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Abstract OBJECTIVES: A novel method of long-term telemetric monitoring of mean 
arterial pressure (MAP) and intracranial pressure (ICP) for the determination 
of current cerebral perfusion pressure (CPP) and the time course of ICP in freely 
moving rats under physiological conditions and with increased ICP due to the 
induced cerebral edema were studied. 
METHODS: The brain edema, that caused volume enlargement and ICP elevation 
was achieved in entirely experimental conditions without any parallel pathologi-
cal process. Vasogenic/extracellular edema was induced by osmotic blood-brain 
barrier disruption (BBBd) and for induction of cytotoxic/intracellular edema the 
water intoxication model (WI) was used. 
RESULTS: The results showed significantly elevated values of ICP both in condi-
tions of osmotic blood-brain barrier disruption (BBBd model) and cytotoxic/
intracellular edema (WI model) compared to intact rats. The average values 
of ICP were significantly higher in WI model compared to osmotic BBBd model. 
Distinct pattern of elevated ICP, related to the selected way of experimental brain 
edema induction, was found. In the experimental model of osmotic BBB disrup-
tion, the elevation of ICP started earlier but was of very short duration. In WI 
model the elevation of ICP was present during the whole period of monitoring. 
CONCLUSION: Our results indicate that purely experimental models of brain 
edema (WI, BBBd) without any parallel pathological process can compromise the 
basic brain homeostatic activity. 

Abbreviations and units:
ICP  - intracranial pressure
MAP  - mean arterial pressure
CPP  - cerebral perfusion pressure
CBF  - cerebral blood flow

BBB  - blood-brain barrier
BBBd  - blood-brain barrier disruption
WI  - water intoxication
CG  - control group
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WI group  - water intoxication group
MA group  - Manitol group
CNS  - central nervous system
SEM  - standard error of mean
CCA  - common carotid artery 
ICA  - internal carotid artery
ROI  - regions of interest 
MV HU  - mean values of Hounsfield Units 
Na+  - sodium
i.e.  - id est/that is
g  - gram
ml  - millilitre
mm  - millimetre
Fig.  - figure
mmHg  - millimetre of Mercury

INTRODUCTION
Brain edema is a fatal pathological state in which brain 
volume increases as a result of abnormal accumulation 
of fluid within the cerebral parenchyma. The abnor-
mal accumulation of fluid causes an increase of brain 
volume together with elevation of intracranial pressure 
(ICP) because of an enclosed rigid skull. The increase 
in brain volume is observed prior to elevation of ICP. 
Brain edema is usually classified into vasogenic edema 
and cytotoxic edema. Vasogenic edema is characterized 
by extravasation and extracellular accumulation of fluid 
into the cerebral parenchyma caused by disruption of the 
blood-brain barrier (BBB). In contrast, cytotoxic edema 
is characterized by intracellular accumulation of  fluid 
and Na+ resulting in cell swelling (Kimlberg, 1995; 
Klatzo, 1967; Liang et al. 2007; Michinaga & Koyama, 
2015). The most frequently used animal experimental 
model of BBB disruption is the cold injury model.

The freezing and thawing of central nerve tissues 
by cold injury directly impairs the integrity of vascular 
endothelial cells and enhances extravasation of intravas-
cular proteins through the disrupted BBB (Michinaga & 
Koyama, 2015, Murakami et al. 1999; Nag, 1996; Oury 
et al. 1993).

In our experimental model annother method of BBB 
disruption was used – intracarotid injection of hyper-
osmolar solution (Kozler & Pokorný, 2003). The idea of 
disruption the BBB by an osmotic insult was first accom-
plished by Rapoport (1970). By means of intracarotid 
administration of a hyperosmolar solution, shrinkage 
of endothelial cells is achieved, causing tight junctions 
to expand up to an average of 20 times their normal 
diameter. Owing to the distension of the tight junctions, 
BBB becomes permeable to high-molecular substances, 
which should be followed by water in the direction of 
osmotic gradient (Rapoport, 2000). In a slight modifi-
cation of this method implemented by Kroll&Neuwelt 
(1998) and Rapoport (2000) we use solution of 20% 
Mannitol to achieve the osmotic BBB disruption.

