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Abstract Aquaporins (AQPs) are a family of homologous
water channel proteins. In this study, the expressions of
AQP1, 2, and 4 were immunohistochemically examined in
kidney samples to evaluate their forensic applicability to
differentiate between freshwater drowning (FWD) and
saltwater drowning (SWD). Kidney samples were obtained
from 51 drowning cases (23 FWD and 28 SWD) and 19
non-drowning cases. AQP1 was expressed in the proximal
tubules and glomeruli, and AQP4 was localized in the
collecting ducts. However, there were no significant differ-
ences in AQP1 and AQP4 expressions among FWD, SWD,
and control groups. Immunohistochemically, AQP2 was
predominantly expressed in the apical plasma membrane of
the collecting duct principal cells in all kidney samples of
FWD and SWD. Morphometrically, AQP2 expression at
the apical plasma membrane of collecting ducts was
significantly enhanced in SWD group, compared with
FWD and control groups. On the other hand, AQP-2
expression was significantly lower in FWD group than in
control group. Moreover, in drowning cases, there was no
correlation between post-submersion intervals and AQP
expression. From a forensic aspect, immunohistochemical
detection of AQP2 in the kidney can be considered a
valuable marker to differentiate between FWD and SWD.
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Introduction

A body recovered from water does not always imply that
death was due to drowning. At present, the diagnosis of
drowning is routinely based on the combination of a
complete autopsy, histopathological findings, toxicological
analyses, and the diatom test. However, froth around the
nostrils and mouth and lung distension, pleural effusion,
emphysema aquosum, as well as the detection of "diatom"
test from multiple organs, are supportive but not conclu-
sive evidence of drowning [1–3]. Moreover, when drown-
ing is diagnosed, it is also indispensable to further
distinguish freshwater drowning (FWD) from saltwater
drowning (SWD). Macroscopically, the amount of pleural
fluid and lung weights show significant differences
between FWD and SWD [3–5]. Histopathologically and
ultrastructurally, changes in FWD are predominantly
osmotic, as evidenced by edema in alveolar-interstitial
spaces and vascular wall, along with severe cellular
disruption, organelle swelling, and endothelial destruction.
In contrast, abnormally shaped erythrocytes and alveolar
epithelium, as well as villous transformation, vacuole
formation, and discontinuity of alveolar lining cells are
found in SWD but not in FWD [6–9]. In addition, several
studies have reported chemical analyses of serum electro-
lyte levels [10–14], atrial natriuretic peptide, iron, stron-
tium, magnesium, or immunohistochemical detection of
intrapulmonary macrophages, surfactant-associated protein
A (SP-A) distribution, aquaporin-5 expression [15–17], or
the microbiological test of bacterial markers, fecal coli-
forms, and fecal streptococci [18].

Aquaporins (AQPs) are a family of homologous water
channels expressed in many epithelial and endothelial cell
types involved in fluid transport [19–22], and 13 members
(AQP 0–12) have so far been identified in mammals [22].
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Our previous study showed that immunohistochemical
analysis of intrapulmonary AQP5 expression in an exper-
imental drowning model and forensic autopsy samples
could differentiate between FWD and SWD, or between
FWD and postmortem immersion [17]. AQPs 1, 2, and 4
are the main water channel proteins in the kidney. Thus, in
the present study, we immunohistochemically examined
the intrarenal expression of AQPs 1, 2, and 4 in order to
explore possible markers to differentiate between FWD
and SWD.

Materials and methods

Antibodies

The following polyclonal antibodies (pAbs) were used for
immunohistochemical analysis in the present study: rabbit
anti-human AQP1 pAbs (Santa Cruz Biotechnology Inc.,
CA, USA), goat anti-human AQP2 pAbs (Santa Cruz
Biotechnology Inc., CA, USA), and rabbit anti-human
AQP4 pAbs (Santa Cruz Biotechnology Inc., CA, USA).

No M/F Age (years) PMI (h) PSI (h)

Range Mean Range Mean Range Mean

Control 19 11/8 0.5–84 57.13 5–48.5 21.92 – –

FWD 23 14/9 0.5–90 65.64 5–72 26.35 0.5–28 8.93

SWD 28 16/12 23–80 58.62 11–72 31.59 0.5–30 10.95

Table 1 Cases profiles

M male, F female, PMI
postmortem interval, PSI
post-submersion interval, h hour

Fig. 1 Immunohistochemical analyses of AQP1, AQP2, and AQP4 expressions in kidney samples of FWD, SWD, and control cases (original
magnification, ×200; inset, oil immersion, ×1,000). FWD freshwater drowning, SWD saltwater drowning
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Autopsy samples

A total of 51 cases of drowning (30 males and 21 females)
were selected from autopsy documents at our institute. In
each case, the cause of death was carefully diagnosed based
on autopsy and histopathological findings, toxicological
data, and the diatom test. The cases were composed of 23
FWD and 28 SWD. Moreover, as control, 19 non-drowning
cases with similar age and sex distribution (each five of
blunt injury and fire fatality, each two of acute drug
intoxication and brain injury, and each one case of sharp
instrument injury, asphyxia, myocardial infarction, diabetes,
and sepsis) were also analyzed. The detail profiles of all
cases (gender, age, postmortem intervals, and post-
submersion intervals) are shown in Table 1.

