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ABSTRACT 
This study reports an upregulation of the neuro-inflammatory gene response using 

quantitative RT-PCR following soman exposure in rats. Male Sprague-Dawley rats were 
pre-treated with HI-6 (125 mg/kg, i.p.) and exposed 30 min later to 1.6x LD50 of soman 
(180 µg/kg, s.c.) followed at 1 min by atropine (4 mg/kg, i.m.). Initially, a significant 
upregulation of TNF-α and VCAM-1 mRNA levels were measured 2 h post-exposure 
followed at 6 h by IL-1β, IL-6, E-selectin, and ICAM-1 with resolution by 24-48 h. In 
conclusion, an acute upregulation of the inflammatory gene response is activated 
following soman exposure and may be involved in soman-induced brain injury. 
 
 
 
 
 

INTRODUCTION 
Despite being prohibited by the Geneva protocol of 1925, nerve agents such as 

organophosphates remain a primary concern during military engagement. Several 
countries possess and are capable of delivering these agents against civilian and/or 
military targets [5]. Nerve agents such as soman, sarin, tabun, GF, and VX can rapidly 
induce respiratory arrest, incapacitating or killing exposed victims. Other delayed effects 
of organophosphate poisoning also occur, including damage to the central nervous system 
(due to brain seizures) leading to death, neurological impairment and/or 
neuropsychological disorders [12, 15]. Recent military conflicts including the Iran-Iraq 
war (1980-1988) portrayed the effective use of these chemical nerve agents as a combat 
weapon.  

Following a neurotoxic insult, a local and peripherally recruited neuro-
inflammatory response can be induced in the brain despite being normally isolated from 
the peripheral immune system via the blood brain barrier (BBB). Although the role of 
brain inflammation has not been definitively defined as a neuropathic process [7], brain 
inflammation has been proposed to be injurious to the brain due to activation of delayed 
cell death mechanisms[9, 18]. An acute inflammatory response has been documented in a 
variety of brain injury or disease states such as multiple sclerosis, Alzheimer’s dementia, 
cerebrovascular disease and brain trauma, which are also associated with a progressive 
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neuronal pathology. Importantly, anti-inflammatory treatments of these types of injuries 
are being explored as therapeutic strategies against the induced cell death [9, 13, 14, 19]. 

The aim of this study was to evaluate the acute inflammatory reaction to soman 
exposure to provide a basis for evaluating the potential efficacy of anti-inflammatory 
agents to help relieve soman induced brain-cell injury (SIBI). In this study we evaluated 
the inflammatory response of the rat brain to the nerve agent soman as characterized by 
the upregulation of several inflammatory cytokines and cell adhesion molecules (CAMs). 
Male Sprague Dawley rats (Charles River Labs, Wilmington, MA) weighing 250-300g 
were maintained in animal rooms at 21 ± 2°C with 50 ±10% humidity. Food and water 
were provided before and after all procedures and animals were kept on a 12-h light/dark 
full spectrum lighting cycle with no twilight. Rats were pre-treated with the oxime HI-6 
(1-2-hydroxy-iminomethyl-1-pyridino-3-(4-carbamoyl-1-pyridino-2-oxapropane 
dichloride) dissolved in sterile water (125 mg/kg, i.p.). Thirty min later rats were exposed 
to a 1.6x LD50 dose of soman (pinacolyl methyl-phosphonofluoridate, 180 µg/kg, s.c.) 
followed at 1 min by treatment with atropine methyl nitrate dissolved in sterile water (4 
mg/kg, i.m.). Vehicle treated animals were administered an identical treatment protocol 
except saline (s.c.) was substituted for soman. This same soman exposure protocol has 
been previously reported to induce SIBI in rats and is used to replicate a severe but 
survivable injury in a field soldier [8]. Following exposure brain tissue was isolated 
bilaterally from the hippocampus, thalamus, and piriform cortex at 2, 6, 24, or 48 h for 
mRNA analysis (4-5 rats per group).  

