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Abstract

Current therapeutic strategies for organophosphate (OP)-induced status epilepticus (SE) prevent
mortality, but not chronic neurotoxic outcomes, which may be mediated in part by
neuroinflammation. The plasminogen activation system (PAS) is implicated in diverse models of
neuroinflammation but has yet to be evaluated after acute OP intoxication. Here, we
characterized the PAS in a rat model of acute intoxication with diisopropylfluorophosphate
(DFP). Adult male Sprague Dawley rats exposed to DFP (4 mg/kg, sc) followed 1 min later by
atropine sulfate (2 mg/kg, im) and 2-pralidoxime (25 mg/kg, im) exhibited prolonged SE as
determined using behavioral criteria. Electron microscopy of the hippocampus and piriform
cortex at 1 day post-exposure (DPE) was consistent with metabolic stress and acute
neurodegeneration. At 1 DPE, concentrations of plasminogen activator inhibitor-1 (PAI-1) were
significantly increased in serum from DFP rats. Protein levels of the plasminogen activators
(PA), tissue plasminogen activator (tPA) and urokinase plasminogen activator (uPA), as
determined by ELISA, were elevated in the cerebellum, cortex and hippocampus in a time- and
region-dependent manner after DFP exposure. Similarly, normalized protein levels of the
primary PA inhibitor, PAI-1, was also elevated in the same brain regions. At 1 DPE, tPA, uPA
and PAI-1 were significantly increased in the cortex and hippocampus. Normalized
concentrations of uPA and PAI-1 returned to control values by 3-7 DPE, whereas tPA
concentrations remained persistently elevated in the cortex and hippocampus up to 28 DPE.
Immunohistochemistry confirmed increased PAI-1 immunoreactivity in multiple regions of the
DFP brain up to 28 DPE. Co-localization of PAI-1 with neuronal, microglial and astrocytic
biomarkers indicated that PAI-1 predominantly localized to astrocytic subsets, with intense

immunofluorescence in astrocytic endfeet associated with endothelial cells. Collectively, these



data indicate that acute DFP intoxication activates the PAS, identifying this enzymatic cascade as
a potential therapeutic target for mitigating the long-term neurologic consequences of acute OP

intoxication.

Key words: astrocytes, diisopropylfluorophosphate, neurovascular unit, plasminogen activator

inhibitor-1, tissue plasminogen activator, urokinase plasminogen activator



1. Introduction

Organophosphorus (OP) compounds are used extensively around the world as pesticides, and
some have been developed as potent nerve agents [23]. Many OPs cause neurotoxicity as a
consequence of acetylcholinesterase (AChE) inhibition [23]. Acute inhibition of >60-80% of
brain AChE activity can trigger convulsions that progress to life threating status epilepticus (SE)
[4]. Survivors face significant long-term morbidity, including persistent neuropathology, mild-to-
severe memory loss, and recurrent seizures [34, 52, 73]. It is posited that neuroinflammation
contributes to the chronic neurotoxic effects of OP-induced SE [4, 42]. The neuroinflammatory
response, which includes increased circulating levels of pro-inflammatory cytokines, such as
TNF-alpha, TGF-beta, and IL-6, and the activation of astrocytes and microglia, can persist for
months after exposure [41]. However, preclinical evaluation of therapeutic strategies that involve
blocking neuroinflammatory responses have largely been unsuccessful in mitigating the long-
term neurologic sequelae of acute OP intoxication [4].

The plasminogen activation system (PAS) includes the proteases, urokinase plasminogen
activator (uPA) and tissue plasminogen activator (tPA), as well as endogenous protease
inhibitors, such as plasminogen activator inhibitor-1 (PAI-1) (Fig. 1). While the primary
physiologic role of this enzymatic cascade is regulation of the dissolution of blood clots, the PAS
is also involved in angiogenesis, cell migration, wound healing, apoptosis, and the inflammatory
response [2, 43]. As implied by their names, tPA and uPA activate plasminogen to plasmin,
while PAI-1 binds uPA and tPA to effectively inhibit endogenous fibrinolysis and thrombolysis
[49]. PAI-1 levels are increased in brain tissue after trauma and in age-related pathologies, and
increased levels of PAI-1 are positively correlated with increased levels of proinflammatory

cytokines, such as IL-1 alpha, IL-6, TNF-alpha, and TGF-beta [18, 22, 40, 70, 85]. PAI-1 is



expressed in activated astrocytes and has been used as a diagnostic marker in pathologies such as
cancer and Alzheimer’s disease [45, 47, 70, 81].

Recent publications have demonstrated the plausibility of PAI-1 inhibition as a
therapeutic strategy for reducing inflammation in the periphery and in the brain. In
neuroinflammatory models, such as experimental autoimmune encephalitis, uPA/tPA have been
shown to be crucial in ameliorating the adverse neurologic effects of multiple sclerosis, and PAI-
1 inhibition improves outcomes [43]. In a glioma model, inhibitors of PAI-1 that target an
intracellular PAI-1/uPA complex caused endosomal mistrafficking and lysosomal degradation
that induced apoptosis-inducing factor, resulting in caspase-independent necrosis [37, 38, 71].
These observations suggest that therapeutic strategies that trigger PAI-1-related endosomal
mistrafficking may reduce neuroinflammation and increase activity of the PAS to promote
recovery after trauma. In fact, many in vitro models have demonstrated the effectiveness of PAI-
1 inhibition in increasing plasminogen activator function or killing proliferating cells [37, 38,
71]. Genetic deletion of PAI-1 further demonstrated that PAI-1 inhibition can reduce pathology
in experimental mouse models of AD [63], MS [43], and lung injury [48].

The goal of this study is to characterize the spatiotemporal profile of PAS activation
following acute OP intoxication as an initial step in evaluating the PAS as a potential therapeutic
target for mitigating the chronic neurotoxic outcomes of OP-induced SE. For these studies, we
used a rat model of acute intoxication with diisopropylfluorophosphate (DFP), which we and
others have shown recapitulates both the acute and chronic neurologic sequelae observed in

humans with OP poisoning [41, 75, 76].



2. Methods and Materials

2.1. Animals and Exposure

Animals were maintained in facilities fully accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care, and all studies were performed with regard to the
alleviation of pain and suffering under protocols approved by the UC Davis Institutional Animal
Care and Use Committee (IACUC protocol numbers 201865, 201954). Animal experiments were
conducted in accordance with ARRIVE guidelines and the National Institutes of Health guide for
the care and use of laboratory animals [24]. Adult male Sprague Dawley rats (250— 280 g; 6-8
weeks; Charles River Laboratories, Hollister, CA, USA) were housed individually in standard
plastic cages under controlled environmental conditions (22 °C, 40-50% humidity) with a
normal 12 h light/dark cycle. Food (Teklad Global 18% Protein Rodent Diet; Envigo, Livermore,
CA, USA) and water were provided ad libitum. Table 1 illustrates the cohorts used throughout
the study. To minimize the number of animals used, each animal was used for as many endpoints
as feasible.

Animals were randomly assigned to experimental groups (DFP or vehicle (VEH)) using a
random number generator function in Microsoft Excel. As illustrated in Figure 1, unanesthetized
rats were administered DFP (90% +/- 7% pure as determined by ['H]-NMR, Sigma Aldrich, St
Louis, MO, USA) at 4 mg/kg, sc on the hindquarters, as described previously [84]. DFP was
diluted in sterile ice-cold 0.2 M phosphate buffered saline (PBS; 3.6 mM Na;HPO4, 1.4 mM
NaH>POy4, 150 mM NaCl, pH 7.2). VEH animals received the same volume (300 pL) of ice-cold
PBS. DFP and VEH animals were administered atropine sulfate (purity 97%, Sigma Aldrich) at
2.0 mg/kg, im, and 2-pralidoxime (2-PAM, purity 97%, Sigma Aldrich) at 25 mg/kg in saline,

im. These drugs significantly reduced mortality by blocking the peripheral parasympathomimetic



symptoms associated with acute OP intoxication [54]. The severity of seizure behavior was
quantified using a 6-point scale as previously described [29, 84]. Seizure behavior was scored at
5 min intervals from 0 to 120 min post DFP injection and at 20 min intervals from 120 to 240
min post DFP injection. Seizure severity for each animal was quantified as the average seizure
severity score, which is the average of the 16 scores collected during the initial 4 h post DFP. At
6 h post exposure, animals were injected, sc, with 10 ml of 5% w/v dextrose in saline (Baxter,
Deerfield, IL, USA) and returned to their home cages. Rats were weighed daily post-exposure
and provided moistened rat chow for 3—5 days until they were able to locate and consume
standard chow and water independently. Subsets of animals from each experimental group were
euthanized at 1, 3, 7, or 28 days post-exposure (DPE) via inhalation of 4% isoflurane in medical
grade oxygen, and subsequent transcardial perfusion with cold PBS at a flow rate of 15 mL/min
using a Masterflex peristaltic pump (Cole Parmer, Vernon Hills, IL, USA). Brains were removed
and bisected sagittally, with one hemisphere dissected on ice to obtain the hippocampus, cortex
and cerebellum, which were snap frozen in liquid nitrogen, and the other hemisphere processed
for immunohistochemistry (IHC) (see section 2.5).
2.2. Electron Microscopy

