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ADC apparent diffusion coefficient

ANP atrial natriuretic peptide

AQP aquaporin

AVP arginine vasopressin

CHIP28 channel-forming integral protein of 28 kDa

CSF cerebrospinal fluid

DWI diffusion weighted imaging

EC extracellular

IC intracellular

ICV intracerebro-ventricular

MIWC mercurial-insensitive water channel

MR magnetic resonance

MRI magnetic resonance imaging

NMR nuclear magnetic resonance

SE spin echo
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11.. IInnttrroodduuccttiioonn && BBaacckkggrroouunndd

1.1. General considerations

The precise adjustment of cerebral water content and brain volume is of critical importance 

for the normal functioning of the central nervous system (CNS). The brain, surrounded by 

the bony cranium is highly sensitive to any increase in intracranial volume. Failure of the 

compensatory mechanisms may result in decreased cerebral blood flow and mechanical 

tissue damages, the most dangerous of them being cerebral herniation. Brain edema is 

classified on the basis of pathophysiology into four categories, vasogenic, cytotoxic (or cel-

lular), osmotic and hydrostatic and it contributes significantly to morbidity and mortality as-

sociated with a wide variety of nervous system disorders including head trauma, tumors, 

stroke, infections, hydrocephalus and metabolic disorders, including systemic hypo- and 

hypernatremia (Fishman 1975; Klatzo 1994). Although numerous investigations have been 

performed to elucidate the underlying molecular basis and pathophysiology of brain ede-

ma, little is known about the cellular and molecular mechanisms of the regulation of water 

transport across the blood-brain barrier and between extra- and intracellular compart-

ments of the brain parenchyma. Consequently, at the present the therapeutic options are 

limited to neurosurgical decompression and intravenous administration of hyperosmolar 

agents and diuretics, therapies that were introduced more than 80 years ago (Weed et al, 

1919).

1.2. Magnetic Resonance Imaging and Spectroscopy

Magnetic Resonance Imaging (MRI) and Spectroscopy (MRS) provide the possibility of 

non-invasive, in vivo investigations of the CNS. Besides its immense potential in routine 

clinical diagnostics, it is a very powerful experimental tool for functiona l investigations of 

the cerebral water compartments and brain edema formation. Around 80% of the brain 

tissue is water. The physico-chemical properties of water enable it to act as a solvent for 

electrolytes, and to influence the molecular configuration and hence the function of

polypeptide chains in biological systems. Fluid in the central nervous system is distributed 

in the intracellular and extracellular spaces (ICS, ECS) of the brain parenchyma, the 

cerebrospinal fluid (CSF), and the vascular compartment - the brain capillaries and small 
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arteries and veins. The brain is considered to be an imperfect osmometer, because 

perturbation in the osmolar equilibrium between the intersticium and cellular fluid activates 

cell volume regulatory mechanisms to limit osmotic water shift, to mitigate cell shrinkage or 

swelling and to restore brain volume and water content to normal (Trachtman 1992;

Gullans and Verbalis, 1993). Brain tissue water is associated with anorganic solutes and 

macromolecular constituents including proteins, lipids and glycosaminoglycans,

particularly hyaluronic acid (Granger, 1981) and  depending on the strength of this

association, water compartments of different mobility and different physical properties can 

be identified.

1.2.1. Multiexponential behaviour of the transverse (T2) relaxation decay

In NMR experiments, the transverse (T2) relaxation process of water protons in biological 

tissues follows a multiexponential pattern. The multiexponential analysis of the T2

relaxation curve (for references see Menon and Allen, 1990) has been proposed to 

quantitate the distribution of tissue water among physical water compartments with

different mobility, by measuring the contribution of proton pools relaxing at different rate to 

the measured multicomponent transversal decay curve (Barthwal et al,  1986; Menon and 

Allen, 1990; Menon et al, 1991). Slowly relaxing components (i.e. components with longer 

T2 time) are thought to be attributed to the relatively free, bulk water fraction, whereas the 

macromolecular bound water contributes to the quickly relaxing components (Sobel et al, 

1986; Mulkern et al, 1989; Menon et al, 1991; Berényi et al, 1998). The chemical basis for 

the existence of water fractions with different mobility is the strong interaction of water

through hydrogen bonding with electron-rich functional groups of the macromolecules, 

which compose the intracellular milieu and the extracellular matrix. These high molecular 

weight, long-range self-ordered macromolecules have a strong structuring and ordering 

effect on the water molecules bound to them. The T2 relaxation process of water protons is 

determined by the dephasing of water spins in the investigated material. The more

homogenous the magnetic field is, the longer will it take the spins to loose their phase-

coherence and to dephase. Local microenvironmental magnetic shifts, produced by the 

interacting electron fields of long, polimerized macromolecules in biological tissues

increase the inhomogenity of the local magnetic field, thereby enhancing the dephasing of 

water proton spins and shortening the T2 time. Thus, the interaction of water with

macromolecules leads to a shorter T2. Strongly bound water (shorter T2) or its protons may 
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Figure 1. Schematic representation of the changes in the Apparent Diffusion

Coefficient (ADC) in response to alterations in the extra/intracellular volume fraction 
ratio. The diffusion coefficient of the extracellular space (Dextra) is higher, than that of 
the intracellular space (Dintra). The measured ADC is the average of the intra and 

extracellular diffusion coefficients, weighted according to the volume of the

compartments: ADC = Vic×Dintra+Vec×Dextra , where Vic and Vec are the intra- and 
extrac ellular volume fractions, respectively.

iinnttrraacceelllluullaarr

DD intra

AADDCC

ADC = Vic×Dintra+Vec×Dextra

VVIICC VVEECC

DD extra

eexxttrraacceelllluullaarr

VVIICC VVEECC VVIICC VVEECC

AADDCC

exchange with less restricted water (longer T2). When the exchange process occurs on a 

time scale, which is much shorter than the relaxation times, the observed relaxation rate, 

which is the reciprocal of the T2 (1/ T2) will be a weighted average of the reciprocals of the 

relaxation times of the most restricted (bound) and the most mobile (free) water, weighted 

by the fraction of the total water in each water population:

∑=
i i

i

obs
T

P

T 22

1
[Eq. 1]

where T2obs is the observed T2, Pi is the fraction of spins in the ith population and T2i is the 

transverse relaxation time of the ith water population (Fullerton et al, 1982;  Cole et al, 

1992). Using eigenfunction expansion (Sobel et al, 1991) or non-linear least squares curve 

fitting algorithms (Mulkern et al, 1989, Berényi et al, 1998) the fractions (Pi) and T2

relaxation times (T2 i) of tissue water fractions with different mobility can be determined.

1.2.2. Diffusion-weighted imaging

Diffusion-weighted imaging

(DWI) has proved to be a very 

useful method in investigating 

tissue microstructure and in ob-

taining information about chan-

ges in cellular volume fraction, 

extracellular and intracellular

water diffusion coefficients, and 

cell membrane permeability (Le 

Bihan et al, 1991; Szafer et al, 

1995). Anomalous values of the 

apparent diffusion coefficient

(ADC) of water molecules in

brain tissue have been obser-

ved in a variety of neurologic

disorders, including stroke

(Neumann-Haefelin et al,
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2000), head trauma (Barzó et al, 1997)  seizures (Zhong et al, 1993)  and metabolic 

diseases like systemic hyponatremia (Sevick et al, 1992). Changes in the ADC are thought 

to reflect combined effects of changes in cellular volume fraction, extracellular tortuosity 

and intracellular diffusion coefficient (Szafer et al, 1995) (Figure 1). The signal intensity in 

MRI depends on the proton density, T1, T2, and T2* relaxation processes of any ensemble 

of the spins within each imaging element (voxel). Random diffusion of protons into areas of 

varying magnetic field strength leads to random phase shifts. The summation of signal 

from these protons with random phase shifts results in a net signal loss. The observed 

proton diffusion rate and direction reflect the molecular and macromolecular barriers, or 

hindrances, that the proton experiences during its transla tional process. It has been

suggested that the decrease of ADC may reflect cellular swelling (cytotoxic edema), during 

which water protons originally in the presumably faster diffusing extracellular space

migrate into the slower intracellular compartments, therefore increasing the fraction of the 

slowly moving particles (Moseley et al, 1990; Mintorovitch et al, 1991). Also a lower

effective extracellular diffusion, caused by the increased tortuosity of the paths available 

for diffusion in the extracellular space has been proposed to play a role in the ADC 

reduction following cellular swelling (Latour et al, 1994). On the other hand, increased 

ADC values have been associated with increased extracellular/intracellular volume frac-

tion ratio and the development of vasogenic brain edema (Barzó et al, 1997; Ebisu et al, 

1993) (Figure 1). Diffusion-weighted MRI provides new insight into pathophysiological 

processes and edema formation in the early stage of ischemic stroke (Neumann-Haefelin

et al, 2000a) and traumatic brain injury (Barzó et al, 1997). An example using DWI

combined with the assessment of cerebral tissue perfusion in a transient focal ischemic 

stroke model  from a work currently in progress in our laboratory is shown on Figure 2. The 

combination of DWI with cerebral blood flow measurements allows the early detection of 

the ischemic injury (i.e. within minutes after the onset of ischemia) and the monitoring of 

the progrediation of the lesion. Besides its potential to evaluate the effect of

pharmacological interventions in experimental stroke models (Belayev et al, 1998) (Figure 

2), the combination of DWI and PWI is emerging as an important diagnostic modality in the 

assessment of tissue viability and in defining the therapeutic window for thrombolytic

therapy in acute stroke in the clinical setting (Neumann-Haefelin et al, 2000b).
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Figure 2. Changes in the Apparent Diffusion Coefficient (ADC) and regional cerebral blood flow (rCBF ) in transient focal cerebral 
ischemia in the rat, induced by intraluminal occlusion of the left middle cerebral artery for one hour, followed by reperfusion. ADC 
changes in the ischemic hemisphere are expressed as relative changes compared to the non-affected hemisphere. Meuasurements 

of the rCBF have been performed using contrast-enhanced dynamic MRI. The perfusion deficit on the rCBF map is clearly visible 
after the onset of ischemia and is associated with a marked drop in the ADC of the affected hemisphere. Following the withdrawal of 
the occluding device, tissue perfusion is restored in the ischemic hemisphere, the ADC deficit is, however, although improved still 
present. The measurement of the volume of the ADC lesion on serial ADC maps covering the whole brain allows the assessment of 

the effect of various neuroprotective pharmacological interventions in these model. 

