
Abstract. Aim: We sought to define the mechanism of total
body irradiation (TBI)-induced seizures in NOS1–/– mice and
amelioration by intra-esophageal manganese superoxide
dismutase-plasmid liposomes (MnSOD-PL). Materials and
Methods: We evaluated the role of vagus nerve pathways in
irradiation-induced seizures using biochemical, physiologic,
and histopathologic techniques. Results: Heterozygous
NOS1+/– mice demonstrated radioresistance similar to wild-
type C57BL/6NHsd mice (p=0.9269). Irradiation-induced
lipid peroxidation in fetal brain cultures from NOS1–/– or
wild-type mice was reduced by MnSOD-PL. Right-sided
vagotomy did not alter the TBI radiation response of wild-type
or reverse the radiosensitivity of NOS1–/– mice. Excised
esophagus from irradiated NOS1–/– mice demonstrated an
increased histopathologic inflammatory response compared to
C57BL/6NHsd mice. Conclusion: NOS1–/– mice represent a
model system for dissecting the developmental abnormalities
leading to esophageal-mediated TBI-induced seizures.

Nitric oxide synthase-1 homozygous recombinant negative
(NOS1–/–) mice demonstrate multiple congenital abnormalities
associated with developmental deficiency of NOS1 neurons
(1), including abnormalities in the cerebellum, adrenal
medulla, and a pattern of esophageal dilation similar to
pediatric pyloric stenosis (1). In addition, NOS1–/– mice
demonstrate behavioral abnormalities and propensity for

seizures (1). We recently reported that NOS1–/– mice
demonstrate upper body or total body irradiation-induced rapid
death, not associated with the known organ system failures
that define the hematopoietic or gastrointestinal syndrome (2).
NOS1–/– mice, distinct from NOS2–/– or NOS3–/– mice
demonstrate fatal total irradiation-induced seizures (2) and
cardiac conduction abnormalities (3). The neuro-anatomic
developmental abnormalities, including esophageal dilation, in
NOS1–/– mice led us to test for a radiotherapeutic effect of
swallowed Manganese Superoxide Dismutase (MnSOD-PL)
(4-6), and we reported that this treatment reduced irradiation-
induced seizures and improved survival (2). 

In the present studies, we evaluated differences in irradiation
response of fetal brain neuron cultures and the role of the
known esophageal-central nervous system neuro-anatomic
pathways, specifically of the vagus nerve (7-10), in irradiation-
induced seizures. We evaluated the effect of intraesophageal
MnSOD-PL in ameliorating seizures in vagotomized NOS1–/–

and C57BL/6NHsd wild-type (WT) mice. 

Materials and Methods

NOS1–/–, NOS1+/– heterozygous and C57BL/6NHsd mouse total
body irradiation (TBI). All animal experiments and procedures were
approved by the Institutional Animal Care and Use Committee
(IACUC) at University of Pittsburgh. NOS1–/– (Jackson
Laboratories, Bar Harbor, ME, USA), NOS1+/– (Bred at the
University of Pittsburgh, Pittsburgh, PA, USA), and control
background strain C57BL/6NHsd WT mice (Harlan Sprague
Dawley, Indianapolis, IN, USA), 6-10 weeks of age, were studied.
The mice were females at approximately 20 to 23 gm with 10 mice
per group. TBI to the lethal dose for 50% of mice at 30 days
(LD50/30) of 9.5 Gy (2, 11) was delivered to mice by a 137Cs
irradiator (Mark MKI-68, J. L. Shepherd and Associates, San
Fernando, CA, USA) at a dose rate of 80 cGy per min. Mice were
subsequently followed for survival. 

Fetal neuronal brain cultures. Primary cortical glial and neuronal
cells were prepared from embryonic day 16 C57BL/6NHsd and
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NOS1–/– mouse embryos and grown in 6 well plates at 500,000
cells/well. Cells were incubated at 37˚C and 5% CO2, and grown in
Dulbecco’s Modified Eagle’s medium (Mediatech, Inc., Manassas,
VA) supplemented with 10% fetal bovine serum (FBS) for 8-10
days. Cells were then switched to FBS-free media for 9-18 days to
limit glial cell proliferation. Mature mixed cortical culture cells
were treated with either 1 μl/ml of MnSOD-PL (containing 1 μg of
plasmid DNA) (8) 24 h before irradiation, or 1 μg/ml of the GS-
nitroxide, JP4-039 (12), 30 min prior to 5 Gy or 10 Gy irradiation
using a 137Cs gamma irradiator. Control groups consisted of 0 Gy,
5 Gy and 10 Gy irradiation with neither antioxidant treatment.
Following irradiation, cells were assayed for lipid peroxidation via
Electron Paramagnetic Resonance (EPR) Spin Trapping with α-(4-
pyridyl-1-oxide)-N-tert-butylnitrone (4-POBN) (Sigma Chemical
Co, St. Louis, MO, USA) (13, 14). 

