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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 brain1,2. 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 the event that the insult causing the 

brain edema is so great, these compensatory mechanisms are overwhelmed, 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 subtypes1,3, though 

hydrocephalic and osmotic types of brain edema are also known1,4. 

Cellular brain edema is viewed in the event of an early stroke and hyponatremia. The 

intracellular (IC) compartment swells as water accumulates within the cells2. 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)5. In the clinical 

practice however, more than one type or subtypes of brain edema can be present at a given time 

in a given pathology3,6.  

 

1.2. Diagnosis of brain edema: 

The signs and symptoms of brain edema may vary according to the etiology causing the brain 

swelling. The manifestation of symptoms and physical findings direct the diagnostic measures. 

These may include: Headache, nausea and vomiting, dizziness, visual changes or loss, memory 

loss, inability to walk, stupor, seizures, loss of consciousness, irregular breathing (Chein-Stokes 

or hyperventilation), nuchal rigidity and papilla edema. 
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The diagnostic measures taken in order to reach a definitive diagnosis usually include:  

Physical examination: head and neck, neurologic examination, and ophthalmologic examination. 

Laboratory tests and imaging: blood and spinal tap (if possible) tests are done in order to 

determine whether the cause of the edema is infectious or chemical. Computed tomography (CT) 

may be utilized to visualize the edematous area. Due to the higher water content of the edema, 

the edematous area will appear hypodens. Flattened gyri, filled sulci, midline dislocations and 

herniations are but a few of the outcomes of brain edema that can be imaged. MRI provides 

better imaging resolution than CT as well as offering us the benefit of measuring other 

parameters including: T1 water maps, diffusion weighted imaging that can help differentiate 

between the different types of brain edema, and spectroscopy – that can measure the levels of 

different metabolites.  

 

1.3. Cellular brain edema: 

In cellular brain edema, along with a reduction in the EC space, glial swelling is the chief 

finding2, though neurons and dendrites also swell7,8. On top of the fact that astrocytes have the 

ability to swell up to five times their original volume, and in humans, they outnumber neurons 

20:1, astrocytes and their end-foot processes are predisposed for swelling due to: a/ The brain 

specific aquaporin (AQP)-4 water channel is mainly to be found in the astrocytic end-foot 

process9,10. b/ The osmotic imbalance, facilitated by K+ and glutamate clearance in astrocytes, 

can induce IC water accumulation2.  

One of the classical examples for cellular brain edema is the early stages of focal or global 

cerebral ischaemia11,12,13. A disruption of the blood flow causes an energy deficit in the supply 

area, which in turn causes the adenosine tri-phosphate (ATP) dependent Na+-channels to 

malfunction. As IC Na+ concentration rises, according to the concentration gradient, water 

diffuses from the EC space into the IC space. 

Another type of cellular edema is the one caused by hyponatremia. Hyponatremia is one of the 

most common electrolyte disorders in hospitalized patients14. During acute hyponatremia, in 

response to the hyponatremic stress, more and more water shifts into the intracellular space (IC) 

15-19. 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 conditions20. 
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1.4. The Aquaporin water channel family: 

The AQPs are a family of integral membrane water channel proteins, originally identified in red 

blood cells21. Most members of this family are involved in water transport. In addition to this, 

AQP-3, 7 and 9 also have the ability to transport glycerol and other small polar molecules. The 

main AQP found in the brain is the AQP-4. As mentioned above it is mainly located in the 

astrocytic end-foot process. AQP-4 is hypothesized to play a major role in brain edema and brain 

water homeostasis. AQP-4 null mice respond to vasogenic edema with a greater brain swelling 

than wild-type mice22, implying that AQP-4 is involved with water elimination in this kind of 

edema. In cytotoxic edema AQP-4 null mice demonstrate a lowered permeability of BBB to 

water. Such mice had a lower mortality rate compared to their wild type counter-parts when 

exposed to severe hyponatremia, meningitis and cerebral ischaemia23,24.      

 

1.5. Treatment of brain edema: 

The current treatment for brain edema includes: sedation, hyperventilation, intravenous 

administration of hypertonic saline, mannitol, and corticosteroids. Surgical resection may be 

done in order to treat peritumoral edema. Decompressive craniotomy can be used in extreme 

cases. Many of these therapeutic approaches however, have not been tested in large enough 

studies, putting their efficacy in question 25,26.  

Due to this lack of effective therapy for brain edema further research is underway to discover 

new and better ways to treat these patients. One hope for such future drugs is the AQP-blockers. 

One should bear in mind though that modulation of AQP-4 as a means for treating brain edema 

is highly challenging considering that AQP-4 facilitates bidirectional water transport27 and it is 

involved in the control of perisynaptic K+ homeostasis28. Furthermore, AQP4 is expressed in 

tissues other than the brain29; therefore, only brain-selective inhibitors could be applied. Efforts 

to modulate the molecular structure of AQP4 or to interfere with its translocation to the 

membrane remained unrewarding so far, as no such modalities are available to date30. 
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2. The brain’s response to hyponatremic challenge 

2.1. Regulatory volume decrease (RVD): 

The initial response of the 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). The chain of events making up the RVD takes place in three stages. Initially a sensor 

detects a shift in the cell volume. This information then initiates signaling cascades which result 

in activation of several membrane channel proteins including swelling-activated Cl- channels31, stretch-

activated, voltage-gated K+ channels, Ca++ -dependent K+ channels and neutral K+/Cl- co-transporters32. 

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 

end33. 

 

2.2. Epithelial sodium channels and Benzamil: 

Epithelial Na channels (ENaC) are members of the ENaC/degenerin family of ion channel 

proteins34. This family includes channels identified in Caenorhabditis elegans involved in 

mechanosensation35,36, mechanosensitive cation channels in cochlear hair cells as well as skin37-

40 and acid sensing ion channels (ASIC)41,42. 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 colon43,44. The ENaC is made up out of three subunits that share roughly 30 – 35% 

sequence identity: these are α, β and γ-ENaC45. These subunits are present in the brain at the 

choroid plexus as well as ependyma of the antero-ventral third ventricle. They are also found in 

the subfornical organ, the supraoptic nucleus, and in the paraventricular nucleus43.   

Transepithelial 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 Na46,47.  

Epithelial Na transport may be studied in A6 cells, derived from the kidney of Xenopus 

laeves48,49. 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-



11 

 

stimulated transport could be completely inhibited by Benzamil, a specific Na channel 

blocker50,51. Based on these findings we assume that ENaC and sodium flux into the cells might 

be involved in the initiation and progression of brain water accumulation in severe hyponatremia.  

 

3. MRI:  

3.1. Magnetic resonance imaging - General: 

Magnetic resonance imaging (MRI) is a technique that externally measures the nuclear magnetic 

resonance (NMR) signals originating from the subject. It allows internal structural anatomical as 

well as chemical information to be examined. MRI has several advantages on other tomographic 

equipment: on the one hand, MRI has the ability to produce two and three dimensional images 

from a variety of orientations, as well as spatial-spectral four dimensional figures. On the other 

hand, unlike other techniques that use ionizing radiation which can be potentially dangerous, 

MRI uses electromagnetic waves which are harmless according to our current knowledge. MR 

signals visualized by the MRI originate from the subject itself thereby eliminating the need to 

expose the subject to harmful radioactive isotopes.  

The superiority of MRI is to be attributed to the wide variety of possible contrast manipulations 

and its high flexibility in data acquisition. For instance, by manipulating certain parameters like 

Repetition time (TR), Echo time (TE) and flip angle (α) the final MR image of a given structure 

may alter drastically52.     

 

3.2. Small animal experiments in a clinical MR machine: 

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, 

thereby giving us the possibility to recreate and analyze the background behind signal changes in 

similar human pathologies53. Large bore Human MRI scanners have previously been used for 

small animal experiments with fair quality54-68. Furthermore, it was reported that in a human 3 

tesla (T) MR machine such spatial resolution can be achieved, that does not fall from results 

obtained with dedicated small animal MRI scanners60,63,69
.  

In order to use small animals as test subjects in the MR machine, two main obstacles must be 

overcome: One must have a reliable and reproducible anesthesia technique, and a means to 

absolutely control the temperature of the animal for the duration of the MR examination without 
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taking the animal out of the MR machine, or moving it at all from its original placement inside 

the machine. 

A variety of anesthesia techniques are available for small animal experiments. These include the 

use of intraperitoneal injections of Ketamin and barbiturates 70,71, and inhalatory anesthetics like 

halothane and isoflurane72,73. The use of a veterinarian small animal ventilation device and 

isofuran as anesthetic gas comply with the requirements of long term anesthesia (in our case no 

less than 2.5 hours) without fluctuations of anesthesia depth or the need for repetitive 

administration and handling of the animal. 