½

1.3. Effect of AVP and ANP on brain water homeostasis

Total brain volume is regulated through the adjustment of fluid and electrolyte fluxes

between blood and the intra and extracellular compartments of the brain. It has been 

shown, that the endothelium of the brain vasculature is not freely permeable to water, in 

fact it exhibits similar water permeability properties to epithelial membranes known to 

regulate membrane water permeability (e.g. kidney collecting duct epithel) (Peachey and 

Rasmussen, 1961; Raichle et al, 1977). Arginine vasopressin (AVP) and atrial natriuretic 

peptide (ANP), peptide hormones important in the volume homeostasis of extracerebral 

tissues, have been suggested to play similar regulatory role in the central nervous system 

(Cserr and Patlak, 1991; Dóczi, 1993). These hormones and their receptors have been 

demonstrated in significant concentration in the brain (Heller et al, 1968; Wood, 1982;

Gibson et al, 1986; Gardner et al, 1987) and it has been shown, that they enter the CSF 

directly from the brain and not from the systemic circulation, thus plasma vasopressin and 

ANP levels may not actually reflect their central activity (Zaidi and Heller, 1974; Dogterom 

et al, 1978). It has been shown, that the brain water permeability is regulated by centrally 

released vasopressin (Raichle and Grubb, 1978). Dóczi and his colleagues reported brain 

water accumulation following the central administration of vasopressin (Dóczi et al, 1982,

1984) and reduced cerebral water and sodium content in response to centrally

administered ANP (Dóczi et al, 1987, 1988). At the cellular level, the opposite volume 

regulatory effect of AVP and ANP has been reported. In astroglial cultures, vasopressin

has been shown to increase (Del Bigio et al, 1992; Latzkovits et al, 1993), whereas ANP 

ADC

rCBF

control ischemia 1.5 hour 4.5 hour

reperfusion
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Figure 4. Immunoelectron-microscopical localization of AQP4 in astroglial end-feet
surrounding cerebellar capillaries. (Reproduced from Nielsen et al, Journal of

Neuroscience, 1997)

has been shown to decrease (Del Bigio and Fedoroff, 1990; Latzkovits et al, 1993) glial 

cell volume. V1 and V2 vasopressin receptors antagonists (Bemana and Nagao, 1999;

László et al, 1999) and ANP (Nakao et al, 1990; Naruse et al, 1991; Rosenberg et al, 

1992) have been described to attenuate experimental brain edema. Based on these 

observations, an independent central neuro-endocrine system has been proposed to 

participate in the regulation of the osmotic water permeability of the blood-brain and blood-

CSF barriers (Cserr and Patlak, 1991; Dóczi, 1993). 

1.4. The aquaporin membrane water channel family

The discovery and charac-

terization of the aquaporin

(AQP) family of membrane wa-

ter channels by Peter Agre and 

colleagues (Preston et al, 1992) 

provided molecular insight into 

fundamental processes of water 

transport across plasma mem-

branes. Aquaporins are small

integral membrane proteins,

with a molecular weight around

28-30 kDa, that provide a major 

pathway for water transport in 

many cell types in the kidney, 

lung and other fluid transporting 

tissues. Three members of the 

AQP family have been localized 

in areas of the CNS so far.

Aquaporin-1 (AQP1) (Preston

et al, 1992) is selectively ex-

pressed in the choroid plexus, 

where it has been suggested to 

participate in the cerebrospinal fluid production (Nielsen et al, 1993) (Figure 3). Aquaporin-

4 (AQP4) (Hasegawa et al, 1994; Jung et al, 1994) is abundantly expressed in ependymal 

Figure 3. Immunocytochemical localization of AQP1 in the apical membrane of rat 

choroid plexus epithelium. Inset: antibodies have been pre-satureted using excess 

immunizing peptide. (Reproduced from Nielsen et al, Proc. Natl. Acad. Sci., 1993)
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cells and astrocytes (Frigeri et al, 1995), with a highly polarized distribution in glial

membranes facing capillaries and lining the ependymal and pial surfaces that are in

contact with CSF in the ventricular system and subarachnoid space (Nielsen et al, 1997) 

(Figure 4). This pattern of distribution at membrane domains associated with blood-brain

and liquor-brain interfaces suggests that AQP4 plays a role in water transport between 

different liquid compartments of the CNS. In agreement, it was recently shown that AQP4-

deficient knock-out mice had much better survival and neurological outcome in brain

edema models produced by acute water intoxication or middle cerebral artery ligation, than 

their wild-type counterparts (Manley et al, 2000). Strong AQP4 expression has also been 

described in astrocytes and ependymocytes in the supraoptic nucleus and subfornical 

organ (Nielsen et al, 1997), suggesting that AQP4 is involved in osmosensory

mechanisms (Wells, 1998). Recently, the presence of aquaporin-9 (AQP9) mRNA has 

been shown in the rat brain by independent groups (Tsukaguchi et al, 1998; Ko et al, 

1999), the exact localization of the protein, however remains to be resolved. 
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22.. AAiimmss

This study was designed to assess the physiology of the water homeostasis of the central 

nervous system and the pathophysiology of cerebral edema formation from different

angles, using magnetic resonance imaging (MRI) and cellular biological methods. As the 

studies involve a rather discrete set of problems and experimental approaches, this report 

was ordered according to the employed experimental methods. 

1.) In the first part of the study, an attempt was made to investigate of the dynamics of 

changes in the cerebral water compartments and tissue water content in experimental

brain edema, using MRI and magnetic resonance spectroscopy (MRS):

Study I. was undertaken to assess the changes in water fractions of different mobility 

(loosely bound, tightly bound) in the cerebral tissue, measured by multi-exponential

analysis of the transversal (T2) proton relaxation curve in experimental brain edema 

induced by systemic hyponatremia in rabbits. 

Study II. was designed to evaluate the time course of the effects of centrally

administered AVP and ANP on brain edema formation in vivo using diffusion weighted 

imaging and T1-water content mapping in rats, where cerebral edema was induced by 

systemic hyponatremia.

2.) In the second part of the study, we examined the potential role of the aquaporin 

(AQP) membrane water channels, expressed in the CNS, in the physiology of brain water 

homeostasis and in edema formation, using biochemical and cellular biological methods:

The purpose of the study, described in paper III. was to explore the possibility that 

brain AQP4 may undergo a protective downregulation in response to systemic

hyponatremia to maintain the volume homeostasis of the brain in rats, where brain edema 

had been induced by systemic hyponatremia.

Finally, in paper IV. we examined the cellular distribution of AQP9 in rat brain and other 

tissues by RT-PCR and Southern blotting, immunoblotting, immunohistochemistry and 

immunoelectron microscopy.
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33.. MMaatteerriiaallss && MMeetthhooddss

3.1. Brain adaptation to water loading as assessed by NMR relaxometry

3.1.1. Experimental protocol

Experiments were performed in four groups of adult rabbits, with five animals in each 

group. Rabbits on normal diet and fluid intake served as controls. In the experimental 

groups, systemic hyponatremia was induced for 3, 24 and 48 hours by simultaneous 

administration of 140 mmol/l dextrose solution intraperitoneally (i.p.) and 8-deamino-

arginine vasopressin (DDAVP) subcutaneously (s.c). At the end of the hydration protocols, 

venous blood was taken for assessment of plasma osmolarity and sodium concentration.

In vivo T2 measurements were performed on a 1.5T whole body MR scanner equipped 

with a circular polarized coil. T2 maps were calculated from a series of T2 weighted 

images, obtained using 16 echoes, with 20 ms interecho interval and 2000 ms repetition 

time. Additional imaging parameters were: slice thickness: 3 mm, image matrix: 256×256,

resolution: 0.4 ×0.4. After completing the imaging protocol, the animals were sacrificed, the 

brains rapidly removed and tissue samples of approximately 200 µl were prepared from 

different areas of the brain for magnetic resonance spectroscopy (MRS) and water content 

measurements. Tissue water content was determined as the difference between the wet 

and the dessicated tissue weight. Tissue samples were dried at 105°C until no further 

decrease in weight could be detected.

3.1.2. Biexponential analysis of the transverse (T2) relaxation of water protons

Although multiexponential analysis of the T2 decay data sometimes reveal three and 

perhaps more exponential components (Does and Snyder, 1995; Peled et al, 1999),

greater than 90% of the signal may be described by two exponential rates: a short (20-50

ms) and a long (>80 ms) component. The two components of the observed T2 relaxation

curve in the present study were derived from the following expression:

2221 /

2

/

1
2

TtTt

obs
ekekT
−− ×+×= [Eq. 2]

where k1 and k2 represent the relative contribution of the two sets of protons to the 

observed T2 relaxation, and T21 and T22 are the relaxation times of the  two components. 
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In the in vitro MRS experiments, tissue samples were placed in 5-mm diameter NMR glass 

tubes and were incubated at 40°C for 5 min to reach thermal equilibrium with the magnet 

temperature. MRS was performed on Bruker Minispec PC 140 portable MR spectroscope 

operating at 0.96T (40 MHz). T1 relaxation time was measured by an inversion recovery 

sequence, with eight different time intervals (TI) between the 180° and 90° pulses. Repeti-

tion time was 5×T1. T2 relaxation data  was obtained using the Carr-Purcell-Meiboom-Gill

sequence: 1000 echoes with 1 ms echo time was applied. Each point was the average of 

five measurements. From the T2 relaxation data, the relaxation times (T21, T22) and relative 

contributions (k1, k2) of the two components were resolved, according to [Eq. 2], using a 

nonlinear least-squares algorithm (BMDP software, SPSS Inc. Chicago, IL). 

3.2. Effects AVP and ANP on the development of brain edema

3.2.1. Experimental protocol

Studies were performed on male Wistar rats, maintained on standard rodent diet with free 

access to water. The animals were randomly assigned to three experimental groups. The 

intracerebro-ventricular (icv.) administration of 120 µg arginine vasopressin (AVP) (AVP

group, n=5), 20 µg atrial natriuretic peptide (ANP)  (ANP group, n=5) or 4 µl physiological 

saline (saline group, n=8) was performed into the right lateral ventricle. The proper

placement of the tip of the canula had been tested in preliminary experiments by injecting 

Evans blue dye into the ventricle. The doses of icv. AVP and ANP used in previous studies 

(Dóczi et al, 1982; 1995) were modified to assure pharmacological levels of the peptides in 

the cerebrospinal fluid (CSF) throughout the entire experiment.

The animals were anesthetized and positioned in a plastic stereotactic frame equipped 

with the imaging coil. The design of the holder allowed the exact repositioning of the 

animal into the magnet in order to obtain data from the same coronal slice during the 

whole experimental procedure. Sagittal scout images were recorded in order to place a 

single coronal slice of interest, located approximatelly 7 mm posterior to the rhinal fissure. 

Initially, baseline T1-weighted (for in vivo tissue water content measurements, see below) 

and diffusion weighted images (DWI) were obtained. Then the animal was removed from 

the magnet and the icv. injection of the drugs was performed without removing the animal 

from the imaging coil. Following the icv. injection the animal was carefully repositioned into 

the magnet and the coronal slice, corresponding to the slice used in the baseline scans 

was localized. Two DWI scans were performed 6 and 18 minutes after the icv. injection. 
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Following the DWI scans, systemic hyponatremia was induced by intraperitoneal

administration of 140 mmol/l dextrose solution, in a dose corresponding to about 20% of 

the body weight of the animal. Immediately after the ip. injection of dextrose, the rat 

underwent 6 subsequent DWI scans in 18 min intervals. An additional T1 measurement

was finally performed, 105 minutes after the start of the hydration protocol. The time 

course of the study was determined based on preliminary experiments. At the conclusion 

of the imaging procedure the animal was deeply anesthetized, venous blood was taken for 

assessment of serum osmolarity and sodium concentration. Finally the animal was

sacrificed and the brain was removed. The tissue water content of the total brain was 

determined by weighing the brains before and after drying at 110 °C for 48 hours.