The mostly used experimental model of cytotoxic 
edema is the water intoxication model. The intra-extra-
cellular water balance depends on Na+ concentration, 
and the fluctuation of intra-extracellular Na+ concen-
tration leads to water inflow into cells or water outflow 

from cells. Disturbance of the Na+ balance as seen in 
hyponatremia induces disruption of the water balance. 
Hyponatremia causes a decrease of extracellular Na+ 
contents and relative increase of intracellular Na+ con-
tents. Subsequently, water flow into cells is accelerated. 
In experimental animal models, the water intoxication 
model best reflects simulation of hyponatremia because 
it induces a relative decrease of extracellular Na+ con-
centration. The water intoxication model is produced by 
intraperitoneal loading of excessive amount of distilled 
water corresponding to 10%–40% of the body weight 
of experimental animals. The high water load induces 
an increase of water content in central nervous tissue 
and an excessive influx of water into astrocytes, result-
ing in astrocytic swelling (Kozler et al. 2013; Manley et 
al. 2000; Yamaguchi et al. 1994; Yang et al. 2008; Yeung 
et al. 2009). In our experiments to induce the cytotoxic 
– intracelllular edema, we have been using the water 
intoxication model for a long time (Kozler et al. 2018).

In this study ICP, MAP and CCP were telemetrically 
monitored (Guild et al. 2015; Hiploylee & Colbourne, 
2014) for 72 hours in freely moving intact animals 
(controls), in rats with cytotoxic /intracellular edema 
induced by water intoxication (WI) and in rats with 
vasogenic/ extracellular edema induced by osmotic BBB 
disruption (BBBd). The aim of the present study was to 
find out the differences of the pressure levels over an 
extended time period after induction of distinct types 
of brain edema in conditions of purely experimen-
tal models (WI, BBBd) without the occurrence of any 
pathological process.

MATERIAL AND METHODS
All experiments were approved by the Ethical Commit-
tee of the First Faculty of Medicine (Charles University 
in Prague) and were in agreement with the Guidelines 
of the Animal Protection Law of the Czech Republic 
and Guidelines for the treatment of laboratory animals 
EU Guidelines 86/609 / EEC. For experiments, male 
rats of the Wistar strain weighing 400-410 g of our own 
breed were used.

Groups of animals
A total of 24 experimental animals was divided into 
three groups of 8 animals. Intact animals formed con-
trol group CG. Animals with cytotoxic/intracellular 
brain edema induced by water intoxication were in the 
WI group. Animals with vasogenic/extracellular edema 
induced by osmotic BBB disruption formed group MA.

Water intoxication and BBB disruption
The method of cytotoxic/intracellular brain edema 
induction by water intoxication as well as the method 
of  vasogenic/extracellular edema induction by 20% 
Mannitol application into internal carotid artery (ICA) 
was described in details in our previous papers (Kozler 
& Pokorny, 2003; Kozler et al. 2013; Kozler et al. 2018).
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Pressure sensors implantation
The DSI™ telemetry system (Data Sciences Interna-
tional) was used to monitor ICP and MAP. Its implant-
able components were the transducer and two pressure 
sensors. The components were implanted in spontane-
ously breathing rats under inhalation anaesthesia by 
isoflurane (Florante®, AbbVie Ltd.). 

