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Brain edema causes abnormal fluid retention and can be fatal in severe cases. Although it develops in various
diseases, most treatments for brain edema are classical. We analyzed the impacts of age and gender on the
characteristics of a water intoxication model that induces pure brain edema in mice and examined the model’s
usefulness for research regarding new treatments for brain edema. C57BL/6] mice received an intraperitoneal
administration of 10% body weight distilled water, and we calculated the brain water content by measuring the
brain-tissue weight immediately after dissection and after drying. We analyzed 8-OHdG and caspase-3 values to
investigate the brain damage. We also applied this model in aquaporin 4 knockout (AQP4°) mice and compared
these mice with wild-type mice. The changes in water content differed by age and gender, and the 8-OHdG and
caspase-3 values differed by age. Suppression of brain edema by AQP4~ was also confirmed. These results clar-
ified the differences in the onset of brain edema by age and gender, highlighting the importance of considering
the age and gender of model animals. Similar studies using genetically modified mice are also possible. Our
findings indicate that this water intoxication model is effective for explorations of new brain edema treatments.
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rain edema is a disease in which the volume of the
brain increases due to an abnormal accumulation

erapy, hyperventilation, and partial craniotomy have
limitations, and it is thus important to establish an

of fluid in the brain parenchyma. It develops in multi-
ple brain diseases such as head trauma, cerebral isch-
emia, and cerebral hemorrhage and in metabolic disor-
ders such as liver failure. In severe cases, brain edema
can result in death due to increased intracranial pres-
sure and brain herniation. Although brain edema
recovers with treatment of the primary disease, specific
treatments for brain edema itself are sorely needed [1].
Current treatments for brain edema including osmoth-
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effective treatment method for brain edema itself.
Many pathogenic mechanisms of brain edema and
its related molecules have been investigated with the use
of brain edema model animals [1,2]. The water intoxi-
cation model, a commonly used model of brain edema,
is known to reproduce hyponatremia caused by renal
disease and excessive fluid intake, and it is a model that
can induce cytotoxic brain edema without trauma [1].
The brain edema pathogenetic mechanism of the water
intoxication model, which is created by an intraperito-
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neal administration of distilled water (10% of body
weight), does not involve damage to the blood-brain
barrier (BBB), and the edema is known to be due to the
excessive influx of water into the cells due to a decreased
extracellular Na* concentration [1]. Many studies have
used water intoxication models, but most of those
studies created models based on the animals’ weight,
without examining gender or age. There are differences
in brain-injury mechanisms between human males and
females, and it is known that after ~30 years of age,
most human physiological processes begin to decline,
and BBB function also changes [3].

We conducted the present study to investigate
whether gender and age affect the formation and reso-
lution of brain edema after water intoxication in a
mouse model. Brain damage was investigated by an
assessment of DNA damage and apoptosis at each age in
the model. We also evaluated the impact of the knock-
out of aquaporin 4 (AQP4) on brain edema formation
after water intoxication. AQP4 knockout (AQP4") is
known to affect brain edema formation in other models,
but the impact is model-dependent [4].

Materials and Methods

Animals.  We purchases 5- to 52-week (wk)-old
male and female C57BL/6] mice from CLEA Japan
(Tokyo). All experimental procedures were conducted
in accord with Japan’s National Institutes of Health reg-
ulations and were approved by the Animal Research
Committee of Kawasaki Medical School in compliance
with the ARRIVE guidelines.