Nontreated rats (n=4) were sacrificed to obtain control samples for serum parameters and 

total tissue water content measurements.

3.2.2. Diffusion-weighted imaging (DWI)

The effect of motion, and diffusion in 

particular, is not visible in an MR se-

quence, such as a spin echo, un-

less the sequence is sensitized by 

magnetic field gradients. The most 

widely used diffusion weighted MR 

sequence if the pulsed gradient spin 

echo (PGSE) experiment, first intro-

duced by Stejskal and Tanner

(Stejskal and Tanner, 1965). The

PGSE sequence consists of a spin 

echo in which two gradient pulses of 

duration delta and amplitude G are applied before and after the 180° RF pulse,

respectively, with a separation DELTA between the gradient pulses (Figure 5). During the 

first (“tagging”) gradient pulse, molecules acquire a phase shift, which is a function of their 

position with respect to the gradient. After a given time interval, called diffusion time 

(DELTA), a second (“untagging”) pulse is applied. For “static” molecules the amount of 

phase shift is identical to that produced by the first pulse so that they cancel each other out

(the initial phase shift is reversed by the 180° RF pulse). For diffusing molecules, the 

Figure 5. PGSE experiment: Two gradient pulses of duration delta and 

separation (diffusion time) DELTA on each side of the 180° RF pulse in a 

spin echo experiment.
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position at the time of the second pulse has changed. A net phase shift is then observable, 

depending on the displacement of molecules during the diffusion time. The MR signal is an 

ensemble average of the spins, which all have different phases, and consequently the 

signal is attenuated compared to the signal acquired with no gradients applied (G=0). The 

attenuation of the signal (S) is depends exponentially on the apparent diffusion coefficient 

(ADC) and the gradient waveform (b factor):

Sb= S0×exp (-b×ADC)  [Eq. 3]

where Sb is the signal intensity at diffusion-weighting factor b and S0 is the signal intensity 

with the diffusion senzitizing gradients turned off. 

MR imaging was performed on a 7 Tesla NMR/MRI system (Varian Inc., Palo Alto, Ca), 

equipped with self-shielded gradient-coils (±12 gauss/cm). A dedicated Helmholtz imaging 

coil (4 cm in diameter) was used, in which the rat was placed prone. Diffusion-weighted

images were acquired using a pulsed-gradient spin-echo sequence (Stejskal-Tanner pulse 

sequence, Figure 5). Diffusion weighting was accomplished by inserting diffusion

weighting gradients with a duration (delta) of 15 msec and a gradient separation (DELTA)

of 30 msec. The diffusion sensitizing gradients with a gradient strength of 5.833 gauss/cm 

(corresponding to a b-value of 1440 s/mm2) were oriented in the readout (horizontal) 

direction. Additional imaging parameters were: slice thickness: 1.5 mm, field-of-view: 7×7

cm, 128×128 data matrix, number of acquisitions: 1, TE: 50 ms and TR: 1200 ms. ADC 

maps were generated by means of a pixel-by-pixel least squares fit of the signal intensities 

to [Eq. 3]. For quantitative analysis, the mean ADC values of ROIs placed within the 

cerebral cortex were obtained from the calculated ADC maps. The deviation of the pixel-

by-pixel analysis within the ROIs was <100 µm2/s. The absolute ADC values were

normalized using the mean ADC value of the three baseline scans. 

3.2.3. In vivo tissue water content determination

To assess changes in brain water content in vivo in the brain slice investigated by DWI, we 

used a modification of the method for brain water determination by T1 measurements,

originally described by Fatouros et al. (Fatouros et al, 1991). The method is based on the 

linear relationship between the longitudinal relaxation rate (1/ T1) and the reciprocal of the 

total water content (1/W) of the investigated tissue. Initially, T1 maps of gelatine phantoms 
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with known water content ranging from ~68% to 90% were generated employing an

inversion recovery spin echo sequence with seven inversion time intervals (TI). The T1

maps were converted into brain water maps on a pixel-by-pixel basis using the following 

equation:

1

1

T

B
A

W
+=     [Eq. 4]

where T1 is the longitudinal relaxation time expressed in seconds and W is the

corresponding total tissue water fraction defined as W = (water weight/total brain weight). 

The values of the constants A and B were determined using the gelatine standards. 

T1 maps of the same slice as in the DWI experiments were generated employing an 

inversion recovery spin echo sequence with seven inversion time intervals (TI), using 12 

ms echo-time and 1050 ms repetition time. The T1 maps were converted into brain water 

maps using [Eq. 4]. The values of tissue water content were obtained using ROIs covering 

most of the hemispheres encompassing gray and white matter, but excluding

cerebrospinal fluid in the subarachnoid spaces and ventricles. 

3.3. The role of AQP4 water channel in the development of brain edema

3.3.1. Experimental protocol

Studies were performed on male Wistar rats. Hyponatremia was induced by simultaneous 

water loading (140 mmol/l dextrose solution) and 8-deamino-arginin vasopressin (dDAVP) 

administration for 4 and 48 h as follows. After completing the hydration protocols, rats 

were anesthetized with halothane, venous blood was taken for assessment of serum os-

molarity and sodium concentration, and the brain and cerebellum were removed.

3.3.2. Antibodies

Polyclonal AQP4 antibody was raised in rabbit against a peptide corresponding to the C-

terminal amino acids 280–296 (Nielsen et al, 1997). Both immune serum and affinity purifi-

ed antibodies were used in this study (LL182 and L769-4). The monoclonal antibody to the 

alpha1-subunit of Na-K-ATPase was previously characterized (Kashgarian et al, 1985). 

The polyclonal antibody to glial fibrillary acidic protein (GFAP) was purchased from DAKO 

A/S (Glostrup, Denmark). 
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3.3.3. Membrane fractionation and immunoblotting

Brains and cerebella were homogenized for 15 s on ice in dissection buffer containing 0.3 

M sucrose, 25 mM imidazole, 1 nM EDTA, 1 mM phenylmethyl sulfonylfluoride and 8.5

mM leupeptin (pH=7.2). The homogenate was centrifuged at 4,000g for 15 min at 4°C to 

remove whole cells, nuclei, and mitochondria. The supernatant (termed VLSS) was either 

used directly for immunoblotting or centrifuged at 200,000g for 1 h to produce a pellet

(termed SS). From the resultant pellets gel samples (in 2% SDS) were made. SS fractions 

are enriched for plasma membranes and intracellular vesicles whereas the VLSS prepara-

tion also contains cytoplasmic proteins in addition. Gel samples were loaded onto 12% 

SDS–PAGE gel and run on a BioRad minigel system. Two gels were prepared in parallel. 

One was stained with Coomassie-blue stain to ascertain identical loading. The other was 

subjected to immunoblotting. The protein was transferred to nitrocellulose paper by elec-

troelution. After blocking and washing, blots were incubated overnight at 4°C with poly-

clonal AQP4 antibody against a peptide corresponding to the C-terminal amino acids 280–

296 (Nielsen et al, 1997). Blots were subsequently washed and then incubated at room 

temperature for 1 h with horseradish peroxidase (HRP) conjugated secondary antibody. 

Finally, antibody binding was visualized using the Enhanced Chemiluminescence system 

(ECL, Amersham International, UK). Immunolabeling controls were performed using pep-

tide absorbed antibody, as previously described (Nielsen et al, 1997). 

3.3.4. Preparation of RNA Samples and Northern Blotting

Total RNA was extracted from cerebellum using the acid-guanidium-isothiocyanate-

phenol-chloroforme (AGIPC) method (Chomczynski et al, 1987). Quantification of the 

AQP4 message was performed using a digoxigenin-labeled AQP4 RNA probe. The full-

length rat cDNA encoding for rat AQP4 was kindly provided by Dr. P. Agre, Johns Hopkins 

University School of Medicine, Baltimore, MD. The synthesis and digoxigenin-labeling of 

AQP4 RNA probe were performed by in vitro transcription using a Maxiscript in vitro tran-

scription kit (Ambion, Austin, TX). RNA samples (7 mg) were denatured and separated by 

electrophoresis on a gel agarose (1.2%) containing 0.6 M formaldehyde. Equal RNA load-

ing was verified by visual inspection after coloration with ethidium bromide. The RNA were 

transferred overnight from gel to nylon membranes (Hybond-N, Amersham Life Science, 

Bukinghamshire, UK), which were then baked in a vacuum oven (2 h at 80°C). Blots were 
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placed in a glass hybridization tube containing 5xSSC, 50% formamide, 0.1% sarcosyl, 

0.02% SDS and 2% blocking solution (blocking reagent in maleic acid, Boehringer, Mann-

heim, Germany). Prehybridization was performed at 55°C for 30 min in a hybridization 

oven. The digoxigenin-labeled AQP4 RNA probe was then added to prehybridization me-

dium and membranes were incubated overnight at 55°C. The blots were washed twice at 

25°C in 2 3 SSC, 0.1% SDS for 5 min, and twice at 68°C in 0.1xSSC, 0.1% SDS for 15 

min. Blots were then equilibrated for 1 min in maleic acid solution containing 0.3% Tween 

20 and blocked for 30 min. After incubation for 30 min with anti-digoxigenin-alkalinephos-

phatase conjugate (Boehringer, Mannheim, Germany) blots were washed twice for 15 min 

in maleic acid solution containing 0.3% Tween 20 and equilibrated for 5 min in 0.1 M Tris 

HCl, 0.1 M NaCl. The bands were visualized using a chemiluminescent substrate, CSPD 

(Boehringer, Mannheim, Germany). 

3.3.5. Quantitation of AQP4 Protein or mRNA levels

ECL films with bands within the linear range were scanned and densitometry was per-

formed using NIH Image version 1.59. Immunoblotting: The density was corrected for 

smaller changes in loading of total protein by use of the densities obtained from the 

Coomassie-stained gels. Northern blotting: The band of approximately 5.5 kb correspond-

ing to the AQP4 mRNA was scanned. Values were corrected for potential differences in 

loading of total RNA in the specific lines by densitometry of 18S and 28S bands visualized 

by ethidium bromide on the same gel. AQP4 protein and mRNA levels in the experimental 

animals were calculated as fraction of control levels, which were normalized to 100%. 

3.3.6. Immunocytochemistry and immunoelectron microscopy

Rats from the 4 h hyponatremic and control groups were deeply anaesthetized with halo-

thane and perfusion fixed transcardially with 0.1% glutaraldehyde and 2% or 4% parafor-

maldehyde in 0.1 M sodium cacodylate buffer or 0.1 M phosphate buffer. Brain and cere-

bellum were removed, post-fixed for 1 h and cryoprotected overnight in 25% sucrose. 

