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Abstract
Organophosphate (OP) neurotoxins cause acute cholinergic toxicity and seizures resulting in
delayed brain damage and persistent neurological symptoms. Testing novel strategies for
protecting against delayed effects of acute OP intoxication has been hampered by the lack of
appropriate animal models. In this study, we characterize the spatiotemporal pattern of cellular
injury after acute intoxication with the OP diisopropylfluorophosphate (DFP). Adult male Sprague
Dawley rats received pyridostigmine (0.1 mg/kg, im) and atropine methylnitrate (20 mg/kg, im)
prior to DFP (9 mg/kg, ip) administration. All DFP-treated animals exhibited moderate to severe
seizures within minutes after DFP injection but survived up to 72 h. AChE activity was
significantly depressed in the cortex, hippocampus, subcortical brain tissue and cerebellum at 1 h
post-DFP injection and this inhibition persisted for up to 72 h. Analysis of neuronal injury by
FluoroJade-B (FJB) labeling revealed delayed neuronal cell death in the hippocampus, cortex,
amygdala and thalamus, but not the cerebellum, starting at 4 h and persisting until 72 h after DFP
treatment, although temporal profiles varied between brain regions. At 24 h post-DFP injection,
the pattern of FJB labeling corresponded to TUNEL staining in most brain regions, and FJB-
positive cells displayed reduced NeuN immunoreactivity but were not immunopositive for
astrocytic (GFAP), oligodendroglial (O4) or macrophage/microglial (ED1) markers,
demonstrating that DFP causes a region-specific delayed neuronal injury mediated in part by
apoptosis. These findings indicate the feasibility of this model for testing neuroprotective
strategies, and provide insight regarding therapeutic windows for effective pharmacological
intervention following acute OP intoxication.

1AChE, acetylcholinesterase; AMYG, amygdala; ASChI, acetylthiocholine iodide; CTRL, control; CTX, cortex; DFP,
diisopropylfluorophosphate; DG, dentate gyrus; DTNB, 5,5'-dithio-bis(2-nitrobenzoic acid; FJB, Fluoro-Jade B; GFAP, glial fibrillary
acidic protein; OP, organophosphate; PBS, phosphate-buffered saline; THAL, thalamus
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INTRODUCTION
The September 11, 2001 attacks have increased awareness of terrorist threats, and the
organophosphate (OP) neurotoxins figure prominently amongst chemicals considered
credible threat agents. OP nerve agents are the most toxic of the chemical warfare agents
and they have been used by terrorists in military combat and against civilian populations
(Watson et al., 1992; Jett, 2007). The less toxic, but more readily accessible OP pesticides
cause a significant number of intoxications and several hundred thousand fatalities annually
(Gunnell and Eddleston, 2003). Both OP nerve agents and OP pesticides cause acute toxicity
by inhibiting acetylcholinesterase (AChE), the enzyme that hydrolyzes the neurotransmitter
acetylcholine in the central and peripheral nervous systems. The consequent accumulation of
acetylcholine at muscarinic and nicotinic receptors results in an acute cholinergic syndrome
characterized by autonomic dysfunction, involuntary movements, muscle fasciculations,
respiratory distress and seizures including status epilepticus (McDonough and Shih, 1997;
Kwong, 2002; Leikin et al., 2002).

OP toxicity is not limited to the acute toxicity phase and lingering debilitating neurological
effects have been reported in individuals that survive the acute cholinergic crisis (Lemercier
et al., 1983; Savage et al., 1988; Rosenstock et al., 1991; Steenland et al., 1994; Wesseling
et al., 2002; Hoffman et al., 2007). Consistent with these clinical and epidemiological
observations, experimental animal models of acute OP nerve agent intoxication demonstrate
brain injury consequent to early convulsive seizures (McLeod, 1985; McDonough et al.,
1995; Shih et al., 2003). In animals exposed to soman or VX, numerous injured neurons are
observed in the lateral septum, cortex, thalamus, hippocampus and the amygdala one or
more days following exposure (McDonough et al., 1987; Petras, 1994; Baille et al., 2001;
Collombet et al., 2006a).

