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Summary 
Brain edema is a fatal pathological state in which brain volume 
increases as a result of abnormal accumulation of fluid within the 
brain parenchyma. A key attribute of experimentally induced 
brain edema – increased brain water content (BWC) – needs to 
be verified. Various methods are used for this purpose: specific 
gravimetric technique, electron microscopic examination, 
magnetic resonance imaging (MRI) and dry/wet weight 
measurement. In this study, the cohort of 40 rats was divided 
into one control group (CG) and four experimental groups with 
8 rats in each group. The procedure for determining BWC using 
dry/wet weight measurement was initiated 24 h after the 
completion of edema induction by the water intoxication method 
(WI group); after the intraperitoneal administration of 
Methylprednisolone (MP) together with distilled water during 
edema induction (WI+MP group); 30 min after osmotic blood 
brain barrier disruption (BBBd group); after injection of MP via 
the internal carotid artery immediately after BBBd (BBBd + MP 
group). While induction of brain edema (WI, BBBd) resulted in 
significantly higher BWC, there was no increase in BWC in the MP 
groups (WI+MP, BBBd+MP), suggesting a neuroprotective effect 
of MP in the development of brain edema. 
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Introduction 
 

Brain edema is a fatal pathological state in 
which brain volume increases as a result of abnormal 
accumulation of fluid within the brain parenchyma. The 
abnormal accumulation of fluid causes an increase of 
brain volume, defined as brain water content (BWC), 
along with elevation of intracranial pressure (ICP) 
because of an enclosed rigid skull [1-2]. 

The current classification [3] of brain edema 
includes cytotoxic (cellular), ionic (extracellular), and 
vasogenic (extracellular) edema. In cytotoxic (cellular) 
edema, the nature of which is the osmotically controlled 
redistribution of water between the cellular and 
extracellular compartments, there is no increase in BWC. 
In extracellular edema, water flows into the brain from 
the capillaries across the blood-brain barrier (BBB) and 
this leads to an increase in BWC. Extracellular edemas 
differ in several aspects. In ionic edema the BBB is 
intact, the fluid does not contain proteins, and penetration 
of ions and water into the extracellular space is mediated 
by ion channels and transporters exclusively due to the 
osmotic gradient. The basic condition of vasogenic 
edema is the disruption of BBB, the fluid contains 
proteins, and the driving force for the penetration of 
solutes and water into the extracellular space is  
a hydrostatic gradient. Cytotoxic edema (cellular) 
manifests several minutes after the brain insult (trauma, 
ischemia, water intoxication), ionic edema (extracellular) 
is formed immediately after the onset of cytotoxic edema, 
and vasogenic edema (extracellular) with protein influx 
due to BBB disruption occurs within hours after the 
initial brain insult. This temporal sequence leads to  
a logical interpretation of ionic edema as an extracellular 
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component of cytotoxic edema, since it actually increases 
BWC shortly after the initial brain insult [4]. 

In general, any of the following methods can be 
used in animal models to determine BWC: dry/wet weight 
measurements [5-18], specific gravimetric technique  
[19-25], electron microscopic examination [26-28], and 
magnetic resonance imaging (MRI) [27,29-32]. It turns out 
that the most historically used method – measuring dry 
and wet weight - still has its place in determining BWC, 
although current highly sophisticated MRI methods are 
able to accurately determine brain water distribution in 
addition to BWC [32]. 

In our previous work, we compared BWC, degree 
of myelin damage, and locomotor activity at different 
levels of hyperhydration used for water intoxication  
(WI) [33]. 

In this study we used the determination of BWC 
by dry/wet weight measurement to demonstrate the 
neuroprotective effect of Methylprednisolone (MP) on the 
development of brain edema. To induce cytotoxic edema, 
we used the water intoxication method [34-35] and to 
model vasogenic edema we used the method of osmotic 
disruption of the BBB by intracarotid injection of 20 % 
Mannitol [34,36]. Methylprednisolone (Solu-Medrol®, 
Pfizer) was injected intraperitoneally during induction of 
cytotoxic edema or via the internal carotid artery after 
induction of vasogenic edema by osmotic BBBd [34]. 

In the discussion, we compared the results of this 
study with MRI findings and ICP values. 
 
Methods 
 

All experiments were approved by the Ethical 
Committee 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 to 410 g of 
our own breed were used. 

The cohort consisted of a total of 40 rats divided 
into one control group and four experimental groups with 
8 rats in each group. Intact animals formed the control 
group (CG group). The experimental groups were  
(1) WI group (the edema induction by the water 
intoxication method); (2) WI+MP group (the 
intraperitoneal administration of MP together with distilled 
water during the edema induction; (3) BBBd group (the 
edema induction by osmotic blood brain barrier 

disruption); (4) BBBd+MP group (the injection of MP via 
the internal carotid artery 10 min after osmotic BBBd). 
 
