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ABSTRACT 

Difhsion-weighted @W) and Tz-weighted (TW) magnetic resonance (MR) 

imaging techniques have successfully detected ischemic changes in a variety of stroke 

models. Recently, it has been reported that there are age-dependent differences in the MR 

imaging changes observed dunng and afier an episode of cerebral hypoxidischemia. The 

biophysical mechanisrns for MR changes remain undefined. We hypothesized that the 

age-dependent MR changes in hypoxidischemia (occlusion of the right carotid artery 

plus exposure to 8% oxygen) were due to the developrnental differences in 

hypoxia/ischemia-induced changes in brain water, ce11 volume control andlot ce11 death. 

Thus, we investigated the correlation between MR changes and alterations in brain water, 

N~'-K'-ATP~S~ activity, cytochrome oxidase activity and ce11 death at various times 

following the start of hypoxidischernia until 24 hours of reperfusion in neonatal(1 week 

old) and young (4 week old) rats. We found that MR changes coaelated well with many 

of the tissue alterations in neonatal brain but only partially in young brain: (i) 

Hypoxia/ischemia-induced changes in Tz relaxation times correlated well with temporal 

alterations in brain water in 1 week old rats but early elevations in brain water in 4 week 

old rats could not be detected by TW imaging; (ii) Hypoxia/ischemia-induced DW 

changes corresponded to temporal alterations in brain N~'-K+-ATP~s~ in 1 week old rats; 

however persistent decreases in N~'-K'-ATP~s~ occum'ng immediately after 

hypoxidischemia in 4 week old rats were not reflected in the DW images; (iii) 

Hyperintensity areas in DW and TW images occurred 30 - 45 minutes afler the onset of 

hypoxidischernia in 1 week old rats whereas in 4 week old rats hyperintensity changes in 

DW images appeared 10 - 15 minutes after the onset of hypoxia/ischemia and the T2 



changes occurred at 24 hours of teperfusion. The onset of T2 changes corresponded to the 

disturbance in water dpamics in 1 week old brain and the presence of ce11 death in 4 

week old brain; (iv) Areas of hyperintensity in DW and TW images 24 hours after 

hypoxidischemia conesponded to areas of infarction in both age groups; (v) The area 

with a decrease in cytochrome oxidase reaction product at 24 hours of reperfusion 

correlated well to the area of hyperintensity in MR images and the area of infaction 

morphologically. The results suggest that hypoxidischemia-induced T2 and DW changes 

reflect alterations in water content and N~'-K+-ATP~S~ in neonatal brain, respectively. 

However, there is only a partial correspondence in young brain suggesting that there 

might be other factors contributing to the developmental differences in the visibility of 

hypoxic/ischemic MR changes. The early T2 changes in neonatal brain likely reflect the 

disturbance in water dynamics whereas the late Tz changes 24 hours afier cerebral 

hypoxidischemia in both neonatal and young brain likely reflect ce11 death. 
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Continuous delivery of oxygenated blood and energy substrates to the brain is 

required to maintain ce11 viability. Although the human brain only constitutes about 2% 

of the body mass, it is responsible for 20% of the total oxygen consumption with the 

brain reserves of energy substrates being modest compared to its high rate of oxygen 

consumption (Lutz, 1994). Thus, an interruption of delivery in oxygen (hypoxia) and 

blood flow (ischemia) to the brain results in brain damage. Stroke with its resulting 

mortality and morbidity or poor prognosis has major adverse effects on the patients, their 

farnilies and society. Early accurate diagnosis of the pathological changes in stroke and 

understanding of its cellular effects would potentially help in planning therapy and 

improving neurological function. 

Over the past few years, the application of nuclear magnetic resonance (MR) 

techniques in medical biology has developed rapidly and been demonstrated to be of 

great benefit for clinical diagnosis (Gonzalez et al., 1999; Sofka et al., 1999). Unlike 

other traditional diagnostic devices, such as X-ray, CT, PET or angiography, which are 

invasive or potentially harmfùl to patients and clinical staff, MR techniques can provide a 

non-invasive detection of acute or chronic pathological changes in biological tissues. 