It was demonstrated that a change of 1° Celsius (C) in the animal’s body temperature can lead to 

significant changes in measured MR parameters. Le Bihan et al reported that a change of 1° C 

can induce a 2.4% change in the measured apparent diffusion coefficient (ADC)74. Means of 

controlling the animal’s body temperature include the use of a circulating warm water pad, heat 

lamps70, and warm heating pads75.    

 

3.3. Diffusion weighted imaging (DWI): 

MRI may be used to investigate tissue microstructures. It can be utilized to investigate 

microscopic water motion in the brain76. Abnormalities of ADC have been recorded in several 

brain pathologies, including systemic hyponatremia70, seizures77, stroke78 and head trauma79. 

Intra and extra-cellular diffusion coefficients as well as modifications in cellular volume 

fractions, are believed to influence the ADC80.   

In vasogenic edema, an increase of the extracellular volume fraction is implicated in the 

elevation of ADC79,81. On the other hand, in cellular edema, it is believed that increased 

extracellular tortuosity82 and translocation of protons from a faster diffusing extracellular 

compartment into the slower diffusing intracellular space83,84, contribute to the ADC decrease 

seen in this type of edema. 

In diffusion weighting we measure diffusion by signal loss. We apply 2 identical field gradients 

in opposite directions to each other: 1 for dephasing, and a 2nd one for rephasing. If we were to 

add these gradients, their sum would be zero. However, if some sort of molecular water 

movement takes place in direction of one of these gradients, the gradients will no longer cancel 

each other out, resulting in net signal loss. 
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The amount of detectable motion depends on the gradients, which are in turn set by the b-factor. 

Finer changes of water motion become detectable as we measure with larger b-factors. 

In our mono-exponential diffusion measurement, the b-values range is 0 – 1000 s/mm2. The 

resulting mono-exponential ADC values represent only a net change in the diffusion of water 

molecules, without giving us any clue as to the components making it up. 

By extending the b-value range of the measurement up to 6000 s/mm2, the DWI may be 

examined from yet another point of view.  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 components85. Therefore, one can measure the 

components making up the mono-exponential ADC: The ADCslow, the ADCfast, and the 

percentages (P-slow, P-fast) in which these components contribute to the change in mono-

exponential ADC.  

There is much debate in the literature about the origin of “biexponential diffusion”. The 

biexponential diffusion paradox is that the identified water populations do not match the 

physiological extra and intracellular compartments53,85-87. It was pointed out that even without 

compartmentation the biexponential signal decay is still present53 and it can also be observed in a 

single cell88. Therefore it would be wise to presume that the fast and slow components do 

represent two water populations and it is better to define components rather than compartments. 

Many speculations have been put forward about the two components: sol and gel state of water89, 

bulk water and membrane bound water90, free water and bound water in the hydration shells of 

the macromolecules53. All of these speculations about a two-component model assume two 

distinct water populations with two distinct apparent diffusion coefficients (ADC). Since these 

speculations could not be proven so far, the biexponential model itself was questioned91 arguing 

about a continuous, broad distribution of ADC values92. Thus other mathematical models have 

been proposed to describe the diffusion and the consequent signal decay in diffusion weighted 

imaging (DWI): diffusional kurtosis imaging (Taylor expansion of the logarithm of signal 

decay)91,93,94, inverse Laplace transformation92, and stretched exponential95.  

Several in-vivo as well as in-vitro models have been tested using the bi-exponential analysis in 

order to gain better insight into this phenomenon. These models include global ischemia and cold 

injury in mice, as well as packed human erythrocyte samples examination53, human studies of 

extensive peritumoral edema73, osmotic perturbations of human hippocampus slice96, and 
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exposure of rat hippocampus to ouabain97. To this day, it is still not absolutely clear what do the 

ADC and its components represent. 

 
3.4. Magnetic resonance spectroscopy (MRS) - water signal: 

Our clinical MR machine is tuned to measure the resonance of protons. However not all 

hydrogen protons resonate at the same frequency. The reason for this is the fact that H protons 

are influenced by the chemical environment of the macromolecules in which they reside. In 

normal spectroscopy, because of this phenomenon known as the 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 signal98. 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. 
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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. MRI has proven to be a highly valuable tool in the diagnosis and treatment of 

neurologic pathologies. The advantage of using MRI is that the brain edema can be followed 

in the in vivo setting. In order to achieve this goal, we had to develop the methodology that 

would allow us to use our clinical human 3T MRI machine to scan small animals as test 

subjects. 

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. 
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III. Benzamil prevents water accumulation in hyponatremic rats:  

 

1. MATERIALS AND METHODS: 

Male Wistar rats weighing 250-300 g were used. The animals were anaesthetized in a bell jar for 

5 minutes under 4% isoflurane and a 70:30 mixture of N2O:O2, endotracheally intubated and 

maintained under 1.5-2% isoflurane. The animals were then fixed on to a stereotaxic apparatus. 

Rectal and temporal temperatures were monitored and maintained at 37°C with a ventral heating 

pad. A midline scalp incision was made and the skull was exposed with a blunt dissection. The 

exposed parietal bones were cleaned and dried with bone wax. The animals were randomly 

assigned to four experimental groups, each consisting of 13 animals. For intra-cerebro-

ventricular (ICV) administration of various substances, a cannula was inserted into the right 

lateral ventricle with the following stereotaxic coordinates referenced to bregma: 0.8mm 

posterior, 1.5mm lateral and 4.0mm deep. Proper placement of the tip of the cannula was tested 

in preliminary experiments by injecting Evans blue dye into the ventricle. The animals in group I 

(normonatremia + 0.9% NaCl) and in group II (hyponatremia + 0.9% NaCl) were injected ICV 

with 4µl physiological saline. Animals in group III (hyponatremia + AVP) received 120µg 

Arginine vasopressin (AVP) – a Na channel activator as it was used in previous studies71, 

whereas those in group IV (hyponatremia + Benzamil) received 4µg Benzamil. The dose of 

Benzamil hydrochloride was selected based on a pilot study and according to Nishimura et 

al99.Following the ICV treatment, systemic hyponatremia was induced in groups II-IV by 

intraperitoneal (IP) administration of 140 mmol/l dextrose solution at a dose of 20% of body 

weight. The exact time course of hyponatremia was not determined. However, in the present and 

in previous studies, occasional plasma sodium concentration measurements were made, and 

severe hyponatremia defined as plasma sodium levels of 125mmol/l or less was already attained 

after 30 min of water loading. The time-sensitivity and dynamics of development of 

hyponatremic brain edema were addressed previously in essentially the same experimental 

setting by using diffusion-weighted magnetic resonance imaging71. After the IP dextrose 

injection, the animals were allowed to survive for 120 minutes. At the conclusion of the 

experiments the animals were deeply anaesthetized, killed and their brains were removed.  

The tissue water content of the total brain was determined by weighing the brain before and after 

drying at 95°C for 48 h then at 105°C for further 48 h. The dehydrated samples were digested in 
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5 ml of 1 mol/l hydrochloric acid for 1 week. The sodium and potassium contents of these 

solutions were then measured by using a flame photometer. Plasma sodium concentration and 

plasma osmolality were determined with an ion-selective electrode, and a vapor pressure 

osmometer, respectively.  

 

2. Statistical analysis: 

For statistical analysis ANOVA post-hoc kruskal-wallis test was used. Results are presented as 

mean ± standard deviation. 

 

3. Results: 

As shown in Table III.1, IP administration of isotonic dextrose solution resulted in severe 

hyponatremia with a corresponding fall in plasma osmolality by the end of the 2-h-long 

hydration protocol. Hyponatremia was associated with a significant decrease of the sodium and 

potassium contents in the brain tissue. ICV pretreatment had no effect on these parameters. 

By contrast, brain water content responded to severe hyponatremia with a significant increase 

from the control value of 77.55±1.00% to 78.45±0.94% (p<0.01) followed by a further rise to 

79.35±0.80% (p<0.0005) when ICV AVP was given. Interestingly, the brain water content of the 

Benzamil group was 77.61±1.04%. i.e. ICV pretreatment with Benzamil completely abolished 

brain water accumulation that occurred in response to severe hyponatremia (Fig. III.1).  

 
Figure III.1: Brain water content.  

