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a b s t r a c t

Accidental organophosphate poisoning resulting from environmental or occupational exposure, as well as
the deliberate use of nerve agents on the battlefield or by terrorists, remain major threats for multi-
casualty events, with no effective therapies yet available. Even transient exposure to organophosphorous
compounds may lead to brain damage associated with microglial activation and to long-lasting neurolog-
ical and psychological deficits. Regulation of the microglial response by adaptive immunity was previ-
ously shown to reduce the consequences of acute insult to the central nervous system (CNS). Here, we
tested whether an immunization-based treatment that affects the properties of T regulatory cells (Tregs)
can reduce brain damage following organophosphate intoxication, as a supplement to the standard anti-
dotal protocol. Rats were intoxicated by acute exposure to the nerve agent soman, or the organophos-
phate pesticide, paraoxon, and after 24 h were treated with the immunomodulator, poly-YE. A single
injection of poly-YE resulted in a significant increase in neuronal survival and tissue preservation. The
beneficial effect of poly-YE treatment was associated with specific recruitment of CD4+ T cells into the
brain, reduced microglial activation, and an increase in the levels of brain derived neurotrophic factor
(BDNF) in the piriform cortex. These results suggest therapeutic intervention with poly-YE as an immu-
nomodulatory supplementary approach against consequences of organophosphate-induced brain
damage.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction 2008). To date, no treatments aimed at counteracting secondary
Nerve agents (e.g., soman, tabun, sarin, cyclosarin, and VX) are
organophosphorous compounds that act by inhibiting the enzyme
acetylcholinesterase, and are considered to be the most toxic of all
chemical weapons. Their neurotoxic mechanism is also shared by
organophosphate pesticides, which are one of the most common
products of the modern chemical industry. Large scale release of
organophosphate pesticides to the environment and their high
availability frequently lead to intoxications, which result in long
term morbidity and even in death. The widespread use of these com-
pounds and their high neurotoxicity, not only constitutes a hazard of
everyday life, but also establishes organophosphate pesticides,
along with nerve agents, as a potential weapon (Colosio et al.,
2003; Hoffman et al., 2007; Okumura et al., 1996; Sidell et al.,
ll rights reserved.
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degeneration following organophosphate poisoning are available
(Layish et al., 2005; Markel et al., 2008; Sidell et al., 2008). While
having no direct effect on survival of the patients, such treatments
might be particularly important for counteracting organophos-
phate-induced cognitive and psychopathological impairments
(Jamal et al., 2002; Levin et al., 1976; Rosenstock et al., 1991;
Stallones and Beseler, 2002).

Organophosphate-induced brain injury is known to activate
microglia (Zimmer et al., 1997). For decades, microglial activation
was considered to be destructive in the context of the central
nervous system (CNS) tissue, contributing to the secondary degener-
ation following injury (Liu et al., 2002). However, it was subse-
quently demonstrated that if microglial cells are properly
regulated by T cell-derived cytokines or by cytokines released from
blood-derived macrophages, they can support buffering of excessive
levels of glutamate, secrete neurotrophic factors, induce neurogen-
esis, and promote tissue repair (Beers et al., 2008; Butovsky et al.,
2006; Chiu et al., 2008; Ekdahl et al., 2009; El Khoury et al., 2007;
y poly-YE reduces organophosphate-induced brain damage. Brain Behav.
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Shaked et al., 2004; Simard et al., 2006). Specifically, in acute CNS in-
sult, termination of the microglial activity via the recruitment of
interleukin (IL)-10-secreting monocytes induced by T-cell based
immunization was shown to be beneficial for recovery (Shechter
et al., 2009). Moreover, the spontaneous recovery from CNS insults
and the ability to cope with mental stress was shown to be T cell-
dependent (Cohen et al., 2006; Kipnis et al., 2004b; Lewitus and
Schwartz, 2009; Moalem et al., 1999; Yoles et al., 2001). Since basal
immune maintenance is not sufficient to counteract the forces that
drive neurotoxicity, boosting the protective T-cell response can be
accomplished either by active immunization with the relevant self
CNS antigens or via modulation of the naturally occurring T regula-
tory cells (Tregs), which constitutively suppress potential anti-self
helper (CD4+) T cells (Kipnis et al., 2002; Schwartz and Ziv, 2008).
One way to achieve this aim is by administration of poly-YE, a
high-molecular-weight copolymer (22–45 kDa) of glutamate and
tyrosine with immunomodulatory properties (Cady et al., 2000;
Vidovic and Matzinger, 1988), which is able to down-regulate the
suppressive properties of Tregs (Ziv et al., 2007). This prompted us
to test the neuroprotective potential of poly-YE in a model of
soman-induced brain damage, and to further characterize the neu-
roimmune effects of poly-YE in a model of intoxication with parao-
xon, a highly toxic metabolite of the organophosphate pesticide,
parathion.
2. Materials and methods

2.1. Animals

For the paraoxon studies we used inbred male Sprague Dawley
rats (12 weeks old), weighing 275–350 g that were supplied by
the Animal Breeding Center of The Weizmann Institute of Science.
The experiments and procedures were approved by the Weizmann
Institute’s Animal Care and Use Committee. For the soman studies,
adult male Sprague Dawley rats (Charles Rivers, Kingston, NY, USA),
weighing 275–350 g, were used. The experimental protocol was ap-
proved by the Animal Care and Use Committee at the US Army Med-
ical Research Institute of Chemical Defense and all procedures were
conducted in accordance with the principles stated in the Guide for
the Care and Use of Laboratory Animals (National Research Council,
1996) and the Animal Welfare Act of 1966 (P.L. 89–544). The num-
ber of animals that were used to generate data presented in the fig-
ures was: Fig.1 n = 3–7; Figs. 2 and 3 n = 3–6; Fig. 4 n = 4–5; Fig. 5
n = 3; for the behavioral studies presented in Supplementary
Fig. 1, 5–9 animals were used. The exact number of animals in each
experimental group is indicated in the figure legends.
2.2. Soman and paraoxon intoxication

