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INTRODUCTION

Anaphylactic shock is characterized by a decrease in effective 
circulating blood volume due to a possible shift of intravascular 
fluid to the extravascular space caused by increased vascular 
permeability.1 The real circulating blood volume loss in humans 
is 35% (due to increased fluid extravasation) within 10 min after 
the onset of systemic anaphylaxis.2 Excessive accumulation of 
extravascular fluid in the interstitium results in edema forma-
tion in particular tissues and organs. Anaphylaxis sometimes is 
accompanied by laryngeal edema that causes asphyxiation and 
can result in fatality.3-5 In contrast, the occurrence of brain ede-
ma is not well known during systemic anaphylaxis.6,7 The vas-
culature of the brain has a blood-brain barrier (BBB) that can 
prevent plasma extravasation in normal circumstances. How-
ever, symptoms of the central nervous system (CNS) such as 
aura of impending doom, uneasiness, throbbing headache, diz-
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ziness, confusion, and tunnel vision are reported in patients 
with anaphylaxis.6,7 CNS involvement is reported in up to 15% 
of anaphylaxis episodes.6 CNS symptoms are generally consid-
ered secondary to hypotension; however, there is a possibility 
that they may be related to brain lesions and edema induced by 
a direct insult of anaphylaxis. 

Cerebral edema is described as an excess accumulation of wa-
ter in brain tissue and is classified into 2 categories: vasogenic 
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Purpose: Anaphylactic shock is sometimes accompanied by local interstitial edema due to increased vascular permeability. We performed magnetic 
resonance imaging (MRI) to compare edema in the larynx and brain of anesthetized rats during anaphylactic hypotension versus vasodilator-induced 
hypotension. Methods: Male Sprague Dawley rats were subjected to hypotension induced by the ovalbumin antigen (n=7) or a vasodilator sodi-
um nitroprusside (SNP; n=7). Apparent diffusion coefficient (ADC) and T2-relaxation time (T2RT) were quantified on MRI performed repeatedly for up 
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the non-hypotensive control rats (n=5). Mast cells in hypothalamus were morphologically examined. Results: Mean arterial blood pressure simi-
larly decreased to 35 mmHg after an injection of the antigen or SNP. Hyperintensity on T2-weighted images (as reflected by elevated T2RT) was found 
in the larynx as early as 13 min after an injection of the antigen, but not SNP. A postmortem histological examination revealed epiglottic edema in 
the rats with anaphylaxis, but not SNP. In contrast, no significant changes in T2RT or ADC were detectable in the brains of any rats studied. In sepa-
rate experiments, the quantified brain water content did not increase in either anaphylaxis or SNP rats, as compared with the non-hypotensive con-
trol rats. The numbers of mast cells with metachromatic granules in the hypothalamus were not different between rats with anaphylaxis and SNP, 
suggesting the absence of anaphylactic reaction in hypothalamus. Conclusion: Edema was detected using the MRI technique in the larynx during 
rat anaphylaxis, but not in the brain. 
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and cytotoxic edema.8,9 Vasogenic edema is caused by a BBB 
breakdown; however, cytotoxic edema is caused by an energy 
depletion of neurons due to microcirculatory failure.10,11 Mag-
netic resonance imaging (MRI) is a powerful and sensitive in-
vivo technique that allows the sequential investigation of chang-
es in the water content of the brain as well as other organs. The 
apparent diffusion coefficient (ADC) of water is sensitive to cy-
totoxic edema;12 however, elevated values of T2-relaxation time 
(T2RT) and the nuclear MR transverse relaxation time of water, 
detect vasogenic edema.13 No studies have yet determined if 
MRI detects edema in the brain or larynx during systemic ana-
phylaxis.

We used the MRI technique for anesthetized rats suffering 
from anaphylactic hypotension to assess the occurrence and 
time course of the different forms of edema in the brain and 
larynx. In addition, to depict the characteristics of anaphylactic 
hypotension, we compared MRI during anaphylactic hypoten-
sion versus hypotension induced by a vasodilator sodium ni-
troprusside (SNP) that decreased the blood pressure in a man-
ner similar to anaphylactic hypotension. We also assessed the 
edema of the larynx and brain with histological examination 
and brain water content measurement, respectively.