 

Brain water content in the different experimental groups: 
Group I: normonatremia + icv 0.9% NaCl; Group II: hyponatremia + icv 0.9% NaCl. Group III: hyponatremia + icv 
AVP. Group IV: hyponatremia + icv Benzamil. 
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Table III.1: 

Effects of intracerebroventricular injections  on osmolality, sodium and  potassium content 
of plasma and brain tissue: 

Group  
Number 

Plasma Na 
mmol/l 

Plasma osm. 
mOsm/l 

Tissue Na 
mmol/l 

Tissue K  
mmol/l 

I. (NN + NaCl) 145.82±4.81 315.05±7.47 24.88±1.36 12.26±1.29 
II. (HN + NaCl) 110.25±7.8*** 276.15±9.23*** 20.92± 1.32*** 9.25± 0.57*** 
III. (HN + AVP) 111.56± 11.94*** 275.12±10.94*** 21.08±1.97** 9.37±0.72*** 
IV. (HN + Banz.) 109.63±12.64*** 274.23±8.21*** 21.28±1.5*** 9.01±0.64*** 
Effects of intracerebroventricular injections on osmolality, sodium and  potassium content of plasma and brain tissue: 

Effects of intracerebroventricular injections of: 0.9% NaCl, arginin vasopressin (AVP) and Benzamil (Benz) on 
Sodium, osmolality and potassium concentrations. NN: normonatremia, HN: hyponatremia.  
**p<0.001, ***p<0.0005 as compared with normonatremic controls. 
 

4. Discussion 

These results show that ICV pretreatment with Benzamil, a specific sodium channel blocker, 

completely abolished the hypo-osmolality-related brain edema formation. These observations 

imply that cellular sodium uptake via activated sodium channels generates an osmotic gradient 

and may mediate osmotically driven passive water flux across AQP4, the brain specific water 

channel membrane protein.  

A well-documented fact is that Benzamil-blockable sodium channels function as one of the Na+ 

receptors in the central nervous system. These receptors allow the influx of extracellular sodium 

into cells, which in turn causes a release of endogenous AVP. 

Enhanced AVP secretion in turn activates sodium channels and contributes to further 

accumulation of cellular water99. Convincing experimental evidence, supporting this notion, has 

been provided demonstrating that the AVP-stimulated cellular sodium transport operates in the 

cortical collecting duct (CCD) cells in the kidney. Namely, AVP has been shown to increase 

sodium transport in the whole kidney100, in perfused CCD101-104, in primary CCD cell 

suspension105,106 and in several cell lines such as A6 cells107,108 and M-1 cells109 having the 

features of CCD. Exposure to AVP stimulation was found to augment the abundance of all three 

subunits (α,β,γ) of the epithelial sodium channel, which is assumed to account for the increased 

amiloride-sensitive sodium transport capacity100. It is of note that AVP was also demonstrated to 

have the ability to redistribute the epithelial sodium channel to the apical plasma membrane in 

A6 cells110,111. The stimulatory effects of AVP on amiloride-sensitive sodium transport are 

thought to be exerted through the V1b receptor-G-protein-sodium channel pathway112. 
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Considering that V1b receptors113,114 and sodium channels99,115,116 are widely distributed in the 

central nervous system, it is reasonable to suggest that AVP may function in an analogous way to 

increase cellular sodium and water uptake in the brain. Supporting this notion is the decreased 

volume regulatory sodium uptake, in response to hyperosmotic stress, in brain tissue of AVP-

deficient Brattleboro rats117. Furthermore, relevant data indicates that AVP prevents cells from 

effectively extruding osmotically active solutes during hypotonic exposure, thereby limiting the 

capacity of RVD118. Moreover, the calcium-coupled sodium efflux system is also inhibited by 

AVP119. 

Nishimura et al. suggested that AVP stimulates insertion of intracellular membrane vesicles 

containing activated sodium channels into the cell membrane by increasing intracellular cAMP99. 

In this way, AVP is likely to enhance the activity, density and selectivity of the amiloride-

sensitive sodium channel for Na+ in brain cells of spontaneous or DOCA-induced hypertensive 

rats. Activated sodium channels in turn may function as one of the brain sodium receptors and 

may be involved in the stimulation of AVP release when the brain is exposed to elevated 

concentrations of extracellular sodium99. On the basis of these observations, it is tempting to 

postulate that prevention of brain water increase in hyponatremic rats may be achieved by 

interfering with AVP, with the complex interaction of the V1b receptor-activated sodium 

channel, the cellular sodium influx and osmotically driven AQP4-mediated water accumulation.  

It is to be considered, however, that simultaneously with the activation of the sodium channel, 

the hyponatremic challenge reduces the osmotic water conductivity of AQP4 possibly through 

phosphorylation of this water channel protein. As a result, osmotic water flow into the cells is 

limited, and development of brain edema is attenuated120,121. It is also to be considered that 

hypotonic stress has been shown to directly stimulate sodium channel activity in the absence of 

AVP122,51, but this increased transmembrane sodium transport can be completely abolished by 

Benzamil. 
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IV. Quantitative proton MRI and MRS of the rat brai n with a 3T clinical MR scanner: 

 

1. Materials and methods: 

1.1. Experimental protocol: 

Eight Wistar rats (three females, five males) weighing 250-300g were used. The rats were 

intubated endotracheally and anesthesia was maintained with 1.5% isofurane at a 70:30 mixture 

of N2O:O2. The temperature of the animals was controlled using an isothermal pad. Rectal 

temperature was 36.5-37.5°C throughout the experiment. Each animal was fixed in a custom-

built MRI compatible head holder and placed through a loop of radio frequency (RF) coil. 

Following the completion of the MRI and MRS experiments, the animals were sacrificed with an 

overdose of isofurane, and their brains were rapidly extracted in a humid chamber. The brains 

were immediately weighed and dried to constant weight at 90°C. Water content in percentage 

(W) of each sample was calculated according to Eq. IV.1. This data was utilized later on for the 

calibration of the quantitative MRS measurement. 

 

Eq. IV.1:   W = 100 × (wet weight − dry weight)/wet weight 

 

1.2. MRI protocol: 

A 3.0 T (tesla) clinical MRI scanner with a field gradient strength of 40 miliTesla/meter (mT/m) 

was used. The body coil was used for excitation, and signal acquisition was carried out by 

utilizing a commercial loop of RF coil having an inner diameter of 40mm. Following scout 

images acquisition of the rat brain, the MRI and MRS measurements were performed. 

In a separate experiment, high-resolution T2-weighted MRI was performed on three rats 

using a turbo spin echo imaging sequence: TR/TE = 3000/76ms, slice thickness = 0.13mm,   

FOV = 33×33mm2, 256×256 pixel matrix, bandwidth = 40Hz/pixel, fat suppression with spectral 

attenuated inversion recovery method (SPAIR), number of acquisitions = 1. 

Diffusion was determined with a trace-weighted single shot echo planar imaging sequence: 

TR/TE = 4000/119ms, slice thickness = 1.9mm, distance factor = 0mm (i.e., no gap),            

FOV = 30×95mm2, 40×128 pixel matrix, bandwidth = 830Hz/pixel, number of acquisitions = 4, 

number of slices = 14, b values: 0, 500, 1000, 2000, 3000, 4000, 5000 and 6000s/mm2. 
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Prior to the MRS measuring, a 10×10×5mm voxel was designated in the middle of the rat 

brain (Fig. IV. 1). Following localized manual shimming and water suppression adjustment, a 

fully relaxed short-echo-time proton MR spectra (PRESS, TR/TE = 6000/30ms, 64 

accumulations) were acquired. For water suppression, chemical shift selective sequence 

[CHESS] pulse was used. At the end of the MRS experiment, water suppression was turned off 

in order to record a reference water signal for the metabolite concentration calibration.   

 

Fig. IV. 1: Magnetic resonance spectroscopy. 

 
Magnetic resonance spectroscopy:  
Positioning of the voxel on the animal`s brain, and the corresponding proton spectrum, showing major peaks of 
NAA: N-acetyl-aspartate; Cho: Choline; Cr: tot. creatine. 
 

1.3. Data processing:  

ADC maps were generated by a monoexponential fit of signal intensities in the low b value 

range (i.e., b = 0, 500 and 1000 s/mm2). Using the biexponential fit (Eq. IV. 2) over the extended 

b – value range, the ADC values of the rat cortex were broken down into ADCfast and ADCslow. 

 

Eq. IV. 2:   M/M0 = ffast exp(−b × ADCfast) + fslow exp(−b × ADCslow)  

 

Where M is the signal in the presence of diffusion sensitization, M0 is that in the absence of 

diffusion sensitization, ADCfast and ADCslow are apparent diffusion coefficient values, and ffast 
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and fslow are the contributions to the signal of the fast and slow-diffusing water compartments. 

Freehand regions of interests (ROIs) were drawn on the maps to yield mean values. 