Soman and paraoxon (nerve agent and pesticide, respectively)
are highly toxic compounds that warrant immediate or even pre-
exposure administration of antidotes in order to prevent the ani-
mals’ death (Kassa et al., 2008). Both of these compounds act in a
similar way via inhibition of cholinesterases (Eddleston et al.,
2009; Sidell et al., 2008). The accepted treatment protocol includes
termination of exposure, establishing or maintaining ventilation if
necessary, and administration of antidotes, including the use of
atropine (a peripheral muscarinic antagonist), and an oxime (a
reactivator of the organophosphate-inhibited cholinesterase) such
as HI-6 or toxogonin (obidoxime). The oxime treatment is used to
prevent the immediate lethal effects of organophospahte exposure
and atropine is given in order to reduce peripheral secretions and
enhance survival (Eddleston et al., 2009; Sidell et al., 2008).

The soman animal model used in this study was chosen by US
Army Medical Research Institute of Chemical Defense as a lead
Please cite this article in press as: Finkelstein, A., et al. Immunomodulation b
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animal model to test various medical treatments as it acts fast
and is highly lethal (McDonough and Shih, 1993). Rats were pre-
treated intraperitoneally with the oxime HI-6 (125 mg/kg; synthe-
sized by Stanford Research Institute, Palo Alto, CA, USA), and
30 min later, challenged with soman (180 lg/kg, administered
subcutaneously; equivalent to 1.6 � LD50; US Army Edgewood
Chemical Biological Center, Aberdeen Proving Ground, MD, USA)
or saline. The dose of soman (180 lg/kg) is used since it has been
shown to elicit seizure activity in 100% of animals tested
(McDonough and Shih, 1993). These rats were injected intramus-
cularly with atropine methyl nitrate (2 mg/kg; Sigma–Aldrich)
1 min after challenge. Since such antidotes do not cross the
blood–brain barrier at the concentrations used, in case of seizures
a member of the benzodiazepine family (e.g. diazepam) should be
added as an anticonvulsant agent to insure survival (Sidell et al.,
2008). Seizure onset was visually determined in each soman-
exposed animal and these animals received diazepam (10 mg/kg,
intramuscularly; Hospira, Lake Forest, IL) 40 min after seizure
onset; saline-challenged rats received the same dose of diazepam
40 min after the saline injection. The 10 mg/kg dose of diazepam,
administered 40 min after the start of soman-induced seizures,
does not stop seizure activity but it provides significant protection
against the lethal effects of soman thus reducing the number of
animals that would need to be exposed in experiments such as
this. Details of this model have been published and it was previ-
ously used for evaluating anticonvulsant drugs (McDonough and
Shih, 1993; Shih et al., 1991, 1999).

Paraoxon animal model is regarded as a relatively safe model
for studying organophosphate poisoning, even though the com-
pound is also highly toxic (Krutak-Krol and Domino, 1985), and it
was adopted in various research laboratories (Eisenkraft et al.,
2007; Rosman et al., 2011). For the paraoxon study, rats were in-
jected intramuscularly with paraoxon (0.45 mg/kg; equivalent to
1.4 � LD50; Sigma–Aldrich) in saline. Control rats received saline.
After 1 min, paraoxon-challenged rats were injected intramuscu-
larly with the antidotes atropine sulfate (3 mg/kg; Sigma–Aldrich)
and the oxime toxogonin (obidoxime, 20 mg/kg; Merck) in saline.
The dose of paraoxon (0.45 mg/kg) is used since it has been shown
to elicit seizure activity in 100% of rats tested, while still enabling
the survival of the majority of the animals (Rosman et al., 2011).

2.3. Poly-YE treatment

Poly-YE (1 mg/rat; Sigma–Aldrich) in Dulbecco’s phosphate-
buffered saline (PBS, Gibco) was injected subcutaneously at indi-
cated times after the intoxication with soman or paraoxon. Control
animals received PBS. The regimen was chosen based on the previ-
ously determined dosage that provided the most efficient neuro-
protection in a model of ischemic stroke (Ziv et al., 2007).