Diffusion-weighted @W) and Tz-weighted (TW) MR imaging techniques which obtain 

image contrast from the dimision of water and the magnetic relaxation of protons have 

been used to detect pathological changes in a variety of stoke rnodels ( Gill et al., 1995; 

Loubinoux et al., 1997; Tuor et al., 1998). However, the biophysical mechanisms 

responsible for the abnormal MR signal in ischemia and its histological correlates remain 

poorly defined. 



There is recent evidence to indicate that early MR changes during and following 

hypoxidischemia may differ in neonatal and young rats (Ning et al., 1999; Tuor et al., 

1998). Whether these MR changes reflect different hypoxia/ischemia-induced changes in 

brain water or tissue darnage is not clear. Surprisingly, few studies correlate MR changes 

with alterations in brain water or other tissue changes, particularly at the early stage of 

hypoxiahchemia. Thus, in the present study, we investigated the correlation of MR 

changes with tissue alterations in brain water and N~'-K+-ATP~s~ at a variety of times 

following the onset of cerebral hypoxidischemia in neonatal and young rats. 1 and 4 

week old rats were used in this study because the maturity of rat brain at these stages 

corresponds to that in the human newborn and young children, respectively (Brody et al., 

1987; Tuor et al., 1996). Changes in mitochondnal hc t ion  in hypoxidischemia were 

assessed by histochemical examination for cytochrome oxidase activity. Pathological 

changes were investigated with hemotoxylin & eosin (H & E) staining or Amexin V 

label ing. 



1) T2 mlaxation In T,weighted imaging 

Matter is composed of subatomic particles (protons, neutrons and electrons). Their 

spinning around the nucleus like a cone-shaped top (called a precession) is associated 

with the generation of a magnetic field. When protons are placed in an extemal magnetic 

field, the spins precess with the central axis parallel to the direction of the extemal force 

(Chakeres and Schmalbrock, 1992). Each type of nuclear spin precesses at a specific 

fiequency based on the static magnetic field (Bo). If an extemal radio frequency pulse 

(RF) is applied perpendicular to the direction of Bo with a fiequency equal to the naturai 

system (also called the resonance fiequency), the orientation of the spins will flip From 

the equilibrium (Bo) to the transverse plane perpendicular to the axis of Bo. This process 

is called excitation of protons (Sigal, 1988). initially, al1 the spins precess at the same 

frequency of the RF pulse. The net magnetization, which is the total vector surn of many 

individual spins, is large when the spins al1 have the sarne phase organization. When the 

RF pulse is terminated, the transverse rnagnetization can be recorded as a signal by the 

RF coil. Following a RF pulse, the signal rapidly decays owing to the loss of phase 

organization of the individual spins in relation to one another and gradually r e m  to 

equilibnurn (Fig. 1). This process of the loss of phase organization is called Tt relaxation 

and this is associated with time constant of the T2 relaxation (Sigal, 1988). To measure 

the T2 relaxation time, a senes of spin-echo images are acquired and the time of repetition 

(TR) between images is kept constant. The maximum sipal for each image decreases as 

the 



Fig. 1. Sketch showing T, relaxation of protons. Following a 90° radio 
frequency pulse, the signal rapidly decays venus tirne due to a loss of phase 

organization of individual spins. 



time of echo (TE) lengthens owing to the Tz relaxation. A plot of signal intensity versus 

TE provides an exponential decay curve h m  which to calculate the T2 relaxation times. 

Most tissues of the body are predominately composed of water. Thus, the signal 

originating fiom detectable protons in magnetic resonance (MR) images comes fiom 

water molecules in the tissue. The common measurements made kom TW images are 

signal intensity and Tz relaxation time. The conesponding biologieal phenornena 

monitored are the content of water and its dynarnic interactions in a complex biological 

environment (Mathur de Vre, 1984). Several factors affect the Tz signal acquired in TW 

images. In general, the more protons in the tissue, the more net transverse magnetization 

and the higher TW intensity. in addition to the proton density, the Tr signal in the body is 

also dependent on intrinsic rnicroscopic environment. Water in tissue cm either bind to 

macromolecules Pound water) or exist &ely in tissue (fiee water) where the two have 

different T2 relaxation times. An understanding of the effects by which the chernical 

rnatrix of the tissue alters the relaxation times of its constituent water is very important in 

the overall understanding of TW images ( Cameron et al., 1984; Fullerton et al., 1982; 