Lipid hydroperoxide assay. Cell culture experiments were performed
at indicated irradiation doses and assayed for lipid peroxidation
using the lipid hydroperoxide assay (Cayman, USA) following the
manufacturer’s instructions. Cells from single cell suspensions of
E16 fetal brains were exposed to each irradiation dose and then 
42 min post irradiation cells were assayed for lipid hydroperoxides
(LOOH) (13, 14). Values are reported as nM LOOH/mg protein.
Protein determinations were accomplished using the BCA assay
(Pierce, USA).

EPR spin trapping. EPR spin trapping with 4-POBN was performed
on NOS1–/– and C57BL/6NHsd neuronal cells as previously
described (13-14). Briefly, cells were washed and medium was
replaced with Chelex-treated Krebs-HEPES buffer (pH 7.4). Cells
were then exposed to 4-POBN (10 mM) immediately before
irradiation. To initiate lipid-derived free radical chain reactions via
Fenton chemistry from irradiation-induced accumulation of cellular
lipid hydroperoxides (LOOH + Fe2+ � LO• + OH– + Fe3+) at t=42
min post irradiation, cells were exposed to 20 μM ferrous sulfate
(Fe2+) for 5 min. Cells were harvested by mechanical dissociation
and the cells and buffer were collected and frozen in liquid N2 until
analysis. The EPR data were derived by measuring the intensity of
the low-field doublet from the 4-POBN-radical adduct spectrum
following 10 additive scans over 2 min, as previously described (13,
14). Values represent arbitrary units and were thus normalized as a
percentage of that at 0 Gy. Samples were analyzed on a Bruker
eSCAN table-top EPR spectrometer (Bruker AXS, Inc., Madison,
WI, USA) with instrument settings as follows: temperature 37˚C,
10 G/21 s scan rate; 1.0 G modulation amplitude; 1.0×10 h receiver
gain; 0.33 s time constant; and 40 mW nominal power.

Histopathologic analysis of tissues. Eight days after TBI to 9.5 Gy,
NOS1–/– and C57BL/6NHsd mice were sacrificed and intravenously
perfused with 50 ml of PBS prior to necropsy. Nonirradiated
NOS1–/– and C57BL/6NHsd mice served as controls. The vagus
nerve and esophagus were excised, fixed in 10% buffered formalin,
sectioned (5 mm) (2), and stained with hematoxylin and eosin
(H&E) for histological analysis. 

Cervical vagotomy, sham surgery, and ionizing irradiation.
NOS1–/– and C57BL/6NHsd mice were anesthetized using an
intraperitoneal (i.p.) injection of Nembutal (1 μg in 0.2 ml). A
cervical midline incision was made, the right vagus isolated and
two incisions 0.2 cm. apart were made to the vagus nerve to ensure

complete dissection and removal with minimal chance for
spontaneous reanastomosis of the incised nerve. The incision was
closed using staples. Staples were removed after 1 week, at which
time the incision had healed. Sham operations consisted of i.p.
injection of Nembutal, followed by a cervical midline incision,
isolation of the vagus nerve without ligation, and then the incision
was closed with staples. Staples were removed after 1 week, at
which time the incision had healed. Mice were irradiated at day 30
after surgery to 9.5 Gy TBI using a Cesium irradiator (2). Irradiated
subgroups received intraesophageal administration of MnSOD-PL
24 h prior to irradiation (2). A group of vagotomized mice did not
receive TBI and were followed for survival to control for surgery-
related mortality and irradiation plus surgery combined injury
effect. A similar surgical procedure was used for repeat
experiments performing incision of the left vagus nerve, or both
right and left vagi.

Statistical methods. Data was analyzed using one-way analysis of
variance followed by Tukey’s range test. For the comparison of
survival between any two groups of mice, the two-sided log-rank
test was used (2). A value of p<0.05 was determined to be
statistically significant.

