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Abstract

We previously demonstrated that the organophosphateiisopropylfluorophosphate (DFP)
induced region-specific delayed neuronal injury inrat brain. The goal of this study was to
examine the spatiotemporal pattern of the astrogliaresponse after acute intoxication of rats
with DFP. Rats were euthanized at varying times beteen 1 h to 7 days after DFP admini-
stration (9mg/kg, i.p.). The distribution of activaed astrocytes in different brain regions was
determined by immunostaining for glial fibrillary a cidic acid (GFAP). GFAP immunoreac-
tivity increased in the hippocampus, and piriform/entorhinal cortex at 1 h, peaked between
4-8 h then decreased from 16 to 24 h. GFAP labeling the amygdala gradually increased
over the 24 h period. A large increase in GFAP lalieg was seen at 3-7 days following DFP
administration in the hippocampus, piriform/entorhinal cortex and dorsolateral thalamus.
At 3 days post-DFP exposure, GFAP immunoreactivityvas totally absent in central areas of
the hippocampus, piriform/entorhinal cortex and dorsolateral thalamus that contained nu-
merous FluoroJade B (FJB) labeled neurons. By 7 g8, GFAP expression was highly
upregulated in all areas of each brain region. ThenRNA expression of GFAP in hippocam-
pus slowly increased at 24 h following DFP adminisition then dramatically increased at 3
days. This study suggests that activation of glialells may contribute to the early neuropa-
thological changes and later neuronal repair/plastiity following acute DFP intoxication.
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Introduction volved in a number of functions including synapilas-
ticity, maintenance of the blood-brain barrier,lanima-
Organophosphorus compounds (OPs) are widely used #@n and neuronal repair [8]. Reactive astroglidsisan
pesticides in agriculture and as nerve agents @mital ~ astrocyte response to various types of mechanical o
warfare and there is extensive experimental amiceli ~ chemical brain injuries [9]. Reactive astrocytes ahar-
data documenting their neurotoxic potential [1, I2pu-  acterized by hypertrophy and the upregulation @l gl
ropathological alterations develop in the braifdieing ~ fibrillary acidic protein (GFAP) [9, 10]. GFAP mRW
acute intoxication with OP nerve agents, such aim,sa and protein are also upregulated in a number otispe
soman and diisopropylfluorophosphate (DFP), in botHollowing exposure to OPs [4, 11, 12, 13, 14, 16]. 1
animal models and human patients [3, 4, 5, 6]. e r However, a detailed analysis of the spatiotempeeal
cently showed that acute DFP intoxication resuitete- ~ Sponse of astrocytes in rat brain following DFRoxta-
gional and temporal specific patterns of delayestoal  tion has not been previously reported.
injury in the rat brain [6]. Although seizures wéneuced
within minutes following DFP exposure, neuronauiyj  In this study, we investigated the astroglial regofrom
was not evident in most brain regions until 4-8ated. 1 h up to 7 days following a single exposure t@iago-
Astrocytes have been shown to become activatey eargenic dose of DFP. Here, we demonstrated that DFP-
after intense neuronal activity and contribute émmonal  induced neuronal injury was accompanied by an early
injury following seizure [7]. Astrocytes are a hreigene-  region-specific astroglial activation characterizey in-
ous class of cells that play an essential roleaintaining  creased GFAP protein within 24 h. Three days diteP,
homeostasis in the central nervous system andrare ia large second wave of GFAP upregulation was desn t
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continued to increase for up to 7 days after DRsbsdre.  Millipore, Billerica, MA) labeling was performed ase-
These results may vyield insight into the mechanisms viously described [6]. Briefly, after drying for 3fin at
volved in OP-induced neuronal injury, synaptic play  50°C, sections were post-fixed with 4% paraformalde
and repair. hyde for 15 min, washed with distilled water an@rth
directly incubated in 0.06% potassium permanganate
(KMnQ,) for 10 min on a shaker table followed by dis-
tilled water for 2 min. Sections were then inculaite a
freshly prepared solution of 0.0004% FJB for 20 ,min
rinsed in distilled water and then dried at 50°CieD
slides were cleared by immersion in xylene for 2 imé-