Water intoxication model mice. As a water
intoxication model, sterile distilled water (DW) was
injected intraperitoneally (i.p.; 10% of body weight)
under isoflurane anesthesia to induce acute brain edema
in mice at various ages [5]. At 0h (no i.p. injection;
control) and 1, 2, 3, and 6 h (each group n=3) after
the DW injection, the mice were sacrificed by cervical
dislocation, and the brains were immediately dissected.
The brains were placed on pre-weighed aluminum foil,
and the pre-dried weight was measured within 2 min
after sacrifice. The brains were then dried in a high-
temperature dryer at 120°C for 24 h, and the brain
water content (%) was calculated as the weight differ-
ence between before and after drying [6]. The cardiac
blood serum osmolality was measured by SRL
Laboratory (Tokyo).
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Measurement of DNA damage.  For the investi-
gation of DNA damage, we measured the 8-OHdAG
activity in the cerebrums of the no i.p. and 2 h groups
(n=3 each) with the use of the Highly Sensitive ELISA
kit for 8-OHAG (KOG-HS10/E, Japan Institute for the
Control of Aging, Shizuoka, Japan). For the investiga-
tion of apoptosis, we measured the protein levels of
caspase 3 and cleaved caspase 3 (1 : 500, no. 19677-1-
AP, Proteintech, Chicago, IL, USA) by conducting a
western blot analysis (each group n=6) [7]. Protein
expression detected by chemiluminescence was quanti-
fied by the Image ] software program and normalized to
the expression of GAPDH (1:10000, #2118, Cell
Signaling Technology, Beverly, MA, USA) by reprob-
ing (stripping buffer, No. 21059, Thermo Fisher
Scientific, Waltham, MA, USA) [8].

Aquaporin 4 (AQP4).  The aquaporin 4 knockout
mouse strain (AQP4™ mouse, RBRC10053) was provided
by RIKEN BRC through the National BioResource
Project of the MEXT/AMED, Japan [9]. As did the
wild-type C57BL/6] mice, the AQP4™ mice received an
i.p. injection of sterile DW equivalent to 10% of body
weight, and the cerebrum and cerebellum water content
was measured 1 h later (8 week, males, noi.p. -AQP4,
1 h-AQP4", n=3 each group). The expression level of
AQP4 protein in the cerebrum was measured by the
same method as caspase 3 (5-20 week, males, n=4-6
each group) using AQP4 primary antibody (1 : 1000,
no. 16473-1-AP, Proteintech).

Statistical analysis.  All data are expressed as the
mean+SEM. A statistical analysis with multiple com-
parisons was performed by a two-way analysis of vari-
ance (ANOVA) followed by the Dunnett’s (Fig.1A,B
and 3) or Tukey’s (Fig.1F,2,4,5 and 6) post hoc test.
Statistical significance was set as p <0.05. All statistical
analyses were performed using GraphPad Prism 8
(GraphPad Software Inc, Boston, MA, USA).

Results

Impacts of age on water content. Regarding
changes in the behavior of the mice, there was almost
no movement for 1 h in any of the mice after the induc-
tion of water intoxication. By 3 h post-induction,
movement was restored to the same level as that
observed before the water administration (data not
shown). Our analysis of the brain water content in male
C57BL/6] mice of different ages revealed that the brains’
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Water content (%) of the cerebrum and cerebellum of male C57BL/6 mice. A, B: Changes in the brain water content after a

single intraperitoneal (i.p.) injection of distilled water (DW) (n=3; 52 week, n=2). At all ages, the water content increased significantly by
2 h and returned to near-normal values after 3 h. The 5-week-old mice and 20-week-old mice showed no decrease in water content after 2 h
post-injections. C, D: Replots by weight of the mice shown in panels A, B. F: The cardiac blood serum osmolarity at each time point: no
age difference was observed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Water contents (as a ratio) of the cerebrum and cerebellum of the male mice. The values shown in panels A and B of Fig.1 were

calculated as a ratio to 1 (as the control no-i.p. group). The rate of increase in the water content at 1 h after the DW injection was similar
among most of the groups. In the cerebrum, however, only the brain water content in the 5 week mice returned to its original content after
3 h post-injection (A). The water content in the cerebellum of 5 week and 14 week mice returned to normal after 3 h post-injection,
whereas that of the 8 week and 20 week did not decrease significantly (B). *p<0.05, **p<0.01.
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The water content (%) of the cerebrum and cerebellum of the female C57BL/6 mice. The changes in brain water content after