Results
NOS1+/– heterozygous mice show TBI response similar to that
of C57BL/6NHsd mice. We previously reported that NOS1–/–

mice were radiosensitive when compared to C57BL/6NHsd
mice (2). NOS1–/–, NOS1+/–, and C57BL/6NHsd were
irradiated to 9.5 Gy TBI (Figure 1). NOS1+/– mice were
similar to irradiated C57BL/6NHsd mice (p=0.9269), and
radioresistant compared to NOS1–/– mice (p=0.0245).
C57BL/6NHsd mice were radioresistant compared to
NOS1–/– mice (p=0.0286). Thus, deletion of one NOS1 gene
copy did not duplicate the radiosensitive phenotype of
homozygous deletion NOS1–/– mice. 

Irradiation-induced lipid peroxidation in fetal brain, and
isolated neuronal cultures from NOS1–/– mice, and its
amelioration by MnSOD-PL. Exposure of fetal brain culture
cells to 0-10 Gy induced dose-dependent cellular lipid
peroxidation as detected by the formation of LOOH (Figure
2A). Similar results were obtained when lipid-derived free
radical chain reactions were initiated by the addition of Fe2+

in the presence of the EPR spin trap, 4-POBN (Figure 2B).
The 4-POBN radical adduct intensity increased with
increasing irradiation dose. Shown in the inset is a
representative spectrum of the 4-POBN radical adduct.
Controls in the absence of added Fe2+ did not produce
detectable differences between experimental groups,
indicating endogenous lipid free radical formation was below
the limit of detection under these experimental conditions
(not shown). 

In C57BL/6NHsd mouse neuronal cell cultures (Figure 3),
lipid peroxidation was directly correlated with increasing
radiation dose (EPR 0 Gy: 100±11, 5 Gy: 152±16, 10 Gy:
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484±62). Exposure of fetal brain culture cells to 5 or 10 Gy
increased cellular lipid peroxidation over controls (0 Gy)
detected by the formation of 4-POBN radical adducts (Figure
3). Transfection of cells with MnSOD-PL did not
significantly alter radical formation when cells were exposed
to 5 Gy but did reduce 4-POBN radical intensity induced by
10 Gy by 32% (p<0.05) (Figure 3). 

In NOS1–/– mouse fetal brain cultures, lipid peroxidation
was also directly increased with increased radiation dose
(p>0.05) (Figure 4). Transfection of NOS1–/– cultures with
MnSOD-PL reduced lipid peroxidation in response to 5 Gy
(p<0.05) and 10 Gy (p<0.05) (Figure 4). No significant
differences in the magnitude or pattern of increase in lipid
peroxidation in response to irradiation were detected
comparing C57BL/6NHsd to NOS1–/– neuronal cell
cultures. Treatment of C57BL/6NHsd or NOS1–/– fetal
brain cell cultures with JP4-039 did not significantly alter
irradiation-induced lipid peroxidation by either 5 Gy or 10
Gy (Figures 3 and 4).

Histopathologic evidence of greater inflammation in the
esophagus of irradiated NOS1–/– mice. Previous studies
demonstrated no significant change in radiation-induced
increase in inflammatory cytokines, gross histopathologic, or
microscopic morphology compared to results with esophagus
from WT mice (2). To determine whether more extensive
histopathologic studies would reveal evidence of a different

irradiation response of the NOS1–/– mouse esophagus,
transverse and longitudinal sections of esophagus were
examined for histopathologic evidence of irradiation effects.
Analysis of the inflammatory response included evaluation
of a potential increase in morphologic parameters of
infection, and other changes which might be associated with
irradiation-induced changes that could affect the esophageal-
central nervous system pathways leading to seizures.

Histopathological analysis was performed on the esophagus
of unirradiated and 9.5 Gy TBI NOS1–/– and C57BL/6NHsd
mice (n=3/group). Irradiated NOS1–/– esophagus had greater
dilation and increased attenuation of tissue layers at day 8
after 9.5 Gy TBI (Figures 5 and 6). A greater inflammatory
response was detectable in irradiated NOS1–/– esophagus
compared to irradiated C57BL/6NHsd, with increased
inflammatory cells and increased tissue necrosis (Figure 5 and
6). NOS1–/– mouse esophagus had increased numbers and size
of areas of colonization with bacteria located at the stratified
epithelial layer (Figure 5) compared to the C57BL/6NHsd
esophagus. The NOS1–/– irradiated mouse esophagus also had
greater ablation of the epithelial layer, necrosis of the outer
longitudinal muscle layer, and greater infiltration with
inflammatory cells (Figures 5 and 6).