The surgery necessary for the implantation 
of  the intracranial sensor together with a pocket 
for transducer was prepared first. In the prone posi-
tion, a midline skin incision was done over the fron-
tal bone. Transducer was placed in a subcutaneous 
pocket formed on the back at the level of thoracic 
spine. The ICP pressure sensor was placed subdurally 
from the trephine located in the right frontal bone 
2 mm in front of bregma; access to the intracranial 
space, adjustment of the sensor and its fixation are 
described elsewhere (Kozler et al. 2017). The wound 
was closed with a continuous suture. The animal was 
then turned to the supine position. By microsurgi-
cal approach the common carotid artery (CCA) was 
exposed on the right. From the arteriotomy a pres-
sure sensor for MAP monitoring was introduced into 
the CCA lumen with the sensor tip directed at aortic 
arch in case of group WI. In group MA prior to the 
pressure sensor introduction, the 20% Mannitol was 
injected into internal carotid artery (ICA) (Kozler & 
Pokorny, 2003; Kozler et al. 2015). The wound was 
closed by continuous suture and inhalation anaesthe-

sia was terminated. The rats were placed in a cage on 
a receiver that transmitted signals from the transducer 
to the PC hardware. The recorded and stored data 
were evaluated by software as the values of the pres-
sure, and in the form of a pressure curve over the entire 
reference period, i.e. in 72 hours. Detailed informa-
tion on pressure sensor design, transducer, transmis-
sion, registration and data analysis can be obtained at: 
www.datasci.com/solutions/neuroscience. 

The procedure of pressure sensors implantation 
in group WI started immediately after completing 
water intoxication, in group MA the 20% Mannitol 
was injected into ICA during the procedure of pres-
sure sensor implantation and the pressure monitoring 
started after.

RESULTS 
Fluctuations of MAP, ICP and CCP values during 
72 hours period (see Fig. 1) clearly show that CPP in 
all groups including WI and MA animals was con-
stantly above the value of 70mmHg. CPP levels confirm 
constant cerebral blood flow (CBF) necessary for the 
normal brain function according the statement that for 
maintaining normal brain, pressure conditions should 
be ICP<20mmHg and CPP>70mmHg (Czonsyka & 
Miller, 2014; Kirkman & Smith, 2014).

The results showed differences between ICP values 
in CG, WI and MA groups (see Fig. 2). The highest 

Fig. 1. Fluctuations of MAP, ICP and CCP values during 72 hours period.
Legend: CG MAP= mean arterial pressure in the control group; CG ICP= intracranial 
pressure in the control group; CG CPP= cerebral perfusion pressure in the control 
group. Fluctuations of pressures in CG animals are depicted by full lines. WI MAP= 
mean arterial pressure in the WI group; WI ICP= intracranial pressure in the WI group; 
WI CPP= cerebral perfusion pressure in the WI group. Fluctuations of pressures in 
WI animals are depicted by broken lines. MA MAP= mean arterial pressure in the MA 
group; MA ICP= intracranial pressure in the MA group; MA CPP= cerebral perfusion 
pressure in the MA group. Fluctuations of pressures in MA animals are depicted by 
dotted lines. Individual characters represent average values of pressures during 
consecutive 12 hour intervals
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average value of ICP during 72 hours was documented 
in WI group, followed by average value in MA group. 
The average values of ICP in group WI and MA repre-
sent slightly elevated ICP while normal values should 
be below 5  mmHg. This is confirmed by the average 
value of  ICP in CG group. The average value of ICP 
in group WI was significantly higher than the average 
value of ICP in group MA. This is clearly explained by 
fluctuations of ICP values depicted in Fig. 3.

The fluctuations of ICP values in control group 
were lower than 5 mmHg during the whole period 
of 72 hours (see Fig. 3). The values of ICP in WI group 
were elevated during the whole period of 72 hours with 
the peak elevation during 24-36 hours after the inter-
vention. On the other hand, the values of ICP in MA 
group were elevated only in the first two periods with 
the maximum value at 0-12 hour interval while at the 
end of 12-24 hours interval the value fell to normal 
range and remained so till the end of monitoring 
period. This explains significantly higher average value 
of ICP during 72 hours in WI group in comparison with 
MA group. Fig. 3 clearly shows distinct pattern of ICP 
elevation in group WI from that in group MA.

DISCUSSION
Abnormal accumulation of body fluids brings about an 
increase of brain volume and ICP elevation because the 
brain is enclosed within the rigid skull. The increased 
brain volume can be observed prior to elevation of ICP 
(Michinaga & Koyama, 2015).