an i.p. injection of DW are shown (n=3). Two h after the injection, both the cerebral and cerebellar water contents had returned to normal
levels in the females at the ages of 5 weeks and 20 weeks, but not in the males. The cerebellum of the 8-week-old females showed a
further increase in water content after 2 h post-injection. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

water contents after the administration of DW showed a
time frame similar to the level of locomotory activity
(Fig.1A,B). In both the cerebrum (Fig.1A) and cere-
bellum (Fig. 1B), the brain water content was increased
at 1 h after administration and returned to or was near
to the original levels by 3 h.

In the 5-week-old male C57BL/6] mice, the water
content remained at the same level at 1 hand 2 h, and it
decreased after 2 h at 8 and 14 weeks. At 20 weeks,
there was no decrease in the content after 2 h, as at 5
weeks. In the no-i.p. group, the water content of both
the cerebrum and cerebellum was almost the same at all
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The water content (as a ratio) of the cerebrum and cerebellum of the female C57BL/6 mice. The values shown in panels A and

B of Fig.3 were calculated as a ratio to 1 for the control no-i.p. group. The rate of increase in the water content at 1 h after an injection of
DW was similar among most of the groups. At 2 h post-injection, the water content of the cerebrum recovered faster in the 5 week and 20
week groups of females compared to the male mice. In the cerebellum, the water content decreased significantly at all ages compared to
8 weeks, and this trend continued after 3 h post-injection. Both brains showed fluctuations that differed from those of the males.

*p<0.05, ***p<0.001, ****p<0.0001.
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ages, but at 6 h after the DW administration, the water
content decreased with the increase in the age of the
mice (Fig.1A,B). The serum osmolality level was sig-
nificantly decreased at 1 h after the DW administration
and returned to the original level 6 h later. The no-i.p.,
1 h, and 6 h groups showed no age-related differences
in serum osmolality (Fig.1F). The data presented in
panels a and b of Fig. 1 are grouped by weight in Figure
1C,D. The inclination of the graph of the water content
increase at 1 h after the i.p. DW administration was
similar by age (Fig.1A,B) but varied by weight (Fig.
1C,D).
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The production of 8-OHdG and the activity of caspase 3 (cld/caspase 3) in the cerebrum of male C57BL/6J mice were mea-
sured (n=3, n=6, respectively) at 2 h after an i.p. injection of DW.

Figure 2 provides the calculated ratios of the results
in Fig.1A,B in relation to the no-i.p. group. At 1h
after the DW administration, the cerebrum showed an
increasing trend in content compared to other ages at 14
weeks. At 2 h, the content was almost the same for all
ages, and at 3 h, it returned to normal only at 5 weeks
(one-way ANOVA, p=0.0578; 5 week vs. 20 week,
Fig.2A). In the cerebellum, on the other hand, the
decrease in water content at 14 weeks was comparable
to that at 5 weeks, which returned to normal after 3 h
post-injection, and both the 8 week and 20 week groups’
values remained significantly increased relative to the 5
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Fig. 6 The water contents in the brains of AQP4~ (knockout) mice. A, The water content in the cerebrum and cerebellum of 8 week
wild-type and 8 week AQP4~ male mice at 1 h after the injection of DW was calculated as a ratio compared to the control no-i.p. group,
and the degree of brain edema was compared (n=3 each group). The cerebellums of the AQP4~ mice had significantly lower water con-
tent compared to those of the wild-type mice after water intoxication; B, In the cerebrum of the wild-type male mice (n=4-6), the expres-
sion of AQP4 protein was increased by the DW administration, and it was significantly increased in the 8 week mice compared to the 5

week mice. *p<0.05.

week and 14 week values (Fig. 2B).

