C) or CPO (D),
respectively, did not elevate superoxide
levels. Superoxide levels were signifi-
cantly (p 
 0.05) elevated by the higher
concentration of antimycin A. Data are
presented as mean (% control) 	 S.E.M.
�, significantly different (p 
 0.05) from
control.
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In conclusion, the results of this study can be summarized
as follows: in cultured cortical neurons, exposure to the com-
monly used OP insecticide CPF and its oxidative metabolite
CPO resulted in a concentration-dependent decrease in the
transport of mitochondria in axons, an increase in mitochon-
drial length, and a decrease in mitochondrial number (indic-
ative of increased fusion versus fission events). The neuronal
changes occurred at concentrations of CPF and CPO that did
not inhibit acetylcholinesterase activity, they were not
blocked by cholinergic receptor antagonists, and they did not
seem to be associated with directly toxic effects on mitochon-
dria (as would be suggested by diminished ATP production,
alterations in mitochondrial membrane potential, or eleva-
tions in superoxide production). The results suggest that an
underlying mechanism of organophosphate-based deficits in
cognition and other neurological functions might involve al-
terations in mitochondrial dynamics and/or their transport in
axons.
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