MATERIALS AND METHODS

Animal preparations
The experiments in the present study were approved by the 

Animal Research Committee of Kanazawa Medical University. 
Thirty-five male Sprague-Dawley rats (Japan SLC, Shizuoka, Ja-
pan) weighing 500±28 g were maintained at 23°C under patho-
gen-free conditions on a 12:12-h dark/light cycle with food and 
water allowed ad libitum. 

Two groups were studied for the MRI experiment: 1) The ana-
phylaxis group (n=7) of rats sensitized with ovalbumin by the 
subcutaneous injection of an emulsion made by mixing com-
plete Freund’s adjuvant (0.5 mL) and 1 mg ovalbumin (grade V, 
Sigma, St. Louis, MO, USA) -containing saline (0.5 mL) 2 weeks 
before the experiment.14 2) The SNP group (n=7), in which SNP 
was injected to non-sensitized rats. 

Rats were anesthetized with pentobarbital sodium (50 mg kg-1, 
ip) and placed supinely on a heating pad (ATC-101B; Unique 
Medical, Tokyo, Japan) that maintained the body temperature 
at 36-37°C. The trachea was cannulated with a polyethylene 
tube (2 mm ID). The mean arterial blood pressure (MAP) was 
recorded from the right femoral artery, using transducers (TP-
400T, Nihon-Kohden, Tokyo, Japan) with the reference level of 
right atrium. The left femoral vein was catheterized for the ad-
ministration of antigen and saline. 

MR Imaging
Rats were placed in a MRI imager table with their head fixed 

in a body restrainer. All MRI examinations were performed with 

the 3.0-T MR unit (Magnetom Trio, A Tim system T-Class VB17, 
Siemens, Germany) using a 7-cm Loop coil. Baseline MRI con-
sisted of the following 4 different images: 1) a sagittal T1-weight-
ed image (T1WI), 2) a sagittal T2-weighted image (T2WI), 3) a 
sagittal T2WI for the quantitative T2 map, and 4) a coronal dif-
fusion-weighted image (DWI). 1) T1WI were acquired by a fast 
spin-echo (FSE) sequence (repetition time [TR], 500 msec; echo 
time [TE], 15 msec; matrix, 256×256; field of view [FOV], 50 mm; 
slice thickness, 2 mm; band width, 150 Hz/Px; echo train length, 
2; No. of averages, 1; total acquisition time, 2 min 11 sec). 2) 
T2WI were acquired by a FSE sequence (TR, 3,800 msec; TE, 83 
msec; matrix, 256×256; FOV, 50 mm; slice thickness, 2 mm; 
band width, 215 Hz/Px; echo train length, 12; No. of averages, 1; 
total acquisition time, 3 min 34 sec). 3) T2WI for the quantita-
tive T2 map were acquired by multi-echo SE sequence (TR, 
1,000 msec; TE, 13.8, 27.6, 41.4, 55.2, 69.0, 82.8, 96.6, and 110.4 
msec; matrix, 256×256; FOV, 50 mm; slice thickness, 2 mm; 
band width, 286 Hz/Px; echo train length, 1; No. of averages, 1; 
total acquisition time, 3 min 30 sec). 4) DWI were acquired us-
ing b values of 0 and 800 sec/mm2 by single-shot echo-planar 
imaging sequence (TR, 4,000 msec; TE, 73 msec; matrix, 64×

38; FOV, 64 mm; slice thickness, 2 mm; band width, 1,100 Hz/
Px; echo train length, 38; No. of averages, 15; total acquisition 
time, 4 min 6 sec).

One set of post-injection MRI consisted of the same images as 
the baseline (except the T1WI) and approximately 11 min was 
required to accomplish one MRI examination set. Four sets of 
MRI examinations were repeatedly performed after antigen or 
SNP injections.