A separate animal cohort was used to collect samples for EM because of the differences
in sample preparation needed for EM imaging. Two Sprague Dawley rats were maintained under
the same conditions and exposed to DFP or VEH as described in section 2.1. Their brains were
collected for electron microscopy (EM) at 1 DPE. Samples were perfused as described in section
2.1. Coronal brain sections (2 mm thick) of the hippocampus and piriform cortex at -3.0 mm
Bregma were post-fixed in 2.5% v/v glutaraldehyde (Ted Pella, Redding CA, USA), 2% w/v

paraformaldehyde (PFA; Ted Pella) in 0.1 M PBS (26 mM NaH;PO4, 77 mM Na;HPO4, 400 mL



MilliQ H>O, pH 7.3) provided by the Biological Electron Microscopy Facility Core at the
University of California, Davis. After fixation for 96 h at 4 °C, tissues were rinsed twice in 0.1 M
PBS for a total of 30 min and then placed in 1% w/v osmium tetroxide (Electron Microscopy
Sciences, Hatfield, PA, USA) in 0.1 M PBS for 1 h. Tissues were rinsed twice for 15 min each in
0.1 M PBS. The samples were next dehydrated in a series of graded ethanol (50%, 75%, 95% for
at least 30 min each and 100% twice for 20 min). Tissues were washed twice in propylene oxide
(Electron Microscopy Sciences) for 15 min and then pre-infiltrated in half resin (composed of
450 mL dodecenyl succinic anhydride, 250 mL araldite 6005, 82.5 mL Epon 812, 12.5 mL
dibutyl phthalate, and 450 uL benzyl dimethylamine; Electron Microscopy Sciences) and half
propylene oxide overnight. The following day, tissues were infiltrated in 100% resin for 5 h. The
tissues were embedded with fresh resin and polymerized at 60 °C overnight. The embedded
tissues were sectioned using a Leica EM UC6 ultramicrotome (Leica Biosystems Inc., Buffalo
Grove, IL, USA) at a thickness of 90 nm and collected on copper mesh grids. Sections were
stained with 4% w/v aqueous uranyl acetate (Ted Pella) for 20 min and for 2 min in 0.2% w/v
lead citrate (Eastman, Kingsport, TN, USA) in 0.1 N NaOH. Representative images of all time
points and treatments were acquired at the Biological Electron Microscopy Facility Core at the
University of California, Davis using the FEI Talos L120C transmission electron microscope at
80kv and Thermo Scientific Ceta 16MP camera (Thermo Scientific, Waltham, MA, USA).
2.3. Plasmin Activity Assay

Total plasma plasmin activity was measured using the Sensolyte AFC Plasmin Activity
Assay kit (Anaspec, Fremont, CA, USA; RRID:SCR _002114) following the manufacturer’s
instructions. Plasma samples were transferred to a 96 well microplate undiluted and incubated

for 1 h at room temperature in darkness. Excess plasmin substrate permitted active plasmin



enzymatic concentration to be determined using the end point analysis provided by the
manufacturer. Plasmin activity was assessed using a Synergy H1 microplate reader (Aex=380 nm,
Aem=500 nm; BioTek, Winooski VT, USA).
2.4. ELISA

Total PAI-1 plasma levels were measured using the RPAIKT-TOT ELISA kit (Molecular
Innovations, Novi, MI, USA), following the manufacturer’s instructions. Total PAI-1 measured
by this ELISA included free PAI-1 and PAI-1 complexed to either tPA or uPA. Total plasma
protein levels were measured with the Pierce BCA Protein Assay Kit (Thermo Scientific,
Waltham, MA, USA), following the manufacturer’s instructions for microplate assays. The total
PAI-1 level in each sample was normalized to the plasma protein concentration in the same
sample. Samples were diluted 1:40 to 1:80 with the same buffer used for the ELISAs but without
the addition of bovine serum albumin (BSA).

Total PAI-1, tPA, and uPA levels in brain homogenates were measured using the RPAIKT-
TOT, RTPAKT-TOT, and RUPAKT-TOT ELISA kits (Molecular Innovations), respectively,
following the manufacturer’s instructions. To prepare brain homogenates, frozen brain tissue was
weighed, and 0.1 M Tris-HCI buffer (TBS; 96 mM Tris-HCI, 187 mM NaCl, 50 mL MQ H>O,
pH 8.5) with 0.1% w/v Triton X-100 (Thermo Fisher), was added at 1 mL per 0.1 g tissue. Large
samples, like the cortex (COR), were crushed with a spatula in a 15 mL blood tube with TBS +
Triton X-100 buffer on ice and then sonicated. Smaller samples, like the hippocampus (HC) and
cerebellum (CER), were placed in 5 mL blood tubes or 1 mL centrifuge tubes based on the
volume needed for sonication. Tissue was sonicated using a Virtis ultrasonic probe sonicator at
power level 3 with 2-3 s bursts until > 95% of the tissue was homogenized. Sonicated tissue was

aliquoted into 1 mL volumes and centrifuged at 21,000 X g for 30 min at 4 °C using an



Eppendorf 5417R centrifuge (Eppendorf, Enfield, CT, USA). Supernatant was removed,
transferred to the ELISA microplate wells, and diluted 1:10 in blocking buffer (3% w/v BSA in
TBS; 96 mM Tris-HCI, 187 mM NaCl, 40 mL MQ HxO, pH 7.4, then add 10 mL MQ HO).
Total brain supernatant protein levels were quantified using the Pierce BCA Protein Assay Kit
(Thermo Scientific), following the manufacturer’s instructions for microplate assays. Samples
were diluted 1:10 in the same buffer used for ELISAs but without the addition of BSA. Total
PAI-1 concentration in each sample were normalized to total protein concentration in the same
sample. ELISA and BCA assays were read using a Synergy H1 microplate reader at 450 nm and
562 nm, respectively (BioTek).

2.5. Immunohistochemistry (IHC)

Brain tissue used for IHC was blocked on ice in 2-mm thick coronal sections immediately
after harvest from the skull and post-fixed in 4% w/v PFA (Sigma Aldrich) for 24 h at 4 °C.
Tissue blocks were transferred to 30% w/v sucrose (Sigma Aldrich) in PBS and stored at 4 °C
for at least 48 h until embedded and flash frozen in Tissue-Plus™ O.C.T. compound (Thermo
Fisher Scientific). Tissue blocks were cryosectioned into 10 um thick coronal sections and stored
at —80 °C until immunostained. Slides were immunostained in batches, including a negative
control slide (see Figures S7-S10 in Supplemental) that was incubated with blocking buffer
containing no primary antibody but otherwise processed identically to sections stained with
primary antibody. Slides were removed from -80 °C storage, brought to room temperature, dried,
and then washed with PBS for 5 min before antigen retrieval. Antigen retrieval consisted of
submerging slides in 10 mM sodium citrate buffer (Thermo Fisher), pH 6.0, and heating in a rice
cooker for 40-45 min at 60°-70°C, refilling buffer as needed. After antigen retrieval, tissue

sections were washed twice in PBS + 0.03% w/v Triton X-100 (PBS-T), circled with a



hydrophobic PAP-Pen marker, and incubated for 1 h at room temperature in blocking buffer of
either 10% v/v normal goat serum (Vector Laboratories, Burlingame, CA, USA) + 1% w/v BSA
(Sigma Aldrich) in 0.03% PBS-T or 5% v/v donkey serum (Millipore Sigma, Burlington, MA,
USA) in 0.03% PBS-T, depending on the species of the primary antibody. Sections were
incubated with primary antibody (Table 2) in blocking buffer at 4°C overnight in the dark. The
following day, sections were washed four times for 5 min in PBS-T. Sections were recircled with
a hydrophobic marker and incubated in secondary antibodies (Table 3) diluted in blocking buffer
for 1 h at room temperature in the dark. Sections were then washed twice for 5 min with PBS.
Slides were cover slipped in Prolong Gold with DAPI mounting media (Invitrogen, Carlsbad
CA, USA) and cured overnight at room temperature before imaging. PAI-1 antibody was
validated by western blotting (see Supplemental Methods 7.1; see Supplemental Figures S5, S6)
and antibodies specific for NeuN [65], GFAP [31], IBAL1 [3], CD68 [30], and CD31 [88] have

been previously validated.

2.6. Image Acquisition and Analysis

Fluorescent images were acquired using the ImageXpress Micro XLS High Content
Analysis System (Molecular Devices, Sunnyvale, CA, USA). Positive immunostaining was
identified as signal that was at least twice background intensity in the same sample. Using a
photographic rat brain atlas [57] to confirm anatomical structures, images of the following brain
regions were acquired from Bregma -2.5mm to -4.5mm: 1) dentate gyrus (DG) of the
hippocampus, 2) thalamus, 3) piriform cortex, 4) CA1 region of the hippocampus, 5) CA3 region
of the hippocampus, and 6) amygdala. Multiple overlapping tiles were stitched together to
produce an image containing the entire brain region that was then used for image analysis using

MetaXpress High-Content Imaging Analysis and Software version 6.1. Outcomes analyzed



included count of cells immunopositive for PAI and colocalization of PAI-1 immunoreactivity
with a biomarker of specific cell types. Immunoreactivity was assessed with respect to the
percentage of cells in the field of view (identified by DAPI staining) that were immunopositive
for the biomarker of interest using the Multi Wavelength Cell Sorting Journal within the Custom
Module Editor image analysis software (MetaXpress High-Content Image Acquisition and
Analysis software, version 6.1, Molecular Devices). The custom modules used for these analyses
can be found in Supplemental Methods 7.2. Representative images of all experimental groups
were acquired from the same slides used for quantification using a Leica SP8 STED microscope
equipped with a 63x objective available through the Advanced Imaging Facility Core at the
University of California, Davis. These images were edited using FIJI software version

2.1.0/1.53c.