Tissue samples were homogenized and total RNA was extracted from the tissue as 
previously described [2]. Reverse transcription reactions were carried out using an RNA 
PCR Core Kit (Perkin Elmer, Branchburg, NJ) on a DNA Thermal Cycler 480 (Perkin 
Elmer). PCR primers and TaqManTM probes were designed using Primer Express 1.0 
Software program (Perkin-Elmer) and synthesis was performed by Applied Biosystem, 
CA. The primer and probe sequences for ribosomal protein 32 (rpL32), tumor necrosis 
factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), intercellular adhesion 
molecule-1 (ICAM-1), vascular cell adhesion molecule (VCAM), and E-selectin have 
been previously reported [2]. RT-PCR, as described previously [2], was performed using 
the TaqManTM Universal PCR Master Mix, 100 nM of both primers and probe and 1µL of 
cDNA, on the ABI PRISM 7700 Detection System (Applied Biosystems, Foster City, 
CA). All data is presented as the mean ± standard error of the mean (n = 4-5 for each 
group). The mRNA levels were normalized to the corresponding rpL32 level for each 
sample. Normalization of the data to rpl32 was used to control for slight variation 
between animals and is commonly used “housekeeping gene” [2]. Statistical analysis of 
the changes in mRNA level over time for each gene was evaluated by ANOVA followed 
by Dunnett’s post-hoc analysis to compare each post-exposure time point to the sham-
treated group.  
 All animals were visually observed for signs of soman toxicity post-exposure. A 
total of two animals that did not exhibit signs of exposure (i.e. seizures, salivation, 
lacrimation of eyes, hypoactivity, ataxia and muscular fasciculations) were excluded from 
the study. In general, mRNA levels of all inflammatory genes tested were transiently 
upregulated following exposure to soman with a similar expression profile in each of the 
three isolated brain regions. At 2 h post-exposure both TNF-α and VCAM-1 were 
upregulated followed by a delayed upregulation at 6 h by IL-1β, E-selectin, IL-6, and 
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ICAM-1. In all brain regions mRNA levels returned to within normal (sham–treated) 
limits by 6-48 h post exposure for every gene tested. Levels of rpL32 mRNA (control 
gene) did not significantly change throughout the course of the recovery period.  

An acute and transient upregulation of all inflammatory genes was measured in 
soman-exposed animals. Two hours post-injury mRNA levels of TNF-α were 
dramatically increased by 154 fold in the piriform cortex (Table 1), 58 fold in 
hippocampal (Table 2), and 29 fold in thalamic tissues (Table 3). Expression levels of IL-
1β were increased post-exposure but did not reach significantly increased levels until 6 h 
post-exposure with increases of 55 fold in the piriform cortex (Table 1) and 45 fold in the 
hippocampus (Table 2). Increases of IL-1β in thalamic tissue were not as dramatic (max 
= 21 fold) and never reached statistically significant levels (Table 3). Expression levels of 
IL-6 were increased post-exposure with significantly increased levels at 6 h post-
exposure of 119 fold in the piriform cortex (Table 1), 554 fold in hippocampal (Table 2), 
and 60 fold in thalamic tissues (Table 3). Two hours post-injury significant increases in 
VCAM-1 were evident in all brain regions studied (2.6 fold increase in the piriform 
cortex (Table 1), 2.9 fold in the hippocampus (Table 2), and 2.2 fold in the thalamus 
(Table 3)). Expression levels of ICAM-1 were increased post-exposure but did not reach 
significance until 6 h post-exposure with increases of 17 fold in the piriform cortex 
(Table 1), 13 fold in hippocampal (Table 2), and 19 fold in thalamic tissues (Table 3). 
Expression levels of E-Selectin were marginal at all times post injury except at 6 h where 
dramatic and significant increases of 70 fold in the piriform cortex (Table 1), 11 fold in 
hippocampal (Table 2), and 39 fold in thalamic tissues (Table 3) were measured.  
 