2.4. Barnes maze and activity monitoring

The Barnes maze (Med Associates, St. Albans, VT) was a round
tabletop 122 cm in diameter, 140 cm high, with 18 holes (9.5 cm
diameter) arranged every twenty degrees around the outer edge
(Barnes, 1979). One hole, the target hole, had a small, dark,
recessed escape box under the hole. The maze was placed in a
brightly lit room with a variety of distinct visual cues arranged
on the walls around the maze. Each subject was tested four times
per day for four consecutive days, with 15–25 min between daily
trials. In the beginning of each trial, the rat was removed from
the transport cage, placed in the center of the maze and covered
with an opaque cylindrical start chamber. The trial began 30 s later
with the removal of the start chamber cylinder. As the subject ex-
plored the maze and poked its head in different holes, the handler
silently communicated the head poke locations (i.e. hole number 1,
y poly-YE reduces organophosphate-induced brain damage. Brain Behav.
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Fig. 1. Poly-YE reduces the tissue damage in the piriform cortex following soman intoxication. Control rats were either injected with PBS (control, n = 3) or poly-YE
(control + poly-YE, n = 4), and soman intoxicated animals received PBS (soman, n = 7) or poly-YE treatment (soman + poly-YE, n = 5). (A) Quantitative analysis of neuronal
number in the piriform cortex (two-way ANOVA F[group]1,15 = 78.14, p 6 0.0001; F[group � treatment]1,15 = 7.91, p 6 0.05). (B) Quantitative analysis of IB-4+ cells in the
piriform cortex (two-way ANOVA F[group]1,15 = 45.08, p 6 0.0001; F[group � treatment]1,15 = 1.92, p 6 0.05). Representative micrographs of the area are shown, with high-
magnification insets appearing below; scale bars represent 100 and 50 lm, respectively. ⁄p 6 0.05, ⁄⁄p 6 0.01, and ⁄⁄⁄p 6 0.001 relative to control group by Student’s t-test
post-hoc analysis with correction for multiple comparisons.
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2, 3, etc.) to a technician who documented the observations from
outside of the room. This technician also kept track of the time
and made notes regarding any abnormal behavior. Both the han-
dler and the technician were blind to the treatments received by
each rat. Entries and latency to the target were recorded. Each trial
lasted 180 s. If the animal did not enter the target hole during this
time, the handler guided it to the target and a latency of 180 s was
recorded. Animals remained in the target box for 60 s before being
removed and returned to their transport cage.

Activity data were collected from each animal during the same
4 days as maze testing, for 30 min. Six identical VersaMax activity
monitors (AccuScan Instruments, Colombus, OH) housed in indi-
vidual isolation chambers were used.

2.5. T2-Weighted MRI

T2-weighted MR images were acquired on a clinical General
Electric (Waukesha, WI) 3.0 T MR system, equipped with the HD
12� operating system and at a field-gradient intensity of up to
4 Gauss/cm, 28 days after intoxication with paraoxon. Before scan-
ning, rats were deeply anesthetized with ketamine (100 mg/kg) and
acepromazine (1 mg/kg) by intraperitoneal injection. Image analy-
sis consisted of enhanced region volumes on T2-weighted MRI, as a
measure of delayed tissue damage (Rosman et al., 2011).
Please cite this article in press as: Finkelstein, A., et al. Immunomodulation b
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2.6. Histology and immunohistochemistry

Rats were perfused via the left ventricle with PBS followed by
cold 4% paraformaldehyde. The brains were excised and postfixed
in 4% paraformaldehyde for 48 h and then placed in 70% EtOH.
The tissue was hydrated sequentially in EtOH:xylene:paraffin over
a gradient of 70%:95%:100% and then embedded in paraffin. Sec-
tions (6 lm thick) were cut and stained by the Nissl method, and
hematoxylin and eosin (H&E). All primary and secondary antibod-
ies were chosen and diluted according to the manufacturers’
instructions and our previous reports (Lewitus and Schwartz,
2009; Lewitus et al., 2009; Ziv et al., 2006, 2007). Primary antibod-
ies used for immunohistochemical procedures were: rabbit anti--
glial fibrillary acidic protein (GFAP; 1:200, DAKO, Glostrup,
Germany), and rabbit anti-brain derived neurotrophic factor
(BDNF; 1:20, Alomone Labs). A primary antibody mixture contain-
ing 2% normal horse serum and 0.05% saponin was applied for 24 h
at 4 �C in a humidified chamber. For the secondary antibody reac-
tion (60 min), Cyanine dye (Cy)2-conjugated donkey anti-rabbit
and Cy3-conjugated donkey anti-rabbit antibodies were used
(Jackson ImmunoResearch Laboratories). For staining of activated
microglia/macrophages, Cy2-conjugated isolectin-B4 (IB-4; 1:50;
Sigma–Aldrich) was used. Control sections (not treated with
primary antibody) were treated with secondary antibodies to
y poly-YE reduces organophosphate-induced brain damage. Brain Behav.
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Fig. 2. Poly-YE treatment attenuates paraoxon-induced degeneration in the piriform cortex and the amygdala. (A) Poly-YE treatment 24 h after paraoxon intoxication
reduced the damage to the amygdala and the piriform cortex, visualized by T2-weighted MRI. Arrows point to the site of pathology. (B) Nissl staining of brain sections 28 days
after paraoxon intoxication with or without poly-YE treatment revealing massive neuronal loss in layer II of the piriform cortex, which was attenuated by the poly-YE
treatment. Scale bars represent 200 lm. Middle and lower panels represent high magnification of the piriform cortex stained for Nissl and H&E, respectively. In the POX
micrographs, arrows indicate remaining cells with neuronal morphology. Scale bars represent 50 lm. (C) Quantitative analysis of the cell density of control rats (control, n = 3
and 4), paraoxon intoxicated rats (POX, n = 6), and paraoxon intoxicated rats treated with poly-YE after 24 h (POX + poly-YE, n = 4) in layer II of the piriform cortex (ANOVA
F2,10 = 17.59, p 6 0.001), and the basolateral amygdala (ANOVA F2,11 = 5.59, p 6 0.05). ⁄p 6 0.05, ⁄⁄⁄p 6 0.001 relative to control group by Student’s t-test post-hoc analysis with
correction for multiple comparisons.
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Fig. 3. Poly-YE treatment decreases microglial activation and restores BDNF levels in paraoxon-intoxicated rats. Control rats (control, n = 3 and 4) were compared with
paraoxon intoxicated rats that either received PBS (POX, n = 4–6) or poly-YE (POX + poly-YE, n = 3 and 4). (A) Representative images of the piriform cortex stained for GFAP,
showing massive activation of astrocytes following intoxication. Scale bars represent 50 lm. (B) Quantitative analysis of GFAP expressing cells (ANOVA F2,8 = 6.28, p 6 0.05).
(C) Representative images of the piriform cortex stained for IB-4 revealing massive microglial activation 28 days following paraoxon intoxication. No microglial activation
was observed in control rats. Scale bars represent 100 lm. (D) Quantitative analysis of IB-4+ cells in the piriform cortex (ANOVA F2,10 = 6.94, p 6 0.05). (E) BDNF
immunoreactivity in the piriform cortex, showing a reduction in its overall intensity in paraoxon poisoned animals. Scale bars represent 100 lm. (F) Quantitative analysis of
BDNF immunoreactivity in the affected piriform cortex following treatment with poly-YE (ANOVA F2,8 = 9.68, p 6 0.01). ⁄p 6 0.05 relative to control group by Student’s t-test
post-hoc analysis with correction for multiple comparisons.
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distinguish specific staining from nonspecific staining or autofluo-
rescent components.