Inch et al., 1974; Mathur de Vre, 1984). For exarnple, it has been s h o w  that the T2 

relaxation of water at the sarne concentration in a solution of cellulose is much different 

fkom that in a solution of gelatin (Chakeres and Schmalbrock, 1992). hdeed, the 

magnitude of Tz in biological tissue is affected by the microscopic alternating fields of 

the nuclear spins. If two spin dipoles are in close proxirnity, the two magnetic spins will 

affect each other and will result in a fluctuation or inhomogeneity of the local magnetic 

field. Pure water has a longer Tz because of the homogeneous local magnetic field, 

whereas water in a biological tissue has a shorter T2 because of local field fluctuations 



originating fiom the interaction of water molecules with macromolecules. Mathur de Vre 

(1984) suggested that the following water-macrornolecule interactions rnight contribute 

to the measured Tt in biological tissues: 

(i) Restricted motion involving translation and rotation of water molecules. 

(ii) Partial orientation of water molecules with respect to the macromolecular 

chains. 

(iii) Multiple frequencies of motion and distribution of correlation times (Tc), 

where Tc is the average time between molecular collisions and varies between 

l@ and 1 s in the hydration layer (bound water), and has a value of 1 0-I2 s for 

fiee water. 

(iv) Anisotropic diffusion and enhanced proton transfer along the hydration layer. 

(v) Anisotropic rotation and decoupling of translational and rotational motion of 

water molecules due to macromolecular-water interactions, 

(vi) Differential interaction potential along the charged macromolecular chains. 

Other factors influencing Tr relaxation are paramagnetic or superparamagnetic 

substances (Brasch, 1983; Hahn et al., 1987; Stark et al., 1988; Thulbom et al., 1982) and 

field inhomogeneity. Paramagnetic substances are molecules and atoms with chemically 

unpaired electrons. They are associated with a large magnetic moment, approximately 

700 times as powerfùl as the nuclear magnetic moment. It is known that deoxygenated 

hernoglobin is paramagnetic and induces a signal loss in T2-weighted images (Thulbom 

et al., 1982). Superparamagnetic substances consist of very small crystds of ferric or 

fmmagnetic cornpounds anci have a powefil magnetic property (Hahn et al., 1987). 



Both paramagne tic and superparamagnetic substances infiuence the intrinsic relaxation 

properties of water by producing local magnetic field inhomogeneity. 

2) Wa ter diffusion in diffusion- weighted (D W )  imaging 

The signal obtained in DW images depends on diffusion behavior of water. 

Molecules in a fluid move in a microscopic random pattern, a so-called Brownian motion 

or self-diffusion. The property of diffusion is represented by a dimision coeficient, 

which is proportional to the mean square of the distance covered per time. The 

measurernent of water diffusion using MR techniques was established more than two 

decades ago (Stejskal and Tanner, 1965). Ln a spin-echo sequence without gradients, the 

signal drops exponentially with echo time because of the intrinsic Tz relaxation. When 

strong gradients are tumed on, the diffusing spins acquire different phases, not only 

because of the intrinsic T2 relaxation but also because of the random motion in the 

presence of gradients. Therefore, the net transverse magnetization reduces more rapidly 

and the observed signal decays even faster. The signal decay is faster if the magnetic field 

gradients are stronger and if the spins have a higher difhision coefficient. Elimination or 

reduction of T2 effects c m  be achieved either by using very large gradient factors or by 

the acquisition of two data sets, one with and one without a diffusion gradient. When 

using very large gradient factors, diffision effects dominate over Tt effects and the result 

is a DW image in which regions of hi& water diffision have a low signal intensity 

(Huppi and Barnes, 1997; Stejskal and Tanner, 1965; van Bruggen et al., 1994). 

In biological systems, diffision of water is irnpeded by the presence of ce11 

membranes, organelles and rnacromolecules resulting in a reduced apparent diffision 



coefficient (AIX)  with less signal attenuation than fieely diffisible water. Contrast in the 

DW images is influenced by local ADC and thus depends on the microenvironment of 

tissue and the physiological statu, including ce11 membrane pemeability, exchanges 

between fkee and bound water and tortuosity of the diffusion path (van Bruggen et al., 

1994). Water diffusion in tissue may appear anisotropic when the translational movement 

of water is more restricted or hindered in one direction than others. Thus, white matter 

tracts parallel to the dimision-sensitizing gradients appear dark, whereas those in the 

perpendicular orientation are bright. This phenornenon has been called "directional 

anisotropy" in DW images (Hossmann and Hoehn Berlage, 1995). 