Induction of edema by water intoxication (WI) and 
osmotic disruption of BBB (BBBd) 

WI consists of fractional administration of 
distilled water + vasopressin. The modified method of WI 
is based on intraperitoneal (i.p.) administration of 
distilled water (DW) in the total amount corresponding to 
20 % of body weight in three consecutive doses over 24 h 
(after eight hours) with a simultaneous administration of 
desmopressin. Each sub-dose represented one-third of the 
total dose of 0.032 mg/kg of desmopressin (1-desamino-
8-D-arginine vasopressin) (OCTOSTIM®, Ferring). 
Desmopressin is an antidiuretic hormone, which 
potentiates the effect of hyperhydration by inducing 
hyponatremia. 

Osmotic BBBd consists of injection of 20 % 
Mannitol into the internal carotid artery. Animals were 
put into the state of general anesthesia using 
intraperitoneal application of thiopental in the dose of 
4 mg/100 g of inhalation anesthesia by isoflurane 
(Florante ®, AbbVie Ltd.) and allowed to ventilate 
spontaneously throughout the procedure. Starting from  
a skin incision along the midline between the upper end 
of the sternum and the mandible, the common carotid 
artery (CCA) was exposed with a standard microsurgical 
technique and, before its bifurcation, also the proximal 
portions of the external carotid artery (ECA), which was 
ligated close beyond the bifurcation. An intraluminal 
catheter was introduced into the ICA trunk through the 
arteriotomy for injection of Mannitol 20 % (200 g in 
1000 ml of water for injection, 1098 mosmol/l) in a dose 
of 5 ml/kg at a rate of 0.12 ml/sec. With the application 
over and the catheter removed, the ICA was ligated. The 
surgery concluded with a single-layer suture. 
 
Administration of MP 

Methylprednisolone (Solu-Medrol®, Pfizer) was 
applied either intraperitoneally (the total amount of MP 
100 mg/kg b.w. was divided into three subdoses and 
administered during edema induction with each dose of 
the distilled water and vasopressin) or via the internal 
carotid artery (total dose 50 mg/kg b.w.) 10 min after the 
osmotic BBBd. 
 
Brain water content measurement 

The procedure for determining BWC consisted 
of the following steps – decapitation, immediate removal 
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of the brain, weighing the brain and determining the wet 
weight, placing the brain in a thermostat at 85 °C for six 
days, weighing the brain again and determining the dry 
weight, and determining BWC as a percentage according 
to equation: BWC (%) = (wet weight – dry weight)/ wet 
weight × 100. According to the experimental protocol, 
the procedure was initiated (1) 24 h after the completion 
of edema induction by the WI method (WI group);  
(2) 24 h after the intraperitoneal administration of MP 
together with distilled water during edema induction  
(WI+MP group); (3) 30 min after osmotic BBBd  
(BBBd group); (4) 30 min after injection of MP via the 
internal carotid artery 10 min after BBBd  
(BBBd+MP group). 
 
Results 
 

The results of the BWC measurements are 
shown in Figure 1. All data were statistically processed 
using parametric ANOVA and non-parametric Kruskal-
Wallis tests for a statistically significant difference value 
of p<0.05. 
 
 

 
 
Fig. 1. Brain water content – BWC (%). x-axis: BWC (%),  
y-axis: columns with average value ± SD, CG=control group 
(intact animals); WI (WI group – the edema induction by the 
water intoxication method); BBBd (BBBd group – the edema 
induction by osmotic blood brain barrier disruption); WI+MP 
(WI+MP group – the intraperitoneal administration of MP 
together with distilled water during the edema induction); 
BBBd+MP (BBBd+MP group – the injection of MP via the internal 
carotid artery immediately after osmotic BBBd). (*) denotes 
statistically significant difference (p<0.05). 
 