Cryostate sections were incubated overnight at 4°C with affinity purified anti-AQP4

(LL182ap) at 1 mg/ml IgG as described previously (Nielsen et al, 1997) and the labeling 

was visualized with HRP-conjugated secondary antibody, followed by incubation with dia-

minobenzidine. Immunogold cytochemistry was performed using ultrathin (40–70 nm) sec-

tions from freeze-substituted and Lowicryl-HM20-embedded tissue as previously described 
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(Nielsen et al, 1997). Briefly, ultrathin sections (Reichert ultramicrotome) placed on nickel 

grids were quickly dipped in absolute ethanol containing saturated NaOH, washed exten-

sively in water and then incubated in 0.1% sodium borohydride and 50 mM glycine in 

tris(hydroxymethyl)-aminomethane (TRIS) buffer (5 mM) containing 0.1% Triton X-100 and 

50 mM NaCl (TBNT) for 10 min.The grids were then incubated sequentially in 2% human 

serum albumin (HSA) in TBNT (10 min) and affinity purified AQP4 antibody (LL182, 0.5–2

mg/mL overnight at 4°C). The labeling was visualized with goat-antirabbit IgG conjugated 

to 10 nm colloidal gold particles (GAR.EM10, BioCell Research Laboratories, Cardiff, UK) 

diluted 1:50 in PBS with 0.1% BSA. The sections were counter stained with uranyl acetate 

and lead citrate before examination in Philips CM10 or Philips 208 electron microscopes. 

Immunolabeling controls were performed using peptide-absorbed antibody, as previously 

described (Nielsen et al, 1997). 

3.4. Immunolocalization of AQP9 water channel in the rat brain

3.4.1. Antibody production

The polyclonal antibodies against AQP9 were raised in rabbits against different peptides in 

the intracellular C-terminus of AQP9 (Table 1). The synthesis of the peptides and immuni-

zation of rabbits were performed by Loftstrand Labs Limited (Gaithersburg, USA). The an-

tibodies were affinity purified. Also a commercially available affinity purified antibody

against AQP9 was used (AQP91-A; Alpha Diagnostic Intl. Inc., San Antonio, TX, USA). 

Investigated
protein

Antibody
designation

Peptide sequence Amino acids

AQP9 2675/687 IQMHHSKLDPDMKAEPSENNLE 266-287
" 2675/686 " "
" 2674/685 DPDMKAEPSENNLEKHELSVIM 274-295
" 2674/684 " "
" AQP91-A KAEPSENNLEKHELSVIM 278-295

3.4.2. Transfection

In order to examine the specificity of the anti-AQP9 antibodies, Cos7 cells were

transfected with an AQP9 construct, using calcium-phosphate co-precipitation as

described in (Sambrook A Laboratory Manual Cold Spring Harbor Press 2nd ed). As

controls, cells were transfected with vector only or with vector containing the coding 

sequence for rat AQP8. 

Table 1. Peptides used for antibody production and purification.
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3.4.3. RNA extraction,  RT-PCR and Southern blotting

Messenger-RNA was extracted from liver, epididymis, testis, spleen and microdissected 

samples of the medio-basal hypothalamus and reverse transcriptase reaction was perfor-

med. PCR test for β-actin was performed to confirm the presence of cDNA. PCR was 

performed using sequence specific primers for AQP9. The PCR products were transferred 

to positively charged membranes, incubated overnight with fluorescein labeled AQP9 

cDNA probe. After the incubation, the blots were subsequently washed, blocked and incu-

bated with anti-fluorescein-AP conjugate. The bands were visualized using a chemi-

luminescent substrate, CDP-star.

3.4.3. Immunoblotting and immunohistochemistry

The experimental procedures for immunoblotting and immunohistochemistry of rat brain 

and microdissected samples of the mediobasal hypothalamus, as well as samples from 

total rat liver, epididymis, testes and spleen were performed as described previously under 

paragraph 3.3.3. – 3.3.6.
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44.. RReessuullttss && DDiissccuussssiioonn

4.1. Brain adaptation to water loading as assessed by NMR relaxometry

Despite the development of marked hypotonicity, induced by the combined administration 

of hypotonic dextrose and DDAVP, brain water content remained unaltered. Corres-

ponding results were obtained from the T1 measurements, suggesting that the cerebral 

volume regulatory mechanisms effectively prevented the intracellular accumulation of

water despite the increased osmotic gradient between the intra- and extracellular water 

compartments. The regulatory mechanisms may involve (i) the increased shunting of the 

cerebrospinal fluid into the systemic circulation, thereby reducing cerebral extracellular 

volume (Gullans and Verbalis, 1993), (ii) rapid cellular loss of osmotically active organic 

and inorganic substances, thus decreasing the osmotic gradient across the plasma

membranes (Melton et al, 1987) and (iii) restructuring macromolecularly bound water

moleluces into free water intracellularly, thereby achieving osmotic equilibrium. The

involvement of the latter mechanism was confirmed by the changes observed in the short 

and long components of the T2 relaxtion process, corresponding to bound and free water 

fractions, respectively. The percent contribution of the bound water fraction  was markedly 

depressed in the acute (3 hours) and subacute (24 hours) stage of systemic hyponatremia, 

finally approaching the its initial value after 48 hours. Moreover, the relaxation time of the 

slowly relaxing component, representing the free water fraction increased as the

hypotonicity progressed. These observations indicate that in addition to the loss of all 

classes of osmotically active substances, the brain tissue responds to hypoosmolar

challenge by liberating free water from the cellular water reservoir to achieve osmotic 

equilibrium. When the reduction of cellular osmolytes fully compensates for the osmotic 

stress, no more free water generation is needed and water molecules are bound again to 

macromolecules in a highly ordered manner. The reversible water-macromolecular

interaction may provide an important adaptive mechanism to protect brain volume during 

disturbances in plasma osmolarity.

4.2. Effects AVP and ANP on the development of brain edema

The principal aim of the study was to evaluate the effects of centrally administered arginine 

vasopressin (AVP) and atrial natriuretic peptide (ANP) on cerebral edema formation in vivo
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using diffusion weighted imaging in rats, where cerebral edema was induced by systemic 

hyponatremia. An attempt was made to assess the time course of changes in the intra and 

extracellular compartments, estimated from changes in the apparent diffusion coefficient 

(ADC) of the cerebral tissue, in response to intracerebroventricular (icv.) AVP or ANP 

administration. The involvement of these peptide hormones in the independent regulation 

of cerebral water homeostasis is demonstrated, in part from the pioneering work of Prof. 

Tamás Dóczi and his colleagues (Dóczi et al, 1982; 1984; 1987). 

By the end of the hyponatremic protocol, brain tissue water content, measured by the 

dry/wet method or in vivo by the T1-water maps was significantly increased in all of three of 

the icv. injected groups, compared to untreated control animals. In accordance with

previous studies (Dóczi et al, 1982), total brain water content in the AVP group was 

significantly higher at the end of the hydration as compared to the icv. saline injected 

group. There was no change in the ADC in response to the icv. saline or AVP injection, 

whereas a marked effect on ADC was observed in the initial 24 minutes of hyponatremia in 

both the icv. saline and AVP groups. The reduction in the ADC became much more 

pronounced in the AVP group with the progression of hypotonicity. In contrast, the icv. 

administration of ANP induced a prompt ADC increase, which was followed by a rapid 

decrease after the onset of hyponatremia. In the initial one hour of hyponatremia the ADC 

values in the ANP group were consistently higher than those observed in the saline group.

Our findings confirm the opposite role of centrally administered vasopressin and atrial 

natriuretic peptide in the regulation of brain cell volume and in the development of cerebral 

edema associated with systemic hyponatremia, revealing a different time course of action 

of the two centrally administered peptides, with an immediate effect of ANP and delayed 

effect of AVP. An important aspect of the study is the ability of the combination of  DWI 

and in vivo tissue water content determintation to monitor changes in cerebral water

compartments in response to pharmacological intervention during brain edema

development.

4.3. The role of AQP4 water channel in the development of brain edema

The present study was undertaken to assess whether the protein and mRNA expression 

levels of the glial water channel aquaporin-4 (AQP4) undergo downregulation and whether 

there is a subcellular redistribution of AQP4 protein in rat brain in response to systemic 

hyponatremia and brain edema. Since AQP4 (Jung et al, 1994) is highly concentrated in 
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specific glial and ependymal cell membrane domains associated with blood-brain and 

liquor-brain interfaces (Nielsen et al, 1997), it can be hypothesized that a protective down-

regulation of AQP4 under hypoosmotic stress would protect against glial water uptake and 

development of acute brain edema. Theoretically this may be achieved by reducing the 

conductance of AQP4 by changes at the molecular level or by altering the density or distri-

bution of AQP4 in the plasma membrane. In agreement with this hypothesis, it has been 

shown recently, that AQP4-deficient knock-out mice had much better survival and neuro-

logical outcome in brain edema models produced by acute water intoxication or middle ce-

rebral artery ligation, than their wild-type counterparts (Manley et al, 2000). 

Systemic hyponatremia was induced for 4 or 48 h. Semiquantitative immunoblotting of 

membrane enriched fractions showed increased AQP4 immunoreactivity to 150-160% of 

control levels in brain and up to 220% of control levels in cerebellum after 4 or 48 hours of 

systemic hyponatremia. In contrast, AQP4 mRNA levels were unchanged after 4 hours 

hyponatremia, indicating that there are no changes in AQP4 expression in response to 

systemic hypoosmolarity. As indicated above, an important aspect of this study was to test 

if there were any changes in the subcellular distribution of AQP4 protein in response to 

hyponatremia. In the kidney it has been demonstrated that vasopressin regulates the 

osmotic water permeability of collecting duct principal cells by inducing a translocation of 

AQP2 from intracellular vesicles to the apical plasma membrane (Nielsen et al, 1995) and 

the presence of a similar mechanism for AQP4 in the brain can be hypothesized during 

osmotic perturbations. Immunocytochemistry and high-resolution immunogold electron

microscopy confirmed the highly polarized labeling of AQP4 in astrocyte end-feet

surrounding capillaries and forming the glia limitans. This pattern of labeling was not chan-

ged, excluding the possibility of subcellular redistribution of the protein in response to 

hyponatremia. However, in accordance with the increased AQP4 immunoreactivity on 

immunoblots, an increased labeling intensity of AQP4 protein could be observed on

immunocytochemical sections.

The finding of unchanged AQP4 protein level and increased immunosignal in tissue 

sections and immunoblots can be explained with an increased labelling efficiency, i.e., an 

increased molecular ratio between bound antibodies and AQP4. An increased labelling 

efficiency would occur if the C-terminus of AQP4 is modified so as to increase its affinity to 

the specific antibodies. Also, decreased degradation of the protein could explain the 

increased immunsignal. The turn-over rate and half-life of AQP4 protein is not yet known, 
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however, the rapid onset of the increased AQP4 immunosignal further supports the idea 

that it is caused by conformational changes rather than changes in the level of the protein. 

With regard to possible conformational changes, it is of interest to note, that protein kinase 

C (PKC) activators have been reported to strongly stimulate the phosphorylation of AQP4 

protein and inhibit its water conducting activity in a dose-dependent manner, in vitro (Han 

et al, 1998). Further studies are needed to explore the possibility, that brain AQP4 protein 

undergoes PKC mediated phosphorylation and reduction in its water conducting activity in 

response to systemic hyponatremiatonicity, thus providing an important adaptive

mechanism to protect brain volume during disturbances in plasma osmolarity. 