2.7. Statistics
2.7.1 Plasmin Activity Assay

Mixed effect models, including animal-specific random effects, were used to assess
differences between DFP and VEH groups and time post-exposure (1, 3, 7, or 28 days post-
exposure). Concentrations of active plasmin were transformed using the natural logarithm to
meet the assumption of normality for the mixed effect models. Akaike Information Criterion
(AIC) was used to find the best model for each outcome [17]. To assess group differences (DFP
vs VEH) by time, Benjamini-Hochberg False Discovery Rate (FDR) was used to determine
comparisons that remained significant after accounting for multiple testing. All results are
presented as the geometric ratio between DFP and VEH. R (version 3.6.0, R Core Team (2019),

Vienna, Austria) was used for all analyses and to output graphics.

2.7.2 ELISA



Mixed effect models, including animal-specific random effects, were used to assess
differences between DFP and VEH groups by brain region (CER, COR, HC) and time post-
exposure (1, 3, 7, or 28 days post-exposure). All outcomes of interests (PAI-1, tPA, and uPA)
were transformed using the natural logarithm to meet the assumption of normality for the mixed
effect models. Akaike Information Criterion (AIC) was used to find the best model for each
outcome. To assess group differences (DFP vs VEH) by region or/and time (depends on the best
model), Benjamini-Hochberg False Discovery Rate (FDR) was used to determine comparisons
that remained significant after accounting for multiple testing [12]. All results are presented as
the geometric ratio between DFP and VEH. SAS (version 9.4, SAS Institute, Inc., Cary, NC,
USA) was used for all analyses, and R (version 3.6.0, R Core Team (2019), Vienna, Austria) was
used to output graphics. Sample sizes were determined a priori using a power analysis software
(G*Power version 3.1) [33]. The two-tailed t-test of the differences between two independent
means used an effect size of 2, and alpha of 0.05, a power level of 0.8, and an allocation ratio of

2.

2.7.3 Quantitative IHC
The primary outcomes were colocalization of PAI-1 and GFAP, PAI-1 and IBA1, PAI-1

and CD68, and PAI-1 and NeuN. Mixed effects models, including animal-specific random
effects, were fit to assess differences between exposure groups. Primary factors of interest
included exposure (DFP, VEH), region (amygdala, CA1, CA3, dentate gyrus, piriform cortex,
thalamus), and time post exposure (1, 3, 7, 28 days post-exposure). Interactions between the
factors (exposure, region, and time point) were considered and the best model was chosen using
AIC. The outcome was transformed using the natural logarithm after shifting all values by a

small number (0.1 for PAI-1/IBA-1 and PAI-1/CD68 colocalization, 0.5 for PAI-1/NeuN, and 1

10



for PAI-1/GFAP colocalization) to enable the calculation for the animals with no colocalization
to better meet the assumptions of the model. Contrasts for group differences were constructed
and tested using a Wald test. The FDR was used to account for multiple comparisons across
contrasts. Results are presented as geometric mean ratios (GMR) between exposure groups. Point
estimates of the ratios and 95% confidence intervals are presented in the figures. When the
confidence interval for the GMR includes 1, there is no statistical evidence of a difference
between groups. All analyses were performed using SAS software, version 9.4 and alpha was set
at 0.05; results remained significant after implementation of the FDR procedure unless otherwise

stated.

3. Results
3.1 Acute brain injury associated with DFP-induced status epilepticus

Animals acutely intoxicated with DFP exhibited seizure behavior within minutes after
exposure to DFP that lasted for hours (Fig. 2¢), as indicated by an average seizure score > 2.5
across the first 4 h after injection of DFP. Previous studies have confirmed that seizure scores of
3 or higher corresponded to status epilepticus and induced robust neuroinflammatory responses
[29, 76, 84]. Electron microscopy of brain sections from animals 1 DPE (Fig. 3) revealed
evidence of early neuronal degeneration in both the piriform cortex and hippocampus of the DFP
animal. Injured neurons demonstrated abnormal distribution of elongated rough endoplasmic
reticulum lacking Nissl formation, ribosomal detachment indicating early chromatolysis, and
mitochondrial swelling with distorted cristae. Dark neurons and microglia are consistent with
oxidative injury and the abnormal mitochondrial localization and appearance was restricted to

the DFP animal. Dilation of the neuronal endoplasmic reticulum (ER) is also consistent with

11



acute, generalized neuronal dysfunction compounded by oxidative stress [19]. Samples from the
DFP animal had large numbers of free polyribosomes with enlarged mitochondria containing an
increased electron-dense matrix that are often present within the neuronal soma rather than being
restricted within the dendritic or axonal processes. Samples from the VEH animal appeared
normal and were without the corresponding mitochondrial abnormalities or vacuolation,
confirming early signs of pathology restricted to the DFP animal.
3.2. Acute DFP intoxication activates the peripheral plasminogen activation system

Previous studies of plasmin knockout mice and cerebral ischemia models have confirmed
that neuroinflammation and changes within the PAS are linked [7, 74], raising the question of
whether this association extends to acute OP intoxication. To determine whether acute DFP
intoxication affects the balance of the PAS, we first measured blood plasmin concentration in the
plasma from VEH and DFP animals at 1, 3, 7, 28 days post-exposure. Mean plasma plasmin
concentrations were not significantly different across any time points but were elevated at 1 DPE
(Fig. 4a-b; VEH 1.56 uM active plasmin; DFP 1.15 uM active plasmin; GMR=2.09, 95% CI:
(0.3, 13.1), p=0.419) and 3 DPE (Fig. 4a-b; VEH 0.689 uM active plasmin; DFP 1.17 uM active
plasmin; GMR=1.78, 95% CI: (0.2, 16.6), p=0.600). This observation indicates an induction of
pro-inflammatory conditions in DFP-intoxicated animals [6, 27]. DFP animal plasma plasmin
concentrations at 7 DPE (Fig. 4a-b; VEH 0.637 uM active plasmin; DFP 0.486 uM active
plasmin; GMR=0.2, 95% CI: (0.02, 1.6), p<0.128) and 28 DPE (Fig. 4a-b; VEH 0.410 uM active
plasmin; DFP 0.535 uM active plasmin; GMR=1.41, 95% CI: (0.2, 8.9), p<0.702) returned and
remained at baseline.

Even though there was not a general increase in active plasmin concentrations, we

wanted to confirm the components within the PAS changed, so we next determined whether this
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reflected DFP effects on specific molecular components of the PAS. Quantification of plasma
PAI-1 levels in DFP versus VEH animals by ELISA indicated a tenfold increase in PAI-1 plasma
concentrations at 1 DPE (Fig. 5a-b; VEH 0.016 PAI-1/mg protein; DFP 0.149 ng PAI-1/mg
protein; GMR=6.83, 95% CI: (3.0, 15.4), p<0.001). DFP animals had two-fold higher
concentrations of PAI-1 at 3 DPE (Fig. 5a-b; VEH 0.014 PAI-1/mg protein; DFP 0.026 ng PAI-
1/mg protein; GMR=1.7; 95% CI: (0.8, 3.6); p=0.172). PAI-1 concentrations in DFP animals
returned to baseline at 7 DPE (Fig. 5a-b; VEH 0.015 PAI-1/mg protein; DFP 0.024 ng PAI-1/mg
protein; GMR=1.2; 95% CI: (0.5, 2.7); p=0.640) and 28 DPE (Fig. 5a-b; VEH 0.021 PAI-1/mg
protein; DFP 0.022 ng PAI-1/mg protein; GMR=0.7; 95% CI: (0.3, 1.6); p=0.406).
3.3 Acute DFP intoxication alters components of the PAS in the brain

Peripheral activation of the PAS could influence PAS components within the brain, so we
next measured levels of tPA, uPA, and PAI-1 in three brain regions: cerebellum, cortex, and
hippocampus [8]. Cerebellar tPA concentrations were relatively stable in both VEH and DPF
animals at all time points. There was no statistical difference found between DFP and VEH
cerebellar tPA concentrations at 1, 3, 7, and 28 DPE (Fig. 6a-b; VEH 3.74, 3.32, 3.72, and 3.41
ng tPA/mg protein; DFP 3.01, 3.43, 3.26, and 3.19 ng tPA/mg protein respectively; GMR=0.9;
95% CI:(0.8, 1.0); p=0.179). Cortical tPA concentrations were increased approximately two-fold
in DFP animals compared to VEH at 1, 3, and 7 DPE but returned to control levels by 28 DPE.
In the cortex, there were no statistically significant differences when comparing each time point
but there was an overall significant difference between DFP and VEH animals (Fig. 6a-b; VEH
1.80, 1.92, 1.89, 2.14 ng tPA/mg protein; DFP 2.15, 2.49, 2.15, and 1.91 ng tPA/mg protein;
GMR=1.4; 95% CI: (1.2, 1.6) p<0.001). In the hippocampus, tPA concentrations were increased

two to three-fold in DFP animals compared to VEH animals at all time points. There was no
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significant difference in hippocampal tPA concentrations across time points, so estimates of
group differences were averaged across time points (Fig. 6a-b; VEH 0.79, 0.91, 1.02, and 1.01
ng tPA/mg protein; DFP 2.15, 2.49, 2.15, and 1.91 ng tPA/mg protein; GMR=2.2; 95% CI:(1.9,
2.6); p<0.001).

