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Abbreviations: 
 
ADC:  Apparent diffusion coefficient.   
AVP:   Arginine vasopressin.     
BBB:   Blood brain barrier. 
CCD:   Cortical collecting duct. 
Cho:   Choline. 
Cr:   Creatine.  
CSF:   Cerebrospinal fluid. 
CV:   Coefficient of variation. 
DWI:   Diffusion weighted imaging. 
ENaC:   Epithelial sodium channel. 
EM:   Electron microscopy. 
EPI:   Echo planar imaging. 
HN:   Hypernatremia. 
HNB:   Hyponatremia + ICV Benzamil. 
HNS:   Hyponatremia + ICV Saline. 
ICV:   Intracerebroventricular.  
IP:   Intraperitoneal. 
MRI:   Magnetic resonance imaging. 
MRS:   Magnetic resonance spectroscopy. 
mT/m:   Militesla/meter. 
NAA:   N-acetyl-aspartate. 
NN:   Normonatremia. 
NNB:   Normonatremia + ICV Benzamil. 
PRESS:  Point resolved spectroscopy sequence. 
RF:   Radio frequency 
ROI:   Region of interest. 
RVD:   Regulatory volume decrease. 
SNR:   Signal to noise ratio. 
SPAIR:  Spectral attenuated inversion recovery. 
SD:   Standard deviation. 
T:   Tesla.



I. INTRODUCTION:  
 
1. Brain edema: 

1.1. Brain edema - General: 
Brain water homeostasis is imperative for the normal functioning central nervous system (CNS). 
Brain edema involves abnormal water accumulation in the brain. According to the “Monro-
Kellie principle, the brain, cerebrospinal fluid (CSF) and the brain’s blood compartment are 
encased within the bony cranium of the skull and relatively rigid dura. An increase in any of 
these compartments comes at the “expense” of the others. In the event of brain swelling, due to 
brain edema, intracranial pressure (ICP) increases. Initially, the brain tries to counter-act this by 
shifting of CSF and decreasing of the blood compartment. In case that the insult causing the 
brain edema is so great, these compensatory mechanisms eventually fail and the ICP continues to 
rise. This can lead to cerebral herniations, which may result in death. Brain edema may be 
caused by a variety of pathologies. These include stroke, brain tumors, traumatic brain injury, 
systemic hyponatremia, hydrocephalus, infections, etc. 
Brain edema was originally classified into cellular (cytotoxic) and vasogenic subtypes, though 
hydrocephalic and osmotic types of brain edema are also known. 
Cellular brain edema is viewed in the event of an early stroke and hyponatremia. The 
intracellular (IC) compartment swells as water accumulates within the cells. On the other hand, 
in vasogenic brain edema, usually caused by brain tumors or brain abscesses, the extracellular 
(EC) compartment swells. This occurs due to increased movement of plasma proteins and water 
in to the EC space, permitted by a malfunctioning blood brain barrier (BBB). In the clinical 
practice however, more than one type or subtypes of brain edema can be present at a given time 
in a given pathology.  
 
1.2. Hyponatremic brain edema: 
Hyponatremia is one of the most common electrolyte disorders in hospitalized patients. During 
acute hyponatremia, in response to the hyponatremic stress, more and more water shifts into the 
intracellular space (IC). This causes cellular cerebral edema, which manifests the most important 
symptoms of this pathology. The ambiguous nature of acute hyponatremia and its inappropriate 
correction can result in life threatening conditions. 
 
2. The brain’s response to hyponatremic challenge: 
The initial response of brain cells to hypo-osmotic stress is swelling which is directed by water 
diffusion across cell membranes according to the concentration gradient. This in turn, is followed 
by a complex process aiming to restore the cells to their original volume regardless of the 
ongoing hypo-osmotic conditions. This process is known as regulatory volume decrease (RVD). 
 
2.1. Regulatory volume decrease (RVD): 
The chain of events making up RVD takes place in three stages. Initially a sensor detects a shift 
in the cell volume. This information then triggers signaling cascades which result in activation of 
several membrane channel proteins including swelling-activated Cl- channels, stretch-activated, 
voltage-gated K+ channels, Ca++-dependent K+ channels and neutral K+/Cl- co-transporters. 
Activation of ion channels induces cellular efflux of K+ and Cl- ions and organic osmolytes. At 
the conclusion of this reaction, it is the memory of the original cell volume that brings RVD to 
its end. 



2.2. Epithelial sodium channels and Benzamil: 
Epithelial Na channels (ENaC) are members of the ENaC/degenerin family of ion channel 
proteins. ENaCs are present in a variety of body tissues. These include the brain, kidney, urinary 
bladder, lungs, salivary and sweat gland ducts as well as in the distal colon. 
Trans-epithelial sodium transport is a two-step process: initially Na enters the cell via amiloride-
sensitive ENaCs located on the apical membrane of the cell. Then, using the Na-K-ATPases 
found at the baso-lateral membrane, the cell extrudes the Na.  
Niisato et al. demonstrated that exposure of A6 cell monolayer to hypotonic stress increases 
cellular sodium uptake via translocation of preformed ENaC protein from the cytosolic store into 
the membrane and/or via generation of new channel proteins. The hypotonicity-stimulated 
transport could be completely inhibited by Benzamil, a specific Na channel blocker.  
 