Current post-exposure medical countermeasures against nerve agents (atropine, oximes,
reversible AChE inhibitors and benzodiazepines) are useful in preventing mortality but are
not sufficiently effective in protecting against chronic neurological disorders (McDonough
and Shih, 1997; Kwong, 2002; Leikin et al., 2002). Thus, there is a pressing need to
establish animal models that replicate the early convulsive seizures yet have a relatively high
survival rate to enable mechanistic studies and testing of novel therapeutic strategies for
protecting against the delayed neurological sequelae associated with acute OP intoxication.
The prototypical OP compound diisopropylfluorophosphate (DFP) has been used to model
seizures and convulsions with subsequent behavioral deficits in rodents (Kim et al., 1999;
Auta et al., 2004; Deshpande et al., 2010; Wright et al., 2010). DFP rapidly inhibits AChE,
produces seizures and status epilepticus as determined by electroencephalography (Kim et
al., 1999; Deshpande et al., 2010) and causes a high rate of mortality if animals are not
treated aggressively to eliminate peripheral symptoms of cholinergic toxicity (Kim et al.,
1999). In animals pretreated with atropine, acute DFP intoxication has been shown to cause
delayed apoptotic cell death in the CNS 24 and 48 h after DFP exposure as detected using
TUNEL labeling (Kim et al., 1999; Kadriu et al., 2009). However, the spatiotemporal
pattern of cell injury and the cell types injured following acute DFP intoxication remains
poorly understood. In this study, we used FluoroJade-B (FJB) staining coupled with
immunohistochemical localization of neuronal and glial cell markers to investigate the
pattern of cellular injury in the rat brain at varying times after DFP exposure. The results
demonstrate a region-specific, delayed neuronal cell injury following acute DFP
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intoxication, and establish this as a useful model for testing novel therapeutic strategies for
minimizing delayed brain damage following terrorist or suicidal uses of OP neurotoxins.

MATERIAL AND METHODS
Animals and DFP exposures

All animals used in these studies were treated humanely and with regard for alleviation of
suffering and pain and all protocols involving animals were approved by the Animal Care
and Use Committees of Morehouse School of Medicine, Oregon Health & Science
University and University of California at Davis prior to the initiation of experimentation.
Adult male Sprague-Dawley rats (280–320g; Charles River Laboratories, Hollister, CA)
were housed individually in standard plastic cages in a temperature controlled room
(22±2°C) on a 12 h reverse light-dark cycle. Food and water were provided ad libitum.

For DFP exposures, animals were anesthetized with 2% isoflurane (30% oxygen, 70%
nitrous oxide) then injected im with pyridostigmine bromide (P1339, TCI America,
Portland, OR) at 0.1 mg/kg in saline; and then 20 min later with atropine methylnitrate
A0755, TCI America) at 20 mg/kg in saline. These drugs are centrally inactive (Shih et al.,
1991) but effectively block peripheral OP neurotoxicity, thereby reducing mortality and
facilitating detection of seizure symptoms (Kim et al., 1999). Ten minutes after the atropine
injection, rats were injected ip with DFP (D0879, Sigma Chemical Co., St. Louis, MO) at 9
mg/kg diluted in sterile distilled water. DFP was always prepared fresh within 5 min before
administration. Vehicle control rats received pyridostigmine and atropine and an equal
volume (300 μl) of vehicle in place of DFP. Anesthesia was stopped immediately following
injection of DFP or vehicle. The treatment groups included normal rats not injected with
anything (n=4), vehicle control rats (n=4), and rats injected with DFP and then euthanized 1
h (n=4), 4 h (n=4), 8 h (n=6), 16 h (n=6), 24 h (n=6) or 72h (n=6) post-injection.

Behavioral scoring of seizure activity
Animals were continuously monitored for 5 h post-DFP injection and seizure behavior
scored using a modified Racine's scale as previously described (Luttjohann et al., 2009).
This scale was developed to describe pentylenetetrazole (PTZ)-induced seizures, as opposed
to the amygdala-kindling model on which the Racine scale is based. This modified scale
uses six different seizure intensity categories which reflect different onset latencies, patterns
of occurrence and EEG patterns during high or low doses of PTZ. DFP-treated animals were
scored with respect to the percent of animals exhibiting a specific behavior and the time to
onset of each behavior.

Acetylcholinesterase (AChE) activity
Blood was collected in heparinized tubes by cardiac puncture immediately after euthanasia
which was immediately followed by harvesting of brains with rapid dissection of brain
regions on ice. All samples were snap frozen on dry ice and stored at −80°C. AChE activity
was determined using the standard Ellman assay (Ellman et al., 1961) with 5,5'-dithio-bis(2-
nitrobenzoic acid) (DTNB, Sigma) and acetylthiocholine iodide (ASChI, Sigma) as
substrate. On the day of analysis, samples were thawed on ice and brain samples were
homogenized in lysis buffer (0.1 M phosphate, pH 8.0 containing 0.1% Triton) using a
Dounce homogenizer, centrifuged at 13,400 × g, and the supernatant collected for analysis.
Assays were run against blanks containing DTNB. The reaction was started with the
addition of ASChI after equilibration for 2–3 min. Hydrolysis of ASChI was determined by
monitoring the change in absorbance at 405 nm. To inhibit pseudocholinesterase activity,
100 μM tetraisopropyl pyrophosphoramide was included in the assay. Data from brain
samples were normalized using protein concentration as determined using the BCA assay
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according to the manufacturer's directions (Pierce, Rockford, IL). AChE activity in blood
samples was normalized according to blood volume after correcting for addition of heparin.