3) Hypoxic/iscchemic MR imaging changes 

Numerous studies have demonstrated that hyperintense areas in DW images or 

regions with a decreased ADC occur as soon as a few minutes afler the onset of ischemia 

(Kohno et al., 1995; Mintorovitch et al., 1991; Moseley et al., 1990). In contrast to DW 

changes, there are no detectable T2 changes until 3 - 24 houn post ischemia. Tz changes 

at 24 - 48 hours correspond well to the distribution of infarciion (Allegrhi and Sauer, 

1992; Barone et al.. 1991; Tuor et al., 1998). Based on the temporal evolution of 

ischemic MR changes, changes in DW and TW images have been assumed to reflect 

cellular and vasogenic edema, respectively (Kunelberg, 1995; Loubirioux et al., 1997). 

However, the biophysical mechanisms responsible for the abnonnal MR signal in 

ischemia remain poorly understood. 

A decrease in ADC following ischemia corresponds to severe reductions in blood 

flow, reductions in ATP, and decreased extracellular space measured by electrical 



impedance in the tissue (Hoehn Berlage et al., 1995; Hossmam et al., 1994; van 

Lookeren Campagne et al., 1994). In severe cerebral hypoxiahypoxia, a loss of oxygen 

and blood supply leads to a quick &op of energy metabolites, such as ATP and 

phosphocreatine. If the reduced level of ATP is not enough to maintain the function of 

N~+-K'-ATP~s~, extracellula. ~ a +  moves into the intracellular space along its 

concentration gradient resulting in the influx of water osmotically fkom the extracellular 

space (Hansen and Olsen, 1980). Limitation of water diffusion due to increased tortuosity 

of the difhsion path through the shrunken extracellular space results in a slower 

attenuation of signal loss in DW images and this is reflected as a hyperintensity or a 

decrease of the ADC in DW images ( van Lookeren Campagne et al., 1994; Verheul et 

al., 1994). Although the shrinkage of extracellular space occuning in cellular edema has 

been thought to be the major factor contributing to the decreased ADC in ischemic brain, 

there is little evidence to support this assumption due to the technical difficulties in the 

direct measurement of the extracellular cornpartment. N~+-K+-ATP~s~  is an important 

enzyme involved in ce11 volume control and it therefore might serve as a sensitive 

rnarker for changes in extracellular space. There is one study showing a mild correlation 

in the trend of changes in D W images and in N~'-K'-ATP~s~ activity in an adult stroke 

mode1 of middle cerebral artery occlusion (MCAO) (Mintorovitch et al., 1994). Whether 

changes in N ~ ' - K + - A T P ~ ~ ~  correlate with the changes in DW images in cerebral 

h ypoxidisc hemia is unknown. 

As mentioned above, an increase in the number of water protons is associated 

with an increase in the TL times (Chakeres and Scbmalbmck, 1992). Thus, TW changes 

in ischemia have been assurned to reflect changes in water content of the tissue 



(Loubinoux et al., 1997; Mintorovitch et al., 1991 ; Ning et al., 1999; Tuor et al., 1998). 

However, few studies correlaie the T2 changes with alterations in brain water content. 

There are reports that an increase in T2 corresponds to the increase in brain water content 

24 - 72 hours after bcal cerebral ischemia in a MCAO stroke mode1 (Boisvert et al., 

1990; Namse et al., 1991). To the best of our knowledge, there has been no report that 

follows the spatial and temporal changes in T2 and brain water fiom the start of ischemia 

or hypoxidischemia until 24 houn of reperfusion during which time energy status and 

water dynamics go through distinctive alterations (Lorek et al., 1994; Mujsce et al., 1990; 

Slivka et al., 1995). Furthemore, recent studies reported that there were differences in 

the onset and resolution of Tz changes between neonatal and young rat brain during and 

following cerebral hypoxialischernia (Ning et al., 1999; Tuor et al., 1998). In those 

studies, the correlation between TI changes and alterations in brain water content was not 

studied. 

4) Cellular edema 

Fluid in the central nervous system is distributed in the intracellular and 

extracellular spaces of brain parenchyma, the cerebrospinal Buid (CSF), and the vascular 

compartmed. Homeostasis of fluid in the body is tequired for normal cellular function. 