Materials and Methods

DFP Poisoning and brain collection
All animals used in these studies were treated heifga

and with regard for alleviation of suffering andmpand {50 coverslipping with DPX mounting medium (Elestr
all protocols involving animals were approved bg th- \jicroscopy Sciences, Hatfield, PA). Five or more-se

stitutional Animal Car_e_and _Use Commi'gt_ee_ of More-ns were labeled from each brain region of alhreahs
house School of Medicine prior to the initiation ex- (n = 5 animals per treatment group)

perimentation. Adult male Sprague-Dawley rats (280-
320g; Harlan Laboratories, USA) were used for thisRNAIsoIation and Real-time RT-PCR

study. After anesthetization with 2% isoflurane %80 Tqi5) RNA of hippocampus was isolated using TRIZOL
Oxygen, 70% Nitrous Oxide; NexAir, Suwanee, GA),reagent (Invitrogen, Carlsbad CA, USA) followingnso
animals were injected with pyridostigmine bromi®B(  :ation, RNA was treated with DNase | to remove any
0.1 mg/kg in saline; TCI America, Portland, OR) @hein 5065 of genomic DNA. First-strand cDNA was synthe
20 min later with atropine methylnitrate (AMN; 209 gj64 from pug of each RNA sample using oligo (dT) and
in saline; _AO755, TCI Ame_rlca)._ Pretreatment_vxthlese Omniscript reverse transcriptase (Qiagen, Valer@),
drugs, which are centrally inactive, reduces maytaind  5ccording to the manufacturer's protocol. Real-tini-
eliminates peripheral symptoms of cholinergic t@¥ic antitative RT-PCR was performed with SYBR Green
thereby enabling clear demonstration of seizurévigct (IQTM Sybr Green Supermix, Bio-Rad, Hercules, CA)
[17]. Ten minutes after AMN injection, the rats wen- sing an iCycler (BioRad). To quantify GFAP mRNA
jected intraperitoneally with DFP (9 mg/kg dilutédwa- — oypression, primers for rat GFAP (sense, 5-CCTTGAG
ter; D0O879, Sigma Chemical Co., St. Louis, MO). DFPTccTTGCGCGGCA-3, antisense, 5- TTGGCCCTCC-
was_always prepared fresh W|‘_[h|n 5 min pefore agmin TCCTCCAGCC-3") and the housekeeping gene glyceral-
stration. The treatment groups !ncluded naive oda_rms, dehyde-3-phosphate dehydrogenase (GAPDH) (sense, 5'
antidote control rats (treated with PB, AMN andtiled  AcCCAGAAGACTGTGGATGG-3" antisense. 5-CAC-
wa_ter), and rats injec_ted with DFP (with PB and AMN ATTGGGGGTAGGAACAC-3') were used. Cycling pa-
Animals were euthanized 1 h, 4 h, 8 h, 16 h, 22 or 15 eters were 95°C for 5 min, then 40 cycles o9&

7 days post-injection (n = 5 for each conditionjaiBs 10 sec. 55°C for 45 sec. then 95°C for 1 min. S&ACL
were cut through the midline and the hippocampus Wayin and then melt following the manufacturer'stpcol.
dissected from the left side for mMRNA extractionilh 1he fluorescence of the accumulating product waasme
the entire right side of the brain was used forithew-  eq at the product melting temperature. To confine
nostaining. All brains were snap frozen in dry ®ed  gpecificity of PCR products, melting curves werdede

kept at -80°C until further use. mined using iCycler software. The mRNA levels were
normalized using GAPDH mRNA levels. GAPDH
GFAP immunohistochemistry and FJB staining MRNA levels did not show any significant variatiba-

Coronal sections of 20 um thickness were cut withya  tween treatment groups in our experiment.

ostat and mounted on slides which were then stated

—80°C until further processed. Sections were did Statistical analysis

room temperature for 30 min and then incubated #ih  PCR results are from 45 animals (n = 5 per treatmen
paraformaldehyde (Sigma Chemical Co.) for 15 mift. A group) including naive rats, antidote control ratsl rats
ter rinsing in 0.01 M phosphate buffered saline $PB at various time points after DFP intoxication. ity
pH=7.2), sections were blocked in buffer containd®% values are presented as the mean + SEM. Statistica
normal goat serum (Jackson ImmunoResearch Laboratgsis was carried out usi®§NOVA Differences were con-
ries, West Grove, PA) and 0.3% triton-x100 (Sigmasidered significant at the level of p<0.05.