Another key serine protease in the PAS is uPA, which influences CNS functions such as
cellular adhesion and migration and has been implicated in other models of neuroinflammation
[25, 62]. Concentrations of uPA in the cerebellum were significantly decreased in DFP animals
at 1 DPE (Fig. 6¢-d; VEH 0.15 uPA/mg protein; DFP 0.11 ng uPA/mg protein; GMR=0.7; 95%
CI: (0.5, 0.9); p=0.005). Cerebellar uPA concentrations in DFP animals returned to baseline at 3
DPE (Fig. 6¢-d; VEH 0.11 ng uPA/mg protein; DFP 0.12 ng uPA/mg protein; GMR=1.1; 95%
CI: (0.8, 1.6); p=0.500) and remained at baseline levels at 7 DPE (Fig. 6¢-d; VEH 0.13 ng
uPA/mg protein; DFP 0.16 ng uPA/mg protein GMR=1.2; 95% CI: (0.9, 1.5); p=0.277) and 28
DPE (Fig. 6¢-d; VEH 0.12 ng uPA/mg protein; DFP 0.13 ng uPA/mg protein GMR=1.0; 95%
CI: (0.6, 1.7); p=0.901). Concentrations of uPA in the cortex were increased four-fold in DFP
animals compared to VEH at 1 DPE (Fig. 6¢-d; VEH 0.09 ng uPA/mg protein; DFP 0.35 ng
uPA/mg protein; GMR=4.1, 95% CI: (2.8, 6.2), p<0.001). At 3 DPE, uPA concentrations in DFP
animals were about twofold higher than VEH animals; however, this difference was not
statistically significant (Fig. 6¢c-d; VEH 0.18 ng uPA/mg protein; DFP 0.30 ng uPA/mg protein;
GMR=1.8; 95% CI: (0.8, 3.8); p=0.139). Cortical uPA concentrations at 7 DPE (Fig. 6¢-d; VEH
0.18 ng uPA/mg protein; DFP 0.24 ng uPA/mg protein; GMR=1.2; 95% CI: (0.8, 1.9); p=0.458)
and 28 DPE (Fig. 6¢-d; VEH 0.10 ng uPA/mg protein; DFP 0.16 ng uPA/mg protein; GMR=1.6;
95% CI: (0.9, 2.9); p=0.140) were not significantly increased compared to time-matched VEH

animals. Hippocampal uPA concentrations were increased fivefold in DFP animals compared to
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VEH animals at 1 DPE (Fig. 6¢-d; VEH 0.09 ng uPA/mg protein; DFP 0.49 ng uPA/mg protein;
GMR=5.3, 95%CI: (4.1, 6.8), p<0.001). Hippocampal uPA concentrations in DFP animals were
two to three-fold higher at 3 DPE (Fig. 6¢-d; VEH 0.07 ng uPA/mg protein; DFP 0.25 ng
uPA/mg protein; GMR=3.5; 95% CI: (1.5, 8.0); p=0.004) and 7 DPE (Fig. 6¢-d; VEH 0.09 ng
uPA/mg protein; DFP 0.21 ng uPA/mg protein; GMR=2.0; 95% CI: (1.3, 3.2); p=0.002). At 28
DPE, hippocampal uPA concentrations were not significantly elevated compared to time-
matched VEH animals (Fig. 6¢-d; VEH 0.09 ng uPA/mg protein; DFP 0.19 ng uPA/mg protein;
GMR=1.9; 95% CI: (0.7, 5.1); p=0.231).

One of the key inhibitors of tPA and uPA is PAI-1, so we next measured levels of PAI-1
to determine if PAI-1 expression differed in the brain compared to plasma. PAI-1 concentrations
in the cerebellum were significantly increased threefold at 1 DPE (Fig. 6e-f; VEH 0.10 PAI-1/mg
protein; DFP 0.28 ng PAI-1/mg protein; GMR=3.1, 95% CI: (1.4, 6.6), p=0.004). Cerebellar
PAI-1 concentrations in DFP animals remained elevated at 3 DPE (Fig. 6e-f; VEH 0.13 ng PAI-
1/mg protein; DFP 0.36 ng PAI-1/mg protein GMR=2.5; 95% CI: (1.0, 6.0); p=0.045) but
returned to baseline concentrations at 7 DPE (Fig. 6e-f; VEH 0.30 ng uPA/mg protein; DFP 0.18
ng uPA/mg protein GMR=0.9; 95% CI: (0.3, 2.2); p=0.788) and 28 DPE (Fig. 6e-f; VEH 0.13 ng
uPA/mg protein; DFP 0.17 ng uPA/mg protein GMR=1.3; 95% CI: (0.6, 2.7); p=0.490). PAI-1
concentrations in the cortex were increased approximately forty-fold in DFP animals compared
to VEH at 1 DPE (Fig. 6e-f; VEH 0.08 ng PAI-1/mg protein; DFP 2.99 ng PAI-1/mg protein;
(GMR=37.3, 95% CI: (22.0, 63.4), p<0.001). At 3 DPE, cortical PAI-1 concentrations in DFP
animals were about six-fold higher than VEH animals (Fig. 6e-f; VEH 0.12 ng PAI-1/mg
protein; DFP 0.78 ng PAI-1/mg protein; GMR=5.4, 95% CI: (2.4, 12.4), p<0.001). Cortical PAI-

1 concentrations at 7 DPE were not significantly elevated (Fig. 6e-f; VEH 0.10 ng PAI-1/mg
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protein; DFP 0.60 ng PAI-1/mg protein; GMR=2.3; 95% CI: (0.8, 7.0); p=0.141). DFP cortical
PAI-1 concentrations at 28 DPE were slightly decreased compared to VEH animal but were not
significantly different (Fig. 6e-f; VEH 0.13 ng PAI-1/mg protein; DFP 0.07 ng PAI-1/mg
protein; GMR=0.5; 95% CI: (0.3, 1.0); p=0.036). PAI-1 concentrations in the hippocampus were
increased thirty-fold in DFP animals compared to VEH animals at 1 DPE (Fig. 6e-f; VEH 0.08
ng PAI-1/mg protein; DFP 2.49 ng PAI-1/mg protein; GMR=27.7, 95% CI: (20.8, 37.0),
p<0.001). Hippocampal PAI-1 concentrations in DFP animals were six-fold higher than VEH at
3 DPE (Fig. 6e-f; VEH 0.12 ng PAI-1/mg protein; DFP 0.75 ng PAI-1/mg protein; GMR=4.4,
95% CI: (2.2, 8.7), p<0.001). Hippocampal PAI-1 concentrations in DFP dropped to slightly
above VEH levels at 7 DPE (Fig. 6e-f; VEH 0.18 ng PAI-1/mg protein; DFP 0.26 ng PAI-1/mg
protein; GMR=1.7; 95% CI: (0.8, 3.7); p=0.170). At 28 DPE, hippocampal PAI-1 concentrations
returned to VEH baseline levels (Fig. 6e-f; VEH 0.11 ng PAI-1/mg protein; DFP 0.17 ng PAI-
1/mg protein; GMR=1.3; 95% CI: (0.8, 2.2); p=0.214).
3.4. Regional and cellular distribution of PAI-1 in the brain after acute DFP intoxication
ELISA and plasmin activity assays demonstrated that acute DFP intoxication caused
significant changes in the PAS in the brain, therefore, we next characterized the expression of
PAI-1 using IHC to determine whether PAI-1 expression was relegated to specific regions within
the brain. PAI-1 immunoreactivity was examined at 1, 3, 7, and 28 DPE in the dentate gyrus,
CA1 and CA3 subregions of the hippocampus, thalamus, amygdala, and piriform cortex of VEH
and DFP animals. These brain regions were chosen because they exhibit significant
neurodegeneration, microgliosis and reactive astrogliosis following acute DFP intoxication [41,
84]. At 1 and 3 DPE, weak PAI-1 positive immunoreactivity was found in the dentate gyrus and

CA1 subregions of the hippocampus, the thalamus, and the amygdala, but no positive PAI-1
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staining was observed in the CA3 subregion of the hippocampus or piriform cortex (see Figure
S1, S2 in Supplemental materials). At 7 DPE, PAI-1 immunoreactivity was found in in all brain
regions examined except the thalamus, which only occasionally presented positive
immunoreactivity, primarily around blood vessels (see Figure S3, S4 in Supplemental materials).
At 28 DPE, strong PAI-1 immunostaining was found in the hilus of the dentate gyrus (Fig. 7a-b),
concentrated towards the tip, the CA1 (Fig. 7c-d), CA3 (Fig. 7e-f), and the amygdala (Fig. 7g-h).
Positive PAI-1 immunostaining was also observed in the thalamus (Fig. 7i-j), and piriform cortex
(Fig. 7k-1), but not to the same degree as the other brain regions.

