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Abbreviations:
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- Cellular edema
CNS
- Central nervous system
BBB
- Blood Brain Barrier
ICP
- Intracranial pressure
WI
- Water intoxication
TBI
- Traumatic brain injury
SIADH
- Syndrome of inappropriate antidiuretic
hormone secretion
Da
- Dalton
EB
- Evans blue
MW
- Molecular weigh
ICA
- Internal carotid artery

CCA
ECA
GD
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HH
ROI
MV HU
SEM
i.p.
DW
deg C
AQP
ADH

- Common carotid artery
- External carotid artery
- Gyrus dentatus
- Intracellular Distribution Index of EB
- hyperhydrated
- regions of interest
- mean values of Hounsfield Units
- standard error of the mean
- intraperitoneally
- distil water
- degrees Celsius
- aquaporin
- antidiuretic hormone
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A R T I C L E

OBJECTIVES: This paper presents our own rat model of the cellular brain edema,
induced by water intoxication (WI). The basic principle of the model is an osmotic
imbalance in the cell membrane followed by an intracellular flow of sodium and
simultaneous accumulation of water leading to the subsequent increase of BBB
permeability.
METHODS: The usefulness of the model was tested in precisely specified conditions whose results were clearly expressed. The procedure determined both how
WI induces cellular edema as well as the disturbances caused by cellular edema.
RESULTS: The evidence of existing cellular edema with increased BBB permeability was proved by intracellular accumulation of intravital dye with a large
molecular size; increased brain-water content was confirmed by using the dry/
wet weight method and by the decrease in CT density; the elevated intracranial
pressure (ICP) due to the expanding volume was determined by continuous
monitoring the ICP; the structural lesions were proved by identification of the
myelin disintegration; and the impaired nervous functions was demonstrated by
the of open field test method.
CONCLUSION: Our experimental model can help the future studies of pathophysiology of cellular brain edema and is suitable for testing neuroprotective agents.
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INTRODUCTION
Edema can result from almost any insult to the brain,
including trauma, infarction, neoplasm, or abscess, as
well as conditions such as hypoxia, or toxic or metabolic perturbation. The present classification of edema
doesn’t replace Klatzo’s classification (1967); it just
extends it and makes it more specific (see Table 1).
In edema expanding volume causes increasing pressure with intracranial hypertension as a result. This
life-threatening condition gives rise to high rates of
mortality in such clinical pathologies, such as stroke
and traumatic brain injury, where there’s no causal
management known at present. The prevailing cause
of intracranial hypertension in both above-mentioned
pathologies is cellular edema (Ayata & Ropper 2002;
Kimelberg 1995; Kimelberg 2004; Liang et al. 2007;
Marmarou 2007; Rhoney & Parker 2006). That is why
we have long been studying the pathopysiology of cellular edema by means of a rat model, where edema is
induced by water intoxication (Kozler et al. 2017a;
Kozler et al. 2017b; Kozler & Pokorný 2014; Kozler &
Pokorný 2012; Kozler & Pokorný 2003; Kozler et al.
2013; Marešová et al. 2014). In this paper we present
methods and results of our experimental model in total.
At the beginning we briefly present some of the general pathopysiological principles representing the background of the model.
Water intoxication reduces the amount of solutes in
the extracellular compartment due to their marked dilution and causes hypoosmolality, with plasma hyponatremia being its constant factor. This creates an osmotic
gradient that activates water movement from the extracellular space into the cells. Accumulation of water in
cells triggers a cascade of events that leads to the failure
of cellular metabolism and to the development of cytotoxic edema (Go 1997; Kimlberg 1995; Klatzo 1967). A
recent view on the pathophysiology of cytotoxic edema
was described by Liang et al. (2007). Cytotoxic edema
(synonyms: cellular edema, oncotic cell swelling or
oncosis) is a premorbid cellular process; its primary
attribute is an influx and intracellular accumulation of
extracellular Na+ and other cations into neurons and
astrocytes. The influx of cations leads to the influx of
anions in order to maintain electroneutrality, and the
combination of these phenomena controls the influx of
water into the cells. Water passes membrane through