Chemical Co.) for 1 h at 4°C and then incubatedLfbrat

37°C with a monoclonal mouse Cy3 conjugated antiResults

GFAP antibody (1:500, Cat. #C9205, Sigma). Sections

were then washed with PBS and coverslipped with aGFAP immunostaining in the hippocampus following
anti-fade mounting medium (VectorLaboratories; Burl acute DFP intoxication

game, CA). Negative controls were incubated witltSPB GFAP immunoreactivity was present to various degree
instead of the primary antibodies. FluoroJade BB(FJ in all brain regions of naive and antidote contschin
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tissues. In the hippocampus of DFP-treated animal®FP administration, there was increased GFAP immu-
GFAP immunoreactivity was increased in the hillishe  nolabeling in all regions except for a distinct ardat
dentate gyrus and the lacunosum moleculare comparedtraversed the striatum radiatum and molecularersagé
naive animals 1 h after DFP intoxication (Figs., BA. In  hippocampus where GFAP expression was completely
contrast, there was a dramatic decrease of GFARuimmabsent (Fig. 1G; arrows). There was a dramaticeass
nostaining in the striatum radiatum layer of hippopus of GFAP expression in the hippocampus 7 days BXeg?

1-8 h after DFP treatment (Figs. 1B-D). In theusllof administration compared to day 3. At 7 days pdsRD
the dentate gyrus and lacunosum moleculare layeARG exposure, GFAP expression was still absent in tha-s
immunoreactivity remained high at 4 h and decredsed tum radiatum and moleculare layers (Fig. 1H).

near baseline levels at 8-24 h (Figs. 1C-F). Aagstafter

Figure 1. Acute DFP intoxication upregulated GFAP expression in a regional and temporal dependent manner.

Representative photomicrographs of GFAP immunoirgfcin the hippocampus and cortex of naive cdatfé
and DFP-exposed rats (B-H) at varying times pogieskre. Relative to control rats (A), GFAP immuamtivity
was noticeably increased in the hillus of the dentgyrus and lacunosum moleculare layer at 1h (&) 4h (C)
post-DFP exposure. In contrast, GFAP decreasatiérstriatum radiatum layer at 1h (B), 4h (C) ard(®) post-
DFP exposure. Levels of GFAP immunoreactivity mddrto control levels from 16h (E) to 24h (F). GH#A#nu-
nostaining was noticeably absent in a distinct af@aows) that traversed the striatum radiatum andleculare
layers of the hippocampus at 3 days post-DFP adination (G). At 7 days post-DFP exposure (H), GF&R
pression in hippocampus increased dramatically aad more intense relative to any of the earlieretipoints ex-
amined. Interestingly, the area not immunostaing@&FAP at 3 days was still evident at 7days (Hows). GFAP
staining in the parietal cortex did not change tala to control levels at 1-24h post-DFP exposiBer), but in-
creased at 3 days(G) and peaked at 7 days (H)}[PBBt exposure. Hi=hillus of dentate gyrus; LM=lac@sum
moleculare layer; SM=striatum radiatum layer; PCanetal cortex; Scale bar= 100 pm.

Figure 2. Acute DFP intoxication increased GFAP expression in the amygdala .

Representative photomicrographs show that reldtiveaive controls, GFAP immunoreactivity in the gdgla in-
creased from 1h to 8h post-DFP exposure (B-D) aad still high at 16h (E) and 24h (F). The increasesisted at
3days (G) and peaked at 7days (H) post-DFP exposii&= amygdala; Pir C= piriform cortex; Scale bat80 pum.
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Figure 3. GFAP expression isincreased in the piriform cortex after DFP intoxication.

Increased GFAP immunoreactivity was apparent iretdy and Ill of the piriform cortex at 1h post-DFEXposure
(B) compared to naive controls (A) in these represtere photomicrographs. GFAP immunostaining pelakie4
h(C) and 8h (D) and then returned to baseline ew&l24h (F). Downregulation occurred through 1-88) C &
D) in the layer | and returned to base line at Z#). There was a GFAP loss in the piriform cortéx3alays fol-

lowing DFP treatment (G) compared to naive contrblswever GFAP was significantly increased acros$as-
ers of the piriform cortex at 7 days post-DFP expegH). Scale bar= 100 pm.