4.4. Immunolocalization of AQP9 water channel in the rat brain

To determine the cellular and subcellular localization of aquaporin-9 (AQP9) water channel 

in rat brain and other organs, polyclonal antibodies were raised in rabbits against custom 

peptides (Table 1 in Methods section). The specificity of the antibodies has been

confirmed in COS7 cells, transfected with rat AQP9 cDNA construct. Immunoblotting of 

membrane fractions from total rat brain and microdissected samples of the mediobasal 

hypothalamus, as well as membrane fractions from total rat liver, epididymis, testes and 

spleen revealed a predominant band of ~28 kDa. Preabsorption with the immunizing 

peptides eliminated the labeling. Immunohistochemistry revealed strong anti-AQP9

labeling in liver hepatocytes, in the Leydig cells of the testis, in the ciliated (principal) cells 

of the epididimis as well as in leukocytes in the red pulp of the spleen.

Immunohistochemical staining of rat brain sections showed strong AQP9 immunolabeling 

in cells lining the cerebral ventricles, including cuboidal shaped ependymal cells and 

tanycytes of the medio-basal hypothalamus. Immunosignal was also present in the median 

eminence and arcuate nucleus, contained within the more or less elongated tanycytic 

processes, extending from the cell bodies around the ventralmost part of the third ventricle 

toward the external layer of the median eminence and through the arcuate nucleus, with 

ramified end processes terminating on or near to capillaries. 

It is important to note, that the blood-brain barrier is absent in this region, and the 

tanycytes, whose elongated processes extend between the third ventricle and the external 

layer of the median eminence with end-feet surrounding the infundibular portal capillary 

plexus, have been proposed to participate in the regulated transmission of

endocrinological signals between the extra cellular milieu of the CNS and the systemic 
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circulation (Peruzzo et al, 2000). The presence of AQP9 in the ependymal lining of the 

cerebral ventricles raises the possibility, that this water channel may be involved in the 

extrachoroideal production and the extraarachnoid reabsorption of the cerebrospinal fluid. 

Although the presence of AQP9 was previously suggested in astrocytes by in situ

hybridization studies (Tsukaguchi et al, 1998), our immunocytochemical studies did not 

detect AQP9 immunosignal in neurons and astrocytes. 
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55.. SSuummmmaarryy && FFuuttuurree CCoonnssiiddeerraattiioonnss

Brain edema is associated with the majority of intracranial pathologies and contributes 

significantly to morbidity and mortality related to these conditions. Although the advent of

CT and MR scanners substantially enhanced our ability to diagnose and monitor the 

development of brain swelling after head trauma, stroke or metabolic diseases, like

systemic hyponatremia, the therapy is still restricted to intravenous administration of

hyperosmotic agents or surgical decompression. In order to establish the definitive therapy 

for cerebral edema, further understanding of the pathophysiological processes is needed. 

In the present study, we used MR imaging and spectroscopical methods to monitor

changes in the water compartments of the cerebral tissue during the development of brain 

edema. Moreover, we tried to identify the potential role of the recently discovered

aquaporin membrane water channels expressed in the CNS in the cerebral water

homeostasis and in the pathophysiology of brain edema. 

Using multiexponential analysis, fast (T21) and slow (T22) components of the transverse 

(T2) relaxation process of water protons could be distinguished in rabbit brain,

corresponding to macromolecularly bound and free water fractions. In response to water 

loading and progressive hyponatremia, the bound water fraction rapidly reduced to 55% of 

its initial value, stayed at this low level for 24 hours, and then approached the baseline 

value by the end of the hydration period of 48 hours. Despite of the progressing, severe

hyponatremia, brain water content remained unaltered, indicating that redistribution of

tissue water between water compartments of different boundness is an important adaptive 

mechanism in the protection of brain volume in conditions with osmotic disturbance.

Arginine vasopressin (AVP) and atrial natriuretic peptide (ANP), peptide hormones

important in the regulation of volume homeostasis of extracerebral tissues, have been 

shown to have similar regulatory role in the central nervous system. To examine the effect 

of these substances on the development of brain edema in vivo we used diffusion

weighted magnetic resonance imaging (DWI) and T1-water mapping. DWI allowed the 

monitoring of the extra- to intracellular volume fraction ratio, showing that there was no 

change in the size of the compartments in response to the icv. saline or AVP injection, 

whereas a marked decrease of the apparent diffusion coefficient (ADC) was observed in 

the initial 24 minutes of hyponatremia in both groups, indicating a decreased extra- to 
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intracellular space ratio. The reduction in the ADC became much more pronounced in the 

AVP group with the progression of hypotonicity. In contrast, the icv. administration of ANP

induced a prompt ADC increase, indicative of an increased extracellular/intracellular space 

ratio, which was followed by a rapid decrease after the onset of hyponatremia. In the initial 

one hour of hyponatremia the ADC values in the ANP group were consistently higher than 

those observed in the saline group, indicating that ANP - at least in the initial period of the 

hyponatremia - was able to compensate the osmotically driven cellular swelling. Although 

this proved to be only a short-term effect, further studies are needed to explore the cellular 

and molecular mechanisms of the ANP action. T1-water mapping allowed determination of 

brain tissue water content in vivo, revealing increased water content in all three

experimental groups at the end of hyponatremic protocol, with significantly higher values in 

the icv. AVP group as  compared to the icv. saline treated animals. 

The importance of the multicompartment-T2, DWI, and T1-water mapping methods lies in 

the combined information they provide about the dynamics of changes in total tissue water 

and its distribution between extra and intracellular spaces. These techniques therefore are 

very valuable in testing anti-edema drug action in various neuropathological conditions at 

the experimental as well as at the clinical trial phase.

The changes in brain aquaporin-4 (AQP4) observed in this study indicate, that there is no 

downregulation or redistribution of brain AQP4 in response to systemic hyponatremia. In 

contrast, our data suggest that hyponatremia is associated with post-transcriptional

changes of AQP4, revealed as an increased immunolabeling efficiency. These changes, 

the exact nature of which remains to be elucidated put forward the possibility, that the 

water conducting activity of AQP4 is regulated, providing thereby a potential defense 

mechanism against intracellular water accumulation. This observation, together with recent 

studies showing that deletion of the aqp4 gene protects against the development of brain 

edema in mice and that phosphorilation of AQP4 decreases the proteins water conducting 

activity makes this membrane channel protein a candidate target for pharmacological

intervention in order to prevent intracellular water accumulation and cerebral edema. 

We found aquaporin-9 (AQP9) water channel protein to be localized, in addition to other 

organs, in the ependymocytes lining the cerebral ventricles and in the tanycytes of the 

medio-basal hypothalamus in the rat brain. Further studies need to be done to elucidate 

the physiological significance of the localization of AQP9 in the above locations. 
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HHuunnggaarriiaann SSuummmmaarryy

A PhD dolgozat témája az agyi vízháztartás sejt- és molekuláris szintu szabályozó 

mechanizmusainak valamint az agyödéma pathofizológiájának többféle módszertani

megközelítésbol, köztük sejt- és molekuláris biologiai illetve mágneses rezonancia

spektroszkópiás (MRS) és képalkotó (MRI) módszerekkel való vizsgálata. A tézis 4

közleménybol és angol nyelvu összefoglalásból áll. A dolgozat alapját képezo munkát a 

Pécsi Tudományegyetem Orvoskara Idegsebészeti Klinikájának PhD hallgatójaként

végeztem 1997-tõl 2001-ig, Prof. Dr. Dóczi Tamás vezetésével és útmutatásával. 1999 és 

2001 között a dániai Aarhusi Egyetem Anatómiai Intézetének Sejtbiológiai Tanszékén és 

MR Kutatási Központjában dolgoztam, Prof. Dr. Søren Nielsen munkacsoportjában. 

Jelen dolgozatban mágneses rezonancia képalkotó (MRI) és spektroszkópiás (MRS)

módszerek felhasználásával követtük nyomon az agyi vízterekben agyödéma kialakulása 

alatt bekövetkezo változásokat, kísérletes ödémamodellekben. Megvizsgáltuk továbbá a 

közelmúltban felfedezett aquaporin (AQP) membrán vízcsatorna család központi

idegrendszerben expresszálódó tagjai közül az AQP4-nek és AQP9-nek az agyi

vízháztartásban és az agyödéma kórtanában betöltött lehetséges szerepét.

Az agyi szöveti vízprotonok transzverzális (T2) relaxációjának multiexponenciális analízise 

lehetové teszi gyors  (T21) és lassú (T22) relaxációs komponensek elkülönítését, mely 

komponensek makromolekulárisan kötött illetve szabad vízfrakcióknak feleltethetok meg. 

Nyulakban létrehozott progresszív hyponatrémiában a kötött vízfrakció gyors csökkenése 

volt megfigyelheto 3 illetve 24 órával a hyponatrémia kezdetét után, ezt követoen, a 48 

órás hidráciás periádus végére a frakció nagysága ismét a kezdeti érték közelébe emel-

kedett. A kifejlodo nagyfokú hyponatremia ellenére az agyi víztartalomban nem történt 

megfigyelheto változás. Ezen megfigyelések alapján a celluláris és szöveti makromole-

kuláris mátrixhoz különbözo fokban kötött vízfrakciók közötti redisztribúció fontos szerepet 

játszik a szisztémás ozmotikus zavarokban muködo adaptációs mechanizmusokban.

A szisztémás vízháztartásban kulcsszerepet betölto két fehérje hormon, a vasporessin 

(AVP) és atrialis natriuretikus peptid (ANP) agyi térfogatszabályzásban betöltött szerepé-

nek vizsgálata munkacsoportunk kutatási területei között hagyományosan kiemelt helyen 

áll. A fenti hormonoknak az agyödéma kifejlodésében játszott szerepének in vivo vizsgála-
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tára diffúzió-súlyozott mágneses rezonanciás képalkotást (DWI) és T1-víztartalom map-

eket használtunk. Diffúzió-súlyozott MRI-vel meghatározható a vizsgált szövet apparens 

diffúziós koefficiense (ADC), melynek változása az extra- és intracelluláris vízterek

hányadosában bekövetkezo változásokkal arányos. Patkányok agykamrájába intrace-

rebroventrikulárisan (icv.) adott fiziológiás sóoldat illetve AVP hatására nem történt

változás az ADC-ben, míg icv. adott ANP az ADC gyors emelkedését váltotta ki, jelezve az 

extracelluláris tér arányának növekedését. Az icv. injekciót követo hypoozmotikus vízter-

helés és az annak következményeként kifejlodo szisztemás hyponatremia az ADC gyors 

esését váltotta ki mindhárom kísérleti csoportban, jelezve az intracelluláris kompartment 

növekedését. A hyponatremia kezdeti periódusában az ANP képes volt mérsékelni az

intracelluláris tér növekedését, ez a hatás azonban rövid távúnak bizonyult és a másfél 

órás vízterheléses protokoll végén nem volt különbség az icv. fiziológiás sóoldattal illetve 

ANP-vel kezelt állatok agyának ADC-je között. Az icv. AVP-vel kezelt csoport agyának 

ADC-je a hyponatremiás protokoll kezdetén nem mutatott különbséget az icv. sóval kezelt 

állatokéhoz viszonyítva, azonban a hyponatremia progressziójával az ADC csökkenése 

szignifikánsan nagyobb volt az AVP csoportban, jelezve a nagyobb mértéku intracelluláris 

vízfelhalmozódást ebben a csoportban. A T1-vízmap-ek használata lehetové tette az agyi 

szöveti víztartalom éloben történo meghatározását a kísérleti protokoll kezdetén és végén.