2.7. Image acquisition and quantification

For microscopic analysis, a Nikon fluorescence microscope (Ni-
kon E800) equipped with a Nikon digital camera (DXM 1200F) and
with either a 4�, 10�, 20�, or 40� Plan Fluor objective lens (Ni-
kon) was used. Recordings were performed on post fixed tissues
at 24 �C using Nikon software (ACT-1). All measurements were
performed by an observer blinded as to the identity of the exam-
ined tissues. For each assessment, 3–4 animals per control group
and 4–6 animals per intoxicated group were examined, and sec-
tions from both hemispheres from at least three different depths
Please cite this article in press as: Finkelstein, A., et al. Immunomodulation b
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were included. For all quantifications involving the piriform cortex
(including cell count and BDNF immunoreactivity) the area of
interest chosen was a 100–200 lm width band around the cell-
dense layer II of the piriform cortex; throughout the study, the area
counted was 0.5–1 mm2. For neuron count in the amygdala, a
0.5 mm2 area spanning the region of basolateral amygdala adjacent
to layer III of the piriform cortex was selected. The number of cells
per mm3 was extrapolated by considering the thickness of the sec-
tions (6 lm thick). To determine cell numbers of neurons and glia,
the cells were counted using manual tagging within the Image-Pro
Plus 4.5 software (Media Cybernetics). In order to avoid overesti-
mation due to counting of partial cells that appeared within the
section, special care was taken to count only cells with intact mor-
phology, and the Abercrombie correction factor was applied by
y poly-YE reduces organophosphate-induced brain damage. Brain Behav.

http://dx.doi.org/10.1016/j.bbi.2011.09.002


Fig. 4. Poly-YE treatment increases the proliferative capacity of splenocytes following paraoxon intoxication. Splenocytes from control (control, n = 4), paraoxon-intoxicated
untreated animals (POX, n = 4), or rats immediately treated with poly-YE (POX + poly-YE, n = 5), were collected 48 h after the poisoning. (A) [3H]-thymidine incorporation (in
thousands of counts per minute (cpm)) of unstimulated rat splenocytes (ANOVA F2,10 = 6.85, p 6 0.05). (B) Proliferation assay of rat splenocytes stimulated in vitro with ConA.
Values are shown as the ratio between proliferation of ConA-stimulated versus unstimulated splenocytes (ANOVA F2,10 = 23.11, p 6 0.001). ⁄p 6 0.05, ⁄⁄p 6 0.01, and
⁄⁄⁄p 6 0.001 relative to control group by Student’s t-test post-hoc analysis with correction for multiple comparisons.

Fig. 5. Infiltration of CD4+ T cells into the brain is accelerated by poly-YE treatment. Brains of control rats that were either injected with PBS (control, n = 3) or poly-YE
(control + poly-YE n = 3), and paraoxon intoxicated animals that received PBS (POX, n = 3) or poly-YE treatment (POX + poly-YE, n = 3), were collected at indicated times after
the poisoning and analyzed by FACS. Mononuclear cells from the brain were separated, and analyzed for the different lymphocytes populations according to the gating
strategy shown in (A). Proportions of T cells (B, E), CD4+ T cells (C and F), and Tregs (CD3+CD4+FoxP3+) (D and G) in the brain are shown at 7 and 28 days after the intoxication,
respectively. Two-way ANOVA of data presented in (C) indicated a significant effect of the treatment on the proportions of CD4+ T cells in the brain, 7 days after the
intoxication (F[group � treatment]1,8 = 6.90). ⁄p 6 0.05 relative to control group by Student’s t-test post-hoc analysis with correction for multiple comparisons.
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taking into account the average nuclear diameter (Abercrombie,
1946). Neurons of the piriform cortex and the adjacent amygdala
were identified by characteristic neuronal morphology, including
cell size of �10 lm and abundant Nissl substance. Activated
microglia/infiltrating macrophages were identified by intensive
IB-4 staining. When quantifying the number of activated astro-
cytes, special care was taken to count only GFAP positive cells with
a clear nucleus present, in order to avoid counting cytoplasmatic
extensions from adjacent cells. BDNF immunoreactivity was quan-
tified with Image-Pro Plus software by measuring the overall
Please cite this article in press as: Finkelstein, A., et al. Immunomodulation b
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intensity per unit surface area of layer II of the piriform cortex.
To calibrate intensity of labeling, an average of sampled back-
ground areas was subtracted from the total intensity measured.