specific water channels – aquaporins (AQP). In the
movement of water in the CNS and for the formation of
cellular edema, AQP4 plays an essential role (Agre et al.
2004; Hsu et al. 2015; Manley et al. 2000; Papadopoulos
& Verkman 2007; Pasantes-Morales et al. 2002; Wells
1998). Cytotoxic edema itself does not lead to brain
swelling, but it depletes the extracellular space for Na+,
Cl– and water, creating a new gradient for the flow of
those ions and water from the capillaries of the gliovascular complex (Blood Brain Barrier, BBB). Specifically, this primary impact sets off a cascade of processes
leading to a subsequent increase in BBB permeability.
The cascade includes: a loss of calcium and potassium
homeostasis (Barzó el al. 1997; Kimlberg 1995; Siesjo
1993), release of excitotoxic amino acids (Barzó el al.
1997; Bullock et al. 1994; Kimlberg 1995), release of
free oxygen radicals (Barzó el al. 1997; Kimlberg 1995;
Kontos 1989), and induction of intracerebral tissue
acidosis (Barzó el al. 1997; Kimlberg 1995; Siesjo et al.
1993). Loss of selective permeability of the BBB leads to
formation of the process known as brain edema, which
is characterized by increased water content and volume
of the brain (Klatzo 1967).
For the experimental model, adult male rats of the
Wistar strain were used (weight 350–450 g, unless
otherwise stated) and treated in accordance with the
current Guidelines for the Treatment of Laboratory
Animals (EU Guidelines 86/609/EEC). All experiments
were approved by the Ethical Committee of the First
Faculty of Medicine (Charles University in Prague).
Cellular edema was induced by water intoxication by
injecting distilled water (DW) in a total amount corresponding to 20% of body weight intraperitoneally (i.p.)
in three consecutive doses over 24 hours with a simultaneous administration of desmopressin. Each sub-dose
represented one-third of the total dose of 0.032 mg/kg
(desmopressin (1-desamino-8-D-arginine vasopressin)
(OCTOSTIM®, Ferring). Desmopressin is an antidiuretic
hormone which potentiates the effect of hyperhydration
by inducing hyponatremia (Manley et al. 2000;
Silver et al. 1999; Yamaguchi et al. 1997; www.rxmed.
com/b.main/b2.pharmaceutical/OCTOSTIM.html).
The results of all measurements were statistically
evaluated using the GraphPad Prism 6 program (parametric ANOVA and nonparametric Kruskal-Wallis test;
statistical significance was set at 5%), unless otherwise
stated.

Tab. 1. Present classification of brain edema – modified according to Kimlberg (1995, 2004) and Marmarou (2007).
criteria

edema type

pathogenesis

increased BBB permeability “vasogenic”

disturbed cell metabolism “cytotoxic”

accumulated water

extracellular

intracellular

extent

focal

diffuse

clinical pathology

tumor, abscess, hematoma, TBI (focal)

stroke, TBI (diffuse), SIADH, water intoxication

Legend: TBI = traumatic brain injury, SIADH = syndrome of inappropriate antidiuretic hormone secretion
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The Materials and Methods, Results and Discussion
sections are integral to the issues that were under study.
Each issue is presented in a separate section.