Mindhárom kísérleti csoportban emelkedett szöveti víztartalom volt mérheto, szignifikán-

san magasabb értékekkel az icv. AVP kezelt csoportban az icv. sóoldattal kezelt csoporttal 

összehasonlítva, megerosítve munkacsoportunk korábbi eredményeit.

A fenti tanulmányokban alkalmazott multikompartment-T2, diffúzió súlyozott MRI és T1-

vízmap technológiák kombinációja lehetové teszi az agyszövet víztartalmának és annak 

az egyes szöveti vízkompartmentek közötti eloszlásának éloben történo vizsgálatát. Ebbol

következoen ezen technológiák fontos szerepet játszanak a különbözo neuropathológiai 

állapotokhoz társuló agyödéma elleni gyógyszerek kifejlesztésében és ezek hatásának 

tesztelésében, mind állatkísérletes mind terápiás szinten. 

Az aquaporin-4 (AQP4) molekuláris membrán vízcsatorna immunoreaktivitásában és

lokalizációjában szisztémás hypoantremia hatására bekövetkezo változások felvetik az

agyban jelenlévo AQP4 vízcsatorna modifikációjának lehetoségét, mely potenciális véde-

kezo mechanizmusként funkcionálhat az intracelluláris vízfelhalmozódás megelozésében.

Ezen megfigyelés, valamint közelmúltban publikált tanulmányok eredményei, melyekben 
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kimutatták az aqp4 gén deléciójának az agyödéma kifejlodése elleni protektív hatását és 

hogy az AQP4 foszforilációja csökkenti a fehérje vízátereszto képességét, az AQP4 mem-

brán vízcsatornát az intracelluláris vízfelhalmozódás és agyödéma kialakulása elleni phar-

makológiai beavatkozás potenciális célpontjává teszi.

Az aquaporin-9 (AQP9) vízcsatorna mRNS-ének agyban való expresszálódását patkány-

ban a közelmúltban több laboratórium is közölte. A fehérje lokalizációjára poliklonális anti-

testeket fejlesztettünk ki. Az AQP9 fehérjét, más szervek mellett, az agykamrákat bélelo

ependymasejtekben és a medio-bazális hypothalamus tanycytáiban lokalizáltuk, immuno-

blottingal es immunhisztokémiai módszerekkel. Az AQP9 fenti lokalizációjának élettani je-

lentoségének tisztázására további tanulmányokat tervezünk elvégezni.
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OBJECTIVE: Centrally released arginine vasopressin (AVP) and atrial natriuretic peptide (ANP) have been shown to
participate in brain volume regulation. The aim of the present study was to evaluate the effects of centrally
administered AVP and ANP on the time course of development of brain edema in vivo in hyponatremic rats, using
diffusion-weighted magnetic resonance imaging.

METHODS: We performed intracerebroventricular (ICV) administration of 120 mg AVP, 20 mg ANP, or physiological
saline into the right lateral ventricle in 18 rats. Twenty-five minutes after the treatment, we induced systemic
hyponatremia by the intraperitoneal administration of 140 mmol/L dextrose solution. Serial diffusion-weighted
imaging scans were obtained up to 96 minutes after the start of the hyponatremia. Changes in the brain extra-
to intracellular volume fraction ratio were estimated as changes in the apparent diffusion coefficient (ADC).

RESULTS: No change in the ADC was observed after the ICV injection of saline or AVP. The onset of hyponatremia
induced a rapid and marked ADC reduction in both groups, indicating an increased intracellular space. However,
the ADC decrease became significantly more pronounced in the ICV AVP group (83.3 6 4.7% of baseline level,
mean 6 standard deviation) than in the saline group (93.7 6 3.3% of baseline, P < 0.001) after 78 minutes of
hyponatremia. The ICV injection of ANP induced a prompt ADC increase to 111.5 6 10.0% (P < 0.05) of the
baseline level, indicating a rapid reduction in the intracellular compartment. In the initial phase of hyponatremia,
the ADC values in the ANP group were consistently higher than those in the saline group, decreasing finally to
86.9 6 9.6% after 96 minutes of hyponatremia.

CONCLUSION: Our findings demonstrate the opposite effects of AVP and ANP on the intracellular volume fraction
of the brain during the development of cellular brain edema, with an immediate effect on ANP and a delayed
effect on AVP. The results emphasize the direct effects of these hormones on the cellular volume regulatory
mechanisms in the brain during the development of cerebral edema. (Neurosurgery 49:697–705, 2001)

Key words: Arginine vasopressin, Atrial natriuretic peptide, Brain edema, Diffusion-weighted imaging, Hyponatremia

T
he precise adjustment of brain water content and brain
volume is of critical importance in the normal functioning
of the central nervous system (CNS). Total brain volume is

regulated through the adjustment of fluid and electrolyte fluxes
across the blood-brain barrier. It has been shown that the endo-
thelium of the brain vasculature is not freely permeable to water

and that it in fact exhibits water permeability properties similar
to those of epithelial membranes known to regulate membrane
water permeability (e.g., kidney collecting duct epithelium) (44).
Arginine vasopressin (AVP) and atrial natriuretic peptide
(ANP), which are peptide hormones that are important in the
regulation of volume homeostasis of extracerebral tissues, have
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been suggested to play a similar regulatory role in the CNS (5, 9).
These hormones and their receptors have been demonstrated to
have significant concentration in the brain (21) and have been
shown to enter the cerebrospinal fluid (CSF) directly from the
brain and not from the systemic circulation (16). Thus, plasma
AVP and ANP levels may not actually reflect their central activ-
ity. Centrally administered AVP has been shown to increase the
permeability of brain capillaries (43). Dóczi et al. reported brain
water accumulation after central administration of AVP (13, 14)
and reduced cerebral water and sodium content in response to
centrally administered ANP (11, 12). At the cellular level, the
opposite volume regulatory effect of AVP and ANP has been
reported. In astroglial cultures, AVP has been demonstrated to
increase (8, 31, 46) and ANP has been shown to decrease (7, 31)
glial cell volume. AVP V1 and V2 receptor antagonists (4, 29) and
ANP (38, 39, 45) have been shown to attenuate experimental
brain edema. On the basis of these observations, an independent
central neuroendocrine system has been proposed to participate
in the regulation of the osmotic water permeability of the blood-
brain and blood-CSF barriers (9).
Diffusion-weighted imaging (DWI) has proved to be a pow-

erful noninvasive tool in investigating tissue microstructures
and in obtaining information about changes in cellular volume
fraction, extracellular and intracellular water diffusion coeffi-
cients, and cell membrane permeability (32, 50). Anomalous
values of the apparent diffusion coefficient (ADC) of water mol-
ecules in brain tissue have been observed in experimental mod-
els of a variety of neurological disorders, including stroke (40),
head trauma (3), seizures (53), and metabolic diseases such as
systemic hyponatremia (47). Changes in the ADC are thought to
reflect combined effects of changes in cellular volume fraction,
extracellular tortuosity, and intracellular diffusion coefficient
(50). It has been suggested that the decrease in the ADC may
reflect cellular swelling (i.e., cellular edema), during which pro-
cess water protons originally in the presumably faster-diffusing
extracellular space migrate into the slower intracellular compart-
ments, thus increasing the fraction of the slowly moving parti-
cles (34, 36). Also, a lower effective extracellular diffusion caused
by the increased tortuosity of the paths available for diffusion in
the extracellular space has been proposed to play a role in the
ADCdecrease after cellular swelling (30). IncreasedADC values,
however, have been associated with increased extracellular to
intracellular volume fraction ratio and the development of va-
sogenic brain edema (3, 18).
The present study was designed to evaluate the effects of

centrally administered AVP and ANP on brain edema forma-
tion in vivo using DWI in rats in which cerebral edema was
induced by systemic hyponatremia. An attempt was made to
assess the time course of changes in the intra- and extracellu-
lar compartments of the cerebral tissue in response to intra-
ventricular AVP or ANP administration.

MATERIALS AND METHODS

Animal model

Studies were performed on male Wistar rats (Møllegaard and
Bomholtgard A/S, Ry, Denmark) weighing 250 to 300 g. The

animals were maintained on a standard rodent diet with free
access to water. All procedures were performed according to the
guidelines of the Danish Medical Research Council. The rats
were anesthetized with intraperitoneal administration of pento-
barbital sodium (75 mg/kg). Body temperature during magnetic
resonance imaging (MRI) studies was maintained at 37 6 1°C
using a temperature-controlled water pad. The animals were
randomly assigned to three experimental groups. We performed
intracerebroventricular (ICV) administration of 120mgAVP (Sig-
ma Chemical Co., St. Louis, MO) dissolved in 4 ml 0.9% NaCl
(AVP group, n 5 5), 20 mg ANP (Sigma Chemical Co.) dissolved
in 4 ml 0.9% NaCl (ANP group, n 5 5), or 4 ml physiological
saline (saline group, n 5 8) into the right lateral ventricle with
the following stereotactic coordinates referenced to bregma: 0.8
mm posterior, 1.5 mm lateral, and 4.0 mm deep. The proper
placement of the tip of the cannula had been tested in prelimi-
nary experiments by injecting Evans blue dye into the ventricle.
The doses of ICV AVP and ANP used in previous studies were
modified to ensure pharmacological levels of the peptides in the
CSF throughout the experiment (10, 14).

Experimental procedures

The animals were anesthetized and positioned in a plastic
stereotactic frame equipped with the imaging coil. The design
of the holder allowed the exact repositioning of the animal
into the magnet to obtain data from the same coronal slice
during the whole experimental procedure. Sagittal scout im-
ages were recorded to place a single coronal slice of interest,
located approximately 7 mm posterior to the rhinal fissure.
Initially, baseline T1-weighted (for in vivo tissue water con-
tent measurements, see below) and diffusion-weighted im-
ages were obtained. Then the animal was removed from the
magnet, and the ICV injection of the drugs was performed
without removing the animal from the imaging coil. After the
ICV injection, the animal was carefully repositioned into the
magnet and the coronal slice corresponding to the slice used
in the baseline scans was localized. Two DWI scans were
performed, at 6 and 18 minutes after the ICV injection. After
the DWI scans, systemic hyponatremia was induced by intra-
peritoneal administration of 140 mmol/L dextrose solution, in
a dose corresponding to about 20% of the body weight of the
animal. Immediately after the intraperitoneal injection of dex-
trose, we obtained 6 DWI scans of the animal at 18-minute
intervals. An additional T1 measurement was obtained 105
minutes after the start of the hydration protocol. The time
course of the study was determined on the basis of prelimi-
nary experiments. At the conclusion of the imaging proce-
dure, the animal was deeply anesthetized, and venous blood
was taken for assessment of serum osmolarity and sodium
concentration. The animal was then killed, and the animal’s
brain was removed. The tissue water content of the total brain
was determined by weighing the brain before and after dry-
ing at 110°C for 48 hours. Nontreated rats (n 5 4) were killed
to obtain control samples for serum parameters and total
tissue water content measurements.
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Magnetic resonance imaging

MRI studies were obtained with a 7-T nuclear magnetic
resonance/MRI testing system (Varian, Inc., Palo Alto, CA),
equipped with self-shielded gradient-coils (612 G/cm). A
dedicated Helmholtz imaging coil (4 cm in diameter) was
used, in which the rat was placed prone.