3. MRI: 
Magnetic resonance imaging (MRI) is a technique that externally measures the nuclear magnetic 
resonance (NMR) signals originating from the subject, giving information about its internal 
structural anatomical as well as chemical composition. 
In the case of small animal experiments, using the MR machine is superior to classical in-vitro 
techniques since the evolution of a given pathology can be studied in real time and in-vivo. 
 
3.1. Diffusion weighted imaging (DWI): 
MRI may be utilized to investigate microscopic water motion in the brain. Intra and extra-
cellular diffusion coefficients as well as modifications in cellular volume fractions, are believed 
to influence the apparent diffusion coefficient (ADC).   
In vasogenic edema, an increase of the extracellular volume fraction is implicated in the 
elevation of ADC. On the other hand, in cellular edema, it is believed that increased extracellular 
tortuosity and translocation of protons from a faster diffusing extracellular compartment into the 
slower diffusing intracellular space, contribute to the ADC decrease seen in this type of edema. 
Finer changes of water motion become detectable as we measure with larger b-factors. 
At high b-values the ADC becomes multi-exponential.Using a bi-exponential mathematical 
model, this decay can be interpreted as the sum of the fast (ADCfast) and slowly (ADCslow) 
diffusing components.  
 
3.2. Magnetic resonance spectroscopy (MRS) - water signal: 
Hydrogen protons are influenced by the chemical environment of the macromolecules in which 
they reside. In normal spectroscopy, due to this chemical shift, certain metabolites are resonating 
at different characteristic frequencies. Since the proton signal is much higher than the 
metabolites signals, we usually must suppress the water signal. By not suppressing the water 
signal, and eliminating other influencing factors, it is hypothesized that the integral of the water 
signal will be proportional to the number of protons in it, thereby estimating the amount of water 
present within the measured voxel. 
 
 
 



 

II . AIMS: 
 
The aim of our study was to better understand the process taking place during brain edema and 
find new and better ways for diagnosing and treating the hyponatremic brain edema in particular. 
Our hypothesis was that ENaC and sodium flux into the cells might be involved in the initiation 
and propagation of brain water accumulation in severe hyponatremia.  
1. The initial goal was to test whether Benzamil hydrochloride, a specific ENaC blocker, has an 

effect on brain edema, and whether it has the power to decrease the hyponatremic edema. 
2. The secondary aim was to develop a modality that would allow us to investigate brain edema 

and the effects of Benzamil hydrochloride in an in vivo experiment. For this task MRI was 
chosen. The advantage of using MRI is that the brain edema can be followed in the in vivo 
setting. In order to achieve this goal, the methodology that would allow us to scan small 
animals as test subjects had to be developed. 

3. The tertiary goal of the research was to advance our knowledge about the initiation and 
propagation of the hyponatremic brain edema, as well as the dynamic effects of Benzamil 
treatment on it. 

4. Another aim of the research was to better understand the background behind MR related 
observations of water movements in brain edema. The goal was to develop a new method to 
measure the hyponatremic brain edema, by using DWI biexponential analysis in an in vivo 
intracellular brain edema model. 

 
II . Materials and methods: 
 
1. Benzamil prevents water accumulation in hyponatremic rats: 
Four groups of male Wistar rats were studied (n=13in each group). Animals in group I with 
normonatraemia received intracerebroventricular (ICV) 0.9% NaCl; animals ingroup II-IV were 
made hyponatraemic by intraperitoneal administration of 140 mmol/l dextrose solution in a dose 
of 20% per body weight. Rats were pretreated with ICV 0.9% NaCl (group II), 120 µg arginine 
vasopressin (AVP) (group III) or 4µg benzamil-hydrochloride (group IV). Plasma sodium (ion 
selective electrode) plasma osmolality (vapour pressure osmometer) and brain sodium and 
potassium content (flame photometer) as well as brain water content (desiccation method) were 
measured after a 2-h hydration period. 
 
2. Quantitative proton MRI and MRS of the rat brain wi th a 3T clinical MR scanner: 
Eight Wistar rats (three females, five males) were used as test subjects. For the evaluation of the 
DWI mono- and biexponential approaches (b-value up to 6000 s/mm2) were used. Proton 
spectroscopy was performed using water as an internal reference. The rat brain was also scanned 
at a microscopic resolution of 130×130×130µm3. 
 
3. The influence of Benzamil hydrochloride on the evolution of hyponatremic brain edema 

as assessed by in vivo MRI study in rats: 
Five groups of male Wistar rats were studied as follows: normonatremic, native animals (group 
NN, n=7), hyponatremic animals (group HN, n=8), hyponatremic animals treated with ICV 
benzamil (group HNB, n=8), hyponatremic animals treated with ICV saline (group HNS, n=5) 
and normonatremic animals treated with ICV benzamil (group NNB, n=5). Hyponatremia was 



induced as mentioned above. Benzamil hydrochloride (4µg) was injected ICV to treated animals. 
MRI was applied to perform serial DWI to measure ADC and MRS to determine water signal. 
Serum sodium and potassium (ion selective electrode) as well as plasma osmolality (vapor 
pressure osmometer) were determined.   
 