ALTERED BLOOD BRAIN BARRIER
PERMEABILITY
BBB permeability can be tested by different methods.
The most widely used one in experimental models
is the use of intravital dyes (tracers, markers) with a
molecular weight greater than 180 Da precluding passage across an intact BBB. In terms of molecular size,
these markers represent a broad spectrum of dyes, in
which Evans blue (EB, MW 961 Da) is one of the largest. In blood circulation, it becomes strongly, though
reversibly, bound to the albumin fraction of proteins to
give rise to a high-molecular complex (EBA 68 500 Da)
which cannot pass an intact BBB. (Broman 1944; Kroll
& Neuwelt 1998; Lafuente et al. 1990; Pokorný et al.
2002; Wolman et al. 1981). In experimental models
designed to test BBB permeability, EB is injected intravenously. In such experiments, EB presence in the brain
is detected either macroscopically, using an all-brain
staining scale, or microscopically, where evidence of EB
permeation of the BBB is seen in its extravasation or in
its presence in the brain capillary system. The purpose
of our study was to obtain a histological picture of the
propagation of Evans blue in hippocampal areas and
its intracellular and extracellular distribution. For this
purpose EB is applied into the carotid system (Greenwood et al. 1988; Saris et al. 1988).
Materials and methods
EB was injected into the right internal carotid artery
(ICA) of hydrated rats (see method of water intoxication). For general anesthesia, each rat received 4
mg/100 g of thiopental applied intraperitoneally. Using
a conventional technique, the right-sided common
carotid artery (CCA), ICA and external carotid artery
(ECA) were exposed from a linear incision between the
sternal manubrium and mandible. A polyethylene catheter fixed by ligation was introduced into the bifurcation through a small arteriotomy of the CCA. The ECA
ligated close behind the bifurcation. 2% EB at a dose of
2 ml/kg, was applied at a rate of 0.45 ml/min (Saris et
al. 1988). Thirty min after the end of intracarotid injection, the brain was fixed by transcardial perfusion with
a 4% paraformaldehyde solution in a pH 7.4 phosphate
buffer 15 minutes, and then fixed in the same solution for another 24 hours. Each brain was then sliced
on a vibratome into coronary sections 30 μm thick
and then, without further staining, placed on slides for
microscopic examination. The sections were studied
under a fluorescence microscope for staining intensity
and intracellular/extracellular distribution of EB in the
CA1, CA3 areas, and in the hippocampal gyrus dentatus (GD) – both in the ipsilateral (right) and in the
contralateral (left) hemispheres.

To rate the staining intensity, a three-degree scale
of 1 to 3 (1 = faint, 2 = medium, 3 = intense) was used.
Using the fluorescence microscope software “LUCIA
Image Analysis System” the ratio of intracellular/extracellular distribution of EB in each estimated area was
expressed by means of Intracellular Distribution Index
of EB (IDI EB). IDI EB represents a precisely defined
quantity from 0 to 2.0, where IDI EB = 1 means equal
distribution of EB between the intracellular and extracellular compartments, IDI EB >1 shows more EB in
the cells than in the extracellular compartment, IDI EB
<1 exhibits most of the EB remaining outside the cells.
As plasma natremia reflects the degree of water intoxication, hyponatremia confirms osmotic cellular edema.
The respective blood samples were obtained from a
catheter in the CCA before any of the applications.
This method was used in two groups of rats with
three animals in each one – Group 1 (G1) with intact
rats, Group 2 (G2) with rats after WI. The results represent the average of all the data obtained in three rats
of each group.
Results
While the staining intensity was equal in both groups
of animals reaching grade 1, there were significant differences in IDI EB between both groups (see Figure 1).
Fluorescence microscopy discovered noticeable differences of EB distribution. While in Group 1 a small
amount of the marker was dispersed only in the extracellular compartment, in Group 2, the accumulated EB
was visible in neuronal populations with a typical shape
in the studied areas of the hippocampus (for an example, see Figure 2 for the differences in the CA1 area)
Plasma natremia in rats of Group 2 was, on average,
20 mmol/l lower than that in rats of Group 1 reflecting
sufficient degree of water intoxication.

Fig. 1. Intracellular distribution index of Evans blue. Y axis: IDI
quantity from 0.0 to 2.0, X axis: G1 = intact rats, G2 = rats after
WI, **=p<0.01
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Fig. 2. Evans blue (EB) distribution in right CA1 area. Left: Group 1: EB dispersed in the extracellular compartment – high fluorescence of the
neuropile, low fluorescence in CA1 neurons – red stripe (arrow); right: Group 2: EB accumulated intracellulary in CA1 neurons – yellow
stripe (arrow).