Any increase of brain water (brain edema) (Go, 1997) might raise intracranial pressure or 

cause hemiation in the brain. Brain edema is classified into cellular edema (also called 

cytotoxic edema) and vasogenic edema based on its pathogenesis (Go, 1997; Klatzo, 

1967; Kirnelberg, 1995). A disturbance of homeostasis in ions and water takes place in 

both types of edema. 



Cellular edema occurs in intoxication, deep hypothennia, and the early stage of 

anoxia or ischemia. This type of edema is defhed as ce11 swelling resulting fiom 

intracellular accumulation of water and ~ a '  (Go, 1 997). There are at least three di fferent 

mechanisms responsible for the control of ce11 volume. First, N~'-K'-ATP~s~ exchanges 

3 intracellular ~ a +  ions for 2 extracellular K' ions with the hydrolysis of 1 molecule of 

ATP for each full pumping cycle. interference with N~+-K*-ATP~s~ function by a 

reduction in energy availability leads to an influx of ~ a +  fkom the extracellular space and 

an obligate influx of water into the cell. Second, the membrane ion channels for ~ a ' ,  K+, 

or CI- also make a contribution to maintainhg ion balance across the membrane. Third, 

the activation of cotransport or countertransport (antiporter) systems (Cala et al., 1988) 

are involved in the regulation of pH and cell volume (Eveloff and Wamock, 1987). For 

example, the ~a'/Hç antiporter is activated in the presence of acidosis to extrude the 

intracellular H+ in exchange for an infiux of TVar with an inflow of water. 

5) Vasogenic edema 

Vasogenic brain edema is considered to be a consequence of blood brain banier 

(BBB) breakdown resulting in leakage of plasma constituents, such as protein, water and 

electrolytes into parenchyma of the brain (Klatzo et al., 1967). The disruption of BBB 

occurs in focal cerebral lesions, such as cerebral contusions, brain trauma, tumors, 

infiammatory Iesions and the later stage of cerebral ischemia. Morphologically, the BBB 

consists of cerebral capillary endothelium, together with tight junctions occiuding the 

clefts between endothelid cells (Go, 1997). Protein leakage fiorn the systemic circulation 

indicates an increased perrneability of the BBB via either separation of tight junctions or 



increased pinoc ytosis (vesicular transport) (Brightma. et al., 1 973; Go, 1 997). Opening 

of the BBB ofien takes place 3 - 6 hours after the onset of ischemia (Balayer et al., 1996; 

Menzies et al., 1993). Clearance of fluid occurs by reabsorption into capillaries, drainage 

into the CSF, uptake and degradation by glial elements, or drainage to the lymph nodes 

(Bradbury et al., 198 1; Klatzo et al., 1980). 

6) Age dependent differences in extracellular space and brain water 

Water content in the newbom brain is high and declines wiih age (Agrawal et al., 

1968). This is attnbuted to the postnatal maturation in neurons and glial cell processes. 

Extracellular space in brain also decreases with age. Lehrnenkuheler et al. (1993) 

reported that extracellular space in the cerebral cortex was largest in newbom rats and a 

drarnatic reduction in extracellular space occurred between postnatal day 10 - 21. There 

was no M e r  decrease in volume fiaction between postnatal day 21 and adults (90 -120 

days old). Thus, the relatively large extracellular space in neonatal brain would allow a 

dilution of the substances released fiom cells and the vascular cornpartment, such as 

water, ions, excitatory neuroiransrnitters and metabolic substrates related to the 

pathological insult. This is supported by the finding that the latency for ischernia-induced 

shrinkage of the extracellular space is longer in 4 - 6 day old rat brain compared to 21 - 

23 day old rat brain (Vorisek and Sykova, 1997). 