Table 1.  QRT-PCR analysis of changes in inflammatory gene expression out to 48 h 
following acute soman exposure in tissue isolated from the piriform cortex of rats. 
Relative mRNA levels are given as the mean ± SEM (n = 4-5/group). Asterisks (*) 
indicate P < 0.05 as compared to sham group (ANOVA followed by Dunnett’s post-hoc 
analysis). 
 

gene sham 2h 6h 24h 48h 
E-selectin 1.17±0.73 0.90±0.24 82.1±29.9* 3.24±2.27 1.19±0.54 

IL-6 1.22±0.57 80.5±44.7 306±130* 109±89 1.29±0.44 
IL-1β 2.57±0.38 22.0±8.0 140±70* 8.23±3.66 2.40±0.79 

TNF-α 2.32±0.41 359±118* 17.9±4.8 2.73±0.58 1.68±0.52 
ICAM-1 21.3±2.5 118±42 371±90* 44.7±15.7 26.2±4.5 
VCAM 883±237 2270±265* 730±137 746±307 141±46 
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Table 2.  QRT-PCR analysis of changes in inflammatory gene expression out to 48 h 
following acute soman exposure in tissue isolated from the hippocampus of rats. Relative 
mRNA levels are given as the mean ± SEM (n = 4-5/group). Asterisks (*) indicate P < 
0.05 as compared to sham group (ANOVA followed by Dunnett’s post-hoc analysis). 
 

gene sham 2h 6h 24h 48h 
IL-1β 2.1±0.92 13.3±5.4 43.4±9.9 52.8±31.4 16.1±5.7 
IL-6 3.53±1.90 83.4±50.8 210±41* 78.7±43.4 12.6±5.1 

ICAM-1 9.61±2.65 77.3±36.2 180±33* 38.9±18 46.1±7.0 
E-selectin 0.490±0.130 1.41±0.55 19.0±3.9* 3.80±1.90 8.92±3.88 

VCAM 968±196 2172±403* 356±425 675±199 449±100 
TNF-α 3.84±1.40 111±51* 31.6±24.2 8.2±3.2 10.8±3.6 

 
Table 3.  QRT-PCR analysis of changes in inflammatory gene expression out to 48 h 
following acute soman exposure in tissue isolated from the thalamus of rats. Relative 
mRNA levels are given as the mean ± SEM (n = 4-5/group). Asterisks (*) indicate P < 
0.05 as compared to sham group (ANOVA followed by Dunnett’s post-hoc analysis). 
 

gene sham 2h 6h 24h 48h 
E-selectin 2.40±1.67 1.55±0.49 27.4±7.5 2.26±1.17 1.59±0.96 

IL-1β 0.960±0.260 9.91±2.48 43.5±4.4* 6.86±3.64 1.90±0.84 
IL-6 0.240±0.090 66.1±27.5 133±33* 97.6±73.9 0.830±0.420 

TNF-α 2.19±0.66 127±72 30.3±2.1 2.38±0.62 1.93±0.42 
ICAM-1 11.3±2.0 68.9±25.1 151±23* 29.4±11.9 29.2±6.1 
VCAM 930±252 2652±399* 486±80 741±306 163±51 