Diffusion-weighted imaging

Diffusion-weighted images were acquired using a pulsed gra-
dient spin echo sequence (Stejskal-Tanner pulse sequence [49]).
Diffusion weighting was accomplished by inserting diffusion-
weighting gradients with a duration (d) of 15 milliseconds and a
gradient separation (D) of 30 milliseconds. The diffusion-
sensitizing gradients with a gradient strength of 5.833 G/cm
(corresponding to a b value of 1440 s/mm2) were oriented in the
readout (horizontal) direction. Additional imaging parameters
were: slice thickness, 1.5 mm; field of view, 7 3 7 cm; 128 3 128
data matrix; number of acquisitions, 1; TE, 50 milliseconds; and
TR, 1200 milliseconds. ADC maps were generated by means of a
pixel-by-pixel least-squares fit of the signal intensities to the
exponential expression S(b) 5 S(0) 3 exp(2b 3 ADC), where
S(b) is the signal intensity at diffusion-weighting factor b 5 1440
s/mm2 and S(0) is the signal intensity with the diffusion-
sensitizing gradients turned off. The factor b is derived from the
expression b 5 g2d2(D2d/3)G2, where g is the gyromagnetic
constant. For quantitative analysis, the mean ADC values of
regions of interest within the cerebral cortex were obtained from
the calculated ADC maps. The deviation of the pixel-by-pixel
analysis within the regions of interest was ,100 mm2/s. The
absolute ADC values were normalized using the mean ADC
value of the three baseline scans.

Brain water measurements by MRI

To assess water content changes in the brain slice investigated
by DWI, noninvasive measurements of brain water content were
obtained as described by Fatouros et al. (19, 20). Briefly, T1-
weighted maps of the same slice as in the DWI measurements
were generated by using an inversion recovery spin echo se-
quence with seven inversion time intervals, using 12 millisec-
onds TE and 1050 milliseconds TR. The T1-weighted maps were
converted into brain water maps using the equation 1/W 5 (A
1 B)/T1, where T1 is expressed in seconds and W in grams of
water per gram of tissue. The values of the constants A and B
were determined by using gelatin standards of different water
contents (68–90%). The values of tissue water content were ob-
tained using regions of interest covering most of the hemi-
spheres encompassing gray and white matter but excluding CSF
in the subarachnoid spaces and ventricles.

Statistical analysis

Values were expressed as means 6 standard deviation.
Comparisons between experimental groups were made either
by one-way analyses of variance (ANOVA) with Fisher’s post

hoc comparisons or by Student’s unpaired t tests where indi-
cated. Correlation between the dry/wet and MRI water con-
tent measurements were calculated by using linear regression
analysis. P , 0.05 was considered significant.

RESULTS

Changes in serum sodium and serum osmolarity

The intraperitoneal administration of hypotonic dextrose
solution induced a marked decrease in serum osmolarity from
310 6 6 to 274 6 6, 277 6 6, and 272 6 9 mOsm/L in the
saline, AVP, and ANP groups, respectively, 2 hours after the
start of the hydration protocol. This decrease was paralleled
by reduced serum sodium values from 146 6 2 mmol/L in
control animals to 112 6 3 mmol/L in the saline group, 111 6

8 mmol/L in the AVP group, and 112 6 4 mmol/L in the ANP
group (Table 1). There was no significant difference in the
serum parameters between the experimental groups, consis-
tent with the view that centrally administered AVP and ANP
do not have any peripheral effects on serum osmolarity.

Changes in cerebral water content

By the end of the hydration protocol, the tissue water
content of the total brain as measured by the dry/wet method
increased from 78.3 6 0.4% in nontreated control animals to
79.8 6 0.4% (P , 0.001, ANOVA), 80.5 6 0.3% (P , 0.001,
ANOVA), and 79.4 6 0.3% (P , 0.001, ANOVA) in the saline,
AVP, and ANP groups, respectively (Fig. 1A). In accordance
with previous studies of Dóczi et al. (14), total brain water
content in the AVP group was significantly higher (P , 0.01,
ANOVA) than in the saline group at the end of the hydration.

To assess water content changes in vivo in the brain slice
investigated by MRI, tissue water maps were calculated at the
start and at the conclusion of the experimental protocol from
the T1-weighted images using the method of Fatouros et al.
(20) (Figs. 1B and 2). The data obtained from the T1-weighted
water maps before the ICV injection were pooled and used as
control data. The in vivo water content calculated from the
T1-weighted water maps were congruent and significantly
correlated (r 5 0.8, P , 0.01; correlation analysis) with the
data obtained from the whole brain by the wet/dry method,

TABLE 1. Serum Osmolarity and Sodium Concentration at
the End of the Hydration Protocolsa

Group
Serum Osmolarity

(mOsm/L)
Serum Sodium

(mmol/L)

Control 310 6 6 146 6 2

ICV saline 1 hyponatremia 274 6 6 112 6 3

ICV AVP 1 hyponatremia 277 6 6 111 6 8

ICV ANP 1 hyponatremia 272 6 9 112 6 4

a Values are expressed as means 6 standard deviation. ICV, intracere-
broventricular; AVP, arginine vasopressin; ANP, atrial natriuretic peptide.
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revealing an increased tissue water content from 78.0 6 0.7%
before the start of the experimental protocol to 79.0 6 0.5% (P
, 0.01, ANOVA) in the saline group, 79.7 6 0.3% (P , 0.001,
ANOVA) in the AVP group, and 78.6 6 0.3% in the ANP
group. Corresponding to the results of total brain water con-
tent, the T1-weighted water maps revealed significantly
higher brain water content in the AVP group than in the saline
group (P , 0.05, ANOVA).

ADC changes

Our DWI studies revealed a mean absolute ADC value of
674 6 46 mm2/s in the cerebral cortex and 606 6 42 mm2/s in
the caudo-putamen before the ICV injection, corresponding to
previously reported absolute ADC values in rat brain (3, 47)
(Fig. 3). One animal in the saline group died after the intra-
peritoneal dextrose injection.

Saline group

There was no change in the ADC in response to the ICV
saline injection, whereas a rapid decrease to 93.6 6 4.9% of the
baseline value was observed 24 minutes after the induction of
hyponatremia, followed by a gradual decrease to 90.5 6 2.7%
at 96 minutes after hyponatremia induction (Fig. 3, A and B),

indicating a rapid water shift into the intracellular compart-
ment after the start of systemic hypotonicity.

AVP group

Similarly to the saline group, the ADC remained un-
changed after the ICV injection of AVP. Also, the initial ADC
changes after the induction of hyponatremia were similar to
those observed in the saline group, with a rapid decrease to
92.3 6 6.7% and 90.2 6 3.2% after 24 and 42 minutes of
hyponatremia, respectively. However, the reduction in the
ADC became significantly more pronounced with the
progress of systemic hypotonicity as compared with the saline
group, to 85.2 6 3.4% (P , 0.05, ANOVA; P , 0.05, t test), 83.3
6 4.7% (P , 0.001, ANOVA; P 5 0.001, t test), and 83.3 6 6.5%
(P , 0.05, t test) at 60, 78, and 96 minutes after the onset of
hyponatremia, respectively (Fig. 3A), suggesting that centrally
administered AVP enhances intracellular water accumulation
in hyponatremia.

ANP group

In contrast to saline and AVP, the ICV administration of
ANP induced a prompt increase in the ADC as compared
with that observed with saline, to 111.5 6 10.0% (P , 0.05,
ANOVA) and 109.5 6 8.8% of the baseline level 6 and 18
minutes after the intraperitoneal dextrose injection, respec-
tively, indicating a prompt redistribution of brain water from
the intracellular compartment toward the interstitium. De-
spite the rapid decrease of the ADC after the onset of hypo-
natremia, in the initial 1 hour after the intraperitoneal dex-
trose injection, the relative values in the ANP group were
consistently higher (104.7 6 5.8%, 99.0 6 4.2%, 94.4 6 4.8%,
and 93.2 6 5.4% at 6, 24, 42, and 60 min, respectively) than
those in the saline group, decreasing finally to 88.5 6 2.7% (P
, 0.05, ANOVA; P , 0.05, Student’s t test) and 86.9 6 9.6% at
78 and 96 minutes, respectively (Fig. 3B).

DISCUSSION

In the present study, using DWI, we evaluated the role of
centrally administered AVP and ANP in the control of brain cell
volume during the development of cerebral edema associated
with acute systemic hyponatremia. Changes in the extracellular-
to-intracellular compartment ratio were estimated as changes in
the ADC of the brain tissue as measured with DWI. Our findings
revealed an increased brain water content in response to sys-
temic hyponatremia, and this water accumulation was enhanced
by centrally administered AVP, confirming the previously re-
ported results of Dóczi et al. (14). Our DWI studies revealed that
the increased tissue water content is a result of increased intra-
cellular water accumulation in the later phase of hyponatremia.
In contrast, centrally administered ANP did not affect the extent
of brain water accumulation after 2 hours of systemic hypona-
tremia, whereas DWI studies revealed a rapid effect of ANP on
brain cell volume, resulting in a prompt redistribution of water
toward the extracellular compartment. This effect, however,
proved to be of short duration and could not prevent the devel-
opment of brain edema after 2 hours of hyponatremia.