Discussion
In rats of Group 1 (intact animals) the entry of the EB
into the brain can be attributed to a number of factors
which together influence the intact barrier on its luminal side. These concern a rapid increase in intravascular and, consequently, hydrostatic pressure (Barzó el
al. 1997; Betz et al. 1989; Marshall et al. 1969), sudden
hypervolemia in a limited area (Rapoport 2000), and
lastly, the direct effect of the staining agent. The last
resembles the side effect of an angiographic contrast
medium (Broman & Olsson 1949). The staining intensity was faint and doesn’t differ from the intensity in
Group 2 with water intoxicated animals. Unlike this
similarity, there were significant differences in IDI EB
between both groups as well as documented differences
of EB distribution in fluorescence microscopy. The
results confirm the above-mentioned principle that
cellular edema induced by WI brings about an osmotic
imbalance at the cell membrane followed by an intracellular flow of sodium and simultaneous accumulation of

water leading to a subsequent increase of BBB permeability. Plasma hyponatremia as a constant factor of WI
was confirmed (Kozler et al. 2003).

BRAIN WATER CONTENT
The aim of this issue was to determine whether changes
induced by water intoxication are accompanied by
increased brain-water content.
Materials and methods
There were two groups of rats in this experiment with
six animals in each one – Group CG (control group
with intact rats) and Group HH 20% (with rats after
WI, where HH 20% means hyperhydrated animals with
the total amount of water corresponding to 20% of body
weight).
Rats were decapitated in a deep anesthesia (4 mg/100 g
of thiopental applied intraperitoneally) and the brains
were immediately removed, weighed (wet weight),
placed in a thermostat at 86 °C for a period of six days,
and then weighed again (dry weight). The water content in the brain was determined in percentiles using the
equation: (wet weight – dry weight)/wet weight × 100
(Kamoun et al. 2009). The rats in Group HH 20% were
decapitated eight hours after completing the WI.
Results
The water content was higher in the brains of the hyperhydrated animals (HH 20%) than in Group CG (see
Figure 3).

Fig. 3. Brain water content. Y axis: brain water content (%), X axis:
CG: control group, HH 20%: experimental group, **=p<0.01
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Discussion
The results clearly show that water intoxication brings
about a higher brain water content caused by cellular
edema. The explanation for this phenomena corresponds to general pathopysiological principles creating
the base of our model mentioned in the Introduction
– water intoxication reduces the amount of solutes in
the extracellular compartment due to their marked
dilution and causes hypoosmolality, this creates an
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Fig. 4. Regions of interest (ROI) corresponding to the area of coronary sections (according to stereotactic atlas) with pixel size 0.125 mm in
positions A, B, C. Right: position A: bregma +2.43 mm; middle: position B: bregma –2.92 mm; left: position C: bregma –12.73 mm.

osmotic gradient that activates the movement of water
from the extracellular space into the cells. (Kimelberg
1995; Kimelberg 2004; Kozler et al. 2013).

CT DENSITY
The aim of this issue was to determine whether water
intoxication affects the radiodensity of brain tissue in a
CT scan.
Materials and methods
For the CT examination the Albira PET/CT system
(Bruker, BioSpin, Spain) was used (in collaboration
with the Institute of Physiology of the Czech Academy
of Sciences).
Standard CT scans of the brain were obtained from a
group of three rats, first under control conditions (CG
Group – control group, intact animals) and then under
experimental conditions (EG Group – edema group,
rats after WI). The CT examination of the EG Group
started 16 hours after finishing the WI. Scans with a
pixel size 0.125 mm were done in regions of interest
(ROI) corresponding to the area of coronary sections in
three different positions, with bregma being the reference mark: position A (bregma +2.43 mm), position B
(bregma -2.92 mm) and position C (bregma -12.73 mm)
(see Figure 4).

conditions, the density decreases at least by 12 HU, the
radiological criterion for the presence of brain edema
is fulfilled (Clasen et al. 1981; Torack 1982). The overall average density decrease in the edema group, as
documented by our results, was 32.48 MV HU (see
Table II.), high enough to conclude that rats after WI
had brain edema. It must be stressed at this point, that
the induced edema was a diffuse and cellular type,
and the ROI comprised the entire coronary section
of the brain (Kozler & Pokorny 2014). Due to a lack

Tab. 2. Density in Hounsfield Units (MV HU, mean values ± standard
deviation).

density
density decrease

CG Group

EG Group

120.49±5.7

88.01±3.36
32.48

Legend: CG Group: control group, intact animals, EG Group –
edema group, rats after WI, average: average MV HU in all three
positions and in all animals.