 
4. A biexponential DWI study in rat brain intracellula r edema: 
Intracellular edema was induced in ten male Wistar rats by way of water load, as mentioned 
above. A 3T MRI instrument was used to perform serial DWI, and MRS (water signal) 
measurements. Following the MR examination the brains of the animals were analyzed for 
electron microscopy, while serum sodium, potassium and plasma osmolality were determined as 
mentioned above.   
 
III. Results: 
 
1. Benzamil prevents water accumulation in hyponatremic rats: 
Plasma sodium, osmolality and tissue sodium and potassium contents were markedly depressed 
in hyponatraemic rats (group II-IV, p<0.0005 for each group) irrespective of drug pretreatment. 
Brain water content, however, responded to hyponatremia with an increase from 77.55 ± 1.00% 
to 78.45±0.94% (p<0.01), and it was further augmented to 79.35±0.80% (p<0.0005) by ICV 
AVP pretreatment. By contrast, benzamil administration prevented the rise of brain water caused 
by hyponatraemia (77.61±1.04%). 
 
2. Quantitative proton MRI and MRS of the rat brain wi th a 3T clinical MR scanner: 
Diffusion-weighted imaging yielded accurate diffusion coefficient measurements throughout the 
b-value range. MRS of visible metabolites was carried out with acceptable accuracy. High-
resolution T2 weighted image achieved a microscopic resolution of 130×130×130µm3 
 
3. The influence of Benzamil hydrochloride on the evolution of hyponatremic brain edema 

as assessed by in vivo MRI study in rats: 
During the course of hyponatemia, ADC declined steadily from the baseline (100%) to reach a 
minimum of 92.32±3.20% at 90 min (p<0.0005). This process was associated with an increase in 
water signal to a maximum of 5.95±2.62% at 100 min (p<0.0005). After pretreatment with 
benzamil, no consistent changes occurred either in ADC or in water signal. 
 
4. A biexponential DWI study in rat brain intracellula r edema: 
Following the water load induction, ADC values started declining from 724±43µm2/s to 
682±26µm2/s (p<0.0001). ADC-fast values dropped from 948±122 to 840±66µm2/s (p < 0.001). 
ADC-slow showed a decrease from 226±66 to 191±74µm2/s (p<0.05). There was a shift from the 
slow to the fast component at 110 min time point. The percentage of the fast component 
demonstrated moderate, yet significant increase from 76.56±7.79% to 81.2±7.47% (p<0.05). The 
water signal was increasing by 4.98±3.52% compared to the base line (p<0.01). The results of 
the E.M. analysis, revealed that water was detected intracellularly, within astrocytic preivascular 
end-feet and cell bodies. 



 

IV. Conclusions: 
 

Our observations appear to suggest that an early cellular sodium uptake through the 
benzamil-sensitive activated sodium channels may be intimately involved in the development of 
brain edema in rats exposed to hyponatremic stress. The opposing effects of systemic 
hyponatremia on the brain-specific AQP4 and ENaCs, provide an important defense mechanism 
to act against excessive water accumulation and to protect brain volume. 

ICV pretreatment with benzamil has an immediate anti-edematous effect that lasts for at 
least 2 hours on the cellular brain edema associated with acute hyponatremic stress in rats. 
The changes in serial MRS (water signal) give us yet another tool to continuously follow the 
progress of brain edema evolution in-vivo. The in-vivo results confirm in-vitro observations that 
benzamil prevents water accumulation in hyponatremic rats.  

These observations suggest that, in the future, selective non-toxic inhibition of brain 
specific sodium channels by agents that can freely cross the BBB may provide a new therapeutic 
approach to prevent and treat hyponatremia associated brain edema in the early stages of its 
formation. In order to do this, the exact pharmacokinetics and the ideal timing of treatment with 
such sodium channel blockers would have to be worked out, especially when considering the 
clinical point of view, where the development or exact starting point of a brain edema are harder 
to determine.  

Our MRI experiments point to the fact that reliable small animal imaging as well as DWI 
and MRS can be carried out on 3T clinical scanners. 
The unexpected volume fraction changes that were detected in hypotonic edema appear to be 
substantially different from those observed in stroke. This may suggest that contrary to general 
opinion and radiology textbook data, the ADC decrease in stroke cannot be explained by mere 
water shift from extra to intracellular space (i.e. intracellular edema). It is plausible that other 
mechanisms such as decreased cytoplasmic streaming, membrane pump dysfunctions, changes in 
physical state of water (i.e. sol–gel transitions, free-bound transitions) etc. are involved in the 
ADC decrease seen in stroke.  
Based on our results and the literature, the biexponential DWI analysis would have a clinical role 
in brain edema diagnosis and follow up of treatment. 
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