In case of vasogenic/extracellular brain edema the 
evidence brings the intracerebral occurrence of intra-
vital dyes and the increase of brain water content after 
osmotic BBBd. 

BBB permeability can be tested by different meth-
ods. The most widely used one in experimental models 
is that intravenously applied intravital dyes (tracers, 
markers) of molecular weight greater than 180 Da 
preclude passage across an intact barrier. 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, how-
ever, it becomes strongly, though reversibly, bound to 
the albumin fraction of proteins to give rise to a high-
molecular complex (EBA 68 500 Da) (Broman, 1944; 
Kroll& Neuwelt, 1998; Lafuente et al. 1990; Pokorný et 
al. 2002; Wolman et al. 1981).

In our experimental model we proved the distribu-
tion of high-molecular EBA tracer injected into ICA 
after osmotic BBBd in extracellular brain compartment 
by way of fluorescence microscopy (Kozler & Pokorný, 
2003) which means that owing to the distension of the 
tight junctions, BBB becomes permeable to high-
molecular substances, which should be followed by 
water in the direction of osmotic gradient (Rapoport, 
2000).

This method of osmotic BBBd has been used for 
long in humans where it allows high-molecular drugs 
to flow directly from the circulatory system into the 
brain and thus more effectively reach dispersed tumor 
cells. To prevent the development of brain edema a dis-
tinctive general anesthesia is used in human's protocol 
of BBBd (Kroll & Neuwelt, 1998; Martin et al, 2012).

Results of our experimental model showed that 
after the osmotic BBBd the water content significantly 
increased (Kozler et al. 2013). Not all authors study-
ing the relationship between osmotic BBBd and rise 
of water content in the brain came to the same conclu-
sion. Rapoport et al. (1980) described transient increase 

Fig. 2. Values of ICP during 72 hours period
Legend: CG = intracranial pressure in the control group; WI = intracranial pressure 
in the WI group; MA = intracranial pressure in the MA group. Columns represent 
average values of pressures from 8 animals in each group during 72 hours, mean 
± SEM, significant differences are given, * p < 0.5. 
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of water content (1.0-1.5 %) after the osmotic BBBd; 
Kaya et al. (2004) found significantly higher water con-
tent in rats with osmotically opened BBB. By contrast, 
Marchi et al. (2009) stressed that the osmotic BBBd was 
followed by protein extravasation and the total water 
content of the brain was not increased. However, they 
admitted, that as a result of the accumulation of osmot-
ically active substances, including proteins, in the 
extracellular space some exchange of water between the 
cellular and extracellular compartment could develop. 
Similar findings published also Chi et al. (2000). 

In case of cytotoxic/intracellular brain edema the 
evidence of its occurrence after WI brings increase 
of brain water content and decrease of CT density. 

Water intoxication reduces the amount of solutes 
in the extracellular compartment due to their marked 
dilution and causes hypoosmolality, with plasma hypo-
natremia 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 devel-
opment of cytotoxic edema (Go, 1997; Kimlberg, 1995; 
Klatzo, 1967). 

Results of our experimental model of cytotoxic/
intracellular edema induced by water intoxication 
proved that the water content significantly increased 
(Kozler et al. 2013; Kozler et al. 2018). On top of that we 
used three different volumes of distilled water applied, 
corresponded to 20%, 30% or 40% of animal´s body 
weight, and we found that the larger was the volume 
of distilled water the higher water content in the brain 
was achieved. Water intoxication model is used as 

a standard experimental model of cellular brain edema 
which should be confirmed by hyponatremia (Michi-
naga & Koyama, 2015). In our experimental model, 
WI resulted in plasma levels of sodium lower than in 
healthy rats (by 20 mmol/l) (Kozler & Pokorný, 2003). 
It is therefore possible to conclude that WI brings about 
higher water content in the brain with the real increase 
in brain volume due to cytotoxic/intracellular edema.