Histochemistry and immunohistochemistry
At the end of the DFP exposure period, most rats were deeply anesthetized with 2%
isoflurane and perfused transcardially with saline followed by cold 4% paraformaldehyde
solution in phosphate-buffered saline (PBS; pH 7.4) for 30 min. Brains were quickly
removed and cryoprotected in 30% sucrose. A subset of rats whose brains were used for
TUNEL labeling or O4 immunostaining were perfused with saline only prior to harvest and
then snap frozen in dry ice. Coronal sections of 20 μm (for FJB labeling) or 10 μm (for
double labeling studies) thickness were cryosectioned from the entire brain of each animal.
Sections were mounted on slides which were stored at −80°C until use.

FJB (AG310, Millipore, Billerica, MA) labeling was performed according to the
manufacturer's protocol with minor modifications. Briefly, after 30 min drying at 50°C,
sections were postfixed with 4% paraformaldehyde for 15 min, washed with distilled water
and then directly incubated in 0.06% potassium permanganate (KMnO4) for 10 min on a
shaker table followed by distilled water for 2 min. Sections were then incubated in a freshly
prepared solution of 0.0004% FJB for 20 min, rinsed in distilled water and then dried at
50°C. Dried slides were cleared by immersion in xylene for 2 min before cover slipping with
DPX mounting medium.

TUNEL labeling was performed using the in situ death detection kit from Roche Molecular
Biochemicals (Indianapolis, IN). Briefly, fresh frozen brain sections were dried at room
temperature for 30 min, postfixed with cold 4% paraformaldehyde for 15 min and then
washed with PBS. Sections were incubated in 20 μg/ml Proteinase K solution for 10 min at
room temperature to increase permeability. After 2 washes in PBS, sections were immersed
in the TUNEL reaction mixture, containing biotinylated dUTP and terminal
deoxynucleotidyl transferase (TdT) conjugated with the fluorochrome tetramethyl-
rhodamine red for 60 min at 37°C in a dark, humidified atmosphere. The process was
terminated by washing sections twice in a blocking buffer (PBS, 0.1%Triton X-100, and 5
mg/ml BSA). In each assay, negative controls were included using the same incubation
procedure but omitting TdT in the process, whereas positive controls were performed by
incubating the permeated sections with DNase (1 μg/ml) to induce DNA strand breakage.

For immunohistochemical studies, sections were dried at room temperature for 30 min.
After rinsing with 0.01 M PBS, sections were blocked in PBS containing 5% normal goat
serum and 0.3% triton-x100 for 1h at 4°C and then incubated for 1h at 37°C with primary
antibodies of monoclonal mouse anti-NeuN (1:200, MAB314, Millipore), ED1(1:500,
MAB1435, Millipore) or Cy3 conjugated anti-GFAP (1:500, C9205, Sigma). Sections
labeled with anti-NeuN and ED1 antibodies were washed with PBS and incubated with a
Cy3-conjugated goat anti-mouse IgG antibody (1:400, 115–165–166, Jackson
ImmunoResearch Laboratory, West Grove, PA) for 1 h at room temperature. For 04
staining, fresh frozen brain sections were postfixed with 4% paraformaldehyde, blocked
with 5% donkey serum in PBS and then incubated with the O4 primary IgM antibody
(1:100, MAB345, Millipore) for 1h at 37°C. After washing with PBS, sections were
incubated with Cy3- conjugated donkey anti-mouse antibody IgM (1:400, 715–165–140,
Jackson Labs). Negative controls in which sections were reacted with secondary but not
primary antibodies were run with each experiment.

For dual labeling studies, sections were first processed for either TUNEL labeling or
immunohistochemistry as described above, and then processed using a modified method for
FJB labeling. The modified protocol included brief immersion in 0.015% KMnO4 for 1 min
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followed by incubation in 0.0001% solution of FJB solution for 8 min. These modifications
reduced the loss of immunohistochemical staining and minimized fluorescent bleed-through
of FJB labeling during microscopy. The sections were rinsed with distilled water and cover
slipped with mounting medium containing 0.1% acetic acid and 80% glycerin. Fluorescence
was visualized via indirect fluorescence microscopy.