-

Figure 4. Acute DFP intoxication decreased GFAP expression in the dorsolateral thalamus.

Relative to naive controls (A) GFAP expression ieechunchanged in the dorsolateral thalamus atB} 4h (C) and
8h (D) post-DFP exposure in these representativ@grhicrographs. GFAP immunostaining slightly desehat 16h (E)
and 24h (F) after DFP administration. There wa®ad of GFAP immunoreactivity in the center of neafanjury at 3
days after DFP treatment (G) with GFAP upregulaitethe bordering area. At 7 days post-DFP expogtie there was
a noticeable increase of GFAP immunoreactivityhia dorsolateral thalamus that included much ofréwon where

GFAP was lost at day 3. Scale bar= 100 pm.
-
G = H

Figure 5. Spatial relationship of neuronal injury and reactive astrogliosis differs regionally in brains of rats acutely
intoxicated with DFP. Representative photomicrographs of FIB labelingégr B, D, F, H) and GFAP immunostaining
(red, A, C, E, G) were taken from adjacent sectainthe same brain region at 3 days post-DFP exmodn the amyg-
dala (A, B) and dentate gyrus (G, H) regions of fdBeling are also immunostained by GFAP. In casiirin the piri-
form cortex (E, F) and dorsolateral thalamus (C, BFAP staining is not apparent in the center & #rea of signifi-
cant neuronal injury. AMG= amygdala; Pir C= pirifar cortex; DG= dentate gyrus. Scale bar= 100 pum.
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GFAP immunostaining in the amygdala following acute
DFP intoxication

In the amygdala, GFAP expression similarly increase
1 h post-DFP exposure compared to naive controls 5- I
(Figs 2A, B). GFAP immunostaining in the amygdala

further increased between 4 and 24 h following DFP
exposure (Figs 2C-F). GFAP immunoreactivity con-
tinued to increase 3 days after DFP exposure (Fig.
2G). At 7 days post-DFP exposure, there was a dra-
matic and widespread increase in GFAP expression
throughout the amygdala, and the intensity of GFAP

GFAP/GAPDH
s

immunoreactivity was higher than observed at earlie 1-

time points (Fig. 2H). Unlike the hippocampus, ther |=| I-'|'-| |I|

was no loss of GFAP expression at any time afte? DF 0 |T| ' Y ' Y ' Y ' '
administration. In the adjacent piriform cortexerth .

was a slight increase in GFAP labeling 1-24 h after Q‘,\“Q ‘;‘QQ SEEENNCN \60 q,"“(\ "’é
DFP administration; however, GFAP labeling disap- ¢ ?38 )

peared by 3 days post-DFP exposure (Fig. 2G). As
observed in the amygdala, GFAP immunoreactivity in
the piriform cortex noticeably increased again at 7
days after DFP treatment (Fig. 2H).

Figure 6. Relative levels of GFAP mRNA in the hippo-
campus at different time points post-DF P exposure.

Total RNA was collected from hippocampi of naiue co
GFAP immunostaining in the cortex following acute trols, antidote controls 24h following treatmentiwiPB
DFP intoxication and AMN (A+P) and from DFP-exposed animals at vary-
GFAP immunoreactivity in the cortex was increased i INg times up to 3 days post-DFP exposure. GFAP mRNA
layers Il and 11l of the piriform cortex compareaiaive ~ Significantly increased at 3 days compared to naiwe-
control animals from 1-8 h following DFP administem 0l @nimals (* denotes p<0.001). Data are presghas
(Figs. 3A-D), but then returned to baseline leugfsle- the mean SEM (n = 5 per treatment group).