2.8. Fluorescence-activated cell sorting (FACS) and T cell proliferation
assay

Rats were injected intramuscularly with paraoxon and with the
antidotes, as described. In order to ensure greater survival a lower
dose of paraoxon (0.32 mg/kg) was used. After 7 or 28 days
y poly-YE reduces organophosphate-induced brain damage. Brain Behav.
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following the intoxication, rats were anesthetized and their blood
was obtained by cardiac puncture. The brains were homogenized
using a sealed homogenization system (Dispomix) followed by
separation on 40% Percoll (GE Healthcare) gradient (Finkelstein
et al., 2011). For flow cytometry, the following fluorochrome-
labeled mAbs were used for extracellular staining according to
the manufacturers’ protocols: FITC conjugated anti-CD3 (1:100,
Serotec), and PE conjugated anti-CD4 (1:100, Serotec). For intracel-
lular staining of FoxP3, the Anti-Mouse/Rat FoxP3 Staining Set APC
Kit (eBioscience) was used according to the manufacturers’ proto-
col with 4 h of fixation/permeabilization and intracellular staining
with APC conjugated anti-FoxP3 (1:20 eBioscience). Stained cells
were analyzed by FACScan flow cytometer using CellQuest soft-
ware (BD Biosciences) by an observer blinded to the treatment
groups. In addition, in each experiment, relevant negative control
groups and single-stained samples were used to determine the
populations of interest and to exclude others.

For T cell proliferation assays, splenocytes were seeded (105

cells/well) in six replicates in 96 well plates in RPMI-1640 medium
containing 2.5% fetal calf serum, 2 mM L-glutamine, 1 mM sodium
pyruvate, 50 lM b-mercaptoethanol, 100 U/ml penicillin, and
100 lg/ml streptomycin, and either supplemented with 1 lg/ml
concanavalin A (ConA) or left un-treated. The cells were incubated
at 37 �C/10% CO2 for 3 days. The proliferative responses were
determined by measuring the incorporation of [3H]-Thymidine
(1 lCi per well) during the final 16–18 h of culture.
2.9. Statistical analysis

Data in Figs. 1 and 5 were subjected to two-way analysis of
variance (ANOVA). Data in Figs. 2–4, were subjected to one-way
ANOVA. Differences between groups were examined by Student’s
t-test post-hoc analysis adjusted with Holm–Bonferroni method
for multiple comparisons (Aickin and Gensler, 1996). The data pre-
sented in Fig. 1B and in Fig.4 were transformed to a normal distri-
bution by logarithmic transformation; the data presented in
Supplementary Fig. 1A were transformed to a normal distribution
by arcsine transformation using the formula: arcsine

p
[(y + 3/8)/

(n + 3/4)]. Data are expressed as mean ± standard error of the
mean. Statistical calculations were performed using standard
functions of Microsoft Excel, and JMP software.
3. Results

3.1. Poly-YE partially reduces the brain damage associated with soman
poisoning

Current antidotes and anticonvulsive treatments available for
organophosphate poisoning are less effective when delayed, leav-
ing few opportunities for treating survivors of multi-casualty
scenarios (Markel et al., 2008; Sidell et al., 2008). In contrast, im-
mune-based therapies aimed at tissue remodeling act on a de-
layed time-scale, and are thus expected to have a wider
therapeutic window (Hauben et al., 2003; Ziv et al., 2007). We
therefore tested whether treatment with poly-YE would be neu-
roprotective, when given with a delay of 24 h as a supplement to
the standard treatment protocol. To this end, rats were poisoned
with the nerve agent, soman, and received immediate antidotal
treatment to enable survival; they were then randomly assigned
into two groups that either received PBS or poly-YE treatment
24 h after the intoxication. In addition, non-poisoned rats were
injected with PBS or poly-YE as controls. We next examined
the neuroprotective effect of poly-YE by analyzing brain sections
from control and poisoned rats, killed 28 days after the intoxica-
Please cite this article in press as: Finkelstein, A., et al. Immunomodulation b
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tion. Pathologic assessment of brain sections from soman poi-
soned rats revealed significant damage to the amygdala,
thalamus, and the hippocampus. Damage to the amygdala and
the thalamus was very severe, with little remaining tissue left,
irrespective of the treatment. In the hippocampus, there was
substantial neuronal loss in the CA1 subfield, without a signifi-
cant effect of the poly-YE treatment, possible reflecting a partic-
ular vulnerability of pyramidal neurons in this region (Kadar
et al., 1992; Lowenstein et al., 1992). In addition, we observed
a massive neuronal loss in the piriform cortex. Since the piriform
cortex is damaged in every rat model of generalized convulsive
status epilepticus, including organophosphate intoxication
(Myhrer et al., 2010), we focused on this brain region for further
analysis. The main damage was observed along the cell-dense
layer II, which disappeared completely in some of the animals.
Neuronal count revealed that poly-YE treated rats had signifi-
cantly more surviving neurons as compared to those rats that
received the antidotal treatment only (Fig. 1A).

CNS injury is known to activate microglia, which can contribute
to neuronal degeneration (Liu et al., 2002). In particular, organo-
phosphate intoxication was shown to activate microglia in the pir-
iform cortex (Zimmer et al., 1997). Therefore, we examined the
presence of activated microglia in the piriform cortex of rats
28 days following soman intoxication, using immunofluorescent
labeling with isolectin-B4 (IB-4), a specific marker for activated
microglia/macrophages. Very few IB-4 positive cells were detected
in the control rats. In contrast, substantial microglial activation
was evident along the affected areas of the piriform cortex in so-
man poisoned rats, whereas poly-YE treatment significantly dimin-
ished the number of IB-4 positive cells observed (Fig. 1B). Taken
together, these results suggested that poly-YE treatment partially
reversed the prolonged neuropathological impairments and tissue
damage associated with soman poisoning, even if given as late as
24 h after the intoxication.