Quantification of FJB-positive cells
To quantify FJB labeling, every fifth section obtained from coronal sectioning of the entire
brain of each rat was labeled with FJB. A Zeiss microscope equipped with CCD camera
(Carl Zeiss Microimaging Inc, Thornwood, NY) was used to capture digital images of 5
sections at the same level across rats (as determined using a brain atlas) at 200×
magnification. The number of FJB-positive cells was determined using Image Pro Plus
software (Media Cybernetics, Inc., Bethesda, MD); only profiles of neuronal somas were
counted and FJB-positive fragments were excluded. A mean value of FJB-positive cells per
unit area within each brain region was obtained for each individual rat. These mean values
from each individual rat were used as the statistical unit of measure for analysis by one-way
ANOVA to determine statistically significant treatment effects.

RESULTS
Acute DFP neurotoxicity

Early studies (Kim et al., 1999) had reported that ip injection with DFP at 9 mg/kg
following pretreatment with atropine methyl nitrate and pyridostigmine caused severe
seizures in the absence of significant mortality in adult male Sprague Dawley rats. To
examine the effects of OP-induced seizures on delayed neuronal cell injury, we replicated
this model and used a modified Racine's scale (Luttjohann et al., 2009) to score the severity
of seizures during a 5 h post-injection period (Figure 1). Behavioral changes were noted
within minutes after DFP administration (Figure 1A) and escalated rapidly from facial
jerking in more than 90% of animals to tonic-clonic seizures and/or wild jumping in
approximately 50% of animals (Figure 1B). While all animals exhibited fairly severe seizure
symptoms within minutes following DFP administration, the temporal profile of seizure
activity over the 5 h post-injection observation period varied significantly between animals,
with some animals exhibiting stage 5 or stage 6 behavior during the first 30–60 minutes after
DFP injection and then lapsing into behavioral arrest with episodic facial jerking during the
remainder of the observation period while other animals exhibited episodic stage 5 or stage
6 seizure activity throughout the 5 h post-injection period (Figure 1C). Less than 10% of the
animals died within 24 h after DFP exposure using this atropine/pyridostigmine pretreatment
paradigm.

Delayed neuronal injury associated with acute DFP intoxication
Animals were euthanized from 1 to 72 h following DFP injection and blood and brains
collected immediately for quantification of acetylcholinesterase (AChE) activity and
histological analyses of markers of brain injury. DFP treatment significantly depressed
AChE activity in the blood and in all brain regions (Figure 2). AChE inhibition was more
pronounced in the brain relative to the blood with the cortex, hippocampus, subcortical
regions (striatum, thalamus and midbrain) and cerebellum all exhibiting > 90% inhibition at
1 hr after DFP administration relative to vehicle controls. AChE activity began to recover in
all brain regions and in the blood with time; however, in all brain regions it was still
significantly inhibited relative to vehicle controls at 72 h post-DFP injection.

To assess neuronal cell injury, brain sections from animals injected with DFP or vehicle
were labeled with Fluoro-Jade B (FJB). Across all brain regions examined, there was
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negligible FJB labeling in brain sections obtained from vehicle controls (Figures 3A, E, I,
M, Q) or from DFP-treated rats 1 h after exposure (data not shown). In contrast, at later
times after DFP treatment, FJB-positive cells were observed, although the temporal profile
of FJB labeling varied between brain regions (Figure 3). As illustrated in representative
images of hippocampal sections, FJB labeling was not detected in the hippocampal CA1
region until 8 h after DFP exposure (Figures 3B, C) and peaked at 24 hours (Figure 3G).
However, FJB-positive cells were seen in the dentate gyrus at 4 h post-DFP injection (Figure
3F), with increasing numbers evident at 8 h (Figure 3G) and 24 h (Figure 3H) after DFP
treatment. In the amygdala, relatively large numbers of FJB-positive cells were detected at 4
h after DFP exposure (Figure 3J) with significantly increased numbers of FJB-positive cells
evident at 8 h (Figure 3K) and 24 h (Figure 3L) post-DFP injection. Other areas, such as the
thalamus (Figures 3N, O, P) and cerebral cortex (Figures 3R, S, T) displayed FJB labeling
that was slow to manifest but persisted at 24 h post DFP injection. The FJB positive cells
were detected primarily in the superficial layers of the cingulate, retrosplenial, motor,
somatosensory, visual and auditory cortices. FJB labeled cells were evenly distributed in the
insular, perirhinal, ectohinal, piriform and entorhinal cortical layers. Despite significant
AChE inhibition in the cerebellum, no FJB-positive cells were detected in this brain region
up to 72 h post-DFP exposure (data not shown). As illustrated in a representative
photomicrograph from the hippocampal dentate gyrus (Figure 4), counterstaining of sections
from all brain regions with the nuclear label DAPI indicated that FJB-positive cells represent
a subpopulation of neurons in each region.