 

A statistically significant increase in BWC was 
found between intact animals (CG) and those in which 
edema was induced (WI, BBBd); a statistically 
significant decrease in BWC was found between animals 

with edema induced by the WI method (WI) and animals 
with MP applied intraperitoneally (WI+MP), and 
between BBBd-induced edema animals (BBBd) and 
animals with MP applied to the carotid artery 
(BBBd+MP); no statistically significant difference was 
found between intact animals (CG) and MP-treated 
animals (WI+MP, BBBd+MP). While induction of brain 
edema (groups WI and BBBd) resulted in significantly 
higher BWC, there was no increase in BWC in the  
MP groups (group WI+MP and BBBd+MP), suggesting  
a neuroprotective effect of MP in the development of 
brain edema. The mechanisms by which the 
neuroprotective effect of MP is achieved, and the relevant 
conditions required for the execution of these 
mechanisms, are described in detail in our previous work 
[34]. Briefly, the neuroprotective effect of MP is based on 
its antioxidative ability, which allows it to influence the 
pathogenic process in nerve cells at different levels. Due 
to the high molecular weight, MP must be administered 
when the BBB is open, i.e. during edema induction by the 
WI method or after osmotic BBBd. 
 
Discussion 
 

Determining BWC in experimental models of 
brain edema is of paramount importance; in addition to 
water accumulation, a key attribute of experimentally 
induced brain edema is the increase in BWC [1-2]. And 
this must be demonstrated. Each laboratory dealing with 
the studying or research of brain edema uses the method 
of determining BWC in experimental animals according 
to its habits and technical possibilities. 

So far, four different methods have been 
described for the determination of BWC, as mentioned in 
the introduction. Nowadays MRI is able not only to 
pinpoint the BWC, but also to determine the predominant 
localization of water in the cellular or extracellular 
compartment, depending on the type of edema, and thus 
some methods of determining BWC (electron microscopy 
and specific gravimetric technique) have partially lost 
their original validity. On the other hand, despite the 
leading role of MRI in identifying the BWC and water 
distribution, the determination of BWC using dry and wet 
weight measurement retains its significant validity even 
today. Electron microscopy has been used to demonstrate 
the presence of water in brain tissue since 1960, when 
Luse and Harris [26] described changes associated with 
brain edema in rabbits, and gradually, with the 
development of knowledge about different types of 
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edema, their typical features have also crystallized into 
electron microscopy findings [27]. In the MRI era, the 
role of electron microscopy as a stand-alone method to 
determine brain water content has diminished 
significantly, but it still serves as a complementary 
examination [28]. Use of specific gravity in the 
measurement of cerebral edema was for the first time 
documented by Nelson et al. in 1971 [19] and later 
upgraded by Marmarou et al [20-21]. The pros and cons 
of measuring water content gravimetrically compared to 
the dry/wet weight method were defined by Schigeno  
et al. [25]. The historically important gravimetric method 
for determining the BWC [22,24] is still part of the 
armamentarium of some laboratories, studying 
experimental brain edema [23]. 

Although in the 1980s it was already possible to 
detect brain edema using MRI [27,29] only in this 
millennium it has been possible to reliably determine the 
distribution of water in the brain. Quantification of the 
apparent diffusion coefficient (ADC) or T2 relaxation 
time has proven to be a useful tool for investigating 
experimental brain edema [2]. Cellular and extracellular 
edema after brain injury can be differentiated by  
a combination of ADC and T2 imaging. ADC is  
an indicator of the magnitude of the diffusion of water 
molecules within the tissue, and diffusion imaging 
provides information about the cellular architecture such 
as cellular size, membranes and volume fraction.  
ADC increases with higher extracellular volume and 
amount of fluids, and it is reduced when cell swelling is 
observed due to narrowing of the extracellular space 
within the cerebral parenchyma. T2 (transverse relaxation 
time of excited protons) is related to water content and 
vascular permeability. In general, reduced ADC values 
correlate with a cellular edema (and vice versa increased 
ADC values correlate with an experimental extracellular 
edema) whereas increased T2 values reflect the 
development of extracellular edema [15,30-32]. 

Historically, the relationship between wet and 
dry weight of the brain in a laboratory animal was 
probably first defined by Elliot and Jasper in 1949:  
„If W and D are respectively the fresh and dry weight of 
the brain of a normal animal and P is the percentage dry 
weight, then W = D × 100/P“ [5]. Since the 1960s, brain 
edema in animal models has been quantified by 
comparing the water content of the affected tissue with 
normal brain. The water content has been expressed as % 
brain water, determined from the difference in wet and 
dry weights (i.e. the water weight) divided by the wet 