Protocol of the MRI experiment
After the baseline measurement of MAP and MRI, the sensi-

tized rats for the anaphylaxis group (n=7) were intravenously 
injected with 0.6 mg ovalbumin antigen, and the non-sensitized 
rats for the SNP group (n=7) were subcutaneously injected with 
SNP (3 mg/kg) so that MAP decreased in a manner similar to 
the anaphylaxis group. The first set of MRI examinations started 
at 6 min after injection of the antigen or SNP and were followed 
repeatedly by 3 sets of examinations up to 68 min (Fig. 1). 

Quantification of ADC and T2RT
Map images of ADC and T2RT were generated by in-line im-

age post-processing of the data derived from DWI and T2WI for 
the quantitative T2 map, respectively. The T2RT and ADC for 
the brain were calculated from regions of interest (ROI) placed 
within the cortex (1 ROI), hypothalamus (1 ROI) and the basal 
ganglia (1 ROI) on both hemispheres; subsequently, average 
values of the right and left hemisphere were adopted. T2RT (but 
not ADC) was also obtained from the larynx. 

Histological investigation of the larynx
At 70 min after injection, the animals were euthanized using 
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pentobarbital sodium, followed by the removal of the larynx for 
histological investigation. The excised larynx was immersed in 
a 10% buffered formalin solution. Following embedding in par-
affin, sagittal sections of the specimen were made at 5 µm and 
stained with hematoxylin and eosin. 

Histological investigation of the brain
The localization of mast cells in the hypothalamus was inves-

tigated after an injection of the antigen (n=3) or SNP (n=3) in 
anesthetized rats whose MAP was measured in the same man-
ner described above. At 70 min after the injection, rats were per-
fused intracardially with ice-cold saline followed by 4% parafor-
maldehyde (Sigma) in phosphate-buffered saline. The brains 
were removed, postfixed in 4% paraformaldehyde in phos-
phate-buffered saline at 4°C overnight, and cryoprotected in 
30% sucrose. The brains were then sliced using a cryomicro-
tome (CM1900, Leica, Germany) into 40 μm-thick sections. 
Each section was stained with aqueous toluidine blue (pH 7.4). 
Images of the slices were examined under a microscope (BZ-
8100, Keyence, Japan) and the number of mast cells counted.

The brain water content measurement experiment
Brain water content was measured using the wet/dry meth-

od.15,16 Fifteen separate rats were assigned to the 3 groups of the 
anaphylaxis (n=5), SNP (n=5) and control (n=5) groups. The 
rats in the anaphylaxis and SNP groups were subjected to sys-
temic hypotension in the same manner described above; sub-
sequently, the brains were removed at 70 min after injection. 
The rats in the control group were not administered antigen or 
SNP and the brains were removed after anesthesia with pento-
barbital. The brains were weighed on preweighed squares of 
aluminum foil and weighed again after drying at 100°C for 24 h 
in a drying oven to evaporate all water content. Brain water 
content was calculated using the following formula: (wet weight 
-dry weight)/wet weight×100%.

Statistics
All results are expressed as the mean±SD. For the statistical 

analysis, a comparison of the MAP data within a group was 
made by the repeated measure analysis of variance followed by 
the Bonferroni post-hoc test correction method. A comparison 
of the data between the 3 groups and the 2 groups was made by 
one way analysis of variance and Student t-test, respectively. A 
significance was assumed when the P value was less than 0.05 
(2 tailed). Differences in the number of mast cells in the hypo-
thalamus between the anaphylaxis and SNP groups were com-
pared using a Mann-Whitney test.

RESULTS

MAP changes
Fig. 2 shows the summarized data of MAP. MAP decreased 

from the baseline of 104±15 mmHg to the nadir of 35±5 mmHg 

Figure 1
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Fig. 1. The schema of the time course of MRI examinations. T1WI, a sagittal T1-weighted image; T2WI, a sagittal T2-weighted image; T2WI for T2 map, a sagittal 
T2-weighted image for the quantitative T2 map; DWI, a coronal diffusion-weighted image.

Fig. 2. Time course changes in the mean arterial blood pressure in the anaphy-
laxis (black circle; n=7) and SNP (white circle; n=7) groups. Mean±SD; *P< 
0.05 vs. baseline.
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at 10 min after the antigen was injected intravenously into the 
anaphylaxis group rats; subsequently, the MAP returned to 
67±15 mmHg at 70 min after the antigen. In the SNP group, 
MAP decreased in a manner similar to the anaphylaxis group; 
however, it decreased and recovered faster than the anaphylax-
is group. No animals died during the experimental period.