Immunohistochemical analyses

Kidney samples were fixed in 4% paraformaldehyde
solution buffered with neutral phosphate-buffered solution
(PBS; pH 7.2), and embedded in paraffin for sectioning (4–
6 μm). Hematoxylin and eosin staining was carried out for
routine histological analysis. For immunohistochemical

analyses [23–25], deparaffinized sections were immersed
in 0.3% H2O2 in methanol for 30 min to eliminate
endogenous peroxidase activity, followed by incubation
with PBS containing 1% normal serum corresponding to
the secondary IgG and 1% bovine serum albumin to reduce
nonspecific reactions. The sections were incubated with
rabbit anti-human AQP1 pAbs (1:2,000), goat anti-human
AQP2 pAbs (1:1,000), or rabbit anti-human AQP4 pAbs
(1:1,000) at 4°C overnight. The immune complex for AQP1
and AQP4 was detected with Envision+ goat anti-rabbit
labeled polymer horseradish peroxidase (Dako Cytomation,
Kyoto, Japan) at room temperature for 1 h. AQP2-positive
signals were detected with the labeled streptavidin biotin
horseradish peroxidase system (Dako Cytomation).

Morphometrical analysis

For the evaluation of intrarenal AQP expression, the ratios
of the number of AQP1-positive proximal tubules, AQP2,
and AQP4-positive collecting ducts to the total number of
corresponding renal tubules were calculated in ten
randomly selected fields (×400). The average ratio was
evaluated as the AQP expression. Moreover, the number

Fig. 2 a The relation between
age and AQP expression in all
cases. b The relation between
gender and AQP expression in
all cases. c The relation between
postmortem intervals and AQP
expression in all cases. These
results were obtained with
Spearman's correlation coeffi-
cient by rank test
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of AQP1-positive glomeruli was also calculated in 100
randomly counted glomeruli under microscopy in each
section. The morphometrical evaluation was blindly
performed by two investigators who had no prior
knowledge of the samples.

Statistical analysis

The means and standard error of the mean (SEM) were
calculated for all parameters determined in this study.
Statistical significance was evaluated using one-way
ANOVAwith post hoc testing with the Scheffé's F multiple
comparisons test or Spearman's correlation coefficient by
rank test. p<0.05 was considered significant.

Results

Immunohistochemical analysis of AQPs in autopsy samples

First, we examined the distribution of AQP1, AQP2, and
AQP4 in kidney samples. Consistent with previous obser-
vations [26–28], AQP1 was expressed in the apical and
basolateral membranes of proximal tubules, and positive
staining was also observed in glomeruli in control, FWD,
and SWD kidney samples (Fig. 1). In FWD cases, AQP2

was expressed in the apical plasma membrane and
cytoplasm of collecting duct principal cells. In contrast, in
SWD cases, AQP2 was predominantly expressed at the
apical plasma membrane of collecting duct principal cells
and weakly in the cytoplasm of these cells. Moreover, the
staining intensity of AQP2 in the apical membrane was
stronger in the SWD than FWD group (Fig. 1). AQP4 was
expressed in the basolateral plasma membrane of collecting
ducts in both FWD and SWD cases (Fig. 1).

Intrarenal AQP2 expression was higher in SWD cases

There were no significant differences on age, gender, or
postmortem intervals for intrarenal AQP protein expression
(Fig. 2). As shown in Fig. 3, the ratio of AQP2 expression
at the apical plasma membrane of collecting ducts was
significantly enhanced in the SWD group, compared with
the FWD and control groups. On the other hand, AQP-2
expression was significantly lower in FWD group than in
control group. In contrast, there was no significant
difference in the AQP1 or AQP4-positive ratio among
FWD, SWD, and control groups (Fig. 3). Additionally, the
number of AQP1-positive glomeruli showed no significant
differences between these three groups (Fig. 3). Moreover,
in drowning cases, there was no correlation between post-
submersion intervals and AQP expression (Fig. 3e).