In our experimental model (Kozler & Pokorný, 2014; 
Kozler et al. 2018) we studied the CT density in group 
of  intact rats and in the group of rats after WI. Scans 
with a pixel size 0.125 mm were done in regions of inter-
est (ROI) corresponding to the area of coronary sec-
tions in three different positions, with bregma being the 
reference mark (bregma +2.43 mm, bregma –2.92 mm 
and bregma –12.73 mm) in both groups of animals. The 
CT density of the brain tissue in each scan was stated 
as mean values of Hounsfield Units (MV HU). 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 conditions, 
the density decreases at least by 12 HU, the radiologi-
cal criterion for the presence of brain edema is fulfilled 
(Clasen et al. 1981; Torack, 1982). The overall aver-
age density decrease in the group after WI, was 32.48 
MV HU, high enough to conclude that rats after WI 
had brain edema which according to its way of origin 
should be of cytotoxic/intracellular type. 

We can conclude that the above described findings 
document the occurrence of brain edema in experi-
mental model of osmotic BBBd as well as in experimen-
tal water intoxication model.

Fig. 3. Fluctuations of ICP values during 72 hours period
CG ICP= intracranial pressure in the control group (full line); WI ICP= intracranial pressure 
in the WI group (broken line); MA ICP= intracranial pressure in the MA group (dotted 
line). Individual characters represent average values of pressures during consecutive 12 
hour intervals.
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The results of this study clearly showed (see Fig. 1) 
persisting cerebral blood flow (CBF), necessary for the 
normal brain function during the period of 72 hours. 
Constant CBF is maintained by homeostatic process 
known as cerebral autoregulation. The optimal CBF 
is supported either by vasoconstriction of small brain 
arteries when MAP or CPP increases and by vasodi-
lation in case MAP or CPP decline (Armstead, 2016; 
Lassen, 1959; Smith, 2015). Besides this, normal brain 
function depends on another homeostatic process 
known as intracranial volume homeostasis (Kellie, 
1824; Monro, 1783) which prevents the detrimental 
increase of ICP in case of brain volume enlargement. 

Both of the above mentioned homeostatic processes 
were working properly during the period of 72 hours 
in this study in view of the fact that ICP level was 
never above 20mmHg and CPP level was never below 
70 mmHg (Czonsyka & Miller, 2014; Kirkman & Smith, 
2014). From this evidence we learned of the fact that 
neither osmotic BBBd model nor water intoxication 
model is potent enough to threaten constant cerebral 
blood flow.

We found substantive differences in the levels and 
fluctuations of ICP in this study. Slightly elevated values 
of ICP were present at the group of osmotic BBBd model 
(MA group) as well as at the water intoxication model 
(WI group). The difference between the average values 
of ICP during 72 hours in these groups and the aver-
age value of ICP during 72 hours in the control group 
was statistically significant (see Fig. 2). As the occur-
rence of brain edema after osmotic BBBd and after 
WI was clearly proved these findings match up to the 
statement that the increase in brain volume is observed 
prior to elevation of ICP (Michinaga & Koyama, 2015). 
Besides this, the results of this study showed a statisti-
cally significant difference of the average values of ICP 
during 72  hours between the MA group and the WI 
group when the average values of ICP were higher in 
WI group. 

This result is affirmed by the fluctuations of ICP 
values (see Fig. 3). The fluctuations of ICP values in 
the WI group were slightly elevated during the whole 
period of 72 hours with the peak elevation at 24–36 
hours interval. On the other hand the fluctuations of 
ICP values in MA group were elevated only in the first 
two periods with the maximum value at 0–12 hours 
interval while at the end of 12–24 hours interval the 
value has fallen to normal range and remained so till 
the end of the monitoring period. This phenomenon is 
intimately interconnected with the resolution of edema.