Impacts of gender on water content. ~ We exam-
ined the differences in brain edema by gender (Figs. 3,4,
n=3in all groups). In the female cerebrum, the water
content began to decrease after 2 h at the ages of 5, 8,
and 20 weeks. However, the 14 week mice retained a
high volume of brain edema (Fig.3A). In the murine
female cerebellum, the water content increased further
after 2 h only at 8 weeks (Fig.3B). Figure 4 shows the
calculated ratios of the results in Fig. 3 in relation to the
no-i.p. group. At 1h, the rate of the increase in the
water content after the infusion of DW was similar in all
groups in the cerebrum, and it tended to be higher in
the 8 week and 14 week groups in the cerebellum.
After 2 h, the cerebral water content recovered quickly
at 5 and 20 weeks, and especially at 5 weeks, the water
content decreased significantly compared to 8 and 14
weeks. There was a significant decrease in the cerebel-
lum at all ages compared to 8 weeks, a trend that con-
tinued after 3 h.

Impacts of age on brain edema-induced DNA dam-
age.  To investigate whether the induction of brain
edema was associated with cell damage and cell death,
we examined the production of 8-OHdG and the activ-
ity of caspase 3 (cld/caspase 3) in the cerebrum of 5-,
14-, and 20-week-old male mice at 2h after DW
administration (Fig.5). The cld/caspase 3 values were
significantly increased in the 14 week group compared
to the control no-i.p. group (t-test, p=0.0347). The

values of 8-OHdG did not differ among the different
ages.

AQP4 in the water intoxication model.  The brain
water content of male AQP4™ mice was compared with
that of wild-type male mice in the same water intoxica-
tion model. As shown in Fig.6A, the increases in the
brain —especially in the cerebellum water content of
AQP4 mice—at 1 h after the DW administration was
smaller than that in the wild-type mice. At the same
time point, the expression level of cerebral AQP4 pro-
tein in the wild-type male mice tended to be increased
at all ages and was significantly increased at 8 weeks
(Fig.6B).

Discussion

The brain edema pathogenesis mechanism of the
water intoxication model created by an intraperitoneal
administration of DW at 10% of the body weight
includes the speculation that BBB damage does not have
an important role, and that this model causes an exces-
sive inflow of water into the cells due to a decrease in
extracellular Na* concentration [1]. However, changes
in the BBB due to physiological aging begins in humans
in their 30s [2], and age-related physiological changes
appear to be involved in the age-related differences in
water influx and discharge function that we observed in
this study. We first examined the water content of the
brain after the administration of DW in male mice by
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age. What was interesting about the experimental
results was that the water content at 2 h after the DW
injection differed depending on the age of the mice.
This indicates that the peak timing of water inflow var-
ies with age. In addition, there was no significant dif-
ference in serum osmolality at 6 h after the DW admin-
istration (Fig.1F), and the decrease in water content
differed depending on age (Fig.1A,B). It is possible
that not only changes in renal function [10, 11] but also
changes in water homeostasis in the central nervous
system, such as the drainage mechanism of the brain,
are affected by aging.

We also observed that the grouping by body weight
showed no regularity in water content changes
(Fig.1C,D). The variation in body weight increases
with aging (Fig. 1E), resulting in a mix of mice of the
same weight but various ages. We thus infer that
changes in physical and physiological functions due to
aging were not clearly expressed. When the brain water
content is expressed as a ratio to the control no-i.p.
group, the rate of increase in the water content and the
time required to return to normal levels differed greatly
depending on the age of the mice, and it also differed
between the cerebrum and cerebellum (Fig.2). The rea-
sons for these results merit further study.

Our examination of the differences by gender
revealed several interesting findings. As shown in Fig.4,
the rate of water increase in the female mice was highest
at 8 weeks for both the cerebrum and cerebellum at all
time points. The transition of water content in the
females at 2 and 3 h after the DW injection is a phe-
nomenon not seen in the males (Figs.2,4). These
results suggest that even among mice at the same age,
the water dynamics of the central nervous system differ
by gender. Differences in damage between males and
females have been reported in a rat water intoxication
model [12], a traumatic brain injury model [13], and
human brain injuries [14]. Since differences in thera-
peutic effects are often observed between men and
women in clinical practice, it is necessary to further
explore gender differences in research as well.