No evidence of neurodegeneration or increased apoptosis in
abdominal vagus nerve of irradiated NOS1–/– mice.
Histopathologic analysis of the vagus nerves was performed
on fixed sections stained with H&E (n=3/group). After
careful review of multiple sections of the nerve and nodose
ganglion, no structural changes were noted between any of
four control or irradiated groups at day 8 (Figure 7). 

Right-sided cervical vagotomy prior to TBI does not alter
response of NOS1–/– or C57BL/6HNsd mice to TBI.
C57BL/6NHsd and NOS1–/– mice were irradiated to 9.5 Gy
TBI 30 days after right vagotomy to allow sufficient time for
healing of surgical wounds (Figure 8 and Figure 9,
respectively). Right vagotomized, sham operated and
subgroups receiving MnSOD-PL prior to irradiation were
studied. Survival of C57BL/6NHsd vagotomized, and sham-
operated groups of mice was similar to that of non-
vagotomized C57BL/6NHsd mice (p=0.1464 and 0.1864,
respectively) (Figure 8). Thus, vagotomy did not induce
rapid death in irradiated WT mice. Right vagotomized
NOS1–/– mice were not relatively radioresistant and were in
fact more radiosensitive than non-vagotomized NOS1–/– mice
(p=0.0390) (Figure 9). Thus, NOS1–/– mice were protected
by right vagotomy. NOS1–/– vagotomized mice, administered
intraesophageal MnSOD-PL were not significantly protected
compared to right vagotomized NOS1–/– mice and were more
radioresistant (p=0.0060). All control vagotomized mice
receiving no TBI survived, confirming that the surgery alone
did not cause mortality. Our results with left vagotomized
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Figure 1. NOS1+/– mice are similar to C57BL/6NHsd controls in
response to TBI. NOS1–/–, NOS1+/–, and C57BL/6NHsd mice (n=12)
were irradiated to 9.5 Gy TBI. NOS1–/– mice were radiosensitive
relative to C57BL/6NHsd and NOS1+/– mice (p=0.0286 and p=0.0245,
respectively). There was no significant difference in survival between
C57BL/6NHsd and NOS+/– mice.



NOS1–/– and C57BL/6NHsd mice did not show any effect of
the procedure on the intrinsic strain differences in response
to TBI. Bilateral vagotomized mice could not be studied as
the surgery produced fatal respiratory arrest.

Discussion

Homozygous deletion recombinant negative NOS1–/– mice
have been shown to be radiosensitive to TBI compared to
control C57BL/6NHsd mice and die of grand mal seizures
as opposed to listlessness and fatigue seen in the controls (2).
NOS1 is involved in production of peroxynitrite, a potent
reactive oxygen species which leads to apoptosis through
activation of the caspase system, and NOS1 localizes to the
mitochondria (15-17). In the present studies, we sought to
determine if expression of low levels of NOS1 in NOS1+/–

mice altered TBI radiosensitivity. Heterozygous NOS1+/–

mice were similar in TBI response to control C57BL/6NHsd
mice and were radioresistant compared to NOS1–/– mice.
These data are similar to those with homozygous but not
heterozygous deletion of p53, since only the former leads to
an increased radiosensitivity (18, 19). Thus, complete
absence but not reduced expression of NOS1, as with p53,
is required for TBI radiosensitivity. 

Through activation of mitochondrial death pathways,
radiation leads to the production of reactive oxygen species
(15-17, 20), and lipid peroxidation (11). Epilepsy and

seizures have been linked to increased oxidative stress and
to increased lipid peroxidation (21-22). We measured brain
lipid peroxidation in irradiated NOS1–/– compared to
C57BL/6NHsd mouse fetal brain cultures. Neuronal cell
lipid peroxidation in response to increasing doses of
irradiation and the effect of JP4-039 and the antioxidant
MnSOD-PL was also tested in NOS1–/– and C57BL/6NHsd
fetal brain cultures. In both NOS1–/– and C57BL/6NHsd
neuronal cell cultures, increasing irradiation doses increased
lipid peroxidation. Treatment with MnSOD-PL significantly
lowered lipid peroxidation, at 10 Gy in both C57BL/6NHsd
and NOS1–/– neuronal cultures. These results confirm that
oxidative stress in response to irradiation is reduced by the
antioxidant MnSOD (3-6). No significant differences were
detected in the patterns of lipid peroxidation between
NOS1–/– and control C57BL/6NHsd neuronal cultures. Thus,
absence of the NOS1 gene product does not alter
irradiation-induced peroxynitrate formation in whole-brain
cultures, perhaps attributable to the low relative number of
NOS1 neurons in the fetal brain and in brain-derived cell
cultures (11, 15-16). 