24 h post-DFP exposure (Figs.3E, F). A similatgyat ) ) . .

was observed in the entorhinal cortex (data notvaho SPatial relationship of GFAP and FJB labeling follow-
However, in layer | of the piriform cortex, GFARasting /N9 DFPintoxication _ »
decreased 1-8 h after DFP exposure before returtaing To determine the relationship b_etween neuronalr)_rnju
control levels at 16-24 h. At 4-8 h, GFAP upregolat and _GFAP up- _and dov_vn-regulanon, we labeled adjace
peaked in layers Il and Il of the piriformand emoal ~ S€Ctions of brains obtained at 3 days post-DFP txpo
cortices but staining was still reduced in layeofithe  With FIB, @ marker of injured neurons, and the-GfHAP
cortex at these two time points. No apparent change antibody. Expression patterns were examined inipielt
GFAP expression was noted in other cortical brain r Prain regions, including the amygdala (Figs. SA, Bjl-
gions up to 3 days post-DFP exposure (data not show @Mus (Figs. 5C, D), piriform cortex (Figs. SE, Réhip-
At 3 days, there was a loss of GFAP immunoreagtivit Pocampal dentate gyrus (Figs. 5G, H). As illustiaie

the piriform (Fig. 3G) and entorhinal cortices. GFax-  Figure 5, there were numerous FJB positive cellthé
pression at 7 days (Fig.3H) was increased in atiazo piriform cortex and dorsolateral thalamus 3 dayteraf

layers compared to control levels (Fig. 3A). DFP int_oxication. In_these areas, there was nidemig_
GFAP immunoreactivity at the focus of the neuronal

GFAP immunostaining in the dorsal lateral thalamus  jury. In contrast, GFAP immunoreactivity was evitlen
following acute DFP intoxication within the same areas containing numerous FJBipesit
Relative to naive controls (Fig. 4A), GFAP immurmh  cells, in the amygdala and dentate gyrus.

ing was virtually unchanged in the dorsolateralahas ) ) ) )

1-8 h after DFP administration (Fig. 4B-D), but epped ~ Deélayed induction of GFAP mRNA in the hippocampus

to be slightly decreased at 16-24 h (Figs. 4EAFR days following acute DFP intoxication _

post-DFP exposure, there was a massive loss of GFAfe measured GFAP mRNA in the hippocampus to de-
expression in the dorsolateral thalamus with irseda termine whether the upregulation of GFAP immunadlabe
GFAP immunoreactivity in the bordering area (Fig)4 [Nng was due to transcriptional mechanisms. Figure 6
At 7 days following DFP exposure, there was a §igni Shows thz_:tt GFAP mRNA was not S|_gn|f_|cantly altered
cant increase of GFAP immunoreactivity in the thala  Over the first 16 h following DFP intoxication. Hewer,

that included much of the region where GFAP wasdbs GFAP mRNA was marginally upregulated at 24 h then
day 3 (Fig. 4H). significantly increased another 3-fold at 3 dayl#ofeing

DFP intoxication.
94 Current Neurobiology 2012 Volughkssue 2
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Discussion

The goal of this study was to characterize theicigsb-

poral expression of GFAP protein and mRNA exprassio

from 1 h to 7 days following acute intoxication WwibFP

at seizurogenic doses. In the brain regions we gwxm
there was an initial peak of increased GFAP immeacr

tivity within 4-16 h after DFP exposure. These firgs

are consistent with studies demonstrating by immyno
tochemistry that soman exposure induced rapid glgto

activation that peaked at 8 h [12].We observednitial
up-regulation of GFAP immunolabeling at 1 h in tager
Il of piriform/entorhinal cortices and amygdalansstent

with findings examining GFAP protein from brains o
soman poisoned rats [11, 12]. However, we alsodaan

significant increase of GFAP immunoreactivity ire thil-
lus of dentate gyrus, lacunosum moleculare layemipf

pocampus at this early time point. We have preWous

demonstrated that there is no evidence of neurdeath
in any brain region at this early time point [6jdicating
that this rapid regulation of GFAP precedes neurdea
generation [6, 11, 12]. Given that seizures arated
within minutes of DFP administration in our modél,[
our findings are consistent with studies demorisigahat
astrocytes become rapidly activated after interesganal
activity and seizures [7].