We next determined if PAI-1 was expressed by specific cell types in the brain. Initially,
brain sections were co-labeled for PAI- and NeuN, a biomarker of mature neurons [65].
Representative photomicrographs of PAI-1/NeuN positive immunoreactivity in VEH and DFP
brain tissue illustrate that PAI-1 positive immunoreactivity increases overall after DFP exposure
but is not co-localized to NeuN immunoreactivity at any time point (Fig. 8). However, strong
PAI-1 immunoreactivity appears adjacent to neurons. Quantitative analyses demonstrate that
DFP did not induce PAI-1 expression in neurons in the DG of the hippocampus, CA1 of the
hippocampus, CA3 of the hippocampus, or thalamus. However, significantly elevated
colocalization of PAI-1 and NeuN in DFP animals relative to VEH animals was observed in the
amygdala (GMR=3.4, 95% CI=1.6-7.4, p=.002) and piriform cortex (GMR=4.3, 95% CI=1.5-
12.5, p=.007) (Fig. 8b). The piriform cortex and amygdala exhibit increased overall PAI-1
expression, similar to representative photomicrographs of the DG of the hippocampus, especially
at 28 DPE when PAI-1 immunostaining overlaps NeuN immunoreactivity in both regions. There
was no significant difference in the PAI-1/NeuN exposure effect by time point, so estimates of

group differences were averaged across time points.
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The data from PAI-1/NeuN colocalization suggested that another cell type, possibly glial
cells adjacent to neurons may be expressing PAI-1. Therefore, we next determined whether PAI-
1 expression co-localized with immunoreactivity for IBA1, a biomarker for microglial cells [3],
which are known to become activated after DFP intoxication [35, 41]. To identify phagocytic
microglia, we co-labeled sections for PAI-1 and CD68 [30]. Representative photomicrographs of
PAI-1/IBA1/CD68 positive immunoreactivity in VEH and DFP brain slices illustrate that PAI-1
immunoreactivity increased overall after DFP exposure (Fig. 9). Importantly, strong PAI-1
immunoreactivity appeared in the PAI-1/IBA1/CD68 co-stain at 28 DPE, consistent with PAI-
1/NeuN photomicrographs. Although quantitative analyses using high content imaging indicated
that PAI-1 overlapped with IBA1 immunoreactivity in all regions of the DFP brain at all time
points compared to VEH animals, confocal photomicrographs showed that positive co-staining
reflected proximity of microglial processes to processes and/or cell bodies of another cell type
(Fig.9; GMR=1.9, 95% CI:(1.0, 3.6), p=(.047)). This is not direct colocalization since neither
cell bodies nor processes of microglia were immunoreactive for PAI-1 in their entirety.
Quantitative analysis of PAI-1/CD68 co-staining demonstrated no significant differences
between DFP and VEH animals in the DG of the hippocampus, CA1 of the hippocampus, CA3
of the hippocampus, or the thalamus. The only regions with significant differences in PAI-
1/CD68 co-staining in DFP vs. VEH brains were the amygdala (Fig.9a, GMR=3.5, 95% CI=1.4-
8.6, p=.007) and piriform cortex (GMR=2.9, 95% CI=1.1-8.2, p=.04), although only the
amygdala remained significant after FDR (Fig. 9). There was no significant difference in the
PAI-1/CD68 exposure effect by time point, so estimates of group differences were averaged

across time points.
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Astrocytes were shown to express PAI-1 in other models of inflammation [36, 50], so we
next determined whether astrocytes express PAI-1 in the DFP brain. To identify astrocytes, we
co-labeled brain sections for PAI-1 and GFAP, a marker of reactive astrocytes [31].
Representative photomicrographs of PAI-1 and GFAP immunoreactivity illustrate that PAI-1
immunoreactivity increased in all brain regions after DFP exposure (Fig. 10). Strong PAI-1
immunoreactivity was evident at 28 DPE (Fig. 8, 9). In DFP animals, PAI-1 immunostaining was
observed in astrocyte cell bodies and processes (arrows; Fig. 10). There was no significant
difference in the PAI-1/GFAP exposure effect by region, so estimates of group differences were
averaged across regions. The percentage of astrocytes expressing PAI-1 was higher in DFP
animals (n=10-12) compared to time-matched VEH animals (n=10-12) at 1 DPE (GMR=2.1,
95% CI: (1.5-3.0), p<.001), 7 DPE (GMR=3.0, 95% CI: (1.3-6.9), p=.010), and 28 DPE
(GMR=7.0, 95% CI: (3.6-13.6), p<.001). The percentage of astrocytes expressing PAI-1 was not
significantly increased in DFP animals compared to VEH animals at 3 DPE (GMR=0.7, 95% CI:
(0.5-1.1), p=.200; Fig. 10a).

Images of PAI-1 and GFAP co-labeled brain sections suggested that PAI-1 might be
expressed in astrocytic endfeet lining blood vessels in the brain. To assess this possibility, we co-
labeled brain sections for CD31, a marker of endothelial cells [88], and PAI-1. Representative
photomicrographs of PAI-1/CD31 immunoreactivity demonstrate general colocalization of PAI-
1 near endothelial cells after acute OP intoxication (Fig. 11a-b). At higher magnification, there is
colocalization of endothelial cells with PAI-1, however, it is reduced, and PAI-1 appears to
primarily stain glial cell bodies and processes surrounding the endothelial cells (Fig. 11c). Both
astrocytes and endothelial cells are known to express PAI-1, so it is likely that both cells are

concurrently expressing PAI-1 at 1 DPE.
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4. Discussion

Characterization of components of the PAS following DFP-induced SE indicates that the
PAS is activated in a rat model of acute organophosphate intoxication. We found that plasma
PAI-1 levels were acutely elevated after acute DFP intoxication although there was marked
variance within DFP-exposed animals. This variation in active plasmin is associated with
markedly elevated but variable levels of PAI-1, which is the primary peripheral inhibitor of the
plasmin activators, uPA and tPA. As early as 1 DPE, ELISA analyses documented increased
protein levels of tPA, uPA, and PAI-1 levels in the cortex and hippocampus of DFP-exposed
animals relative to VEH controls. Levels of tPA remained persistently elevated throughout the 28
day period following DFP exposure, while uPA and PAI-1 levels returned to control values
between 7 and 28 DPE. In contrast, there were only transient changes in PAS protein levels in
the DFP cerebellum, with uPA levels significantly decreased at 1 DPE, and PAI-1 significantly
increased at 1 DPE before returning to control levels by 3 DPE. Immunohistochemical
characterization demonstrated PAI-1 immunoreactivity in astrocytes that become progressively
more intense and widespread such that by 28 DPE, there was very bright PAI-1
immunofluorescence evident in the dentate gyrus, CA1 and CA3 regions of the hippocampus,
piriform cortex, thalamus, and amygdala. These same brain regions have previously been shown
to exhibit persistent neurodegeneration, neuroinflammation, and progressive gliosis in this rat
model of acute DFP intoxication [4]. The increased PAI-1 immunoreactivity was predominantly
localized to astrocytes with arteriolar vessels demonstrating PAI-1 immunoreactivity of

astrocytic processes adjacent to endothelial cells.
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Although there are no previous characterizations of plasmin activity in a rat model of
acute OP intoxication, previous studies in rodent models of stroke, systemic inflammation, and
Alzheimer’s disease report increased levels of active plasmin that promote neuroinflammation
[7, 8, 74]. These models, including polytrauma and excluding Alzheimer’s disease, have
previously reported increases in PAI-1 demonstrating a correlation of an increase in PAI-1 with
inflammatory conditions [55, 61, 90].

Increased plasma concentrations of active plasmin seen in DFP intoxicated animals could
alter fibrinolysis with elevated PAI-1 levels fostering clot formation. However, increased
plasmin activation can simultaneously cause excessive clot formation and excessive bleeding.
Plasmin degradation of fibrin produces fibrin degradation products (FDPs), which can compete
with thrombin to prevent the conversion of fibrinogen to fibrin and thereby inhibit clot formation
[78]. In a transgenic mouse model of experimental deep vein thrombosis, increased plasmin
activity prevented thrombosis demonstrating a critical role for plasmin in resolving clots in the
vasculature [10]. Our laboratory has observed blot clots in the brains of DFP-intoxicated rats on
brain MRI and post-mortem (Hobson, Bruun, unpublished observations). This increase in
occurrence of thrombosis in DFP-exposed rats corresponds with a reported increased risk of
thrombosis in humans exposed to organophosphates [60]. This risk increases further if the
affected individual has health issues associated with increased peripheral plasmin activation and
PAI-1, including obesity, smoking, and type 2 diabetes [1, 53, 60]. Since we observed increased
concentrations of active plasmin, although highly variable, this begs the question of whether the
change is attributable to OP exposure or if it’s due to seizure activity. There is some

epidemiological evidence that OP-exposed patients who did not experience seizures had an
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increased thrombotic risk, although there was no measure of any aspects of the PAS such as
FDPs or clotting times [60].

Since concentrations of active plasmin were acutely elevated after acute DFP
intoxication, our rationale was to characterize the main inhibitor within the vasculature, PAI-1, to
assess whether the increase in active plasmin was simply due to a decrease in the main regulator
of plasminogen conversion into plasmin. However, this was not the case, as we observed an
acute increase in PAI-1 protein concentration in the plasma at 1 DPE and an elevated
concentration at 3 DPE. Our observations are consistent with those reported for a mouse model
of kainate-induced SE, in which acute increases in PAI-1 mRNA in the heart and brain were
observed within 1 DPE [92]. Although protein levels were not measured in that study, mRNA
frequently corresponds with protein levels. The increased PAI-1 levels on plasmin activity could
be overwhelming the ability of plasmin to function effectively and thus, serving to promote
thrombosis within the brain and periphery.