FIGURE 1.
Changes in tissue
water content at
the end of the
hydration protocol.
A, changes in total
brain water con-
tent were evalu-
ated by the dry/
wet method and
revealed an
increased water
content from 78.3
6 0.4% in non-
treated control ani-
mals to 79.8 6

0.4%, 80.5 6

0.3%, and 79.4 6 0.3% in the saline, AVP, and ANP groups,
respectively. B, water content changes in the investigated
tissue slice were assessed in vivo using T1-weighted water
maps, and the results showed increased tissue water content
from 78.0 6 0.7% before the start of the experimental pro-
tocol to 79.0 6 0.5% in the saline group, 79.7 6 0.3% in
the AVP group, and 78.6 6 0.3% in the ANP group. The
results obtained by the two different methods were congru-
ent and significantly correlated (r 5 0.8, P < 0.01). The tis-
sue water content at the end of the hyponatremic period was
significantly higher in the AVP group than in the saline
group; *, P < 0.05 (one-way ANOVA followed by Fisher’s post
hoc test). Data are presented as means 6 standard deviation.
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Systemic hyponatremia is often accompanied by the devel-
opment of severe brain edema and is associated with signifi-
cant morbidity and mortality because of the dysfunction of
the CNS (2). The reduced intravascular osmolarity promotes

transport of water across the capillary endothelium and the
neuronal and glial cell membranes, resulting in cell swelling.
The brain has been demonstrated to behave like an imperfect
osmometer by activating volume-regulatory mechanisms in
response to osmotic perturbations (24, 51). Volume regulation
is mediated by cellular accumulation or loss of osmotically
active inorganic ions and small organic solutes, followed by
osmotically driven water shifts between extra- and intracellu-
lar compartments (33). The independent control of the size of
microanatomic water compartments in the brain has been
described elsewhere (6, 41), confirming Hakim’s (25) original
concept on the spongelike nature of the brain. Centrally re-
leased AVP and ANP have been reported to participate in the
regulation of brain volume and to alter the extent and time
course of the development of cellular brain edema (11, 13).
Numerous studies have been performed to elucidate the un-
derlying cellular basis of the action of these hormones, reveal-
ing multiple mechanisms of action including changes in the
water permeability of the brain vasculature and direct
volume-regulatory effects on the cells of the CNS (31, 43).

The use of DWI in monitoring changes in cerebral water
compartments and in differentiating types of brain edema is
well established and characterized in experimental models of
various neuropathological conditions (3, 18, 40, 47, 53). These
studies indicate that the major contributing factor behind the
ADC changes is the redistribution of water between the ex-
tracellular space with a high diffusion coefficient and the
intracellular space, where the diffusion is believed to be sig-
nificantly lower (34, 36, 50). It should be noted, however, that
there is continuing interest in further understanding of the
cellular mechanisms and biophysical processes underlying
ADC changes (17; for references, see 15).

Our finding of decreased ADC to about 89% of the control
level by the end of the hydration protocol in the ICV saline
group corresponds to the results reported by Sevick et al. (47),
who, using a similar hyponatremic model, found an approx-
imately 9% ADC decrease in rat brain after 2.5 hours of
systemic hyposmolarity. Similarly to the saline group, no
ADC changes were observed at 6 and 18 minutes after the ICV
AVP injection, indicating that centrally administered AVP did
not have any prompt effects on the intracellular volume or on
the water permeability of the blood-brain barrier. In accor-

FIGURE 2. Representative ADC and
T1-weighted water maps from each experimen-
tal group, obtained at the start and at the end
of the experimental protocol.

FIGURE 3. Time
course of aver-
age ADC values
in the cerebral
cortex during the
development of
systemic hypona-
tremia. ADC val-
ues were nor-
malized to the
average of the
baseline values.
A, comparison of
ADC changes in
the saline and
AVP groups.
There was no
change in the
ADC in response
to the ICV saline
or AVP injection.
A marked effect
on ADC was
observed in the
initial 24 min-
utes of hypona-

tremia in both the saline and AVP groups. The reduction in
the ADC became much more pronounced in the AVP group
with the progression of hypotonicity. B, comparison of ADC
changes in the saline and ANP group. The ICV administration
of ANP induced a prompt ADC increase, which was followed
by a rapid decrease after the onset of hyponatremia. In the
initial 1 hour of hyponatremia, the ADC values in the ANP
group were consistently higher than those observed in the
saline group, decreasing finally to 86.9 6 9.6%. *, P < 0.05
(t test); 1, P < 0.05 (one-way ANOVA followed by Fisher’s
post hoc test). Data are presented as means 6 standard
deviation.
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dance with this finding, no significant differences were ob-
served in the ADC values of the saline and AVP groups in the
initial phase of hyponatremia. The ADC reduction in the AVP
group became more pronounced 1 hour after the onset of
hyponatremia, however, with a continuous decrease to 83% of
the control level by the end of the hydration protocol, indi-
cating a markedly greater increase in the intracellular volume
fraction than that observed in the saline group. In accordance
with the increased intracellular space, which was revealed by
the decreased ADC, water content measurements both in vivo
in the investigated tissue slice and in vitro in the total brain
revealed significantly increased brain water content in the
AVP group as compared with the saline group at the end of
the hydration protocol, confirming the previously reported
results of Dóczi et al. (14).

Two alternatives have been proposed with regard to the
cellular mechanisms of the enhanced water transport toward
the intracellular compartment, resulting in brain water accu-
mulation in response to centrally administered AVP. On the
basis of their observation of increased brain capillary perme-
ability after intraventricular AVP injection, Raichle and Grubb
(43) suggested that the regulation of brain water content is an
important function of the water permeability of the cerebral
vasculature, mediated partly by the centrally released AVP.
AVP, however, has been demonstrated to directly increase the
intracellular space in astroglial cell cultures (8, 31), and its
inhibitory effect on the regulatory volume decrease of astro-
cytes has been described recently in vitro (46). The absence of
differences between the saline and AVP groups after the ICV
injection and in the early phase of hyponatremia in the
present study suggests that the delayed effect of centrally
administered AVP on the intracellular space may be attrib-
uted to the inhibitory effect of AVP on the process of regula-
tory volume decrease (46).

In contrast to the saline and AVP groups, centrally admin-
istered ANP induced a prompt increase in ADC, indicating a
rapid reduction in the intracellular volume fraction. This de-
crease in the intracellular space has counteracted cellular
swelling in the initial phase of hyponatremia, but no signifi-
cant ADC differences between the saline and ANP groups
could be observed at the end of the hydration protocol. Cor-
respondingly, there was no difference in the magnitude of
brain water accumulation between the saline and ANP groups
after 2 hours of hyponatremia. The locally produced ANP is
widely distributed in the CNS. The highest density of the
peptide, its messenger ribonucleic acid, and the specific re-
ceptors for ANP have been identified in the hypothalamus
and the brainstem, which are areas that are involved in the
central regulation of body fluid and electrolyte balance (21, 22,
35, 48). After stimulation, the activated ANP receptors cata-
lyze the formation of cyclic guanosine monophosphate, the
intracellular second messenger for ANP in the brain tissue
(23, 26). Although ANP is known to alter fluid movements in
choroid plexus and other cerebral vascular structures (1, 37),
increasing evidences indicate that its major effects on brain
water are exerted at the cellular level independently of CSF
transport or cerebral circulation. With this contention in mind,
investigators have demonstrated that ANP inhibits amiloride-

sensitive sodium uptake in rat brain synaptosomes (27), de-
creases the volume of cultured astroglial cells (31), induces
cyclic guanosine monophosphate accumulation in astrocytes
in dose-dependent fashion (52), and reduces chloride uptake
in cultured astroglia (28). In this regard, it is also to be noted
that ANP blocks the aquaporin-1-mediated increase in water
permeability in Xenopus oocytes (42). On the basis of these
observations, the transient increase of ADC in response to
ANP found in this study may be the result of ANP-induced
reduction in the solute and water transport into the cells with
subsequent increase of the extracellular-to-intracellular fluid
ratio in the brain.

Our findings demonstrate the opposite role of centrally
administered AVP and ANP in the regulation of brain cell
volume and in the development of cerebral edema associated
with systemic hyponatremia. Another important finding of
the study is the different time course of action of the two
centrally administered peptides, with an immediate effect of
ANP and a delayed effect of AVP, underscoring the effects of
these hormones on the cellular volume-regulatory mecha-
nisms in the brain during the development of cerebral edema.
Further understanding of these independent control mecha-
nisms of the size of microanatomic (i.e., extra- and intracellu-
lar) tissue water compartments in the CNS may provide novel
approaches to the treatment of cerebral edema.
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This interesting work expands understanding of the roles
of arginine vasopressin (AVP) and atrial natriuretic peptide
(ANP) in the brain. An important concept presented here is
that these peptides have actions in the brain that are separate
and somewhat isolated from their whole-body effects. The
idea that manipulation of the intraparenchymal levels of ANP
and AVP might have functional effects regarding the treat-
ment of cerebral edema from a variety of causes is intriguing.
An important step in sorting out the role that these com-
pounds might have in treating brain water and sodium prob-
lems requires further experiments in which systemic sodium

and water balances are maintained while brain edema is
generated by direct mechanical trauma, ischemia, or cytotox-
icity. Further work from this group should be extremely
valuable.

Charles J. Hodge, Jr.
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In this article, the authors describe the use of diffusion-
weighted magnetic resonance imaging in a rodent study to
provide evidence for a central neuroendocrine system partic-
ipating in the regulation of osmotic water permeability. The
use of diffusion-weighted imaging allows the investigators to
examine the distribution of intra- and extracellular water
under conditions of hyponatremia. Animals are pretreated
with saline, AVP, or ANP. The results are both opposite to
and consistent with proposed theory. That is, both hormones,
if administered intraventricularly, seem to have effects on
intracellular volume during the development of cytotoxic
brain edema, with an immediate effect of ANP indicating a
rapid reduction of intracellular compartment and a delayed
effect of AVP suggesting an increased intracellular
component.

The study is carefully done with multiple time points and
appropriate controls. The results are not so much that these
hormones can potentially have an effect, as is already known
from cultures and possibly from other studies. The potential
contribution in the development of hyponatremic related cell
swelling is important, however, and suggests the possibility
of endogenous neuroendocrine systems’ providing essential
roles in local fluid and volume regulation. This finding could
be important to the understanding of both cytotoxic and
vasogenic edema formation after ischemia and cell injury. In
addition, the suggestion of different time tables and their
effects may be important in the understanding of delayed or
secondary injury.

Robert J. Dempsey
Madison, Wisconsin

The authors have examined the effects of intracerebroven-
tricular saline, AVP, and ANP on magnetic resonance imag-
ing apparent diffusion coefficient changes in rats made hy-
ponatremic by an intraperitoneal water load. ANP produced
a prompt increase in apparent diffusion coefficient (reflecting
vasogenic edema), whereas AVP produced a delayed de-
crease in apparent diffusion coefficient (reflecting cytotoxic
edema). Cytotoxic edema was more severe in animals that
received AVP than in those that received saline alone. The
authors provide a complete and thoughtful review of these
findings.

Cerebral edema is so frequently encountered by neurosur-
geons that they may fail to recognize how little is known of its
pathophysiology and how limited are the treatment options.
These include diuresis, hypertonic saline, or hemicraniectomy
for cytotoxic edema and steroids for vasogenic edema. Studies
such as this one of the molecular mechanisms of brain edema
offer the prospect of targeted intervention to reduce patho-
logical effects.
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Certainly, AVP and ANP are not the only mediators of this
complex process. Bradykinin is an established promoter of
brain edema in rats, and bradykinin antagonists reduce
edema in some experimental models. Preliminary clinical
studies of a kinin antagonist reported less elevated intracra-
nial pressure, better Glasgow Coma Scale scores, and im-
proved Glasgow Outcome Scale scores in patients treated
after traumatic brain injury (1, 2). Other potential mediators of
cerebral edema include histamine, arachidonic acid, and free
radicals (3).
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Coffin-making and burial of the dead during the Black Death, c. 1350. This manuscript miniature from Annales, by Giles de
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