In contrast to previous studies of astrocyte atitvafol-
lowing acute soman intoxication that terminated®4th
[12], we carried out our studies to 7 days postsexpe,

and observed a second massive wave of GFAP upregu
tion that occurred 3-7 days after DFP administratio

Similarly, in a study of mice exposed to somanglberm
delayed astroglial activation was shown to peak days
and persist for 90 days and this was associated glil
scar formation [15]. The rapid astroglial activatiand
late astrogliosis was also demonstrated in raticated
with kainic acid [18, 19]. The role(s) of activatedtro-

cytes in DFP-induced neurotoxicity are not clear |

flammatory responses involving astrocytes and rgi@b
cells have been shown to occur both early andifatee
injured brain following OP intoxication [12, 15, 201,
22, 23, 24, 25]. Microglial activation follows thearly

increase of GFAP immunoreactivity and precedes ne

ronal injury suggesting that astrogliosis inducegdski-
zures results in an inflammatory response thatvslved
with neuronal injury [11, 12]. However, there igdence
suggesting that delayed astrogliosis could medigtap-
tic plasticity and neuronal repair [5]. This pod#l is

also suggested by studies in GFAP knockout mice i
which deficiencies in GFAP were associated withobdlo

brain barrier impairment, impaired maintenance oftev

matter integrity and myelination and altered neaton
function. GFAP has also been shown to be nece$sary

Current Neurobiology 2012 Volume 3 Issue 1

proper glial scar formation after CNS trauma [2B], 2nd
GFAP knockout mice displayed increased neuronal-dam
age in the hippocampus following brain trauma and
kainate excitotoxicity [28]. Conversely, GFAP knock
mice were reported to have increased levels of GDNF
resulting in protection of neurons from quinoliracid-

induced excitotoxicity [29].

An intriguing finding of our study was the totalsk of
GFAP immunoreactivity at the focus of neuronal iigjin
the thalamus, hippocampus and piriform/entorhioaiex
at 3 and 7 days after DFP while the staining dranaliy
increased in the areas bordering the injury. Deaga
GFAP could result from astrocyte loss or cytoskelde-
stabilization/degradation and loss of GFAP antigiéni

fAIternativer, the early loss of GFAP could be doeas-

trocytes migrating from layer | to layer Il in thari-
form/entorhinal cortex or from the striatum radiatlayer

to the lacunosum moleculare layer in the hippocanpu
Comparable results were reported in a study megguri
GFAP levels in the brains of hens 1-20 days aftgoe
sure to DFP. Using Northern blot hybridization, eteal
tissue from the brains of hens exposed to DFP égHib
down regulated GFAP mRNA level at day 1 compared to
controls and upregulated GFAP mRNA at 10 and 2& day
[13]. The investigators suggested that GFAP levedse
reduced in areas most susceptible to OP-inducecgiam
This is consistent with our data indicating thatABFis
reduced in areas with high numbers of FJB positeis

in some regions. Decreased GFAP expression diggiot
cur in the amygdala, dentate gyrus molecular layet
other cortical regions at 3 and 7 days after DRbbsure;
f&owever, we had previously shown that neuronalrynju
peaks very early (8 h post-DFP exposure) in theam
regions [6]. GFAP reactivity is significantly upndgted

in these injured regions. This suggests the pdsgithat
the function(s) of astrocyte activation following-P ex-
posure may vary across different brain regions wéth
gards it role in neuronal injury and function [5].

It is unlikely that increased GFAP labeling at gaiime
points (< 16-24 h post-DFP exposure) was due to in-
creased GFAP transcription and translation. It basn
suggested that the rapid increase in GFAP immuntivea
ity after OP exposure or seizures results fromoagtic
swelling leading to cytoskeletal changes that egpos
FAP antigenic sites [10, 12]. In support of fhieposal,
inhibition of protein synthesis by actinomycin Dddiot
prevent OP-induced upregulation of GFAP [11, 13jeT
late astroglial activation is likely due to glio$é&ading to
over-expression of GFAP protein [15]. Indeed, odr R
CR data showed GFAP mRNA was induced at 3 days
ollowing DFP administration, but not at earliemé
points. Collectively, these data suggest that theran
early wave of GFAP upregulation that does not imgol
transcriptional/translation mechanisms and a delaye
regulation of GFAP mediated by transcriptional naech
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nisms and/or astrocyte proliferation. 8.

In conclusion, our studies suggest an importarg fof 9.
astroglial activation during OP- induced neuromgiiry.
The spatiotemporal patterns of GFAP expressiomvel|
ing acute DFP intoxication indicates that GFAP rhaye
multiple and distinct roles during the initiatiomda pro-
gression of OP-induced neurotoxicity. Understandiog
GFAP is altered following OP intoxication will givia-
sight into the roles for GFAP in mediating neurodain-
age and tissue repair following CNS injuries.
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