Results
The CT density of the brain tissue in each scan was
stated as mean values of Hounsfield Units (MV HU).
After WI (EG Group) the brain density decreased (see
Table 2).
The density differences shown in Table 2 were statistically significant in each position examined (see
Figure 5).
Discussion
Under physiological conditions the CT density of the
human brain is in the range of 29–38 HU (Kucinski
et al. 2002; Mangel et al. 2002). If, under pathological

Fig. 5. Density of the brain in Hounsfield Units at positions A,B,C.
Y axis: MV HU (mean values +SD), X axis: A,B,C: positions, empty
columns: CG, striped columns: EG, ***=p<0.001
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of valid information it is difficult to determine the CT
density of a rat brain under physiological conditions as
well as the density decrease denoting the presence of
brain edema in rats. We found only one paper dealing
with the experimental edema investigated by CT (Dzialowski et al. 2004) where normal density was 75.6±2.2
HU with density drop of 3.9 HU after edema induction.
The authors of this paper used a quite different experimental protocol – middle cerebral artery occlusion led
to a focal type of brain edema, and the ROI areas were
lesser, localized to the place of edema appearance only.
That is why our results can’t match the results of this
study.

Continuous monitoring of intracranial pressure
(ICP) using the fiber optic system OPSENS MEDICALÔ: spontaneously breathing rats under the inhalation anesthetic isoflurane (Forane®, AbbVie Ltd.) in
a concentration of 2 volume % underwent, in the prone
position, a longitudinal incision of the skin and subcutaneous tissue in the midline of the head; the freed
galea aponeurotica was dissected, and the skull was trephined 3 mm laterally to the midline on the right and
3 mm frontally to the bregma; the dura was opened
by incision and a microchip with a pressure sensor
connected to a fiber optic transmitter was introduced
intraparenchymally to a depth of 3 mm. The transmitter was wired to a digital monitor and pressure
analyzer (using computer software) for continuous
monitoring of the absolute values of ICP, with current
ICP curves on the PC monitor. After monitoring for
60 minutes the microchip was removed, the durotomy
and trepanopunction were sealed with Spongostan
(SPONGOSTANÔ, Ferrosan), and the subcutaneous
tissue and the scalp were sutured. Following completion of inhalation anesthesia, the rat spontaneously
awoke from a side position after about 25–30 minutes
(Murtha et al. 2012).
The IPC monitoring software evaluated an interval
of 60 minutes for each animal (see Table 3 – results of
one experimental animal).

INTRACRANIAL PRESSURE
The aim of this issue was to determine whether water
intoxication affects intracranial pressure. Continuous
monitoring of the intracranial pressure (ICP) detects
impending intracranial hypertension resulting from
impaired intracranial volume homeostasis, when
expanding volume generates an increase in pressure
(Gupta 2015).
Materials and methods
A group of 16 animals was divided in the following
groups of eight rats: C (control group, untreated animals), WI (animals with induced cellular edema).

Results
Mean ICP values (±SEM) of eight animals in both
groups were as follows: C: 4.62±1.24, WI: 14.25±2.12,
ICP values in the groups differed significantly (see
Figure 6).
Discussion
In rats after WI, ICP values were significantly higher
than those in the group of intact animals. As water
intoxication increased the water content in the brain
(Kozler & Pokorny 2014; Kozler et al. 2014), the measured values indicated the developing impairment of
brain homeostasis. It can be concluded that cellular
edema induced by WI leads to ICP elevation (Kozler
et al. 2014).