We compared the production of 8-OHdG and the
activity of caspase 3 in the cerebrum of male mice to
determine whether there are differences in brain tissue
damage dependent on age (Fig.5). As a marker of DNA
oxidative stress, 8-OHdG is an indicator of DNA dam-
age. We compared the activity of caspase 3, an indica-
tor of apoptosis, by calculating the ratio of caspase 3 to
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the active form, i.e., cleaved caspase 3 (cld/caspase 3).
At 2 h after the induction of edema, the values of
8-OHdG did not differ significantly among the mice of
different ages, and the 14 week group had increased
caspase 3 activity. In this model, only brain edema is
induced without traumatic injury; the difference in
damage is thus largely due to age. One possible reason
for the difference is the existence of senescent cells [15].
It was also reported that the deletion of REST (repressor
element 1-silencing transcription factor) in the aging
brain causes age-related neurodegeneration [16]. These
reports suggested that the degree of brain damage
caused by increased water content due to brain edema
may vary at each age.

As shown in Fig.5, the apoptotic cascade in the
model used in our present study was indeed enhanced
at 2 h after the induction edema, but as shown in Fig. 1,
the brain edema itself had almost resolved 3 h later,
suggesting that the enhancement is not sustained to a
level that is sufficient to actually lead to cell death. The
model thus induces brain edema to the extent that DNA
is affected, but unlike other models, it is not affected by
other factors such as tissue damage and is suitable for
exploring treatments that purely control water dynam-
ics.

To explore whether the present water intoxication
model might also be useful in studies of altered water
handling in genetically modified mice, we examined
aquaporin 4 (AQP4), which is known to be associated
with brain edema (Fig.6). AQP4 is involved in the
pathophysiology of brain edema associated with various
types of brain injury and disease, and in a brain edema
model of water intoxication or hyponatremia, AQP4
knockout mice clearly had less severe brain edema [17].
AQP4 has also been observed to promote astrocyte
swelling (“cytotoxic swelling”) and the reabsorption of
extracellular edema fluid (“vasogenic edema”) during
the formation of brain edema [4]. We compared
changes in brain water content in AQP4 knockout mice
with those in wild-type mice after water intoxication,
and as shown in Fig.6A, the AQP4™ mice had lower
brain water content at 1 h after administration of DW
compared to the wild-type mice, which is consistent
with a role of AQP4 in parenchymal cell swelling. In the
cerebrums of the wild-type male mice aged 5 to 20
weeks, the expression of AQP4 protein tended to
increase upon the induction of brain edema, and the
degree of this increase varied depending on the age of
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the mice (Fig.6B). AQP4 is a member of a large family
of water channel proteins that allow a bidirectional
transport of water across the phospholipid bilayer of the
plasma membrane [18], and our results suggest that the
excessive influx of water into the central nervous system
may promote AQP4 synthesis in order to enhance efflux
mechanisms. The model is suitable for investigating the
involvement of various target substances without the
influence of other pathological conditions and is useful
for various basic studies on brain edema.

In conclusion, physiological conditions in vivo con-
tinue to change in various ways due to aging and gender
differences. Based on our present findings, we propose
that (i) animal models of water intoxication for brain
edema research must consider the age and gender of the
animals, and (ii) the model used in the present study is
useful for examining these physiological differences.

Acknowledgments. This work was partially supported by a Research
Project Grant from Kawasaki Medical School (no. R03B-057). We acknowl-
edge the scientific consultations with Prof. Richard E. Keep.