Quantification of ADC-Value and T2RT in MRI
Fig. 3 shows the DWI of the brain in an anaphylaxis group rat 

at baseline and the first, second, third and fourth examinations 
after the injection of the antigen. The average ADC values ob-
tained from the right and left regions were used as brain ADC 
values (Fig. 3A). The baseline ADC values in the anaphylaxis 
group were 692±20, 639±16, and 893±118 10-6 mm/sec for 
cortex, basal ganglia, and hypothalamus, respectively. These 

values were not significantly different from the corresponding 
baseline values in the SNP group. The ADC values did not sig-
nificantly change after the injection of antigen or SNP (data not 
shown). Fig. 4 shows examples of the sagittal T2WI in the ana-
phylaxis and SNP groups. In either group, apparent changes in 
the brain were not observed after injection; in addition, T2RT 
did not significantly change in the brain at the cortex, basal 
ganglia, or hypothalamus after injections of either the antigen 
or SNP (Fig. 5). In contrast to the brain MRI, high signal intensi-
ty on T2WI was observed in the larynx as early as 10 min after 
the injection of antigen in the anaphylaxis group (Fig. 4). The 
significant increase in T2RT were found at the first examination 
within 13 min after the antigen injection (Fig. 5). Thereafter, the 
T2RT value increased to a peak of 2-fold baseline in the third 
examination and then tended to recover towards the baseline 

A B C D E F

Fig. 3. Diffusion-weighted images in a rat of the anaphylaxis group at baseline (A and B), and the first (C), second (D), third (E) and fourth (F) examinations after an in-
jection of the antigen. Panel A shows a magnified image of the brain in Panel B. ADC was quantified in regions of interest (white circles) in Panel A. No significant 
changes in the brain diffusion-weighted images were found after injection (C, D, E, and F) versus baseline (B).

Fig. 4. The sagittal T2 weighted images in the anaphylaxis (A, B, and C) and SNP (D, E, and F) groups at baseline (A, D), first examination (B, E) and fourth examination 
(C, F). T2 weighted images in the anaphylaxis group showed increased signal intensity in the larynx (red arrows) at the first (B) and fourth (C) examination. In contrast, 
in the SNP group, no changes were found in the larynx (red arrow heads) at the first (E) and fourth (F) examination.
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on the final fourth examination of 68 min. In contrast, the SNP 
group showed no significant changes in the T2RT value of the 

larynx while showing systemic hypotension comparable to the 
anaphylaxis group.

Histology of the larynx
The postmortem histology of the larynx revealed the presence 

of edema in the epiglottis of the rats subjected to anaphylaxis; 
however, not in rats administered SNP (Fig. 6). The thickness of 
the subepithelial space of the epiglottis (i.e. the length from the 
epithelial cells to the cartilage) was significantly greater in the 
anaphylaxis group (310±56 μm) than in the SNP group (151±

37 μm).

Histology of the brain
We further examined the number and localization of mast cells 

in the hypothalamus of the brain obtained from the rats admin-
istered antigen or SNP. MAP decreased in a manner similar to 
that of the MRI study (data not shown). Mast cells were identi-
fied as cells that contained numerous metachromatic red-pur-
ple granules stained with toluidine blue. Fig. 7 shows represen-
tative photomicrographs in which 3 mast cells were observed 

A

C

B

D

Fig. 6. Staining with hematoxylin and eosin of the epiglottis of the anaphylaxis 
(A, B) and SNP (C, D) group rat; ×20 for A and C, ×100 for B and D. The double-
headed arrows shown in Panels B and D indicate the length between the epithe-
lium and the cartilage for evaluation of thickness of the subepithelial space.