Using the Siemens Leonardo Workstation, raw spectroscopic data were post-processed 

with the built-in Siemens spectroscopy software. We applied a Hanning filter and zero filling to 

2048 data points before Fourier transformation. Following manual baseline and phase correction, 

an automatic fit was applied to the Fourier-transformed spectra, and the peak integrals of water, 

choline (Cho), creatine (Cr) and N-acetyl-aspartate (NAA) were determined. The molar tissue 

water content (MWC) was calculated from the tissue water content (W) determined by the 

desiccation method and the molar concentration of pure water (55.6 mol/L). Absolute tissue 

metabolite concentrations could then be calculated using Eq. IV. 3. 

 
Eq. IV. 3:  C = IM × MWC × 2/(n × IW) 
 

where C is the molar concentration of the metabolite, n is the number of resonating protons, IM is 

the peak integral of a given metabolite, and IW is the peak integral of water. This formula applies 

only for spectra with a long TR and a short TE. 

 

1.4. Statistical analysis: 

In every animal, two ROIs were defined on each side of the cortex. Mean value and standard 

deviation (SD) were calculated by taking into account pixelwise data of both ROIs. The 

coefficient of variation (CV) was calculated (i.e. SD-to-mean ratio) in order to normalize the SD. 

 

2. Results: 

The high-resolution T2 weighted image (Fig. IV. 2) demonstrates the capabilities of a 3 T 

human MRI machine to achieve a microscopic resolution of 130×130×130µm3 (Signal to noise 

ratio (SNR) = 30). 

By utilizing only a low b value range (i.e., 0,500 and 1000 s/mm2), ADC maps were created (Fig. 

IV. 3). The low spatial resolution of the ADC map is mainly attributed to the gradient limitations 

of the scanner and not to the low SNR. In table IV.1, quantitative ADC data are presented. The 

large voxel size in DWI produced such a high SNR which allowed us to extend the acquisition of 

diffusion images to larger b values. Even at b values of 6000s/mm2 the SNR was higher than 15. 
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Using the biexponential approach throughout the whole b value range, ADCfast, ADCslow and 

their corresponding volume fractions were determined with acceptable standard deviation.  

 

Table IV.1: 

Quantitative ADC data: 
 ADCmono ADCfast ADCslow Pfast Pslow 

Mean 6.02 9.36 2.04 74.3 % 25.7 % 
CV (in %) 3.8 9.7 16 6.1 17.5 
ADC data and coefficient of variations (CV). Units of ADCmono, ADCfast, and ADCslow are presented in (×10-4mm2s-1) 
 

Fig. IV.2: T2-weighted image. 

 
High resolution (130×130×130µm3) T2-weighted image of the rat brain. 
 

Fig. IV.3: ADC map. 

 ADC map. 
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In Spectroscopy, the localized manual shimming of the voxel was essential in the signal 

acquisition. A representative spectrum of the rat brain is shown in Fig. IV.1. The SNR for the 

NAA peak was ≈17. This could have allowed for a smaller voxel size, however, due to 

limitations in the commercial PRESS sequence, this was impossible. The mean water 

concentration (W) in the rat brain was 78.0±0.5%. This was utilized for the calibration of the 

water peak as described in Eq. IV.3. The metabolite concentrations of NAA, Cr and Cho are 

listed in table IV. 2. 

 

Table IV. 2: 

Metabolites concentrations in the rat brain: 
 Choline (mmol/l) Creatine(mmol/l) N-acetyl-aspartate (mmol/l) 
Mean value 1.77 6.25 8.78 
C.V. (in %)  21 25 14 
Mean values and coefficient of variations (CV) of metabolites concentrations in the rat brain.  
 

3. Discussion: 

High quality small animal imaging on clinical MR scanners has been made feasible thanks to 

technological advances54,63,69,123 made in the field. With the development of higher magnetic 

field strength scanners as well as custom built coils, the use of small animals as test subjects for 

MR spectroscopy has also become a viable option124,125. Recently, mouse brain MRI experiments 

using a 2.35 T scanner were made with microscopic resolution126. Similar high resolution 

anatomical studies of rat brain were successfully performed using our 3T scanner at the expense 

of long measurement time (146 minutes), which is usual in these kinds of experiments69,128. 

It was previously demonstrated, mainly in rat brain stoke studies127, that human scanners have 

the capability to measure quantitative ADC data in the low b value range. The current set-up at 

3T gives a good SNR, but its limitations (mainly in gradients) do not allow better spatial 

resolution with the applied EPI sequence. Similar low spatial resolution ADC images obtained 

with clinical scanners have been reported in the literature at 3 T63. Such high SNR allowed us to 

extend the b values to a greater range. By using the biexponential analysis, we were able to gain 

further insight into the components making up the ADCmono. The ADCfast and ADCslow values are 

in very good agreement with available data in the literature53,73,85. ADCmono, (×10−4 mm2s−1), 

ADCslow (×10−4 mm2s−1) and the volume fractions (%) are practically identical to the results of a 

mouse study73 at 9.4 T (ADCmono: 6.02±3.8% vs. 5.90±3.4%; ADCslow: 2.04±16.0% vs. 



25 

 

2.02±9.9%; pfast: 74±4.0% vs. 75±4.0%). It is intriguing that despite the markedly increased 

diffusion and echo time, the volume fractions do not change. Despite the current debate in the 

literature about the origin of the biexponential signal decay of diffusion measurements, our 

results show good reproducibility regardless of the field strength and echo time. 

Quantitative proton MRS in the rat brain was preformed successfully. The capability of a 3T 

clinical scanner to measure MRS of the rat brain was previously demonstrated through the use of 

special, non-commercial hardware elements124,125. In our study, the metabolite concentrations are 

in overall agreement with literature data128,129 and they are practically identical to values reported 

for mouse brain using the same water reference strategy130. 
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V. The influence of Benzamil hydrochloride on the evolution of hyponatremic brain edema 

as assessed by in vivo MRI study in rats: 

 

1. Materials and methods: 

1.1. Experimental protocol: 

Thirty three male Wistar rats weighing 350–450 g were used. The animals were randomly 

assigned into one of five groups: The NN group (normonatremic native animals, n=7), the HN 

group (hyponatremic animals, n=8), the HNB group (hyponatremic animals treated with ICV 

Benzamil, n=8), the HNS group (hyponatremic animals treated with ICV saline, n=5), and the 

NNB group (normonatremic animals treated with ICV Benzamil, n=5). The animals were 

anesthetized in a bell jar for 5 minutes under a 70:30 mixture of N2O:O2 containing 4% 

isofurane. The animals were then intubated endotracheally and anesthesia was maintained 

continuously with 1.75–2.25% isofurane (Fig. V.1).  

 

Fig. V. 1: Animal anesthesia and peritoneal cannulation. 

 
Animal anesthesia and peritoneal cannulation: 
A veterinarian small animal anesthesia device used to maintain constant anesthesia, and commercially available 
venous cannulas and infusion tubes used for peritoneal cannulation.  
 

The rectal temperature was measured continuously, and the animals were maintained at 36–

37°C. Through the use of an MRI compatible rectal probe and thermometer, and by using a 
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feedback mechanism that controlled a custom-built silicon tube, shaped to form a cylinder 

around the animal, connected to a hot/cold water circulator device it was possible to maintain 

constant body temperature in the animals (Fig. V.2).   

 

Fig. V. 2: Temperature control.  

 
Temperature control: 

An MRI compatible rectal probe and thermometer, and a silicon tube, shaped to form a cylinder around the animal, 
connected to a hot/cold water circulator device. 
The head of each animal was fixed in a custom built MRI-compatible head-fixing device, and its head was pulled 
through a loop of RF coil.  

 

For ICV Benzamil or Benzamil vehicle (saline) administration to the HNB, HNS, and NNB 

groups, prior to their placement in the MRI machine, the animals were placed in a stereotaxic 

device. A midline scalp incision was made, the skull was exposed, and then drilled at the 

following coordinates referred to the bregma: 0.8 mm posterior, 1.5 mm lateral. Water 

intoxication was employed in order to induce hyponatremia inside the MRI machine. For this, 

the peritoneum of each animal was cannulated with commercially available venous cannules and 

infusion tubes (Fig. V.1). Following the preparation, each rat was fixed in a custom built MRI-

compatible head-fixing device, and its head was pulled through a loop of RF coil (Fig. V.2) The 

animal was then placed in the MRI machine, and its head was aligned parallel to the axis of the 

magnet. From this point on, the animals remained untouched inside the MRI machine up until 

the completion of the 2-h MRI protocol. After establishment of the baseline MRI measurement 
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for each animal, induction of acute hyponatremia was achieved by way of water loading. For 

induction of hyponatremia, 140 mmol/l dextrose solution in a dose corresponding to 

approximately 20% of the animal’s body weight was injected by bolus injection via the 

previously prepared peritoneal cannula from outside the machine, while the animal remained 

immobile inside the machine. The dextrose solution was maintained at a temperature of 

35.8±1°C in order to avoid any dramatic temperature shifts following the IP injection. The 

correctness of the IP injection site was verified by visualization with an MRI measurement, 

before and directly after the animals in the HN, HNS, and HNB groups had received the injection 

(Fig. V.3). 