Quantitative analysis of FJB labeling demonstrated that FJB-positive cells persisted for 72 h
in all five brain regions in which DFP-induced cell injury was observed, although the
temporal profile of cellular injury varied between brain regions (Figure 5). The amygdala
and the dentate gyrus exhibited significant FJB labeling as early as 4 h post-DFP
administration. In the amygdala, FJB labeling increased rapidly by 8 h and remained
elevated out to 72 h after DFP injection. In the dentate gyrus, FJB labeling similarly
increased by 8 h and remained elevated at 24 h but then decreased by 72 h following DFP
administration. At the posterior outer blade of the dentate gyrus, 4 of 6 rats showed densely
distributed FJB positive cells 72 h following DFP exposure while FJB-positive cells were
not detected at earlier time points (data not shown). The cortex exhibited significant FJB
labeling by 8 h which stayed elevated until 24 h and then declined by 72 h after DFP
administration. The thalamus and hippocampal CA1 region did not exhibit significant FJB
labeling until 16 h post-DFP injection. In the thalamus, FJB labeling reached a plateau at 16
h which persisted until 72 h; whereas in the CA1, the number of FJB-positive cells
continued to increase at 24 h and began to decline by 72 h. The brain region that exhibited
the greatest number of FJB-positive cells death was the amygdala (Figure 5), and as
mentioned earlier, no FJB labeling was observed in the cerebellum at any of the time points
examined (data not shown). We did not observe a specific relationship between the seizures
and FJB labeling.

Apoptotic mechanisms contribute to DFP-induced neuronal cell injury
To determine whether apoptotic mechanisms contribute to the delayed cell injury caused by
DFP, brain sections were double-labeled with FJB and TUNEL. TUNEL labeling was
observed in all brain sections in which FJB labeling was present, but the relationship
between the markers varied between brain regions. In the cerebral cortex, FJB labeling
colocalized with TUNEL labeling in nearly all cells (Figures 6A, B, C). In contrast, in the
CA1 region of the hippocampus there was a subpopulation of FJB-positive cells that did not
co-localize with TUNEL labeling (Figures 6D, E, F). In substantia nigra, most TUNEL
positive cells did not co-localize with FJB labeling (data not shown).
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DFP primarily injures neuronal cells
To determine the identity of the FJB-positive cells in brain sections from DFP-exposed rats,
FJB labeling was combined with immunohistochemical localization of the neuronal cell
marker, NeuN (Mullen et al., 1992). As illustrated in representative photomicrographs from
the cingulate cortex (Figure 7), large numbers of cells with high levels of NeuN
immunoreactivity are observed in uninjured brain regions with negligible FJB labeling.
However, in the area of injury as identified by the large number of FJB-positive cells, NeuN
immunoreactivity is dramatically reduced (Figure 7, arrows). Similar results were observed
in other cortical regions, the CA1 and dentate gyrus regions of the hippocampus, the
thalamus and the amygdala (data not shown).

To confirm that FJB-positive cells were primarily neuronal, FJB labeling was combined
with immunohistochemical localization of GFAP, a marker of astrocytes (Eng and
Ghirnikar, 1994), O4, a marker of oligodendrocytes (Sommer and Schachner, 1981), ED1, a
marker of macrophages and activated microglia (Dijkstra et al., 1985) and CD11b, a marker
of macrophages and microglia (Mazzone and Ricevuti, 1995) in brain sections collected 24
h post-DFP injection. None of the FJB-positive cells were immunopositive for GFAP, as
illustrated in the CA1 region of the hippocampus (Figure 8A), O4, as shown in the cingulate
cortex (Figure 8B), ED1, as demonstrated in the dentate gyrus (Figure 8C) or CD11b, as
shown in the somatosensory cortex (Figure 8D). The photomicrographs shown for these
brain regions are representative of all the brain regions examined, which include other
cortical regions, the CA1 and dentate gyrus regions of the hippocampus, the thalamus and
the amygdala (data not shown).

DISCUSSION
Previous studies have demonstrated that acutely toxic doses of DFP cause significant seizure
activity in the absence of mortality in rats pretreated with pyridostigmine and atropine (Kim
et al., 1999; Deshpande et al., 2010), suggesting the potential of this model for investigating
novel therapeutic strategies for minimizing brain damage following acute OP intoxication.
Herein, we confirm that as determined using a modified Racine scale, this exposure
paradigm triggers moderate to severe seizures within minutes after DFP administration. We
also extend the characterization of this model by demonstrating significantly inhibited AChE
activity in the blood and multiple brain regions evident as early as 1 h post-DFP treatment
that persists in the brain for up to 72 h. Despite the rapid seizure activity and significant
inhibition of AChE, the majority of DFP-treated animals (> 90%) survived throughout the
72 h observation period. These findings confirm the relevance of the model for testing novel
medical countermeasures for minimizing delayed brain damage following acute OP
intoxication.