Fig. 5. Time course changes in T2RT, a parameter that represents the amount of protons within tissue and thus correlates well with the brain water content, at base-
line and at the first, second, third and fourth examination after injections of the antigen (black circle; n=7) or SNP (white circle; n=7). (A) cortex, (B) basal ganglion, (C) 
hypothalamus, (D) larynx. Mean±SD; *P<0.05 vs. baseline; #P<0.05 vs. the SNP group.
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in the median eminence (ME) of both the anaphylaxis and SNP 
group rat hypothalamus. Mast cells were found exclusively in 
the ME, but not in other regions of the hypothalamus. Neither 
mast cell showed degranulation in any sections studied. The 
number of mast cells in the ME was not significantly different 
between the anaphylaxis (44±10 mast cells, n=3) and SNP (53± 
12 mast cells, n=3) groups as determined by a Mann-Whitney 
test (P=0.28). These findings suggest that anaphylactic reaction 
did not occur in the hypothalamus of rats with anaphylaxis.

Brain water content
This experiment was conducted on rats different from those 

in the MRI experiments. MAP in the anaphylaxis and SNP group 
decreased in essentially the same manner as the MRI study. 
There were no significant differences in brain water content 
among the three groups (anaphylaxis, 77.1±0.3%; SNP, 77.2±

0.3%; control, 77.2±0.2%), indicating that brain edema was not 
present in either the anaphylaxis or SNP group.

DISCUSSION

The major finding of the present study is that MRI hyperinten-
sity was observed in the larynx but not in the brain during ana-
phylactic hypotension; however, no changes in the MRI of ei-
ther organ occurred during vasodilator-induced hypotension. 
Epiglottic edema was morphologically confirmed in rats with 
anaphylaxis, but not with SNP. The brain water content in the 
anaphylaxis or SNP group was the same as the control group 
and indicated the absence of brain edema in rats with anaphy-
laxis or SNP. The results indicate that laryngeal edema (but not 
brain edema) occur in anesthetized rats suffering from anaphy-

lactic hypotension.
This is the first study to demonstrate that no changes in either 

ADC or T2RT of MRI (markers of water content) were observed 
in the brain of rats suffering from anaphylaxis; this suggests the 
absence of brain edema during anaphylaxis. If brain edema had 
occurred, it should be detected as either decreased ADC or high 
T2RT values or hyperintensity, as observed in the larynx of the 
rats with anaphylaxis. The lack of brain edema was subsequent-
ly confirmed by the direct measurement of the brain water con-
tent: the brain water content of the anaphylaxis group (77.1%±

0.3%) was nearly identical to the non-hypotensive control group 
(77.2%±0.2%), which was comparable to the normal values 
previously reported.15,16 

There were 2 rationales to examine brain edema during ana-
phylaxis: the first was related to vasogenic brain edema and the 
second to cytotoxic brain edema. The first rationale was based 
on the following lines of evidence: Water entrance through BBB 
opening leads to a vasogenic edema formation of the brain. In 
this respect, anaphylaxis-released mediators such as histamine, 
tryptase, chymase, bradykinin, prostanoids, leukotrienes, and 
other substances could increase BBB permeability.17 In addition, 
mast cells (the key cells which release the aforementioned me-
diators in response to the antigen during anaphylaxis) are resi-
dent within the cerebral microvasculature.18-21 These brain mast 
cells have been recently reported to play a potentially deleteri-
ous role in the very early phase of brain injury from cerebral 
ischemia and/or hemorrhage through their rapid action on ce-
rebral vessels; activated brain resident mast cells cause BBB 
disruption and resultant vasogenic brain edema.18 Mast cells 
are densely distributed in the rat hypothalamus,19,20 which is de-
void of BBB, and therefore could be sensitized and activated by 
the antigen ovalbumin administered subcutaneously and in-
travenously, respectively. However, in the present study, mast 
cells were found in the hypothalamus of rats with anaphylaxis 
(Fig. 7) and their number was not different from the SNP group. 
Our histological study suggests that the degranulation of brain 
mast cells did not occur in anaphylactic rats since degranulated 
mast cells could not be detected by toluidine blue staining. The 
number of metachromatically stained mast cells should have 
decreased (compared to SNP-treated rats) if the mast cells had 
been degranulated or activated. We were unable to find gran-
ules outside the mast cells. The absence of activation of brain 
mast cells in rat anaphylaxis is contrasted with the result in ca-
nine anaphylaxis in which an intravenous injection of IgE anti-
gen caused an anaphylactic reaction in the hypothalamus.21 
The reason for these differences may be related to species dif-
ference. The different method of sensitization may also explain 
the discrepancy: passive sensitization in the dog study21 versus 
active sensitization in the present study. The absence of ana-
phylactic reaction in the hypothalamus may be consistent with 
the result that the T2RT values (which reflect accumulated ex-
travascular water) were not increased in the hypothalamus of 
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Fig. 7. Toluidine blue staining of the hypothalamus of the anaphylaxis (A, B) 
and SNP (C, D) group. The areas indicated by the rectangles in Panel A and C 
are shown at higher magnification in Panel B and D, respectively. The arrows 
indicate mast cells containing numerous metachromatic red-purple granules 
stained with toluidine blue. 3V, the third ventricle; ME, median eminence. Scale 
bars=200 μm.
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rats with anaphylaxis. Another reason for the absence of vaso-
genic brain edema, may be related to anaphylaxis-induced low 
MAP that inevitably results in decreased cerebral capillary pres-
sure, one of the determinants of transvascular fluid movement 
according to the Starling equation.22 In addition, an increase in 
the extravascular fluid might be too small to detect by MRI or 
brain water measurement even if brain mast cells had reacted 
to the antigen with an increased BBB permeability.