AXONAL IMPAIRMENT
The aim of this issue was to determine whether cellular
edema induced by water intoxication can lead to structural lesions. Based on a previously published study

Fig. 6. Intracranial pressure values (mean ± SEM). X axis: ICP in
mmHg, Y axis: C – control group of intact rats, WI – rats with
induced CE; **=p<0.01

Tab. 3. Example of 60-minute interval of ICP monitoring in one animal.
Unit

Minimum

Timestamp (s)

Maximum

Timestamp (s)

Mean

SEM

mmHg

2.2

10328

5.7

5396

4.308

0.6919

Legend: Minimum and Timestamp (s) – the lowest recorded ICP value and its duration in seconds; Maximum and Timestamp (s) – the
highest recorded ICP value and its duration in seconds; Mean – average ICP value during 60 minutes of monitoring; SEM (standard error of
the mean).
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(Onaya 2002) we looked at the neurohistological pattern of myelin integrity.
Materials and methods
Perfusion and fixation. Animals were transcardially
perfused in a deep anesthesia (4 mg/100 g of thiopental
applied intraperitoneally) with a 4% solution of paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for
15 minutes. After removal from the skull, the brain was
fixed in the same solution for 24 hours. Serial coronary
sections (30-μm thick) were sliced from each brain
using a vibratome and placed on gelatin-coated slides
and dried.
Neurohistology. The sections were rehydrated
and axonal changes detected with the Black Gold II
method of staining (Histo-Chem Inc., Jefferson, AZ,
USA.) (Schmued & Slikker 1999). The hippocampal
formation was the main part of the brain under study
because of its known high sensitivity to various patho-

genic stimuli. Analysis was centered on the CA1 and
CA3 areas of the hippocampus and on the dorsal blade
of the dentate gyrus (DG).
The neurohistological picture of the structural integrity of the axons was assessed with the aid of the following grades of myelin degradation: 1 = no changes,
2 = sporadic oedematous vesicles and sporadic oedematous axons, 3 = multiple vesicles, varicosity, oedematous
axons with helical or spiral course, 4 = myelin fragmentation (see Figure 7).
In this part of study three groups of rats with five
animals in each one were used – Group CG (control
group with intact rats), Group A1 (acute group – with
rats after WI; the perfusion was done 30 minutes after
completing the WI) and Group C1 (chronic group –
with rats after WI, the perfusion was done 1 week after
completing the WI).
Statistical analysis. The results were statistically
evaluated using the t test and one-way analysis of vari-

Fig. 7. Grades of myelin degradation. 7a: Gr.1 = No changes; 7b: Gr.2 = sporadic oedematous vesicles and sporadic oedematous axons
(black arrows); 7c: Gr.3 = multiple vesicles, varicosity, oedematous axons and helical course of axons (white arrows); 7d: Gr.4 = myelin
fragmentation (white columns).
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ance (ANOVA) followed by a Dunnett post hoc analysis. The statistical software GraphPad Prism version
4.00 for Windows (GraphPad Software, San Diego, CA,
USA) was used.
Results
The results confirmed structural lesions (disintegration of the myelin) due to cellular edema induced
by WI. The disintegration was time dependant with
more severe grades found in the chronic Group C1 (see
Figure 8).
Discussion
Based on the neuropathological findings, Onaya (2002)
determined that in diffuse axonal injuries the cellular edema always came before the disintegration of
the axons. He concluded that the existence of diffuse
axonal injuries without prior cellular edema is impossible. This postulate was confirmed by others (Creed et
al. 2011; Stys 1998) including our own experience. The
significant difference between the acute and chronic
groups offers a therapeutic window for neuroprotection
(Kozler & Pokorny 2012).