Earlier reports of this DFP exposure model indicated increased levels of TUNEL labeling in
several brain regions at 24 and 48 h following DFP administration (Kim et al., 1999; Kadriu
et al., 2009). TUNEL labeling detects fragmented DNA during the late stages of apoptosis
and is not restricted to any specific cell type (Gavrieli et al., 1992). In contrast, FluoroJade
dyes, including FJB, label injured neurons regardless of mechanism of cell death (Schmued
et al., 1997; Schmued and Hopkins, 2000a; Schmued and Hopkins, 2000b; Schmued et al.,
2005), and thus provides a more comprehensive readout of neuronal cell damage. FJB has
been used to detect and localize degenerating neurons and their processes in the brain tissue
of animals subjected to neurotoxins (Schmued et al., 1997; Schmued, 2003; Schmued et al.,
2005), traumatic brain injury (Lyeth et al., 2001; Sato et al., 2001; Hallam et al., 2004) and
brain ischemia (Kokaia et al., 1998; Butler et al., 2002; Xu et al., 2004; Duckworth et al.,
2005).
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Acute DFP intoxication caused significant neuronal cell injury as indicated by a significant
increase in FJB labeling. While peripheral signs of acute OP intoxication occurred within
minutes of DFP administration, the FJB labeling was not observed until 4 h post-DFP
injection. FJB labeling at 4 h was primarily limited to the dentate gyrus of hippocampus and
the amygdala. It has been previously demonstrated that hippocampal brain regions are
specifically vulnerable to a number of insults including excitotoxicity and ischemia that
involve a delayed neuronal death (Schreiber and Baudry, 1995; Harry and Lefebvre
d'Hellencourt, 2003). While the specific temporal pattern of FJB labeling varied between
regions, it appeared in the CA1 region of the hippocampus, the cortex and the thalamus by 8
h, peaked between 8 and 24 h, and persisted in these five brain regions for up to 72 h
following DFP administration. Interestingly, FJB labeling was not detected in the
cerebellum at any of the time points examined, even though AChE was significantly
depressed in this brain region. The reason for this marked difference between the cerebellum
and the other brain regions examined is not known, but suggests that AChE inhibition per se
is not sufficient to cause delayed neuronal cell death. Importantly, the spatial pattern of FJB
labeling observed following acute DFP intoxication is strikingly similar to reports of
animals exposed to OP nerve agents which demonstrate brain damage primarily in the
hippocampus, amygdala, cortex and thalamus following seizures (McLeod, 1985;
McDonough et al., 1995; Kim et al., 1999; Collombet et al., 2006a).

Several studies have reported that astrocytes and microglia can also be FJB positive under
certain experimental conditions (Allen et al., 2000; Anderson et al., 2003; Damjanac et al.,
2007). However, colocalization studies confirmed that across the five brain regions
examined, FJB-positive cells were not immunoreactive for GFAP, O4, ED1 or CD11b,
indicating that the FJB-positive cells were not astrocytes, oligodendrocytes, macrophages or
microglia. NeuN is a neuronal specific nuclear protein in vertebrates and observed in most
neuronal cell types throughout the nervous system except cerebellar Purkinje cells, olfactory
bulb mitral cells, and retinal photoreceptor cells (Mullen et al., 1992). Following acute DFP
intoxication, we observed that NeuN immunoreactivity was reduced or not detected in FJB
positive cells in all injured brain regions. Loss of NeuN immunoreactivity has been reported
in other models of neuronal injury, including trauma (Sato et al., 2001), ischemia (Unal-
Cevik et al., 2004) and acute soman intoxication (Collombet et al., 2006b). In these previous
reports, immunohistochemical and western blot analyses demonstrated that the loss of NeuN
immunoreactivity was due to reduced NeuN antigenicity in degenerating neurons (Unal-
Cevik et al., 2004; Collombet et al., 2006b). Thus, it seems reasonable that the decreased
number of NeuN immunopositive cells in areas of injury in brain sections from DFP-treated
animals and the reduced NeuN immunoreactivity associated with FJB-positive cells results
from the loss of NeuN antigenicity in degenerating neurons. Collectively, our data indicate
that the increased cellular injury observed in the brains of DFP-treated animals primarily
reflects neuronal cell damage.