The second rationale in regards to the occurrence of cytotoxic 
brain edema could be due to anaphylaxis-induced systemic hy-
potension that caused cerebral hypoperfusion and hypoxia that 
resulted in hypoxic brain injury and edema. This possible hy-
poxic lesion was expected to be detected as a decrease in the 
ADC of a brain MRI.12,13,23 However, the ADC did not change 
throughout the experimental period of the present study. A 
possible explanation for the absence of cytotoxic edema or ADC 
change could be due to systemic hypotension in rats with ana-
phylaxis or SNP insufficient in severity and duration to evoke 
brain injury due to hypoperfusion and hypoxia. MAP decreased 
substantially to the bottom of 35 mmHg at 10 min; however, 
thereafter MAP gradually recovered to 67 mmHg at 70 min after 
the injection of antigen (Fig. 2). We assume that this transient 
hypotensive insult was inadequate to induce hypoxic brain in-
jury compared to severe brain ischemia from middle cerebral 
artery occlusion.23

There are several clinical reports on MRI of patients suffering 
from anaphylactic shock. Most show images compatible with 
ischemic lesions due to hypoperfusion secondary to prolonged 
systemic hypotension.24-26 Notably, the presence of brain ede-
ma was not referred in the MRI of these patients24-26 (except cy-
totoxic edema of the basal ganglia and cortex), which did not 
develop in a sustained comatose patient until 4 days after the 
onset of anaphylactic shock and was secondary to hypoxic brain 
injury.27 The time points when the MRI was obtained in these 
patients were subsequent to those of the present study;24-27 there-
fore, these clinical results cannot be properly compared to the 
present study. As early as up to 70 min after exposure to antigen, 
brain edema seems not to accompany the non-fatal rat anaphy-
lactic shock model of the present study.

We show for the first time that laryngeal edema could be de-
tected through hyperintensity images in MRI during experimen-
tal anaphylaxis. The morphological investigation of the larynx 
(removed 70 min after the antigen injection) confirmed the 
presence of epiglottic edema. Laryngeal edema is a frequent 
finding in human anaphylaxis with a potentially fatal outcome.5 
In rats, this lesion of the laryngeal edema seems to account for 
the fatality of rats subject to anaphylaxis. In our preliminary 
study, 60% of the anesthetized and supinely positioned rats with-
out tracheotomy (3 of 5 rats examined) died within 15 min after 
antigen injection due to asphyxia. All rats in this present study 
were tracheotomized and intubated with a polyethylene tube; 
subsequently, they were alive throughout the experimental pe-

riod of 70 min even if substantial anaphylactic hypotension oc-
curred.