weight (BWC % = [(wet weight - dry weight) / wet 
weight] × 100 %) [6-7]. Keep et al. in 2012 warned, 
based on a very detailed analysis, that this change in % 
brain water content can be misleading, as ‘small’ changes 
in % brain water content actually reflect much bigger 
changes in brain swelling. They concluded that using 
either water content, expressed as g/g dry weight, or  
a measure of brain swelling, better reflect the impact of 
edema after stroke and brain injury. Their precise work 
indicates that the importance of BWC% lies in the 
demonstration of the existence of edema, not in the 
determination of its severity [8]. Briefly, this method 
consists of several steps: weighing the whole brain or 
parts of it (= tissue) after removal from the skull (wet 
weight); placing the tissue in a thermostat at a defined 
temperature for a defined time; weighing the tissue  
a second time (dry weight); determining the BWC 
according to the aforementioned equation [9]. Although 
the description of the procedure looks simple and clear, 
there are many variations in its realization. In its original 
version [6] the tissue was placed in an incubator at 56 °C, 
and weighed periodically thereafter for a total of 144 h. In 
each instance, the weight decreased with time, 95 to 99 % 
of the loss occurring in the first 24 h, and a constant level 
being reached at 120 h. In our laboratory we use  
a modified version: temperature 85 °C, drying time  
6 days [33]. The most commonly used version is  
a temperature of 100 °C and a drying time of 24 h, which 
reflects the fact that 99 % of the weight is lost in this time 
interval [10-14]. Further modifications consist of  
a temperature of 105 °C and a drying time of 24 and/or 
48 h, or a temperature of 50 and/or 60 °C and a drying 
time to achieve a constant weight [15-18]. 

As mentioned above, cytotoxic/cellular edema 
does not increase BWC, as it represents only  
a redistribution of fluid between the cellular and 
extracellular compartments in favor of the cellular, but 
the nature of extracellular edema – ionic and vasogenic – 
is the inflow of water into the brain from capillaries and 
thus an increase in BWC. From the time course after  
a brain insult, it follows that ionic edema occurs 
immediately after cytotoxic edema and is succeeded in  
a few hours by vasogenic edema. MRI with ADC 
accurately defines the distribution of water in the cells or 
in the extracellular compartment, but does not 
differentiate ionic edema from vasogenic edema. 

In our previous study [38], we induced cellular 
edema by the WI method, and MRI performed after 24 h 
demonstrated the presence of extracellular edema, which 
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corresponds to the aforementioned time course of edema 
development. This study demonstrated BWC increase 
after the induction of vasogenic – extracellular edema by 
the osmotic BBBd method, but also after the induction of 
cytotoxic – primarily cellular edema by the WI method. 
The procedure for determining BWC by the method of 
dry/wet weight measurement was started 24 h after the 
completion of WI, i.e. at a time when the present edema 
was already extracellular, without being able to determine 
whether it was ionic or vasogenic. In this regard, the 
dry/wet weight method is comparable in its informative 
value to the current possibilities of MRI. 

In the same MRI study [38], there was  
a significant decrease in ADC values in MP-treated 
animals, which could be determined very accurately. 
Mean ADC values dropped from 684±77×10-6 mm2/s to 
612±34×10-6 mm2/s in the cortex, and from  
793±44×10-6 mm2/s to 759±50×10-6 mm2/s in the 
hippocampus after intraperitoneal MP application; mean 
ADC values dropped from 684±77×10-6 mm2/s to 
599±25×10-6 mm2/s in the cortex, and from  
793±44×10-6 mm2/s to 730±48×10-6 mm2/s in the 
hippocampus after MP application into carotid artery. 
This decrease in ADC values documented the 
neuroprotective effect of MP. 

The current study showed a statistically 
significant decrease in BWC in MP-treated animals, but 
this decrease cannot be mathematically defined very 
precisely. Therefore, determination of BWC by 
measurement of dry/wet weights should be used to 
demonstrate the existence of edema, not to determine its 
severity as stated above [8]. 

The results of another previous study [37] 
confirmed, that brain edema induced by WI and osmotic 
BBBd methods leads to an increase in intracranial 
pressure (ICP). The ICP monitoring procedure began 
immediately after completion of WI or osmotic BBBd 
and continued for 72 h. In the experimental model of 
extracellular edema (BBBd) the elevation of ICP started 
very early but was of short duration whereas in the 
experimental model of cellular edema (WI) elevation of 
ICP was present during the whole period of monitoring. 
Peak ICP elevation was within 24-36 h after completion 
of WI and within 12-24 h after completion of osmotic 
BBBd. The findings of increased ICP are consistent with 
a statistically significantly increased BWC as determined 
by dry/wet weight measurements beginning 24 h after 
completion of edema induction by the WI method and 
30 min after osmotic BBBd in the current study. 

We can state that the results of this study clearly 
demonstrated the ability of dry/wet weight measurement 
to demonstrate not only an increase in BWC after 
inducing both types of edema (cellular and/or 
extracellular), but also to confirm the neuroprotective 
effect of MP on the development of brain edema. 
Although MRI must be the preferred choice for 
determining BWC today, the dry/wet weight method is 
still a useful tool in these experiments. 
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