 

Fig. V. 3: Intraperitoneal  injection verification. 

 
Intraperitoneal injection verification: 
Correct IP (Intraperitoneal) injection verification accomplished by comparing the images. The dextrose solution is 
apparent in the peritoneal cavity immediately after the IP injection (bottom image, marked with an arrow) as 
compared to the image taken right before the IP injection (Upper image). 
 

Immediately following verification of the IP injection, 4µg Benzamil hydrochloride in 4µl saline 

was injected ICV into the right lateral ventricle of the HNB group animals, at the pre-drilled site 

coordinates that referred to the bregma: 0.8 mm posterior, 1.5 mm lateral, and 4 mm deep. The 

appropriate location for injection site into the lateral ventricle was established in our earlier 

experiments, as well as previous studies71. Immediately after the ICV injection of Benzamil or 

saline, the MRI measurement protocol began. Following completion of the MRI measurements, 
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the animals were removed from the machine. They were deeply anesthetized, and blood was 

withdrawn via a cardiac puncture for determination of the serum sodium and potassium 

concentrations, as well as plasma osmolality. Immediately following this, the animals were 

sacrificed with an overdose of thiopental. 

 

1.2. MRI protocol: 

MRI measurements were made on a 3.0-T clinical MRI scanner with a field gradient strength of 

40mT/m. The body coil was used for excitation, and a commercially available loop of RF coil 

with an inner diameter of 40mm for signal acquisition.  

For establishment of the baseline for the MRI measurements, following the correct placement of 

each animal into the machine, three spectroscopic and diffusion-weighted measurements were 

made. After the IP injection, the correct location of the injection was verified via a turbo spin 

echo sequence. Following verification, serial diffusion weighted and spectroscopy scans were 

recorded every 10 minutes until the completion of the MR protocol 2 hours (h) later. In the 

groups receiving ICV injection, Benzamil or saline was injected right after the IP injection, and 

immediately before the serial MRI scans.  

For IP injection site verification, a turbo spin echo imaging sequence was run, before and 

immediately after the IP injection, by using the body coil for signal reception: TR/TE = 3000/78 

ms, slice thickness=4 mm, distance factor=0.8 mm. FOV=300 mm, 77x256 pixel matrix, 

bandwidth=217 Hz, echo train length=20, number of slices=6 in sagittal orientation; standard fat 

suppression was used. 

Diffusion was determined with a trace-weighted single-shot echo planar imaging sequence: 

repetition time/echo time (TR/TE)=3,000/86 ms, slice thickness=1.9 mm, distance factor=0 mm 

(i.e. no gap), field of view (FOV)=29×95 mm, 40×128-pixel matrix, bandwidth=830 Hz, number 

of acquisitions=4, number of slices=10, b values: 0, 500, and 1,000 s/mm2.  

For water signal acquisition proton spectroscopy was used. The voxel size was adjusted 

individually to each animal in order to match the brain size perfectly (the average voxel size was 

13×10× 6 mm). After localized manual shimming, only an unsuppressed water signal was 

recorded. For this, a fully relaxed short-echo-time proton MR spectrum was run with the PRESS 

(point-resolved spectroscopy) sequence: TR/TE=10,000/30 ms, number of acquisitions = 1, 

preparation scans=1, vector size=2,048 points, bandwidth=2,500 Hz, no water suppression. 
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1.3. Data processing: 

Diffusion analysis was performed with the MATLAB curve-fitting toolbox. For the curve 

fitting Eq.V.1. was used: 

 

Eq.V.1:   M = M0 × exp( - b × ADC) 

 

Where M is the signal in the presence of diffusion sensitization, M0 is the signal in the absence 

of diffusion sensitization, b is the b value describing the diffusion sensitizing gradient used for 

the measurement, and ADC is the apparent diffusion coefficient value. Freehand ROIs were 

drawn on diffusion-weighted images and parameters were calculated according to the selected 

region. ROIs were placed in such a way that they covered both the right and left cortices of the 

brain. 

For water signal evaluation, standard spectroscopy software was used on a Siemens 

Leonardo workstation. For signal processing only Fourier transformation was applied. The 

frequency domain of the water signal was fitted according to Lorenzian distribution, and the 

integral of the fitted signal was used for comparison between the different time points.  

The changes in ADC and water signal were referred to the average of the initial three base line 

measurements. 

 

1.4. Statistical analysis: 

The data for the experimental groups were compared by using one-way analysis of variance 

(ANOVA), and two sample equal variance Student t-tests. The two statistical evaluations gave 

practically identical results. Values are expressed as mean±standard deviation. 

 

2. Results: 

Body temperature of each animal was maintained very strictly within narrow limits. The IP 

injection in the HN, HNB and HNS groups did not cause a significant temperature change 

relative to the baseline measurement. The average rectal temperatures of the animals were 

maintained within 1°C in each group. 

  



31 

 

By the end of the hydration protocol, roughly 130 minutes from the time of hyponatremia 

induction, the IP injected dextrose solution had induced a marked decrease in serum osmolality 

from 312.71±8.63 mOsm/l (NN), to 265.85±4.24 mOsm/l, 271.33±4.5 mOsm/l and 268.25±9.75 

mOsm/l in the HN, HNS, and the HNB groups, respectively (p<0.0001) (Table V.1).  

 

Table V.1:  

Blood parameter analysis: 
Group Description Na (mmol/l) K (mmol/l) Osmolality (mOsm/l) 
Gr. I. Native animals 142.11±2.33 6.33±1.8 312.71±8.63 
Gr. II. HN animals 109.27±3.42* 6.91±1.58 265.85±4.24* 
Gr. III. HN + Benzamil animals 108.86+4.13* 7.25±1.55 268.25±9.75* 
Gr. IV. HN animals + saline 105.7±7.77* 6.86±2.63 271.33±4.5* 
Gr. V. Native animals + Benzamil 139.33±1.52 5.97±1.01 313.66±1.15 
Blood parameter analysis: 

Serum sodium, potassium, and osmolality at the end of the 2 hour MR protocol. H.N: hyponatremic.  
* p<0.0001 as compared to native group. 
 

Similar to the serum osmolality, the serum sodium concentration decreased significantly from 

142.11±2.33 mmol/l (NN), to 109.27±3.42 mmol/l, 105.7±7.77 mmol/l and 108.86±4.13 mmol/l 

in the HN, HNS and HNB groups, respectively (p<0.0001). Benzamil administered ICV to native 

animals had no significant effect on these parameters relative to those in the control group. 

The diffusion-weighted scans yielded ADC maps showing a mean ADC range of 6.90–

7.40×10−4 mm2s−1 in the cerebral cortex of the native animals.  
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Fig. V. 4: 

 
Apparent diffusion coefficient values: 
ADC values measured every 10 minutes, normalized to the average of the initial three baseline measurements. 
Normonatremic animals (NN); Hyponatremic animals (HN); Benzamil-treated hyponatremic group (HNB); Saline- 
injected hyponatremic animals (HNS); Benzamil-treated normonatremic group (NNB).  
* p<0.05; ** p<0.0005 
 
In the HN group ADC started to decline progressively from the baseline immediately after the 

induction of hyponatremia. This decrease became significant (p<0.05) at 20 min. The ADC 

continued to decrease to reach a minimum of -7.67±3.20% at 90 min (p<0.0005) from the base 

line. In Benzamil pretreated animals this ADC decline was absent. In the HNB group there was 

no decline in ADC throughout the 2-h hydration protocol and there was no significant difference 

between this group and that of the native animals. ADC in animals of the HNS group, treated 

with icv saline, did not show significant difference compared with the HN group (Fig.V.4). 

In contrast to the ADC, the water signal of the HN group increased markedly relative to the 

NN group. This elevation became significant (p<0.05) at 40 min., and reached its maximum at 

100 min with a 5.95±2.62% increase (p<0.0005) from the base line (Fig.V.5).  
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Fig. V. 5: 

 
Water signal values: 
Water signals measured every 10 minutes, normalized to the average of the initial three baseline measurements. 
Normonatremic animals (NN); Hyponatremic animals (HN); Benzamil-treated hyponatremic group (HNB); Saline- 
injected hyponatremic animals (HNS); Benzamil-treated normonatremic group (NNB) 
* p<0.05 
** p<0.0005 
 
The water signal of the HNB group was lower than that of the HN group (p<0.01). Benzamil 
pretreatment of normonatremic animals did not cause any significant changes in the water signal 
compared with the native animal group, and pretreatment of hyponatremic animals with ICV 
saline showed a tendency of water signal elevation similar to the one measured in the HN group. 
The differences between these groups proved to be non-significant. 
 