Fig. 3 a-c Average ratios of
AQP1, AQP2, and AQP4 in the
corresponding renal ductules in
kidney samples. d The number
of AQP1-positive glomeruli in
kidney samples. All values rep-
resent the means ± SEM (n=23
in FWD; n=28 in SWD; n=19
in control). *p≤0.05, **p≤0.01;
these results were obtained with
one-way ANOVA with post hoc
testing with the Scheffé's F
multiple comparisons test. e The
relation between post-
submersion intervals and AQP
expression in drowning cases.
These results were obtained with
Spearman's correlation coeffi-
cient by rank test
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Discussion

In forensic practice, the cause of death must be definitely
diagnosed. Because drowning is due to the inhalation of either
fresh or seawater, resulting in lung damage and ventilation-
perfusion mismatching [29], several lines of accumulating
evidence have focused on lung lesions, serum electrolyte
concentration [2–6, 10–14], or immunohistochemical detec-
tion of intrapulmonary SP-A protein distribution, macro-
phage amount, and the diatom test [1, 2, 15–17]. However,
there is still no reliable technique for differentiating between
FWD and SWD. Recently, several water channel proteins
that can regulate osmolarity throughout the body have been
cloned [22, 30, 31]. Our previous study demonstrated that
immunohistochemical detection of intrapulmonary AQP5
expression was suitable for differential diagnosis of FWD
and SWD [17].

In the kidney, seven aquaporin members (AQP1, 2, 3, 4,
6, 7, and 8) have been identified [22, 31–33] of which four
members (AQP1, 2, 3, 4) are responsible for renal tubular
water transport and body water balance [30, 31]. Consistent
with previous observations, AQP1 was expressed in the
apical and basolateral membranes of the proximal tubule,
descending thin limb epithelium, and glomeruli [22, 26,
27], and AQP2, 3, and 4 in the collecting duct principal
cells [31]. Our observations implied significant differences
in the intrarenal expression of AQP2, but not AQP1 or
AQP4 between FWD and SWD.

In the present study, moderately positive signals for
AQP2 were found in the cytoplasm and the apical plasma
membrane of collecting duct principal cells in FWD cases.
In contrast, in SWD cases, AQP2 was localized predomi-
nantly in the apical plasma membrane and faintly labeled at
the cytoplasm of those cells. Biochemical studies demon-
strated that AQP2 could be recycled between the cytoplasm
and apical plasma membrane [22, 32, 34–37]. Once AQP2
is inserted into the apical membrane, water permeability of
the collecting ducts increases, enabling water reabsorption
[36, 37]. Collectively, it is considered that the apical plasma
membrane AQP2-positive reaction is more bioactive. Thus,
in the present study, we evaluated collecting ducts with
apical membrane AQP2-positive reactions.

Acute hypotonic conditions reduced the plasma mem-
brane expression of AQP2 and increased intracellular
expression of AQP2 [38]. In line with this, decreased
AQP2 labeling at the apical plasma membrane was
observed in FWD cases. Decreased AQP2 expression at
the apical plasma membrane was due to relocation of the
apical plasma membrane expressing AQP2 into the cyto-
plasm and not due to increased AQP2 synthesis [38]. In this
study, we also observed moderate AQP2 staining in the
cytoplasm of collecting duct principal cells in FWD cases.
It is well-known that FWD can cause hypervolemia,

marked hemodilution, hemolysis, and the decrease of serum
electrolytes, except potassium, by the transportation of
hypotonic water into microvessels [39, 40]. Our data
indicated that AQP2 expression at the apical plasma
membrane was downregulated in FWD. Decreased expres-
sion of AQP2 at the apical plasma membrane immediately
following hypotonic stress may be a protective mechanism
limiting apical water entry, thus reducing cell swelling and
hemodilution in FWD.

In contrast, increased AQP2 apical plasma membrane
expression in the collecting ducts was observed in SWD
cases. This observation may be supported by evidence that
acute NaCl-derived hypertonic solution incubation
(≤30 min) induced rapid plasma membrane accumulation
of AQP2 in rat kidney tissue slices and several kidney
epithelial cell lines in vivo and in vitro [41]. This finding
further supports our observation of significant increased
AQP2 expression at the apical plasma membrane in SWD
cases compared with FWD.

From the viewpoint of forensic pathology, our results
imply AQP2 at least has potential as a marker to
differentiate between FWD and SWD. Immunohistochem-
ical detection of AQP2 expression at the apical plasma
membrane in autopsy kidney samples might be valuable for
the differential diagnosis of drowning.

When examining forensic samples, the influence of the
postmortem interval is always taken into consideration. Based
on our previous study, decomposition or autolysis did not
have great influence on cytokine immunoreactivity in skin
wound samples with a 3-day interval [42–45]. In the present
study, kidney samples with a postmortem interval from 5 h
to 72 h were used; thus, autolysis does not seem to have a
significant influence on the immunoreactivity of AQP.

Finally, post-submersion intervals between 0.5 and 30 h
had no significant affects on intrarenal AQP expression.
Thus, when we encounter drowning cases without sufficient
supportive data for FWD or SWD, immunohistochemical
analysis of intrarenal AQP2, in conjunction with other
markers, will greatly contribute to the differential diagnosis
of FWD and SWD.
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