As an initial examination of the mechanisms associated with DFP-induced neuronal injury,
we combined FJB staining with TUNEL labeling. Our results revealed that in most injured
brain regions nearly all FJB labeling co-localized with TUNEL labeling. This is consistent
with previous studies using the same DFP treatment paradigm that demonstrated apoptotic
cells in the thalamus and amygdala 24 h after DFP administration (Kim et al., 1999).
However, in this previous study, no notable TUNEL labeling was detected in the
hippocampus. In our studies, we observed a subpopulation of FJB-positive cells that did not
show co-localization with TUNEL in the CA1 region of the hippocampus. Collectively,
these studies suggest that OP-induced brain injury in the hippocampus involves both
necrotic and apoptotic forms of neuronal death. Our findings are consistent with
ultrastructural studies demonstrating that the neuropathology produced by soman included
both apoptosis and necrosis (Baille et al., 2005).
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It is widely postulated that the behavioral deficits and persistent neurological symptoms
observed following OP-induced cholinergic crisis and seizures (Lemercier et al., 1983;
Savage et al., 1988; Rosenstock et al., 1991; Steenland et al., 1994; Wesseling et al., 2002;
Hoffman et al., 2007) are the manifestation of the delayed neuronal death observed
consequent to acute OP intoxication (Kim et al., 1999; Collombet et al., 2006a; Collombet
et al., 2007). This has prompted significant research efforts to develop novel strategies for
minimizing delayed neuronal damage. Our findings demonstrate that the rat model of acute
DFP intoxication induces region-specific delayed neuronal death consequent to seizure. The
pattern of neuronal injury closely mirrors the brain injury seen in rodent models following
soman exposure, indicating the relevance of this model to exposures of concern in
emergency planning and preparedness. While further research is required to determine the
mechanisms that contribute to regional differences in the temporal pattern of neuronal cell
injury following acute DFP intoxication, our data suggest that the model will be useful for
pre-clinical trials of novel neuroprotectants, and further, identify endpoints to monitor for
neuroprotective effectiveness and suggest a therapeutic window of 4 to 8 h post-exposure.
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Figure 1. Seizure activity in rats following acute DFP intoxication
Rats were pretreated with pyridostigmine (0.1 mg/kg, im) and atropine methyl nitrate (20
mg/kg, im) 30 or 10 min, respectively, prior to ip injection of DFP (9 mg/kg) or an equal
volume (300 μl) of vehicle. Seizure behavior was monitored continuously for 5 h post-DFP
injection and scored using a revised Racine's scale (Luttjohann et al., 2009) as described in
the Table. Seizure behaviors were not observed in vehicle controls (data not shown). The
seizure behaviors elicited by DFP in rats pretreated with pyridostigmine and atropine were
variable within the treatment group (n=12) as evidenced by the mean onset time for each
specific behavior following DFP injection (A) and the percentage of DFP-treated animals
exhibiting any specific seizure behavior (B). (C) Representative activity profiles of rats
exhibiting three different patterns of seizure behaviors following DFP injection. Data in
panels A and B are expressed as X ± SE (n includes only those animals exhibiting the
specific behavior).
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Figure 2. Time course of acetylcholinesterase (AChE) inhibition in specific rat brain regions
following acute DFP intoxication
Anesthetized rats were pretreated with pyridostigmine (0.1 mg/kg, im) and atropine methyl
nitrate (20 mg/kg, im) 30 or 10 min, respectively, prior to injection of DFP (9 mg/kg, ip) or
an equal volume (300 μl) of vehicle (water). AChE activity was determined in whole blood
and specific brain regions collected immediately after euthanasia at varying times after DFP
injection and raw values converted to a percentage of the mean AChE activity in
corresponding tissue from vehicle controls. Data are expressed as X ± SE (n = 5 per
treatment group). Statistically significant differences were determined using one way
ANOVA with post hoc Tukey's test; *p<0.01 compared to vehicle control; Δp<0.01
compared to 1 h post-DFP injection.