We found hyperintensity and increased T2RT of MRI in the 
larynx in anesthetized rats with anaphylaxis as early as 13 min 
after antigen. This is consistent with a clinical report that laryn-
geal edema began to develop 1 min after exposure to the anti-
gen.4 In addition, an early occurrence of increased vascular 
permeability is reported in rats with anaphylaxis: macromolec-
ular capillary leakage started within the first 3 min after ana-
phylactic shock onset, followed by a progressive 25-fold in-
crease in the first 10 min of anesthetized rats.3 

MRI in anesthetized rats subjected to anaphylactic hypoten-
sion showed no changes in ADC or T2RT in the brain; however, 
it showed hyperintensity (as reflected by elevated T2RT) in the 
larynx as early as 13 min after antigen injection. Epiglottic ede-
ma was confirmed in the histological examination and the ab-
sence of brain edema was confirmed by the brain water con-
tent measurement. No changes in MRI or histology of the lar-
ynx were found in SNP-injected rats. In conclusion, edema is 
detected with the MRI technique in the larynx but not in the 
brain during anaphylactic hypotension in anesthetized rats.

ACKNOWLEDGMENTS

This study was supported by JSPS KAKENHI Grant Number 
25462839, and Grants from Kanazawa Medical University 
(PR2012-02, SR2012-04). The authors thank Mr. Masaru Taka-
hashi, Mr. Keiya Hirata, Mr. Yuki Yamamo and Mr. Hideaki 
Ninomiya for their technical support of this experiment. 

REFERENCES

1. Brown SG. The pathophysiology of shock in anaphylaxis. Immunol 
Allergy Clin North Am 2007;27:165-75.

2. Fisher MM. Clinical observations on the pathophysiology and 
treatment of anaphylactic cardiovascular collapse. Anaesth Inten-
sive Care 1986;14:17-21.

3. Shin CH, Lee YH, Kim YM, Park SH, Sung IY, Choi SW, Park SE. Se-
vere oropharyngeal angioedema caused by propofol: a case report. 
Korean J Anesthesiol 2006;50:S68-70.

4. You BC, Jang AS, Han JS, Cheon HW, Park JS, Lee JH, Park SW, Kim 
DJ, Park CS. A case of propofol-induced oropharyngeal angioede-
ma and bronchospasm. Allergy Asthma Immunol Res 2012;4:46-8.

5. Greenberger PA, Ditto AM. Chapter 24: anaphylaxis. Allergy Asth-
ma Proc 2012;33 Suppl 1:S80-3.

6. Sampson HA, Muñoz-Furlong A, Bock SA, Schmitt C, Bass R, Chow-
dhury BA, Decker WW, Furlong TJ, Galli SJ, Golden DB, Gruchalla 
RS, Harlor AD Jr, Hepner DL, Howarth M, Kaplan AP, Levy JH, Lew-
is LM, Lieberman PL, Metcalfe DD, Murphy R, Pollart SM, Pum-
phrey RS, Rosenwasser LJ, Simons FE, Wood JP, Camargo CA Jr. 
Symposium on the definition and management of anaphylaxis: 
summary report. J Allergy Clin Immunol 2005;115:584-91.

7. Simons FE. Anaphylaxis. J Allergy Clin Immunol 2010;125:S161-81.
8. Klatzo I. Presidential address. Neuropathological aspects of brain 

edema. J Neuropathol Exp Neurol 1967;26:1-14.



Toyota et al.

Allergy Asthma Immunol Res. 2013 November;5(6):389-396. http://dx.doi.org/10.4168/aair.2013.5.6.389

Volume 5, Number 6, November 2013

396 http://e-aair.org

9. Katzman R, Clasen R, Klatzo I, Meyer JS, Pappius HM, Waltz AG. 
Report of Joint Committee for Stroke Resources. IV. Brain edema in 
stroke. Stroke 1977;8:512-40.

10. Davies DC. Blood-brain barrier breakdown in septic encephalopa-
thy and brain tumours. J Anat 2002;200:639-46.

11. Esen F, Erdem T, Aktan D, Orhan M, Kaya M, Eraksoy H, Cakar N, 
Telci L. Effect of magnesium sulfate administration on blood-brain 
barrier in a rat model of intraperitoneal sepsis: a randomized con-
trolled experimental study. Crit Care 2005;9:R18-23.