Since acute soman poisoning is known to inflict long-term
impairment on spatial learning and memory (Filliat et al.,
2007; Raveh et al., 2003) we also tested these functions using
the Barnes maze paradigm (Barnes, 1979), 21 days following
the intoxication. On all days of maze-learning, soman-poisoned
rats that did not receive poly-YE had a lower number of entries
(Supplementary Fig. 1A) and increased latency time in finding
the escape platform (Supplementary Fig. 1B) as compared to
the non-poisoned groups, indicating impaired spatial learning.
Despite the fact that analysis of entries on the first day of maze
learning by two-way ANOVA showed a significant group but no
interaction effect (two-way ANOVA F[group]1,23 = 9.23, p 6 0.01;
F[group � treatment]1,23 = 0.20, p P 0.05), there was a trend for
the untreated poisoned rats to have a lower number of entries
as compared with control rats (p = 0.022 and p = 0.011, by post-
hoc Student’s t-test, before and after the correction for multiple
comparisons, respectively) and with control poly-YE rats
(p = 0.004 and 0.028, by Student’s t-test, before and after the cor-
rection for multiple comparisons, respectively). In contrast, Poly-
YE treated poisoned rats were not significantly different from the
control rats in either parameter on the first day of learning, de-
spite the fact that their impairment became evident from the
second day and onwards. In addition, throughout the whole
4 days of maze learning, there was a trend for the poly-YE
treated poisoned rats to perform better than their untreated
counterparts, more closely resembling the behavior of the
non-poisoned rats (Supplementary Fig. 1A and B). To control
for possible motor impairments, rats were tested in a locomotion
cage on the same days as the maze learning, and no differences
in locomotor activity were found between any of the groups
(Supplementary Fig. 1C).
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3.2. Poly-YE attenuates degeneration in the piriform cortex and the
amygdala following paraoxon intoxication

Although paraoxon has lower neurotoxicity relative to soman, it
presents a much higher risk in terms of occupational and environ-
mental exposure to the general population, since it is an active
metabolite of the common organophosphate pesticide, parathion.
In light of our previous observation that immunomodulation with
poly-YE is neuroprotective in a rat model of stroke (Ziv et al.,
2007) and its beneficial effect in soman poisoned rats, we focused
on investigating whether poly-YE would be effective for mitigating
the effects of brain damage caused by paraoxon. We started by mon-
itoring the brain integrity by means of T2-weighted magnetic reso-
nance imaging (MRI) and histological examination, 28 days
following intoxication. The MRI depicted marked bilateral damage
of the temporal lobe of paraoxon-intoxicated animals, specifically
to the piriform cortex and the adjacent basolateral amygdala
(Fig. 2A). In animals treated with poly-YE 24 h after the intoxication,
no apparent damage was detected. Paraoxon-induced brain damage
was also analyzed by quantitative histology at this time point. Sub-
stantial neuronal loss was seen along layer II of the piriform cortex
accompanied by an accumulation of small-nucleated cells with
non-neuronal morphology, possibly representing infiltrating leuko-
cytes or activated microglia (Fig. 2B). In some of the animals, the
necrosis developed into macroscopic lesions, with no preserved tis-
sue remaining. Histological examination revealed that delayed
treatment with poly-YE diminished the damage to the piriform cor-
tex and the basolateral amygdala of paraoxon poisoned rats, as
shown by increased cell survival (Fig. 2C). These results suggest that
delayed poly-YE treatment was beneficial in alleviating conse-
quences of paraoxon intoxication, thereby supporting its neuropro-
tective potential against organophosphate poisoning.

3.3. Poly-YE treatment reduces microgliosis and increases BDNF levels
in paraoxon intoxicated rats

We further examined the damage to the piriform cortex after
paraoxon intoxication by immunohistochemical staining for glial
fibrillary acidic protein (GFAP – a marker of reactive astrocytes).
As shown in Fig. 3A and B, paraoxon intoxication caused massive
activation of astrocytes in the penumbra of the damaged tissue
as compared to control rats. Massive activation of microglia was
also observed in the paraoxon-intoxicated rats relative to controls
(Fig. 3C). The microglial activation was attenuated by poly-YE
treatment given 24 h following exposure (Fig. 3D), while the num-
ber of reactive astrocytes was not affected by the treatment
(Fig. 3B), suggesting that the neuroprotective effect of poly-YE does
not stem from down-regulation of the scar forming astrocytes, but
possibly results from modulation of microglial activation. We next
examined if local modulation of microglial activity was accompa-
nied by changes in expression of brain derived neurotrophic factor
(BDNF), known to participate in neuronal survival and function
(Yan et al., 1992). Quantitative analysis of BDNF levels revealed
that paraoxon-intoxicated rats had decreased BDNF immunoreac-
tivity in the piriform cortex relative to controls, while poly-YE sig-
nificantly reversed this deficit (Fig. 3E and F). These results
demonstrate that poly-YE treatment modulates the inflammatory
reaction in the injured brain by regulating microgliosis, possibly
creating a microenvironment that is more supportive of neuronal
survival and function.