Peripheral activation of the PAS has been associated with activation of PAS components
in the CNS [7, 8]. Our characterization of the spatiotemporal profile of the main components
within the PAS confirmed that acute DFP intoxication activated plasmin enzyme activity and
increased PAI-1 levels in the brain. Previous publications in our lab have shown that OPs
activate neuroinflammation, leading to glial activation, neurodegeneration, and oxidative stress
[41, 42, 84]. Much of what appears in the literature for PAS characterization has been published
by Strickland in rodent models of stroke, systemic inflammation, and Alzheimer’s disease [7, 20,
51, 67, 93]. Furthermore, the principal plasmin activator in normal brain, tPA, is secreted with
synaptic activity and recycled locally by astrocytes [16]. For these reasons, it was important to

characterize the spatiotemporal variations of tPA, uPA, and PAI-1 in the brain [11, 69]. PAS
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activators demonstrated moderate regional increases after acute DFP intoxication that
corroborates findings in rodent models of kainic acid excitotoxicity, temporal lobe epilepsy, and
traumatic brain injury [21, 46, 58]. PAI-1 markedly increased, presumably functioning as an
acute regulatory inhibitor in the cortex and hippocampus after DFP intoxication. Previous
findings in a mouse model of pilocarpine-induced SE demonstrated significant increases in PAI-
1 protein concentrations at 24 hours post exposure [87]. Similarly, we observed significantly
elevated levels of PAI-1, as well as the increased expression of the PAS activators tPA and uPA.
We used immunohistochemistry to identify the cell-specificity of PAS upregulation.
Unfortunately, we were unable to identify antibodies that would work for tPA and uPA
immunohistochemistry despite testing multiple commercially available antibodies. Previous
work in a mouse model of kainate induced SE demonstrated transient increases in tPA IHC and
the transport of tPA within the brain which could prove problematic for cell specific IHC
characterization [80]. Previous publications looking at uPA THC describe high levels in the
developing brain, but low levels of expression in adult rodents [28, 58]. Future studies should
address the gap of tPA and uPA THC by immunohistochemically characterizing tPA, uPA, and
PAI-1 in parallel after acute OP intoxication. In contrast, we were able to optimize PAI-1
immunohistochemistry in the rat brain. PAI-1 immunopositive staining was nearly absent in
VEH rats, coinciding with previous studies in rodents and humans [5, 83, 86, 89]. However,
PAI-1 immunoreactivity was upregulated out to 28 DPE in DFP exposed rats and primarily
localized to astrocyte cell bodies and processes. Previous publications in vitro [44, 56, 64] and in
vivo [47, 93] describe PAI-1 immunoreactivity in astrocytes and endothelial cells, in line with
our findings. Reactive astrogliosis occurs in the DFP model [41, 77, 79, 84]; however, the role of

these PAI-1 positive astrocytes is unknown and should be addressed in future studies. We
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suspect that increased PAI-1 expression is located in astrocytic endfeet on endothelial cells. This
needs to be validated by additional studies and does this observation identify regions of the BBB
that are altered following acute OP intoxication. tPA is known to cross/alter the BBB and is
persistently increased after OP intoxication as presented in our results.

TEM suggested that the PAI-1 immunoreactivity observed acutely following DFP
exposure corresponded with neuronal ER and mitochondrial stress. While there are no prior
TEM studies of the rat brain after acute OP intoxication, our TEM data are consistent with
previous studies demonstrating that intoxication with OP pesticides and nerve agents cause
significant oxidative stress [39, 41, 59, 72, 91]. Future studies should explore the link between
PAI-1 expression in astrocytes and the cellular stress in neurons to determine if there is a cause-

effect relationship between PAI-1 upregulation in astrocytes and metabolic stress in neurons.

5. Conclusion

This study provided the first spatiotemporal characterization of the PAS in a model of
acute OP intoxication. We observed that acute OP intoxication increases PAS activity, evident as
increased plasmin activity and increased concentrations of tPA, uPA, and PAI-1 concentrations
in the plasma and in the brain. PAI-1 acts as an acute phase response protein while tPA and uPA
are chronically increased after acute DFP intoxication, either in response to increases in
neuroinflammation or as a compensatory mechanism. Immunohistochemical analyses indicated
that PAI-1 is largely restricted to astrocytic subpopulations that express elevated PAI-1 for up to
28 days post-exposure. Future experiments should focus on pharmacologically inhibiting the
components of the PAS to elucidate whether the increase in these components is performing a

protective or damaging role after acute OP intoxication, and whether this changes over time. The
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most significant question to address in future studies is what role PAI-1 plays after acute OP

intoxication, specifically, if PAI-1 plays a neuroprotective role in astrocytes after acute OP

intoxication. Future studies could use pharmacological inhibition to further explore this question.
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Table 1: Distribution of animals across study endpoints.

Cohort Endpoints Evaluated Tissue used Sample Size Figures
38/38 DFP, 19/19
VEH
Seizure behavior 2c
1 Coronal Brain Sections 11-12/38 DFP, 11-
Immunohistochemistry 12/19 VEH 7,8,9,10, 11
N=38 DFP
ELISAs gfrstg;(a'H?eril;:::‘”;'s 30-36/38 DFP, 14- | 5,6
N=19 VEH » Hipp P 17/19 VEH
Plasmin Activity Assay Plasma 4
16/38 DFP, 15/19
VEH
2 Transmission Electron Microscopy | Coronal Brain Sections 2 (1 DFP, 1 VEH) 3
Table 2: List of primary antibodies used for immunohistochemistry
o
.1 Host Source Location Product # Lot # Dilution | Clonality | Clone | Subclass RRID
Antibody
Anti-NeuN | Mouse |  Millipore B“;I’X'”Sts"x' MAB377 2919676 1:500 Mono ABO IgG1 AB_2298772
Anti-rat . Hercules, .
Cd68 Mouse Bio-Rad CA, USA MCA341R 148924C 1:200 Mono ED1 1gG1 AB_2291300
Anti- Cell Danvers, i
GFAP Mouse Signaling MA, USA 3670 6 1:1000 Mono GA5 1gG1 AB_561049
Anti Centennial, .
AlF/Ibai Goat Novus CO, USA NB1001028 S7C7G2P40 1:500 Poly N/A N/A AB_521594
1:100
. . . San Diego, IHC
Anti-PAI-1 | Rabbit | MyBioSource CA, USA MBS 1265040 F0928A 1:1000 Poly N/A 1gG N/A
WB
. Thermo Waltham, WB3189522, . TLD-
Anti-CD31 | Mouse Fisher MA, USA MA180069 WB3186081B 1:50 Mono 3A12 1gG1 AB_928130
Table 3: List of secondary antibodies used for immunohistochemistry
2° Reacts _ Antibody
Antibody Host with Source Product # Lot # Dilution Wavelength used with RRID
Anti-Rabbit ) i ]
IgG (H+L) Goat Rabbit Invitrogen A21245 2299231 1:600 647 PAI-1 AB_2535813
Anti-mouse GFAP
19G1 Alexa Goat Mouse Invitrogen A21124 2300937 1:1000 568 NeuN’ AB_2535766
Fluor
Anti-mouse | oo | Mouse Invitrogen A21121 | 2271701 | 1:1000 488 Cd31 AB_2535764
AlexaFluor
Anti-goat Jackson 70560614 .
F(ab)2 Donkey Goat ImmunoResearch 7 144080 1:500 647 Iba1 AB_2340438
Anti-rabbit
H+L Donkey Rabbit Invitrogen A10042 2207536 1:600 568 PAI-1 AB_2534017
AlexaFluor
A”"g‘é’use Donkey | Mouse Invitrogen A21202 | 2147618 | 1:1000 488 Cd68 AB_141607
Anti-rabbit . . 926- C80605- .
IgG Goat Rabbit Licor 68071 15 1:10000 680 PAI-1 AB_10956166
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Figures and Figure Legends
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Fig. 1 The roles and pathologies associated with the plasminogen activation system in the periphery and central
nervous system (CNS). The upper left of the diagram represents an overview of the enzymatic cascade in which the
precursor, plasminogen, is cleaved by tissue plasminogen activator (tPA) and urokinase plasminogen activator
(uPA) to the active serine protease, plasmin. Plasminogen activator inhibitor-1 (PAI-1) functions to inhibit the
enzymatic activity of tPA and uPA, thereby preventing the activation of plasminogen. The upper right of the
diagram represents cellular and molecular components that are critically involved in neuroinflammatory responses in
the brain. These include astrocytes (purple), microglia (turquoise) and fibrin (green). The left side of the brain

represents the normal physiologic state; the right, neuroinflammation.
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Fig. 2 The rat model of acute DFP intoxication. a Schematic illustrating the dosing paradigm used to trigger
DFP-induced seizures in adult male Sprague-Dawley rats and timeline of data collection. b Scale used to score

seizure behavior in DFP-intoxicated rats. ¢ Profile of seizure scores in DFP and VEH animals. Data presented

as mean + SE (DFP n=38, VEH n=19)
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Fig. 3 Representative transmission electron micrographs of 1-day post-DFP and time-matched vehicle (VEH)
control of the DG of the hippocampus and piriform cortex. Early neurodegeneration is evident in both the
hippocampus and piriform cortex of DFP-exposed animals as indicated by mitochondrial abnormalities (m). Dark
neurons (N) and microglia (MG) are suggestive of oxidative injury compared to VEH. Dilation of the endoplasmic
reticulum (ER) and ribosomal detachment may represent a manifestation of acute, generalized neuronal dysfunction
compounded by oxidative stress. VEH samples show no indication of oxidative injury, mitochondrial abnormalities

(m), endoplasmic reticulum stress (er), nor early neurodegeneration (N)
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Fig. 4 Temporal changes in active plasmin concentrations in VEH and DFP animals. a Data are presented as box
plots of VEH (n=3-5) and DFP-exposed animals (n=3-5) for each time point. The box plot bounds represent the
interquartile range (IQR) divided by the median, the line within the box, and the whiskers extend 1.5 x the IQR. b
Total active plasmin levels geometric mean ration (GMR) with 95% Cl at 1, 3, 7, and 28-day post-exposure in DFP
versus VEH animals. A GMR with a 95% CI that crosses the 1.0 intercept indicates no significant difference. A
GMR with a 95% CI above or below the 1.0 intercept indicates a significant increase or decrease, respectively. Blue