3. Discussion: 

The present in vivo study provides experimental evidences that serial MRI scans are a reliable 

quantitative estimate of brain water accumulation (MR spectroscopy - water signal) and its 

cellular distribution (ADC) in hyponatremic rats. Moreover, it clearly shows that ICV 

pretreatment with Benzamil hydrochloride, a specific ENaC blocker, promptly and effectively 

inhibits the evolution of hyponatremic brain edema. These results suggest that ENaC activation 

is intimately involved in the initiation and progression of brain edema formation in rats exposed 

to acute hyponatremic stress. It is of practical importance that the MRI-derived in-vivo water 

measurements correspond well to our previous in-vitro direct tissue water determination, as seen 
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in chapter III. Benzamil-blockable brain ENaCs have been claimed to play an important role in 

the perception of sodium concentration in CSF and brain tissue. They were also implicated in the 

mediation of hemodynamic, autonomic nervous and endocrinological responses induced by ICV 

administration of hypertonic NaCl. Indeed, acute increase of CSF sodium concentration in 

hypertensive rat models induced an elevation in mean arterial pressure, heart rate, norepinephrine 

and vasopressin secretion. All these effects could be abolished by ICV pretreatment with 

Benzamil99. Similarly, ICV Benzamil administration markedly reduced mRNA and protein 

expression of the brain rennin angiotensin system in DOCA-salt hypertensive rats116. Intravenous 

Benzamil administration however, had no effect on these parameters, implying that Benzamil 

hydrochloride does not readily cross the BBB. The interrelationship of ICV Benzamil, sodium 

levels and brain ENaCs is not clearly defined. In our acute study, ICV Benzamil administration 

to normonatremic animals did not alter plasma sodium levels, however, tissue sodium was not 

measured. Recently, it was shown that ICV Benzamil infusion for 1 or 2 weeks in rats, increased 

CSF sodium concentration and lowered hypothalamic tissue sodium significantly. Similar 

changes were observed when sodium-rich artificial CSF was infused ICV43. The elevated CSF 

sodium in turn enhances the gene and protein expression of ENaC subunits and those of some 

related proteins in the brain epithelia43. With respect to the acute nature of our experiments, ICV 

administration of Benzamil into hyponatremic rats is unlikely to alter brain ENaC synthesis but 

rather it may interfere with surface expression and/or gating mechanisms of this channel 

protein131. Our results are in apparent conflict with the traditional concept of RVD. RVD is a 

complex process consisting of several distinct and interdependent functional elements by which 

the brain adapts to hyponatremia and permits survival without fatal degrees of cerebral edema. 

Many details of the molecular and cellular mechanisms of volume adjustment to hypo-osmotic 

challenge have been described in individual cells and in the whole brain. It is intriguing that 

sodium flux has not been implicated yet in RVD mechanisms. It is to be considered, however, 

that hypotonic stress itself has been shown to stimulate directly ENaC activity and several lines 

of evidence suggest that in response to hypo-osmolality transmembrane sodium influx is greatly 

increased. This increase however, can be completely abolished by Benzamil50,51,132,133. Some 

aspects of the underlying mechanism(s) of this process have been explored by demonstrating that 

(i) hypotonic activation of cellular sodium uptake is dependent on the protein tyrosine 

kinase/tyrosine kinase receptors50,51, and (ii) it can be divided into two phases: during the early 
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phase, translocation of the preformed sodium channels occurs into the apical membrane by way 

of a protein synthesis-independent pathway. In the late phase, sodium channels mRNA 

expression is stimulated, and new channel protein is synthesized51. The signal for sodium 

channel trafficking and synthesis includes the reduction of intracellular osmolality and decrease 

of cytosolic Cl- concentration134,135. A further support for the possible role of ENaC in the 

development of brain edema is that the elements of V1b receptor-G protein-sodium channels are 

widely distributed in the central nervous system and central AVP has been documented to 

enhance cellular sodium and water uptake43,113,136,137. 

All these observations can be regarded as convincing evidences for an important role of 

hypotonicity-induced sodium transport in RVD. One can assume that extrusion of osmolytes 

from the hypotonic cells is opposed by sodium influx, ensuring a fine tuning of cell-brain volume 

regulation. Moreover, this control mechanism may prevent overshooting of the reduction of 

osmolytes and volume when RVD is accomplished and the initial volume of cells is regained. 
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VI. A biexponential DWI study in rat brain intracel lular oedema: 

 

1. Materials and methods: 

1.1. Experimental protocol: 

Ten male Wistar rats weighing 380–450 g were used. The animals were endotracheally intubated 

and anesthesia was maintained at 1.75–2.25% isofurane in a 70:30 mixture of N2O:O2. Rectal 

temperature was continuously measured using an MRI compatible rectal probe. The animals 

were maintained at 36–37°C. Using a silicon tube, shaped to form a cylinder around the animal, 

connected to a hot/cold water circulator device and employing a feedback mechanism, we were 

able to heat or cool the animal’s surrounding (Fig. V.2).  

For water loading and hyponatremia induction, the animal’s peritoneum was cannulated using a 

commercially available venous cannulas and infusion tubes (Fig. V.1). Following this 

preparation, each animal was fixed in a custom-built MRI compatible head fixing device, and its 

head pulled through a loop of RF coil. The animals were then placed into the MR machine, and 

their brains were aligned parallel with the magnet’s axis. Following establishment of a base-line 

measurement, the water loading took place. An IP injection of 140mmol/L dextrose solution at a 

dose of 20% body weight was given from outside of the MR machine. Correct IP injection site 

was visualized with an MR measurement. At the completion of the MR measurements, the 

animals were removed from the MR and sacrificed with an over-dose of thiopental. Blood was 

acquired by way of cardiac puncture for serum analysis of sodium and potassium as well as 

plasma osmolality. The animals then underwent perfusion fixation using physiological saline and 

5% glutaraldehyde in Cacodylate buffer. Following 24 h, the brains of the animals were removed 

and analyzed for electron microscopy (EM). The exact method of EM analysis is described 

previously138. 

 

1.2. MRI protocol: 

3.0-T clinical MRI scanner with a field gradient strength of 40mT/m was used. The body coil 

was used for excitation and a commercially available loop of RF coil, having an inner diameter 

of 40mm was used for the signal acquisition.  

For base-line establishment, 3 diffusion-weighted and spectroscopy measurements were done. 

Following verification of the correct IP injection (Fig. V.3) using a turbo spin echo sequence, the 
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MR measurement protocol began, which included serial diffusion weighted and spectroscopy 

scans every 10 minutes for 2 hours.  

Intraperitoneal injection site verification was achieved with a turbo spin echo imaging 

sequence before and immediately after the IP injection. By using the body coil for signal 

reception: TR/TE = 3000/78ms, slice thickness = 4mm, distance factor = 0.8mm. FOV = 300mm, 

77x256 pixel matrix, bandwidth = 217Hz, echo train length = 20, number of slices = 6 in sagittal 

orientation; standard fat suppression was used. 

Diffusion was determined with a trace-weighted single shot spin echo EPI sequence: 

TR/TE = 3000/115ms, slice thickness = 1.9mm, distance factor = 0mm (i.e. no gap), FOV = 

29mm×95mm, 40×128 pixel matrix, bandwidth = 830Hz, number of acquisitions = 6, number of 

slices = 10, b values: 0, 500, 1000, 2000, 3000, 4000, 5000, and 6000 s/mm2. 

Proton spectroscopy measured water signal. The voxel was adjusted to each animal in order 

to cover the brain as much as possible (The average voxel size was 13mm×10mm×5mm). 

Following localized manual shimming, a fully relaxed short-echo-time proton MR spectrum was 

measured using the PRESS (point resolved spectroscopy) sequence: TR/TE = 10,000/30ms, 

number of acquisitions 1, preparation scans 1, vector size 2048 points, bandwidth 2500Hz, 

without water suppression. In this way only the unsuppressed water signal was recorded. 

  

1.3. Data processing: 

Diffusion analysis was performed using the MATLAB curve fitting toolbox. Both 

monoexponential and biexponential approaches were used while performing curve fitting of the 

data. For standard mono-exponential fitting we used Eq. VI.1. 

 

Eq. VI.1:  M = M0 × exp(−b × ADC) 

 

where M is the signal in the presence of diffusion sensitization, M0 is that in the absence of 

diffusion sensitization, b is the b - value describing the diffusion sensitizing gradient used for the  

measurement (b - values of only 0, 500, 1000s/mm2 were used for the mono-exponential fit), 

ADC is the apparent diffusion coefficient value.  