RATIONALE 

There is evidence that hypoxia/ischemia-induced changes in DW and TW images 

are different in neonatal and young brain (Ning et al., 1999; Tuor et al., 1998). The 

reason for these age differences in MR imaging is unknown. Changes in DW and TW 

images in biological tissues are considered to be due to the alterations in the extracellular 

space and water content, respectively (van Lookeren Campagne et al., 1994). Thus, it is 

possible that age-dependent MR changes are due to age differences in brain water 

dparnics and extracellular space (Vorisek and Sykova, 1997). Furthemore, since ~ a + -  

K'-ATP~S~ plays an important role in ce11 volume control, it is also possible that changes 

in N~'-K'-ATP~s~ activity reflect alterations in extracellular space. Finally, some of the 

differences in M .  imaging may be due to age-dependent differences in ceIl injury or ce11 

detected. Histologically, ceil injury can be assessed with the histochemical analysis for 

cytochrome oxidase, H&E staining or Annexin V labeling. Cytochrome oxidase, the final 

enzyme complex in the respiratory chain on the inner mitochondria membrane, is 

involved in oxidative phosphorylation and ATP generation in mitochondria (Balaban, 

1990). Punctate chromatin, pyknosis or eosinophilic cells on H & E stained sections 

indicate ce11 death. The translocation of phosphatidylserine from the inner plasma 

membrane to the extemal surface of ce11 membrane can be revealed by Annexin V 

labeling suggesting an early stage of apoptosis (Walton et al., 1997). 



HYPOTHESIS AND OBJECTIVES 

We hypothesize that age-dependent differences in hypoxic/ischemic DW and TW 

images are due to a combination of different cellular changes in brain water, ce11 volume 

control, or mechanisms for ce11 injury during development. To test this hypothesis, we 

investigated: 

1. Whether hypoxic/ischemic changes in DW images correspond to alterations in 

N ~ ~ - K + - A T P ~ s ~ .  

2. Whether hypoxic/ischemic changes in T2 correlate with alterations in brain 

water. 

3. Whether hypoxic/ischemic changes in DW and TW images correspond to 

signs of ce11 injury or death as indicated by changes in cytochrome oxidase, 

Annexin V labeling and ce11 morphology. 



MATERIALS AND METHODS 

HYPOXINISCHEMIA MODEL 

Pregnant Wistar rats were obtained ftom Charles River Laboratories (Montreal, 

Canada) and gave birth approximately I week followuig their arrival. Following birth, 

each litter was culled to 8 - 10 pups and caged with the dam. All anirnals used in this 

study were treated in accordance with the guidelines provided by the Canadian Council 

on Animal Care and experirnents were approved by the local Animal Care Cornmittee. 

Anirnals were assigned to two age groups - 1 week and 4 week old rats. Cerebral 

hypoxia+ischemia was produced as previously described (Tuor et al., 1998). The animals 

were anesthetized with isoflurane (3 - 4% for induction and 1.5 - 2.5% for maintenance) 

with a nose mask throughout the surgery. The neck was incised in the midline and the 

cervical field was infiltrated with 0.25% bupivicaine. The right common carotid artery 

was ligated with 2 pieces of 5-0 suture and severed between the suture knots. The 

incision site was closed with suture and skin glue (Nexoband, Veterinary Product Lab, 

Phoenix, AZ). Saline (0.1 mVlOg) was injected intraperitonially to compensate for the 

fluid losses during surgery. In the sharn control group, the carotid artery was isolated but 

not ligated. Following surgery, the rats were retunied to the cage to be with the mother 

for 1 - 2 hours of recovery from the anesthesia. Then, rats were subjected to hypoxia 

(humidified 8% 9 + 92% Nz) for a duration of 2 hours (1 week oId rats) or 30 minutes (4 

week old rats). A similar extent of hypoxic/ischemic injury is produced with these 

durations of hypoxia in 1 week and 4 week old rats (Tuor et al., 1996). Body temperature 

was maintained at 37.0 - 37.5'~ during hypoxia with water blanket on the top andior 

bottom of the rat body, or by a temperature-controfled iamp. 



EXPERIMENTAL DESIGN 

In each age goup (n=lUgroup), MR images were acquired 20 minutes before 

hypoxia (serving as baseline), throughout the whole period of hypoxia, at 1 hour or 24 

hows of reperfûsion using DW or TW imaging techniques (Fig. 2). After the las& image, 

animals were killed with an overdose of pentobarbital (80 mgkg). The brain was 

removed for the immediate detemination of brain water and the rest of the br in  was 

frozen for future histochemical and pathological examination (Fig. 2). 

in several additional expenments (n = 26 in 1 week old rats; n = 2 1 in 4 week old 

rats), cerebrd hypoxialischemia was produced without MR irnaging. The rats were killed 

at the end of hypoxia, 1 hour or 24 hours of reperfusion. Anirnals with sham surgery but 

not ischemianiypoxia served as controls (group assignment is show in Fig. 2). 