ClIs indicate significant differences between DFP and VEH groups (p<0.05)
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Fig. 5 Temporal pattern of plasma PAI-1 levels. a Temporal changes in plasma PAI-1 levels in VEH and DFP
animals. Data are presented as box plots of VEH (n=4-5) and DFP-exposed animals (n=7-13) for each time point.
The box plot bounds represent the interquartile range (IQR) divided by the median, the line within the box, and the
whiskers extend 1.5 x the IQR. b Total Plasma PAI-1 geometric mean ration (GMR) with 95% Cl at 1, 3, 7, and 28-
day post-exposure in DFP versus VEH animals. A GMR with a 95% CI that crosses the 1.0 intercept indicates no
significant difference. A GMR with a 95% CI above or below the 1.0 intercept indicates a significant increase or

decrease, respectively. Blue Cls indicate significant differences between DFP and VEH groups (p<0.05)
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Fig. 6 Acute DFP intoxication increases brain levels of proteins in the plasmin system in a region-dependent

manner. a Spatiotemporal brain expression of tPA in VEH (n=3-4) vs. DFP (n=7-9) animals. The box plot bounds

represent the interquartile range (IQR) divided by the median, the line within the box, and the whiskers extend 1.5 x

the IQR. b DFP versus VEH tPA geometric mean ratio (GMR) with 95% CI at 1, 3, 7, and 28 days post-exposure.

There was no difference in the tPA exposure effect by time point, so estimates of group differences were averaged

across time points. ¢ Spatiotemporal brain expression of uPA levels in VEH (n=3-4) and DFP (n=7-9) animals. The

40




box plot bounds represent the interquartile range (IQR) divided by the median, the line within the box, and the
whiskers extend 1.5 x the IQR. d DFP versus VEH uPA GMR with 95% Cl at 1, 3, 7, and 28-day post-exposure. e
Spatiotemporal brain expression of PAI-1 levels in VEH (n=3-4) and DFP (n=7-9) animals. The box plot bounds
represent the interquartile range (IQR) divided by the median, the line within the box, and the whiskers extend 1.5 x
the IQR. f DFP versus VEH PAI-1 GMR with 95% Cl in 1, 3, 7, and 28 day post-exposure. In panels b, d and £, CIs
in blue indicate significant results (p<0.05). A GMR with a 95% CI that crosses the 1.0 intercept indicates no
significant difference between groups. A GMR with a 95% CI above or below the 1.0 intercept indicates a

significant increase or decrease, respectively
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Fig. 7 Acute DFP intoxication induces PAI-1 expression in all brain regions at 28 days post-exposure. The area in

the dotted yellow box is shown at higher magnification in the image below. Representative photomicrographs of
PAI-1 immunoreactivity (red). Sections were counterstained with DAPI (blue) to identify cell nuclei. Low

magnification bars= 200 um and high magnification bars= 20 um
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Fig. 8 DFP-induced PAI-1 expression is excluded from hippocampal neurons. Representative photomicrographs the
hilus of the hippocampus at 1, 3, 7 and 28 days post-exposure of a VEH and DFP animal co-immunostained for
PAI-1 (red) and NeuN (green). Sections were counterstained with DAPI to identify cell nuclei. Bar represents 20
pum. Regional PAI-1 and NeuN colocalization geometric mean ration (GMR) with 95% CI in DFP (n=10-12) versus
VEH (n=10-12) animals. There was no difference in the colocalization effect by time point, so estimates of group
differences were averaged across time points. Acute DFP intoxication induces PAI-1 expression but not
colocalization in neurons. A GMR with a 95% CI that crosses the 1.0 intercept indicates no significant difference
between groups. A GMR with a blue 95% CI above or below the 1.0 intercept indicates a significant increase or

decrease (p<0.05), respectively
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Fig. 9 DFP-induced PAI-1 expression is largely excluded from CD68 positive glia and microglial cells.
Representative photomicrographs of VEH animal compared to DFP animals IBA1 (red), CD68 (green), and PAI-1
(cyan) immunoreactivity in the hilus of the hippocampus at 1, 3, 7 and 28 days post-exposure. Sections were
counterstained with DAPI (blue) to identify cell nuclei. Bar represents 20 pm. a Regional PAI-1 and CD68
colocalization geometric mean ration (GMR) with 95% CI in DFP (n=10-12) versus VEH (n=10-12) animals. There
was no difference in the colocalization effect by time point, so estimates of group differences were averaged across
time points. Acute DFP intoxication induces PAI-1 expression but not colocalization in CD68 positive cells. b PAI-
1 and IBA1 colocalization geometric mean ration (GMR) with 95% CI in DFP (n=10-12) versus VEH (n=10-12)
animals. There was no difference in the colocalization effect by time point nor region, so estimates of group
differences were averaged across time points and regions. Acute DFP intoxication induces PAI-1 expression but not
colocalization in microglia. In panels a and b, CIs in blue indicate significant results (p<0.05). A GMR with a 95%
CI that crosses the 1.0 intercept indicates no significant difference between groups. A GMR with a 95% CI above or

below the 1.0 intercept indicates a significant increase or decrease, respectively.
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Fig. 10 Acute DFP intoxication induces PAI-1 expression in astrocytic subpopulations over 28 days post-exposure.
Representative photomicrographs of a VEH animal compared to DFP animals with PAI-1 (red) and GFAP (green)
immunoreactivity in the hilus of the hippocampus at 1, 3, 7 and 28 days post-exposure. Sections were counterstained
with DAPI to identify cell nuclei. Bar = 20 um. Arrows indicate PAI-1 immunoreactivity in astrocytic cell bodies
and processes persisting out to 28 days post-exposure. Regional PAI-1 and GFAP colocalization geometric mean
ratio (GMR) with 95% CI in DFP (n=10-12) versus VEH (n=10-12) animals. DFP animals had a significantly higher
percentage of astrocytes expressing PAI-1 than VEH in all brain regions at 1, 7, and 28, but not 3 days post-
exposure. There was no difference in the colocalization effect by region, so estimates of group differences were

averaged across regions. A GMR with a 95% CI that crosses the 1.0 intercept indicates no significant difference



between groups. A GMR with a blue 95% CI above or below the 1.0 intercept indicates a significant increase or

decrease (p<0.05), respectively
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Fig. 11 Acute DFP intoxication induces PAI-1 expression in distal astrocytic processes adjacent to endothelial cells
at 1 day post-exposure a-b Representative photomicrographs of PAI-1 (red) and CD31 (green) immunoreactivity in
the hippocampus of a DFP-intoxicated animal at 1 day post-exposure. Sections were counterstained with DAPI to
identify cell nuclei. Arrows indicate PAI-1 immunoreactivity in glial cell bodies and processes surrounding blood
vessels with minor colocalization of PAI-1/CD31. Bar = 20 um. ¢ A higher magnification image of panel b. Bar =20
pm. Arrow indicates PAI-1 immunoreactivity in glial cell bodies and processes surrounding blood vessels and
possible endothelial cells with minor colocalization of PAI-1/CD31. Arrowhead indicates higher amounts of CD31
positive immunoreactivity within the vessel and little CD31 immunoreactivity on the outer edge of the vessel where

the majority of PAI-1 immunoreactivity occurs
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7. Supplementary Methods

7.1 Western blotting

Supernatants of homogenized brain samples prepared as described in section 2.3 were
used in western blot assay to validate PAI-1 antibodies. Briefly, samples were boiled with 4x
Laemmli buffer (Bio-Rad Laboratories, Hercules, CA, USA) with freshly added 10% 8-
mercaptoethanol (Sigma Aldrich) for 5 min. Fifty ng of standard PAI-1 protein (Molecular
Innovations, Novi, MI, USA) as the positive control and 10 pg of brain supernatants were loaded
into wells of a Bolt™ 10% Bis-Tris Mini Protein Gel (Invitrogen, Thermo Fisher Scientific,
USA) for SDS-PAGE. Proteins were then transferred to PVDF membrane (Invitrogen) by iBlot 2
Dry Blotting System (Invitrogen) following the manufacturer’s instructions. Membranes were
blocked using Odyssey Blocking Buffer (#927-40000, Licor, USA) with 0.1% Tween-20
(Thermo Fisher Scientific) for 1 h and then incubated with rabbit anti-human PAI-1 primary
antibody (Table 2) in blocking buffer overnight at 4 °C. Subsequently, after three washes with 1x
PBST buffer, membranes were incubated with IRDye 680RD goat anti-rabbit secondary

antibody (Table 3) at room temperature for 1 h. Images were acquired on an Odyssey® CLx

Imaging System (Licor) and analyzed using ImageJ 1.51m9(http://imagej.nih.gov/ij/; NIH).

7.2 Quantification of biomarker expression

ImageXpress Micro XLS High Content Analysis System custom module step by step
guide for each co-stain (https://ucdavis.box.com/s/7txi692shr2epdnuhm1gzcju9t8j1sns).
7.2.1 PAI/NeuN: % of neurons expressing PAI-1

1. Find round objects was used to identify DAPI positive nuclei.
2. Find blobs was used to identify NeuN positive neurons.