SPONTANEOUS LOCOMOTOR ACTIVITY
The aim of this issue was to determine if cellular brain
edema induced by water intoxication affects spontaneous locomotor activity in adult rats.
Materials and methods
Rats were divided into groups of animals without water
intoxication (Group A, 11 rats) and those that were
water intoxicated (Group D, 8 rats). Locomotor activity
(LA) of the rats was tested at an open field (Aragão et al.
2011; Hall 1934; Jandová et al. 2014; Russell et al. 2011;
Slamberová et al. 2013).
Open field test. To test the locomotor activity of
rats, we used the Laboras system (Metris, B.V., Netherland) for continuous registration and analysis of
locomotor activity. The Laboras system consists of a
triangular shaped sensing platform (carbon fiber plate
700 mm × 700 mm × 1000 mm × 30 mm), positioned
on two orthogonally placed sensor-transducers and
third fixed point attached to the bottom plate. A Makrolon polycarbonate cage (type III, 840 cm²) is placed
on this platform. Any mechanical vibrations caused by
the movement of the animal are converted into electrical signals, which are then evaluated using Laboras software. The animals were tested in a darkened room at a
constant room temperature of 22 to 23 degrees C. Tests
always took place at the same time, between 9:00 and
12:00, with 10 minutes of the testing recorded and analyzed each hour. The animals were tested for horizontal
locomotor activity – average time spent in locomotion
(s), average distance travelled (m) and average speed of
locomotion (m/s).
Results
Average time spent in locomotion (s), average distance
travelled (m) and average speed of locomotion (m/s)
during one hour of rats after WI (Group D) were significantly suppressed, compared to the activity of the
control rats (group A) (see Figure 9).

Fig. 8. Disintegration of the myelin. Y axis: grades of disintegration
(see also Fig. 7), X axis: CG: control group, A1: acute group,
C1: chronic group (see also section Materials and Methods),
***=p<0.001

Discussion
The locomotor activity of rats with water intoxication
(Group D – after WI) was lower than that in the control

Fig. 9. Locomotor activity. Legend: horizontal axis A = without WI, D = after WI, vertical axis: locomotor activity in the studied categories: s =
second, m = meter, m/s = meter /sec, *=p<0.05, **=p<0.01, ***=p<0.001
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rats (Group A) (see Figure 8). This decrease was caused
by the induced cellular edema (Kozler et al. 2017a,b).
Cellular edema in general reduces initiation and conduction of upper limb movements during locomotion,
without functional or anatomical distress of the pathway that controls the movements (Inoue et al. 2013).

CONCLUSIONS
Each issue under study was targeted to a specific aim.
The initial study analyzed the mechanism of how WI
induces cellular edema with a subsequent increase of
BBB permeability. Following studies analyzed the disturbances caused by cellular edema: Brain Water Content, CT Density and Intracranial Pressure determined
impaired intracranial volume homeostasis, while
Axonal Impairment determined structural damage,
and Spontaneous Locomotor Activity and Neuronal
Excitability determined functional changes.
The evidence of existing cellular edema with
increased BBB permeability induced by WI was confirmed by a high Intracellular Distribution Index of
Evans Blue (IDI EB >1 showing the presence of intravital dye with a large molecular size inside the cells) and
by the accumulation of EB inside the neuronal population of the hippocampus (see Figures 1, 2).
The increase of the brain water content was measured by the dry/wet weight method and by a decrease
in CT density (see Figures 3, 5). Continuous monitoring of ICP indicated elevated intracranial pressure due
to the expanding volume (see Figure 6). These demonstrated results fulfil the basic criterion of the classification of brain edema established by Klatzo (1967): “an
abnormal accumulation of fluid within the brain parenchyma and a volumetric enlargement of the tissue.”
The structural lesions were proved by the disintegration of the myelin, which was time dependant with
more severe grades found after one week (see Figure
8). It must be underscored that no animal died and no
animal became unconscious in this experiment. This
supports the assumption that cellular edema induced
in our model by WI is in its initial phase and could be
still reversible despite the fact that it leads to structural
lesions (Gennarelli & Graham 1998; Sahuquillo et al.
2001).
Applying the open field test (locomotor activity)
confirmed impaired nervous functions (see Figure 9).
Tested functions were attenuated due to cellular edema.
It can be concluded that in our model of cellular
edema the conditions under study could be precisely
specified and the obtained results could be clearly
expressed – these are the basic features of an experimental model being suitable to test neuroprotective
agents.
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