Li et al. Page 14

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Acute DFP intoxication elicits neuronal injury in the brain that is time and region
dependent
Anesthetized rats were pretreated with pyridostigmine (0.1 mg/kg, im) and atropine methyl
nitrate (20 mg/kg, im) 30 or 10 min, respectively, prior to ip injection of DFP (9 mg/kg) or
an equal volume of vehicle (CTRL, panels A, E, I, M and Q). DFP-treated animals were
euthanized and their brains collected for staining with Fluoro-Jade B (FJB) at 4 h (B, F, J, N
and R), 8 h (C, G, K, O and S) or 24 h (D, H, L, P and T) after DFP injection.
Representative photomicrographs of FJB labeling in the CA1 region of the hippocampus
(CA1; A–D), hippocampal dentate gyrus (DG; E–H), amygdala (AMYG; I–L), dorsal
thalamus (THAL; M–P) and somatosensory cortex (CTX; Q–T) for each treatment group.
Bar = 100 μm.
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Figure 4. Acute DFP intoxication injures a subpopulation of neurons
Representative photomicrographs of (A) Fluoro-Jade B (FJB) labeling and (B) DAPI
staining in the hippocampal CA1 region of a rat 24 h post-DFP injection. All animals were
anesthetized and pretreated with pyridostigmine (0.1 mg/kg, im) and atropine methyl nitrate
(20 mg/kg, im) prior to DFP (9 mg/kg, ip) injection. (C) A merged image illustrates that
only a subpopulation of DAPI-positive cells is labeled with FJB. Bar = 100 μm.
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Figure 5. Acute DFP intoxication elicits neuronal injury in the brain that is time and region
dependent
Anesthetized rats were pretreated with pyridostigmine (0.1 mg/kg, im) and atropine methyl
nitrate (20 mg/kg, im) 30 or 10 min, respectively, prior to ip injection of DFP (9 mg/kg) or
an equal volume (300 μl) of vehicle. DFP-treated rats were euthanized at varying times after
DFP injection and the brains collected for staining with Fluoro-Jade B (FJB). The number of
FJB-positive cells in specific brain regions at the same level as determined using a brain
atlas was quantified from digital images of coronal sections (200× magnification). Control
animals did not display FJB labeling (data not shown). Significant increases in FJB-positive
cells were observed in multiple brain regions, although the magnitude and temporal profile
varied between brain regions. Data are expressed as X ± SE (n=4 to 6 animals per treatment
group). Statistically significant differences were identified using one way ANOVA with post
hoc Tukey's test; **p<0.01 and ***p<0.001 compared to region-matched 4 h post-DFP
injection samples.
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Figure 6. Co-localization of Fluoro-Jade B (FJB) labeling and TUNEL labeling at 24 h post-DFP
injection
Anesthetized rats were pretreated with pyridostigmine (0.1 mg/kg, im) and atropine methyl
nitrate (20 mg/kg, im) 30 or 10 min, respectively, prior to ip injection of DFP (9 mg/kg). At
24 h post-DFP injection, rats were euthanized and brain sections co-labeled with FJB (green,
A and D) and TUNEL (red, B and E). TUNEL labeling was examined in the amygdala,
cortex, thalamus and hippocampus from three DFP-treated rats. Representative
photomicrographs are shown from the cingulate cortex (CTX, panels A–C) and
hippocampus CA1 (panels D–F). Merged images illustrates that most FJB-positive cells in
the cingulate cortex also exhibit TUNEL labeling (C); whereas in the hippocampus CA1, a
subset of cells exhibit co-labeling with FJB and TUNEL (F). Bar = 100 μm.
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Figure 7. NeuN labeling is reduced in injured neurons at 24 h post-DFP injection
Anesthetized rats were pretreated with pyridostigmine (0.1 mg/kg, im) and atropine methyl
nitrate (20 mg/kg, im) 30 or 10 min, respectively, prior to ip injection of DFP (9 mg/kg). At
24 h post-injection, rats were euthanized and brain sections labeled with Fluoro-Jade B
(FJB, green, A) and immunostained for NeuN (red, B). NeuN immunoreactivity was
examined in the amygdala, cortex, thalamus and hippocampus from three DFP-treated rats.
Representative photomicrographs from the cingulate cortex show that in areas of neuronal
injury as identified by FJB labeling (arrows in A), the relative intensity of NeuN (arrows in
B) is dramatically reduced relative to large numbers of neurons with relatively high levels of
NeuN immunoreactivity in uninjured brain regions (B). A merged image demonstrates FJB
labeling in cells with low-NeuN expression (C; arrows). Bar = 100 μm.
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Figure 8. Non-neuronal cells are not labeled by Fluoro-Jade B (FJB) in brains from rats acutely
intoxicated with DFP
Anesthetized rats were pretreated with pyridostigmine (0.1 mg/kg, im) and atropine methyl
nitrate (20 mg/kg, im) 30 or 10 min, respectively, prior to ip injection of DFP (9 mg/kg).
Brain sections collected at 24 h post-injection were labeled with FJB and immunostained for
the astrocyte-selective antigen GFAP (A), the oligodendrocytes antigen O4 (B), the
activated macrophage antigen ED1 (C) or the microglia antigen CD11b (D). FJB labeling
and immunoreactivity for these various markers were examined in the amygdala, cortex,
thalamus and hippocampus from three DFP-treated rats. Representative images from the
hippocampus CA1 (A), cingulate cortex (B), dentate gyrus (C) and somatosensory cortex
(D) illustrate the general finding across all four brain regions that FJB-labeled cells do not
co-localize with GFAP, O4, ED1 or CD11b-immunoreactivity. Bar = 100 μm.
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