3.4. Poly-YE increases the early proliferative response of splenocytes
after paraoxon poisoning

Since poly-YE has been shown to reduce the suppressive activ-
ity of Tregs (Ziv et al., 2007), we tested the effect of poly-YE on the
Please cite this article in press as: Finkelstein, A., et al. Immunomodulation b
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peripheral immune response following organophosphate intoxica-
tion. To that end, rats were poisoned with paraoxon, and then
either immediately treated with poly-YE or were left untreated.
After 48 h, spleens were excised and splenocytes were assayed
for proliferation in vitro. First, we observed a significant increase
in the basal proliferative activity in the intoxicated group treated
with poly-YE in the absence of mitogenic stimulation (Fig. 4A). In
addition, in response to mitogenic stimuli, splenocytes from intox-
icated rats that received poly-YE treatment had significantly higher
proliferative response, while in rats with paraoxon intoxication
alone, only a modest increase in splenocyte proliferation was ob-
served (Fig. 4B). This result suggested that poly-YE could activate
the immune response at the early stages after intoxication with
organophosphates.

3.5. Poly-YE treatment induces early recruitment of CD4+ T cells to the
brain after paraoxon intoxication

One possible mechanism for the diminished microgliosis ob-
served in poly-YE treated rats could be an early recruitment of T cells
into the damaged areas (Beers et al., 2008; Moalem et al., 1999). To
examine if the immunomodulation by poly-YE affects T-cell recruit-
ment to the CNS, we analyzed the dynamics of lymphocyte popula-
tions in the brain 7 and 28 days after the intoxication with paraoxon
by flow cytometry (gating strategy is shown in Fig. 5A). A trend for an
increase in T-cell (CD3+) infiltration to the brain was observed as
early as 7 days after paraoxon-intoxication in animals receiving
the delayed poly-YE treatment (two-way ANOVA F[group � treat-
ment]1,8 = 6.91, p 6 0.05; post-hoc Student’s t-test relative to parao-
xon group resulted in p = 0.016 and 0.079, before and after the
correction for multiple comparisons, respectively) (Fig. 5B). We then
examined whether this increase could be attributed to selective
infiltration of CD4+ T cells – the principal mediators of neuroprotec-
tion (Beers et al., 2008; Frenkel et al., 2005; Kipnis et al., 2004a;
Moalem et al., 1999; Yoles et al., 2001). We found that, indeed, the
proportion of CD3+CD4+ cells was greatly increased in the injured
brain following poly-YE treatment (Fig. 5C), suggesting preferential
recruitment of CD4+ T cells into the CNS. As the CD3+CD4+ popula-
tion includes both T helper cells (CD3+CD4+) and Tregs
(CD3+CD4+FoxP3+), we also analyzed the presence of Tregs in the
brain, and found that poly-YE also resulted in a trend for an increase
in the proportions of CD3+CD4+FoxP3+ cells (two-way ANOVA
F[group � treatment]1,8 = 6.86, p 6 0.05; post-hoc Student’s t-test
relative to paraoxon group resulted in p = 0.015 and 0.088, before
and after the correction for multiple comparisons, respectively)
(Fig. 5D). Importantly, no changes were observed in the brain of con-
trol animals after poly-YE administration, indicating that injury is a
prerequisite for the recruitment of T cells into the CNS.

To study the late phase of the immune response, we analyzed the
brains 28 days after the intoxication. In poly-YE treated poisoned
animals, the proportions of all lymphocyte populations tested did
not significantly differ from the control group (Fig. 5E–G), possibly
indicating restoration of brain homeostasis and cessation of the
neuroinflammatory component. However, in the brains of paraoxon
intoxicated animals that did not receive poly-YE, we found a trend
for an increase in the proportion of CD4+ T cells (two-way ANOVA
F[group � treatment]1,8 = 4.65, p = 0.063; post-hoc Student’s t-test
relative to control group resulted in p = 0.013 and 0.078, before
and after the correction for multiple comparisons, respectively)
(Fig. 5F). In fact, this trend of increase in the proportion of CD4+ T
cells in the paraoxon group after 28 days was similar to that ob-
served in the paraoxon plus poly-YE treatment group 7 days after
poisoning. Taken together, these results suggest that the neuropro-
tective properties of poly-YE might involve regulation of the T helper
– Treg immune axis, in favor of early stimulation of an adaptive im-
mune response in the periphery, needed for the timely recruitment
y poly-YE reduces organophosphate-induced brain damage. Brain Behav.
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of CD4+ T cells to injured/inflamed areas. It thus seems that the major
effect of Poly-YE is on orchestrating the immune response so as to
meet with the tissue needs (London et al., 2011; Shechter et al.,
2009).
4. Discussion

In this study, we found that soman and paraoxon poisoning re-
sulted in CNS neuronal loss and chronic microglial activation, pri-
marily in the piriform cortex. Treatment with poly-YE reduced the
areas of tissue damage, induced infiltration to the brain of CD4+ T
cells, and was accompanied by increase in BDNF expression, with-
out affecting the number of scar forming astrocytes.