12. Loubinoux I, Volk A, Borredon J, Guirimand S, Tiffon B, Seylaz J, 
Méric P. Spreading of vasogenic edema and cytotoxic edema as-
sessed by quantitative diffusion and T2 magnetic resonance imag-
ing. Stroke 1997;28:419-26.

13. Moseley ME, Cohen Y, Mintorovitch J, Chileuitt L, Shimizu H, 
Kucharczyk J, Wendland MF, Weinstein PR. Early detection of re-
gional cerebral ischemia in cats: comparison of diffusion- and T2-
weighted MRI and spectroscopy. Magn Reson Med 1990;14:330-46.

14. Shibamoto T, Cui S, Ruan Z, Liu W, Takano H, Kurata Y. Hepatic 
venoconstriction is involved in anaphylactic hypotension in rats. 
Am J Physiol Heart Circ Physiol 2005;289:H1436-41.

15. Xu F, Yu ZY, Ding L, Zheng SY. Experimental studies of erythropoi-
etin protection following traumatic brain injury in rats. Exp Ther 
Med 2012;4:977-82.

16. Nakamura T, Kuroda Y, Yamashita S, Zhang X, Miyamoto O, Tami-
ya T, Nagao S, Xi G, Keep RF, Itano T. Edaravone attenuates brain 
edema and neurologic deficits in a rat model of acute intracerebral 
hemorrhage. Stroke 2008;39:463-9.

17. Wahl M, Schilling L. Regulation of cerebral blood flow--a brief re-
view. Acta Neurochir Suppl (Wien) 1993;59:3-10.

18. Lindsberg PJ, Strbian D, Karjalainen-Lindsberg ML. Mast cells as 
early responders in the regulation of acute blood-brain barrier 

changes after cerebral ischemia and hemorrhage. J Cereb Blood 
Flow Metab 2010;30:689-702.

19. Theoharides TC, Spanos C, Pang X, Alferes L, Ligris K, Letourneau 
R, Rozniecki JJ, Webster E, Chrousos GP. Stress-induced intracrani-
al mast cell degranulation: a corticotropin-releasing hormone-me-
diated effect. Endocrinology 1995;136:5745-50.

20. Panula P, Yang HY, Costa E. Histamine-containing neurons in the 
rat hypothalamus. Histamine-containing neurons in the rat hypo-
thalamus. Proc Natl Acad Sci U S A 1984;81:2572-6.

21. Matsumoto I, Inoue Y, Shimada T, Aikawa T. Brain mast cells act as 
an immune gate to the hypothalamic-pituitary-adrenal axis in dogs. 
J Exp Med 2001;194:71-8.

22. Starling EH. On the absorption of fluids from the connective tissue 
spaces. J Physiol 1896;19:312-26.

23. Gerriets T, Stolz E, Walberer M, Müller C, Kluge A, Kaps M, Fisher 
M, Bachmann G. Middle cerebral artery occlusion during MR-im-
aging: investigation of the hyperacute phase of stroke using a new 
in-bore occlusion model in rats. Brain Res Brain Res Protoc 2004; 
12:137-43.

24. Lefèbvre PR, Cordonnier M, Balériaux D, Chamart D. An unusual 
cause of visual loss: involvement of bilateral lateral geniculate bod-
ies. AJNR Am J Neuroradiol 2004;25:1544-8.

25. Yucel N, Kayaalp C, Liceli A, Baysal T, Yilmaz M. Blindness follow-
ing rupture of hepatic hydatid cyst: a case report. Adv Med Sci 2009; 
54:299-301.

26. Schäbitz WR, Berger C, Knauth M, Meinck HM, Steiner T. Hypoxic 
brain damage after intramuscular self-injection of diclofenac for 
acute back pain. Eur J Anaesthesiol 2001;18:763-5.

27. Hoffmann J, Erb K, Klingebiel R, Siebert E. Hypoxic brain injury 
sparing the posterior circulation. Neurology 2010;74:1476.