In prior studies, gross and histopathological analysis of
tissues, including esophagus, peripheral blood and serum
chemistry analysis, and RT-PCR measurement of inflammatory
cytokines revealed no cause of the increased radiosensitivity or
grand mal seizures in NOS1–/– mice. Both NOS1–/– and
C57BL/6NHsd mice were protected by intraesophageal
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Figure 2. Irradiation-induced cellular lipid peroxidation in fetal brain cultures from NOS1–/– mice. A: Cell cultures prepared as described in the
Materials and Methods were assayed for lipid hydroperoxide (LOOH) levels 42 min post irradiation with 0-10. B: Cells were treated as in A except
cells were assessed for lipid-derived free radical formation by EPR spin trapping with 4-POBN. For the EPR experiments, cells were incubated
with 4-POBN (10 mM) immediately before irradiation and at 42 min post irradiation were exposed to 20 μM Fe2+ for 5 min. The EPR data were
derived by measuring the intensity of the up-field doublet of the 4-POBN-radical adduct spectrum following 10 additive scans over 2 min at 37˚C.
Values represent arbitrary units and were thus normalized as a percentage of 0 Gy. The inset is a representative 4-POBN radical adduct spectrum
obtained from cells exposed to 10 Gy. Results are presented as means±standard error. Data for A and B represent the mean of at least three
independent determinations. *Significant difference with Tukey’s range test for 10 Gy compared to 0 and 5 Gy in A and 10 Gy compared to 0 and
5 Gy, as well as 5 Gy compared to 0 Gy, for B. 
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Figure 4. MnSOD-PL inhibits irradiation-induced lipid peroxidation by 5 or 10 Gy treatment of NOS1–/– mouse fetal brain neuronal cell cultures.
NOS1–/– neuronal cells were exposed to 0, 5 or 10 Gy with or without treatment with JP4-039 or MnSOD. Samples were analyzed for 4-POBN-radical
adduct as described in Materials and Methods. Values represent the mean of 3 independent determinations and are presented in arbitrary units and were
thus normalized as a percentage of 0 Gy presented as mean and standard error. *Significantly different at p<0.05 with Tukey’s range test.

Figure 3. MnSOD-PL inhibits irradiation-induced lipid peroxidation in C57BL/6NHsd mouse fetal brain neuronal cells. C57BL/6NHsd neuronal
cells were exposed to 0, 5, or 10 Gy with or without treatment with JP4-039 or MnSOD-PL. Samples were analyzed for 4-POBN-radical adduct as
described in Materials and Methods. Values represent the mean of 3 independent determinations and are presented in arbitrary units and were thus
normalized as a percentage of 0 Gy presented as mean and standard error. *Significantly different at p<0.05 with Tukey’s range test.



administration of MnSOD-PL (2). To determine the role of the
esophagus and swallowed MnSOD-PL in TBI-induced seizure
activity, the vagus nerve was examined after TBI.

Histopathological analysis of the vagus nerve and
esophagus in 9.5 Gy TBI-treated NOS1–/– and control mice
was carried out. Irradiated NOS1–/– mouse esophagus showed
increased necrosis and inflammatory cell infiltration compared
to that of C57BL/6NHsd mice. Since prior data showed no
differences in mRNA expression for inflammatory cytokines
NF-κβ (nuclear factor kappa-light-chain-enhancer of activated
B cells), TNF-ά (tumor necrosis factor-alpha), or IFN-γ
(interferon-gamma) (2), the present result detecting an increase
in histopathologic markers of inflammation in the NOS1–/–

esophagus may have been the result of infection or another
parameter of organ damage. No difference was detectable
between control or irradiated groups in the morphologic

appearance of the vagus nerve. The vagus nerve has been
associated with seizure activity, and vagal nerve stimulation
has been used to control epilepsy (7, 8). Stimulation of the
vagus nerve has also been shown to be a treatment option for
seizures in patients refractory to antiepileptic drugs (7, 8).
Through its afferent connection of the esophagus to the brain
(23, 24), the vagus nerve has been reported to be associated
with up-regulation of inflammatory responses (9, 10), and also
has anti-inflammatory functions through reducing the level of
inflammatory mediators (23, 24). 