By analyzing the whole measured b - value range (b 0–6000s/mm2), the ADC values of the rat 

cortex were broken down into ADCfast and ADCslow. In order to do this, Eq. VI. 2 was used:  
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Eq. VI.2:   M/M0= pfast exp(−b × ADCfast) ± pslow exp(−b × ADCslow) 

 

where M is the signal in the presence of diffusion sensitization, M0 is that in the absence of 

diffusion sensitization, ADCfast and ADCslow are apparent diffusion coefficient values, and pfast 

and pslow are the percentages of contributions to the signal from the fast and slow-diffusing water 

compartments (pfast =1−pslow).  

Freehand ROIs were drawn on diffusion weighted images covering both sides of the cortex. 

Parameters were calculated according to the selected region.  

For the water signal evaluation standard spectroscopy software was used on a Siemens Leonardo 

workstation. For signal processing only Fourier transformation was applied. The frequency 

domain of the water signal was fitted according to a Lorenzian distribution, and the integral 

value of the fitted signal was used for the comparison between the different time points.  

ADC and water signal changes are referenced to the average of the initial three base line 

measurements.  

 

1.4. Statistical analysis: 

Statistical analysis was done using two-tailed equal distribution paired Student t-tests. Values are 

expressed as means ± standard deviation. 

 

2. Results: 

The water loading caused a severe hyponatremia reaching a serum sodium level of 

107.93±4.07 mmol/l. This hyponatremia was accompanied with a decrease of serum osmolality 

to levels of 264.5±10.05 mOsm/l (Table VI.1).  

 

Table VI. 1: 

Blood parameter analysis: 
Serum 
data B-1 B-2 B-3 B-4 B-5 B-6 B-7 B-8 B-9 B-10 Average 

Standard 
deviation 

Na 
(mM/l)  103.2 110.9 108.2 108 114.5 108 112.5 105.9 100.9 107.2 107.93 4.0743 

K (mM/l ) 6.34 5.3 6.43 6.73 6.38 8.2 6.53 6.02 7.68 5.76 6.537 0.8554 
Osmol 
(mOsm/l) 257 257 252 272 272 277 280 265 258 255 264.5 10.058 
Blood parameter analysis: 
Serum sodium, potassium, and osmolality at the end of the 2 hour MR protocol. 
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Prior to the water loading, an average ADC of 724±43µm2/s was measured in the cerebral 

cortex of the animals. Shortly after commencing the hydration protocol, the ADC (ADCmono) 

values started to significantly decline (p < 0.05) practically immediately from the reference value 

of 724±43 to 706±32µm2/s. These values continued to decline reaching 682±26µm2/s at the 

120min mark (p < 0.0001) (Fig.VI.1).  

 

Fig.VI.1: 

 
ADC – monoexponential: 
Average ADC values, measured every 10 minutes, in the rat cerebral cortex. Immediately following the 
intraperitoneal injection (IPI) the ADC values start to decline.  
*(p<0.05); **(p<0.001); ***(p<0.0001)  
 

With further evaluation of the fast and slow components of ADC, we found that the ADCfast 

values were declining as well. This decrease became significant at 20min, when the ADCfast 

values decreased from 948±122 to 895±67µm2/s (p < 0.05). At the end of the 2 h, ADCfast 

reached its lowest point of 840±66µm2/s (p < 0.001) (Fig. VI.2). 

ADCslow parameters exhibited a very small yet significant decrease towards the end of the MR 

measurement. The ADCslow values reached their lowest point of 191±74µm2/s (p < 0.05) at the 

110 min. time point (Fig. VI.3). 
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Fig.VI.2: 

 
ADC fast: 
Average values of the fast component of ADC, measured every 10 minutes, in the rat cerebral cortex. Immediately 
following the intraperitoneal injection (IPI) the ADC-fast values start to decline.  
*(p<0.05); **(p<0.001)  
 
Fig.VI.3: 

 
ADC slow: 
Average values of the slow component of ADC, measured every 10 minutes, in the rat cerebral cortex. Following 
the intraperitoneal injection (IPI) the ADC-slow exhibits a tendency to decline. 
*(p<0.05) 
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An evaluation of the slow (Pslow) and fast (Pfast) volume fractions, it is evident that while the Pfast 

exhibits a tendency to increase, the Pslow shows the opposite tendency to decline. The changes in 

the Pfast and Pslow of 76.56±7.79% to 81.2±7.47% and 23.43±7.79% to 18.79±7.47% respectively 

become significant (p < 0.05) at the 110min time point (Fig.VI. 4). 

 

Fig.VI.4: 

 
Percentage fast and slow fractions: 
Average percentages of the fast (% fast) and slow (% slow) components of ADC, measured every 10 minutes, in the 
rat cerebral cortex. Following the intraperitoneal injection (IPI) the ADC percentages of the fast and slow 
components exhibit a tendency to increase and decrease, respectively. 
 *p<0.05  
 

Reliability of the biexponential analysis considerably depends on the noise level, however the 

signal to noise ratio was large enough even on the images acquired with a b-value of 6000s/mm2 

(Fig. VI. 5).  

The results of the spectroscopy measurements showed that the water signal was increasing. 

The water signal continued to elevate up until the 110min time point. Reaching an increase of 

4.98±3.52% from the averaged base line (p < 0.01) (Fig. VI. 6). 
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Fig.VI.5:  

Signal and noise-level vs. b-value 
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Signal and noise-level vs. b-value: 
Average diffusion weighted signal decay originating from rat brains before edema induction. The error bars are 
hardly visible because of the low standard deviations. The noise level is demonstrated by a dotted line.  The figure 
also shows the signal to noise ratio (i.e. average signal intensity over the standard deviation of the noise) at each b-
value. 
 

Fig.VI.6: 

 
Water signal: 
The evolution of the total brain average water signal values, measured every 10 minutes. Following the 
intraperitonel injection (IPI) the water signal was increasing.  
*p<0.05; **p<0.01  



43 

 

Electron microscope observations in the examined areas of both the temporal cortex and 

the caudo-putamen, with negligible exceptions, the excess water was found in astrocytes (i.e. 

intracellular edema); within their cell bodies (Fig.VI. 7b) as well as in their perivascular end-feet 

(Fig.VI.7a). The bulk of excess water was present around arterioles (Fig.VI 7c), less was found 

next to venules or capillaries (Fig. VI. 7a and b). In most cases the water-filled astrocytic profiles 

were surrounded by membranes with very thin extracellular space between them (Fig.VI. 7a and 

b), indicating that the role of the latter was unimportant in storing the excess water. In cases 

where relatively large volumes of excess water were present around a blood vessel, the 

membranes between two water-filled end-feet of astrocytic processes were focally torn, and 

partially or completely disintegrated (Fig. VI 7c), but the excess water did not invade the opened 

extracellular space (Fig.VI. 7d). In several places, remnants of the disintegrated organelles of 

swollen astrocytes self-assembled into regular (Fig. VI. 7e) or irregular myelin bodies (Fig. VI. 

7f). 

 

3. Discussion: 
The biexponential approach is considered to be a robust model which gives consistent ADCs and 

volume fraction values in the brain tissue. It appears to be insensitive to inversion pulse (T1), 

magnetization transfer, and extension of echo time (T2)85,87. Similar values of ADC and volume 

fractions were recorded regardless of field strength53,85,88,73,139,140, diffusion time and 

sequences73,87,88 ,140. A recent paper, however, suggests that ADCslow increases by extending the 

diffusion time while ADCfast and the volume fractions are still insensitive to this94. The 

predominance of the fast volume fraction (i.e. Pfast≈70–80%) is so consistent that it does not 

change much, regardless of species (human brain73,87,140, mouse brain53,73, rat brain85) or tissue 

types (brain53,73,85, muscle141, prostate142,143). These characteristics of the bi-exponential approach 

may substantiate that it will have diagnostic value in the daily clinical practice73,139,140 similar to 

the mono-exponential approach in the low b-value range. Despite the fact that the cause of ADC 

changes in brain pathologies is still unclear and that the monoexponential fit was invented for 

“free” diffusion in solutions, it became the gold standard for diagnosis e.g. in stroke144,145. 

In our experiment, we induced an intracellular edema that resulted in unexpected volume 

fractions. Contrary to stroke53,85, 139 , Pfast increased.  



44 

 

Fig. VI.7: Photoelectron micrograph. 