  
The histopathological response to exposure with the irreversible cholinesterase 

inhibitor soman has been well documented [6, 11, 20]. Importantly, even with currently 
available treatments for soman exposure acute brain lesions can occur post-exposure. 
Vulnerable brain regions include the thalamus, hippocampus, and piriform cortex. Brain 
pathology includes progression of edema and inflammatory cell activation followed at 
later time points by the presence of necrotic cell death. The soman induced inflammatory 
response includes the upregulation of glial fibrillary acidic protein mRNA levels and the 
associated activation of astrocytes and microglia, predominately in hippocampus and 
piriform cortex [1, 20]. By 4-8 h post-exposure the presence of macrophages in the brain 
have also been reported [20]. Active inflammation is promoted by the production of 
molecules such as cytokines, capable of being produced by a wide variety of cells [17]. 
Production of cytokines can be initiated following a variety of neurotoxic insults [17].  
This upregulation is also true for soman exposure as indicated in this study. Between 2-6 
h post-soman exposure we measured a 20 to over 550 fold increase in the cytokines TNF-
α, IL-1β, and IL-6 in the three brain regions studied. Cytokines have a wide range of 
biological activity and play not only a neurotoxic role during the early stages of injury 
but may also be involved in repair processes during the recovery period [17]. Cytokines 
such as IL-6, TNF-α and IL-1β can be particularly toxic, however, by initiating 
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activation of apoptotic-associated caspases and production of reactive nitrogen species, 
which have been linked to the induction of cell death [17, 18].  

Cytokines have also been associated with the recruitment of circulating 
inflammatory cells by upregulating the expression of CAMs [9]. In this study we verified 
the early but mild (2-3 fold) upregulation of VCAM-1 at 2 h post-exposure as compared 
to the higher increases in ICAM-1 (13-19 fold) and E-selectin (11-70 fold) at 6 h post-
exposure. Both ICAM-1 and VCAM-1 have been shown to be upregulated in experimental 
encephalomyelitis [4]. Similarly, ICAM-1 and E-selectin are transiently upregulated 
following focal ischemic brain injury in rats [2]. The upregulation of CAMs following 
injury or toxic insult to the brain has been associated with the recruitment of peripheral 
inflammatory cells including neutrophils and macrophages into the brain that may 
aggravate the inflammatory response [4, 16]. Importantly, interruption of the CAM-
induced recruitment of peripheral inflammatory cells has been shown to correlate with 
increased neuroprotective outcome following experimental brain injury [2, 16] and 
allergic encephalomyelitis [4]. Based on the current study, the increase in inflammatory 
gene mRNA levels was 2-3 fold higher in the piriform cortex as compared to the other 
brain regions studied. The increased gene expression levels in the piriform cortex 
following soman exposure may indicate an enhanced inflammatory cell infiltration into 
this brain region, although this remains to be verified. 

Brain injury due to soman exposure has been associated with and, in fact, 
dependent on the occurrence of brain seizure activity [10, 12]. In the case of seizure 
development, administration of anticonvulsants such as diazepam is therapeutic for 
controlling brain seizures and reduces associated neuropathology [12]. Although 
treatment with anticonvulsants such as diazepam is highly effective in reducing SIBI, the 
therapeutic treatment window only extends to about 40 min post-exposure [12]. The 
inflammatory response is generally delayed for several hours following many types of 
neuropathies including those due to infection, autoimmune, and ischemic or traumatic 
injury [17], which may allow for an extended therapeutic treatment window. As indicated 
from our data, the peak inflammatory response does not occur for 2-6 hours post-injury. 
We have recently reported a similar inflammatory gene expression profile following 
transient ischemic brain injury in rats [2]. Furthermore, we reported a 10 h delayed 
treatment window with the anti-inflammatory proteasome inhibitor MLN519 in this same 
ischemic brain injury model [3]. Thus, treatment of SIBI with anti-inflammatory agents 
may provide and extended therapeutic treatment window as compared to currently 
available treatment protocols. 

 
 
 

CONCLUSIONS 
In conclusion, these results indicate that soman induces a rapid and strong 

upregulation of the inflammatory gene response of the brain, which may be a potential 
target for post-exposure treatment with anti-inflammatory compounds. In particular, 
soman exposure induces an early activation of several cytokines and CAMs that peak in 
expression by 2-6 h and returned to within pre-exposure levels by 24-48 h. Future studies 
are being planned to evaluate inflammatory cell response and protein levels of these 
respective genes utilizing histopathological and immunohistochemical techniques. 
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