Xu et al. (2010) assert in their paper on traumatic 
brain edema that in all brain edema types, excess fluid 
leaves the brain parenchyma along three different 
routes: across the blood-brain barrier into the blood-
stream, across the ependyma into the ventricles, and 
across the glia limiting membrane into CSF in the sub-
arachnoid space. Vasogenic edema is generally believed 
to be cleared primarily by bulk flow of fluid through the 

extracellular space and glia limitans into the ventricles 
and subarachnoid space. This way of vasogenic/extra-
cellular edema resolution is generally accepted (Bloch et 
al. 2007; Reullen, 2010; Stummer, 2007; Xu et al. 2010). 
On the other hand the way of cytotoxic/intracellular 
edema resolution is not so clear. Nevertheless there 
exists the conception dealing with the cell death in case 
of cytotoxic edema. Broadly speaking it is possible that 
in cytotoxic edema, the excess water initially resides in 
the intracellular compartment but ultimately moves to 
the extracellular space due to cell death and regulatory 
volume decrease. Therefore, excess water elimination 
routes in cytotoxic edema may be the same as those in 
vasogenic edema (Barros et al. 2002; Liang et al. 2007; 
Xu et al. 2010).

It should be stressed that in this study we used purely 
experimental models of brain edema (WI, BBBd) 
without any parallel pathological process, unlike the 
cited papers where various types and degrees of tissue 
damage were always present (cold injury, ischaemic or 
traumatic brain injury, and brain tumor). 

We applied in this study a novel method that pro-
vides the chance of long-term telemetric monitoring 
of the MAP and ICP for the determination of current 
CPP in freely moving rats (Guild et al. 2015; Hiploylee 
& Colbourne, 2014) under physiological conditions and 
with increased ICP due to the induced cerebral edema. 
This method also offers the pattern of ICP elevation 
during the period of monitoring.

Results of this study documented two basic patho-
physiological phenomena related to the way of experi-
mental brain edema induction. 

The first one was already mentioned above and 
signifies that neither osmotic BBBd model nor water 
intoxication model is potent enough to threaten con-
stant cerebral blood flow. 

In the experimental model of osmotic BBBd the 
elevation of ICP corresponding to volume enlarge-
ment started very early but was of a short duration. 
This finding matches up to the generally accepted way 
of  vasogenic/extracellular edema resolution (Bloch et 
al. 2007; Reullen, 2010; Stummer, 2007; Xu et al. 2010). 
In our purely experimental settings, without any patho-
logical condition, the bulk flow of fluid through the 
extracellular space and glia limitans into the ventricles 
and subarachnoid space is very fast. Furthermore this 
phenomenon fulfils the requirement of outwitting the 
blood-brain barrier for therapeutic purposes when 
the osmotic BBBd must be rapid, short-term and fully 
reversible (Kroll & Neuwelt, 1998; Martin et al. 2012; 
Rapoport, 2000).

In water intoxication model a slight elevation of ICP 
was present during the whole period of monitoring (72 
hours/3 days) which excludes the cell death as a cause 
of water movement from intracellular to extracellular 
space, so the resolution of cytotoxic edema did not arise.

(Barros et al. 2002; Liang et al. 2007; Xu et al. 2010). 
This finding matches up to the studies by Barzó et al. 
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(1997) on time course of edema types after experimen-
tal diffuse brain injury when cytotoxic/intracellular 
type persists up to 14 days after injury.

CONCLUSION
A novel method for long-term telemetric monitoring 
of MAP and ICP to determine current CPP and for the 
monitoring the time course of ICP in freely moving 
rats under physiological conditions and with increased 
intracranial pressure due to the induced cerebral edema 
was used in this study. Vasogenic/extracellular edema 
was induced by osmotic BBBd while cytotoxic/intra-
cellular edema was induced by the water intoxication 
model. 

This study documented two basic pathophysiologi-
cal phenomena related to the way of experimental brain 
edema induction. The first one signifies that neither 
osmotic BBBd model nor water intoxication model is 
potent enough to threaten constant cerebral blood flow. 

In the experimental model of vasogenic/extracellular 
edema the elevation of ICP started very early but was 
of short duration whereas in the experimental model 
of cytotoxic/intracellular edema slight elevation of ICP 
was present during the whole period of monitoring. 

It could be stated that purely experimental models 
of brain edema (WI, BBBd) without any parallel patho-
logical process are capable to disclose basic pathophysi-
ological phenomena.
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