References

1. Michinaga S and Koyama Y: Pathogenesis of Brain Edema and
Investigation into Anti-Edema Drugs. Int J Mol Sci (2015) 16:
9949-9975.

2. Stokum JA, Gerzanich V and Simard JM: Molecular pathophysiol-
ogy of cerebral edema. J Cereb Blood Flow Metab (2016) 36:
513-538.

3. Erdd F, Denes L and Lange E: Age-associated physiological and
pathological changes at the blood-brain barrier: A review. J Cereb
Blood Flow Metab (2017) 37: 4-24.

4. Zador Z, Stiver S, Wang V and Manley GT: Role of Aquaporin-4
in Cerebral Edema and Stroke. Handb Exp Pharmacol (2009) 190:
159-170.

5. Yamaguchi M, Wu S, Ehara K, Nagashima T and Tamaki N:

17.

Acta Med. Okayama Vol. 78, No. 2

Cerebral Blood Flow of Rats with Water-Intoxicated Brain Edema.
Acta Neurochir Suppl (Wien) (1994) 60: 190-192.

Nakamura T, Xi G, Hua Y, Schallert T, Hoff JT and Keep RT:
Intracerebral hemorrhage in mice: model characterization and
application for genetically modified mice. J Cereb Blood Flow
Metab (2004) 24: 487-494.

Samuel MA, Morrey JD and Diamond MS: Caspase 3-Dependent
Cell Death of Neurons Contributes to the Pathogenesis of West
Nile Virus Encephalitis. J Virol (2007) 81: 2614-2623.
Nakamura-Maruyama E, Miyamoto O, Okabe N, Himi N, Feng L,
Narita K, Keep RF, Yamamoto T and Nakamura T: Ryanodine
receptors contribute to the induction of ischemic tolerance. Brain
Res Bull (2016) 122: 45-53.

Kitaura H, Tsujita M, Huber VJ, Kakita A, Shibuki K, Sakimura K,
Kwee IL and Nakada T: Activity-dependent glial swelling is impaired
in aquaporin-4 knockout mice. Neurosci Res (2009) 64: 208-212.
Lubran MM: Renal function in the elderly. Ann Clin Lab Sci (1995)
25: 122-133.

Kang AK and Miller JA: Effects of gender on the renin-Angiotensin
system, blood pressure, and renal function. Current Hypertension
Reports (2002) 4: 143-151.

Oztas B, Kocak H, Oner P and Kuclk M: Gender-dependent
changes in blood-brain barrier permeability and brain NA(+), K(+)
ATPase activity in rats following acute water intoxication. J
Neurosci Res (2000) 62: 750-753.

Roof RL, Duvdevani R and Stein DG: Gender influences outcome
of brain injury: progesterone plays a protective role. Brain Res
(1993) 607: 333-336.

Roof RL and Hall ED: Gender differences in acute CNS trauma
and stroke: Neuroprotective effects of estrogen and progesterone.
J Neurotrauma (2000) 17: 367-388.

Sikora E, Bielak-Zmijewska A, Dudkowska M, Krzystyniak A,
Mosieniak G, Wesierska M and Wlodarczyk J: Cellular Senescence
in Brain Aging. Front Aging Neurosci (2021) 13: 646924.

Lu T, Aron L, Zullo J, Pan Y, Kim H, Chen Y, Yang TH, Kim
HM, Drake D, Liu XS, Bennett DA, Colaiacovo MP and Yankner
BA: REST and stress resistance in ageing and Alzheimer’s dis-
ease. Nature (2014) 507: 448-454.

Manley GT, Fujimura M, Ma T, Noshita N, Filiz F, Bollen AW,
Chan P and Verkman AS: Aquaporin-4 deletion in mice reduces
brain edema after acute water intoxication and ischemic stroke.
Nature Med (2000) 6: 159-163.

Nagelhus EA and Ottersen OP: Physiological roles of aquaporin-4
in brain. Physiol Rev (2013) 93: 1543-1562.