 
Photoelectron micrograph showing water accumulation and myelin body formation: 
a: L marks the lumen of a venule, asterisks end-feet of astrocytes. A long thin arrow points to a pericyte, a short thin 
arrow to an endothelial cell, and a short thick arrow to the basement membrane.  
b: L marks the lumen of a capillary, N the nucleus of a perivascular astrocyte, P a protrusion of the astrocyte, and 
asterisks end-feet of astrocytes. 
c: L marks the lumen of an arteriole, an asterisks a large fluid-filled space originated from the fusion of several 
astrocytic end feet. The arrows mark torn ends of the membranes of neighboring astrocytic processes 
d: The asterisks mark two fluid-filled adjacent astrocytic end-feet with a torn section of the membranes between 
them. An arrow points to the extracellular space between the membranes of the two neighboring astrocytic endfeet. 
e: A regular myelin body. 
f.: An irregular myelin body. 
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The magnitude of ADCmono decrease from the baseline (−5.71±4.0%) is considerably smaller 

than that detected in stroke (−40%146). However, there are substantial differences that can 

explain the discrepancy. Based on the electron microscopic images (Fig. VI. 7), in intracellular 

edema (i.e. water load) the perivascular astrocytes are swollen, while most of the neurons appear 

to be intact. Cells can cope with the intracellular edema since the energy stores are not 

compromised due to intact blood supply. There is a lack of tissue necrosis that could have 

resulted in degradation of macromolecules and dysfunction of membrane pumps and channels. 

Therefore, based on our experiments it can be deduced that the intracellular edema alone (i.e. 

water shift from extracellular to intracellular space) results in volume fractions changes that are 

different from the ones observed in stroke.  

Our results are in apparent contradiction with in-vitro studies describing cell swelling (i.e. extra 

to intracellular water shift) due to hypotonic medium or inhibition of Na-K ATPase96,97 or 

application of NMDA147. The in-vitro results showed no change in ADCfast and ADCslow, while 

Pfast was decreasing. Several limitations about the in-vitro studies should be mentioned: (i) The 

measurements were carried out at room temperature. This has the potential to cause 

conformational changes in proteins and significantly slow down enzymatic processes. (ii) A 

well-documented fact from in-vivo studies is that a radical ADC decrease is almost immediate 

(2–3min) if anoxia-ischemia takes place146. Therefore, the time required for the tissue 

preparation would have been enough to cause ischemia. This notion is supported by the volume 

fractions (Pfast was 53%) in the in-vitro measured rat hippocampus97 which highly resemble 

volume fractions detected during in-vivo brain ischemia experiments53,139. Unfortunately, due to 

the application of room temperature, the ADC values are not comparable. (iii) The in-vitro 

application of hypotonic solutions to elicit intracellular edema does not model the in-vivo 

circumstances since it appears that in-vivo mostly astrocytes are swollen while in-vitro all tissue 

elements are presumed to swell (i.e. no blood flow, and all cells that come into contact with the 

hypotonic solution swell). 

Table VI. 2 summarizes results of biexponential diffusion measurements in different pathological 

conditions. If we take into account only edematous tissue and in-vivo studies, it seems that the 

intracellular and extracellular edema do have MR fingerprints, that would be of interest in the 

daily clinical practice. It is clear from Table VI. 2, that ADCfast would have a diagnostic value, 

since it decreases in intracellular edema (i.e. stroke, hypotonic conditions) and increases in 
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extracellular (e.g. vasogenic) edema. The latter is obvious also in muscle edema in which the 

presumed extracellular water increase causes Pfast and ADCfast elevations141.  

 

Table VI. 2: 

Biexponential DWI parameters in different pathologies: 
Paper Species and Pathology ADC (f) change ADC (s) change Fraction (f) change 
Our 
results 

Rat, hyponatremia Decrease Very slight 
decrease   

Increase: From 
76.56% to 81.2%  

Brugières 
et al.139 

Human, stroke. Slight increase 1 
day after stroke. 

Increase. Decrease: From 
74.3% to 49.1%. 

Schwacz 
et al.73 

i) Mice, cold injury. 
(perifocal edema). 
 

ii)  Human, pritumoral 
edema. 

i) Increase. 
 
ii)  Increase. 

i) No change. 
 

ii)  No change. 

i) Increase: From 
75% to 79%* 

ii)  Increase: From 
63% to 89%. 

Schwacz 
et al.53 

i) Mice, stroke. 
ii)  Mice, core cold injury. 

i) Decrease. 
ii)  Increase. 

i) Decrease. 
ii)  Decrease. 

i) Decrease: From 
79% to 57%. 

ii)  Decrease: From 
78% to 67% 

Niendorf 
et al.85 

Rat (caudate nucleus), 
global ischemia. 

Decrease. Decrease. Decrease: From 
80% to 69%. 

Maier et 
al.140 

Human, peritumoral 
edema. 

Increase. No change. Increase: From 69% 
to 90%. 

Ababneh 
et al.141 

Rat, extracellular muscle 
edema. 

Increase. Increase. Increase: from 84% 
to 89%. 

Buckley  
et al.97 

Rat (hippocampal slice), 
Ouabain intoxication. 

No change. No change. Decrease: From 
53% to 44%. 

Bui et 
al.147 

Rat (hippocampal slice), 
NMDA intoxication. 

No change. No change. Decrease: From 
55% to 50%. 

Shepherd 
et al.96 

Human (perfused 
hippocampal slice) 
i) Hyponatremia. 
ii)  Hypernatremia. 

i) No change. 
 

ii)  No change. 

i) No change. 
 
ii)  Increase. 

i) Decrease: From 
71% to 65%. 

ii)  Increase: From 
71% to 78%. 

Biexponential DWI parameters in different pathologies. 
*(no statistical significance) 
 

Another parameter that would have diagnostic value in differentiating the different conditions 

and subtypes of edema (i.e. identifying components of free vs. bound water rather than 

compartments of intracellular vs. extracellular edema) is the Pfast. It is hypothesized that the fast 

component represents free, bulk water that would be the ideal candidate to be eliminated from 

edematous tissue. Opposing this theory is the fact that the core region of cold injury shows a 
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different behavior (Table VI. 2): Pfast decreases despite the presence of vasogenic edema. 

However, considering that the core of the cold injury contains disintegrated cells53, meaning that 

necrosis and vasogenic edema are present at the same location. If necrosis-apoptosis dominate 

over the vasogenic edema the net result will cause a marked decrease in Pfast. By expanding our 

observation, and evaluating the penumbra region of the cold injury which presumably contains 

living tissue with extracellular edema73 we find that in this location, according to expectation 

ADCfast and Pfast are increasing. 
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VII. Limitations of our studies:  

 

1. Limitations of the Benzamil studies: 

The clinical implications of our observations are not apparent, although they appear to provide 

new approaches to prevent or treat brain edema in hyponatremic patients. Selective, reversible 

and non-toxic inhibition of brain sodium channels in the early phase of edema formation is likely 

to meet the clinical requirements of brain edema treatment. For this therapeutic approach, 

however, new sodium channel blockers that freely cross the BBB need to be developed, and the 

timing, dosage and route of effective and safe drug administration need to be established. In this 

regard it is to be considered that whereas ICV administration of Benzamil abolished the increase 

of mean arterial pressure, heart rate, sympathetic outflow and vasopressin release in rat models 

with NaCl-induced hypertension, intravenous infusion of Benzamil did not affect either of these 

parameters99. 

 

2. Limitations of the MRI studies: 

The clinical scanner`s limitations manifest in the relative inflexibility of the software and 

gradient strength. 

 In the biexponential DWI study a long echo and diffusion times were applied due to the 

hardware restrictions of a clinical scanner. In our case, the ADC parameters were higher, while 

the volume fractions are lower than those obtained by Niendorf et al.85 in the rat brain. However, 

these differences may be explained by the following facts: (i) trace weighting was used in our 

study vs. only one direction, (ii) in our study, data from the cortex are presented vs. caudate 

nucleus data (i.e. more restrictions due to white matter fibers passing through the caudate 

nucleus), (iii) the echo and diffusion times are much longer in our study. Regardless of these 

limitations, our results are in overall very good agreement especially with human data measured 

in brain cortex140,148. Other mathematical models (e.g. diffusional kurtosis imaging, inverse 

Laplace transformation etc.) are also available for analysis. However, considering that only 

limited number of papers deal with these alternative approaches, the application of alternative 

fitting models was beyond the scope of the present edema study. 
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VIII. Future plans:  

1. Exploring the effects of Benzamil on the hyponatremic brain edema by way of 

biexponential diffusion analysis. 

2. Using the accumulated data to test new compounds under development, like the AQP 

modulators and drugs like steroids aimed at treating the different kinds of brain edema, 

in the hope of finding new, better, and innovative ways to treat patients suffering from 

these pathologies.  
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IX. Summary of the thesis: 

 

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 MR spectroscopy (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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