We tested the physiologic effect of vagotomy on TBI-induced
seizures and early death. Right vagotomized NOS1–/– mice had
no restoration of resistance to TBI compared to non-
vagotomized mice. Furthermore, no change in relative resistance
to TBI was detected in right vagotomized C57BL/6NHsd mice.
Sham-operated mice were similar to non-operated control mice.
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Figure 5. Cross sectional histopathology of esophagus from irradiated NOS1–/– and C57BL/6NHsd mice. Mice were irradiated to 9.5 Gy TBI as
described in Materials and Methods and at eight days were sacrificed, perfused with PBS, and their esophagus excised, fixed in 10% buffered
formalin, sectioned (5 mm), and stained with hematoxylin and eosin (H&E) for histological analysis. A: Nonirradiated C57BL/6NHsd mouse
esophagus. Bar=100 μm. B: Nonirradiated NOS1–/– mouse esophagus showing relative dilation and attenuation compared to C57BL/6NHsd mice.
C: Irradiated C57BL/6NHsd mouse esophagus showing an inflammatory response marked by thickening, swelling, necrosis and an infiltration of
inflammatory cells. D: Irradiated NOS1–/– mouse esophagus showing relatively greater cellular inflammatory response (broad arrow) and necrosis
(thin arrow) compared to irradiated C57BL/6NHsd mouse esophagus. (Bar=100 μM).
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Figure 6. Longitudinal histopathology of esophagus of nonirradiated and irradiated NOS1–/– and C57BL/6NHsd mice. Once extracted, the esophagi
were fixed in 10% buffered formalin, sectioned (5 mm), and subsequently stained with hematoxylin and eosin (H&E) for histological analysis. A:
Nonirradiated C57BL/6NHsd mouse esophagus (×500). B: Nonirradiated NOS1–/– mouse esophagus (×500). C: C57BL/6NHsd mouse esophagus
at day 8 following 9.5 Gy (TBI) (×500), showing moderate edema and atrophy of both inner circular and outer longitudinal muscle layers. D:
NOS1–/– mouse esophagus at day 8 after 9.5 Gy TBI showing necrosis of outer circular muscle layer (arrow) (×100).

Figure 7. Histopathologic appearance of 9.5 Gy-irradiated NOS1–/– and C57BL/6NHsd mouse vagus nerve. Mice were irradiated to 9.5 Gy (TBI)
and eight days later were sacrificed, perfused with PBS, and vagus nerves excised. A: Vagus nerve from nonirradiated C57BL/6NHsd mouse nerve.
B: Nonirradiated NOS1–/– mouse vagus nerve. C: Irradiated C57BL/6NHsd mouse vagus nerve at day 8. D: Irradiated NOS1–/– mouse vagus nerve
at day 8 (×1000).



All nonirradiated vagotomized mice survived in both strains.
Thus, an intact right vagus nerve does not explain the phenotype
of either radiosensitivity in NOS1–/– mice or the relative
radioresistance in WT C57BL/6NHsd mice. If the vagus nerve
has a potent anti-inflammatory function (9, 10), it may suppress
irradiation-induced inflammation and increase survival similar
to MnSOD-PL treatment (2, 4-5, 11, 25). NOS1–/– mice may be
more sensitive to TBI due to lack of the anti-inflammatory
function of the vagus nerve. C57BL/6NHsd mice might have a
compensatory function of the left vagus nerve meditated
through NOS1, a function absent in NOS1–/– mice. In more
recent studies with groups of 10 NOS1–/– and control
C57Bl/HNsd mice irradiated to 9.25 Gy TBI at 30 days after
left vagotomy, there was also no effect of this surgical procedure
on the intrinsic radiosensitivity (survival) of either strain. These
data establish that the mechanism of radioprotection of NOS1–/–

mice by swallowed MnSOD-PL cannot be attributed to the
vagus nerve pathway and direct attention to either the
esophageal spinal afferent nerves or another developmental
abnormality in the neuro-esophageal pathway in these mice.

Bilateral cervical vagotomized mice could not be tested as they
expired from respiratory failure. Further studies will be required
to define the mechanism of TBI-induced early death from
seizures in NOS1–/– mice.
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