In organophosphate intoxication, brain damage is not restricted
to the primary event induced by the poison, but spreads via a self-
perpetuating process, known as secondary degeneration (Baille
et al., 2005; Kadar et al., 1992; McDonough and Shih, 1997). The
process of secondary degeneration was proposed to involve an
uncontrolled local immune response that further contributes to
neuronal death (Gao and Hong, 2008; Johnson and Kan, 2010).
Thus, many therapeutic strategies have been based on neutraliza-
tion of emerging toxic agents (e.g. glutamate) or on immunosup-
pression (Besancon et al., 2008; Wilms et al., 2007). However, it
has been demonstrated that well-controlled local immune activity
is pivotal for neuronal repair (Hauben et al., 2003; Kipnis et al.,
2004a; Moalem et al., 1999), and requires regulation of the microg-
lial response by CD4+ T cells (Banerjee et al., 2008; Beers et al.,
2008; Byram et al., 2004; Frenkel et al., 2005). The approach of
choice to achieve well-timed and optimal control of the local im-
mune response was found to be dependent on the nature of the in-
sult (Angelov et al., 2003; Beers et al., 2008; Butovsky et al., 2006;
Chiu et al., 2008; Finkelstein et al., 2011; Hauben et al., 2003;
Kipnis et al., 2004a; Ziv et al., 2007). Using a simple in vivo model
of direct exposure of the CNS to the organophosphate, diisopropyl
fluorophosphate (DFP), by intra-orbital injection, we previously
showed that neuronal death significantly increases in intoxicated
mice deprived of T cells, consistent with our hypothesis that a sys-
temic immune response is pivotal for neuroprotection against
organophosphate-induced toxicity (Schori et al., 2005).

Consistent with the finding that poly-YE suppresses the activity
of Tregs in vitro, thereby enabling a more rapid response of CD4+ T
cells (Ziv et al., 2007), we found here that splenocytes from poly-YE
treated animals had a higher proliferative capacity following
paraoxon intoxication. Notably, the immunomodulatory property
of poly-YE might stem from its effect on cd-T cells, which can
down-regulate Treg-activity (Gong et al., 2009), and were shown
to be activated by this compound (Cady et al., 2000). While the ef-
fect of poly-YE on Tregs is probably transient, the trend for an in-
crease in the proportion of Tregs in the treated brain 7 days after
the injury may result from the conversion of infiltrating CD4+ T
cells into Tregs under the influence of the CNS milieu (Liu et al.,
2006). Alternatively, the effects of poly-YE might reflect the active
migration of Tregs into the brain, as part of the normal cerebropro-
tective mechanism, which takes place during the termination
phase of the immune response following injury. This response is
mediated by the secretion of IL-10 and can account for the reduced
microgliosis observed at the late phase (Liesz et al., 2009). Consis-
tent with the notion that the effect of poly-YE is rapid and injury-
dependent, its systemic administration resulted in controlled
recruitment of CD4+ T cells in the injured brain already by day 7,
without affecting the immune regulation in the CNS of non-
poisoned control animals. In untreated paraoxon intoxicated
animals, a trend for such recruitment was observed only at day
28, suggesting that the treatment with poly-YE accelerated an
existing physiological neuroprotective response.
Please cite this article in press as: Finkelstein, A., et al. Immunomodulation b
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The piriform cortex is dominated by cholinergic inputs, and is
one of the main propagators of convulsions after organophosphate
exposures (Myhrer et al., 2010). As such, damage to this area is
apparent both in the soman and the paraoxon model. However,
brain regions are differentially affected by the antidotes and the
anticonvulsive treatments given as a pretreatment or shortly after
the intoxication. We found that the amygdala, thalamus and the
CA1 subfield of the hippocampus, are damaged severely by soman
intoxication. Therefore, it is expected that intervention with poly-
YE, whose mode of action requires several days for the initiation of
the immune cascade, will be less effective for these brain regions.
In contrast, the initial neuronal death could be attenuated more
effectively by standard antidotes in the piriform cortex (in both
models) and the amygdala (in the less neurotoxic paraoxon mod-
el), thus providing an opportunity for subacute immunomodula-
tory treatments aimed at counteracting the late processes of
secondary degeneration. T cells were previously shown to support
spatial learning and memory under normal physiological condi-
tions, through regulation of the microglial response and the
expression of BDNF (Ziv et al., 2006). It is therefore possible that
the trend for an improvement of poly-YE treated animals in the
spatial memory performance observed in the Barnes maze, in the
absence of a significant effect on the number of surviving neurons
in the hippocampus, can be attributed to more subtle changes of
the surrounding milieu, which allowed a partial restoration of hip-
pocampal function.

Nerve-gas poisoning on the battlefield or among civilians, as
well as organophosphate-pesticide intoxication, is a major threat
for a multi-casualty event. Inhibition of acetylcholinesterase by
organophosphates results in a cholinergic syndrome, which may
lead to severe alterations in brain function, such as respiratory
depression or failure, seizures, and eventually death (Lee, 2003;
Sidell et al., 2008). Current treatment protocols include antidotal
and anticonvulsant agents, based on the triad of a muscarinic cho-
linergic receptor antagonist (atropine), a cholinesterase re-activa-
tor (an oxime), and a benzodiazepine anticonvulsant (diazepam),
aimed at terminating the acute, life-threatening cholinergic phase.
However, in case of any delay or absence of treatment with anti-
dotes, the survivors may suffer from irreversible brain damage
(McDonough and Shih, 1997). The objective of this study was to
evaluate the therapeutic benefit of poly-YE vaccination for organo-
phosphate toxicity, as a complement to the standard antidotal
treatment. In the soman and paraoxon intoxication models de-
scribed here, the neuroprotection mediated by poly-YE was effec-
tive, even if it was administered with a delay of 24 h, thereby
extending the therapeutic window for immune-based interven-
tion. The broad therapeutic-window of poly-YE-induced neuropro-
tection is particularly important when considering treatments for
nerve agent poisoning, since a delay in medical intervention may
be expected in combat or mass-casualty scenarios. Taken together,
these results present poly-YE as a supplementary immunomodula-
tory treatment against organophosphate-induced brain damage.
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