3. Logical operations were used to identify DAPI positive neurons.

50



Keep marked objects was used to keep the overall shape of the neurons from step 2 but
only include neurons that also had DAPI signal.

Simple threshold was used to filter out positive PAI-1 signal from background. Positive
signal was defined as signal at least twice the intensity of background. In most cases
positive signal was at least 3 times higher than background.

Grow objects without touching was used on the DAPI positive nuclei to slightly increase
their size since PAI-1 could colocalize right outside of the nucleus and usually is found
on the cell surface or within the cytoplasm.

Logical operations were used to filter out DAPI positive cells that did not express PAI-1.
Keep marked objects was used to keep count of the neurons that also had an overlap with
PAI-1 positive signal.

Measure mask was used to analyze the proportion of NeuN positive neurons that had

PAI-1 positive signal.

7.2.2 PAI/IBA1 and PAI/CD68: % of microglia and phagocytic microglia expressing PAI-1

1.

2.

Find round objects was used to identify DAPI positive nuclei.

Find blobs was used to identify CD68 positive cells.

Logical operations were used to identify DAPI positive and CD68 positive cells. This is
used for the colocalization analysis for the percentage of CD68 positive cells that are co-
expressing PAI-1.

Keep marked objects uses the cells from step 3 and the shapes from step 1 to allow for

the entire cell to be marked as CD68 positive.

. Find round objects was used to identify IBA1 positive cell bodies and some intersecting

processces.
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10.

11.

12.

13.

14.

15.

Find fibers was used to retain microglial processes and mark non-fibrous objects which
were the microglial cell bodies.

Logical operations were used to retain the entire microglial cell.

Keep marked objects was used to keep the overall shape of the microglia, but only
include microglia that also had DAPI signal.

A filter mask was applied to microglia to individualize each cell so that overlapping cells
were limited. For example, without the filter mask, two or more overlapping microglia or
microglia that have “connecting” processes would only be counted as one total cell. The
filter mask allows us to remove this problem while still allowing the cells to have
processes.

Simple threshold was used to filter out positive PAI-1 signal from background. Positive
signal was defined as signal at least twice the intensity of background. In most cases
positive signal was at least 3 times higher than background.

Logical operations were used to filter out DAPI positive cells that did not express PAI-1.
Logical operations were used to identify IBA1 positive microglia that also expressed
PAI-1.

Keep marked objects was used to keep the count of microglia that also had an overlap
with PAI-1 positive signal.

Logical operations were used to identify CD68 positive cells that also expressed PAI-1.
Keep marked objects was used to keep the count of CD68 positive cells that also had an

overlap with PAI-1 positive signal.
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16. Measure mask was used to analyze the proportion of IBA1 positive microglia that had

PAI-1 positive signal. It was simultaneously used to analyze the proportion of CD68

positive cells that had PAI-1 positive signal.

7.2.3 PAI/GFAP: % of astrocytes expressing PAI-

1.

2.

Find round objects was used to identify DAPI positive nuclei.

Find round objects was used to identify GFAP positive cell bodies and some intersecting
processes.

Logical operations were used to identify DAPI positive astrocytes.

Find fibers was used to retain astrocyte processes and mark non-fibrous objects which
were the astrocytic cell bodies.

Logical operations were used again to retain the entire astrocyte cell.

A filter mask was applied to astrocytes to individualize each cell so that overlapping cells
were limited. For example, without the filter mask, two or more overlapping astrocytes or
astrocytes that have “connecting” processes would only be counted as one total cell. The
filter mask allows us to remove this problem while still allowing the cells to have
processes.

Logical operations were used to include full astrocytes with processes and other
astrocytes that did not have processes in the plane but had their cell body in view.

Simple threshold was used to filter out positive PAI-1 signal from background. Positive
signal was defined as signal at least twice the intensity of background. In most cases

positive signal was at least 3 times higher than background.
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9. Grow objects without touching was used on the DAPI positive nuclei to slightly increase
their size since PAI-1 could colocalize right outside of the nucleus and usually is found
on the cell surface or within the cytoplasm.

10. Logical operations were used to filter out DAPI positive cells that did not express PAI-1.

11. Logical operations were used to identify GFAP positive astrocytes that also expressed
PAI-1.

12. Measure mask was used to analyze the proportion of GFAP positive astrocytes that had

PAI-1 positive signal.

8. Supplementary Data:

Fig. S1 DFP-induced PAI-1 expression is largely excluded from the piriform cortex at 1 day post-exposure.
Representative photomicrographs of a DFP animal with PAI-1 (red) and GFAP (green) immunoreactivity. Sections

were counterstained with DAPI to identify cell nuclei. Bar represents 80 um
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Fig. S2 DFP-induced PAI-1 expression is largely excluded from the CA3 region of the hippocampus at 1 day post-
exposure. Representative photomicrographs of a DFP animal with PAI-1 (red) and GFAP (green) immunoreactivity.

Sections were counterstained with DAPI to identify cell nuclei. Bar represents 80 um
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Fig.S3 DFP-induced PAI-1 expression is minimal in the thalamus at 7 days post-exposure. Representative
photomicrographs of a DFP animal with PAI-1 (red) and GFAP (green) immunoreactivity. PAI-1 immunoreactivity
is not observed in the majority of astrocytes but is apparent around blood vessels. A higher magnification image of
the region within the yellow box is shown in Fig S4. Sections were counterstained with DAPI to identify cell nuclei.

Bar represents 500 pm
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Fig. S4 DFP-induced PAI-1 expression is minimal and largely excluded from the thalamus at 7 days post-exposure.
Higher magnification photomicrograph of Fig. S3 of a DFP animal with PAI-1 (red) and GFAP (green)
immunoreactivity. PAI-1 immunoreactivity is not observed in the majority of astrocytes but is observed around

blood vessels. Sections were counterstained with DAPI to identify cell nuclei. Bar represents 80 um
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9. Supplementary Controls

MyBioSource:
rabbit anti-human PAI-1

Western Blot ;v cional

1: PAI-1 standard (ELISA kit) — 0.05 ng
il 2:1d DFP - 20 ug
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Fig. S5 Validation of MyBioSource polyclonal antibody against PAI-1 standard from the Molecular Innovations
total PAI-1 ELISA kit. Corresponding band slightly below 50 kDa on lane 1 demonstrates specificity of
MyBioSource PAI-1 antibody. No dark bands appear above 50 kDa demonstrating highly specific binding to pure

PAI-1 protein. Lanes 2 and 3 are brain extracts from DFP and VEH rats. High molecular weight bands likely
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correspond to PAI-1 complexes with tPA [13] . Low molecular weight bands likely correspond to PAI-1 reactive

center cleavage [32].
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Fig. S6 a Image taken from Abcam website demonstrating PAI-1 Polyclonal antibody validity in human endothelial
cell line. b Validation of Abcam polyclonal antibody against DFP rat brain lysates, transgenic Alzheimer’s Disease
rat brain lysates, and PAI-1 standard used in Molecular Innovations total PAI-1 ELISA kit. Lanes 1-3 correspond to
10 ug of DFP rat brain lysates. Lanes 4-5 correspond to 0.02 and 0.05 ng, respectively, of purified PAI-1 standard
from Molecular Innovations total PAI-1 ELISA kit. Lanes 6-7 correspond to 20 ug of transgenic Alzheimer’s
Disease rat brain lysates. Lane 8 corresponds to purified protein, 0.02 ng, incubated with PAI-1 blocking peptide.
Lanes 4-5 demonstrate specificity of Abcam polyclonal antibody to a purified PAI-1 protein but other lanes (1-3, 6-
7) demonstrated non-specific binding to an unknown protein around 65 kDa invalidating the antibody. Even with the
example WB provided by Abcam in human endothelial cell lysate (a), there are multiple bands below and around 45

kDa, with a faint band around 100 kDa
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Fig. S7 NeuN and PAI-1 secondary only control demonstrates no positive immunoreactivity. Representative
photomicrograph of a DFP animal with PAI-1 (red) and NeuN (green) immunoreactivity. PAI-1 and NeuN
immunoreactivity is not observed due to the absence of primary antibody. Secondary antibody shows no specific

staining patterns. Sections were counterstained with DAPI to identify cell nuclei. Bar represents 200 um
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CD68

Fig. S8 IBA1, CD68, and PAI-1 secondary only control demonstrates no positive immunoreactivity.
Representative photomicrograph of a DFP animal with IBA1 (red), CD68 (green), and PAI-1 (cyan)
immunoreactivity. IBA1, CD68, and PAI-1 immunoreactivity is not observed due to the absence of primary
antibody. Secondary antibody shows no specific staining patterns. Sections were counterstained with DAPI to

identify cell nuclei. Bar represents 200 pm
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GFAP

Fig. S9 GFAP and PAI-1 secondary only control demonstrates no positive immunoreactivity. Representative
photomicrograph of a DFP animal with PAI-1 (red) and GFAP (green) immunoreactivity. PAI-1 and GFAP
immunoreactivity is not observed due to the absence of primary antibody. Secondary antibody shows no specific

staining patterns. Sections were counterstained with DAPI to identify cell nuclei. Bar represents 200 um
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Fig. S10 CD31 and PAI-1 secondary only control demonstrates no positive immunoreactivity. Representative
photomicrograph of a DFP animal with PAI-1 (red) and CD31 (green) immunoreactivity. PAI-1 and CD31
immunoreactivity is not observed due to the absence of primary antibody. Secondary antibody shows no specific

staining patterns. Sections were counterstained with DAPI to identify cell nuclei. Bar represents 20 pm
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