Generally, the whole cerebrum was dissected into 3 parts (Fig. 2): the anterior cerebrurn 

containing the striatum was removed for the measurement of brain water content using a 

dry/wet weighing method. The rniddle c e r e b m  was fiozen in isopentane (- 45 OC) and 

stored at - 80 OC until it was used for histochemical or pathological examination for ~ a + -  

K+-ATP~S~, cytochrome oxidase, H & E staining or Annexin V labeling. The posterior 

cerebrum, a majonty of cortex and some white matter and hippocampus was removed for 

the detemination of tissue specific gravity, which is inversely proportional to the water 

content in the tissue. 



Before H During H Ih post H 24b post H 

MR imaging, brain water measurement and 
histological studies. 

Anterior cerebrum - used for the 
determination o f  water content using dryfwet 
me thod 

Middle cerebrum - fkozen for the histological 
examinations: Na+-K+-ATPax, cytoc home 
oxidase, H & E or Annexin labeling 

Posterior cerebrum - used for the 
detemination of specific gravity using percoll 
rnethod. 

Fig. 2. Experimental protocol showing the times for the various measurements (A) and 
brain sampling sites for brain water measurement and histological studies (B). H: 

Hypoxia. 



MRl 

MR experiments were performed in a 9.4T/21cm horizontal bore rnagnet 

(Magnex, UK) equipped with an MSLX Bruker console (Bruker, Gemany). The animais 

were anesthetized with isoflurane (4% for induction, 0.25 - 1 .O% for maintenance) in 45% 

9 ( V 3  O2 + 2/3 air) and placed in a chamber designed to fit the bore of the magnet. The 

animal was restrained by a foam-lined head holder (1 week old rats) or by ear pins and 

incisor bar (4 week old rats). While in the rnagnet, the ECG and respiration rate were 

monitored continuously in 1 week old and 4 week old rats, respectively. A water blanket 

with circulating water was placed on the top and /or the bottom of the rat body to 

maintain the body temperature at 37.0 - 3 7 . 5 ' ~  throughout hypoxia. 

Rats were imaged irnmediately before hypoxia, during hypoxia, and at 1 hour or 

24 houn of reperfusion. DW images and TW images were acquired with a quadrature 

coi1 tuned to 400.045 MHz. DW images were acquired with a Stejskal-Tanner spin-echo 

sequence (Stejskal and Tanner, 1965) (TR = 1200 ms, TE = 30 ms, 8 slices, 1 mm thick 

(1 week old rats) or 1.5 mm thick (4 week old rats), average of 4 (1 week old rats) or 2 (4 

week old rats). Two diffusion-sensitive gradient pulses of 10 ms duration and 85 mT/m 

amplitude were separated by 25 ms, which resulted in b = 1062 s/mm2. The difision 

gradient pulses were applied in the phase encoding (Y) direction. TW images were 

acquired with a multiecho sequence: TR = 1200 ms, TE = 21.6 ms, 6 echoes, 3 slices, 

lrnrn thick (1 week old rats) or 1.5 mm thick (4 week old rats), average of 2. For both 

sequences, the field of view was 2 cm and the data matnx was 256 x 128. 



MR images were analyzed with programs developed at the Institute for 

Biodiagnostics, National Research Council of Canada. The hyperintensity areas in TW or 

DW images were measured as a percentage of the entire brain slice at the coronal levels 

of stnatum (anterior cerebnim), mid-thalamus (middle cerebnim) and posterior thalamus 

(posterior cerebrum) using the prograrn XYOQWEASURE or a computerized image 

analysis system (MCID, Irnaging Research hc., St. Catherines, Ontario, Canada). The T2 

relaxation times in the ipsilateral or contralatereal hemisphere were calculated fiom an 

analysis of the multiecho images with the program EVIDENT. For DW images, the mean 

relative intensity in the ipsilateral or contralatereal hemisphere was rneasured using the 

prograrn X Y O L M E A S U ' .  

BRAW WATER DETERMINATION 

Changes in brain water were detemined with two methods. A drylwet weighing 

method was used to determine the percentage of water content in the brain tissue and a 

percoll density gradient method was used to mesure the specific gravity of brain tissue. 

To avoid water loss due to vaporization during the process of sampling, the decapitated 

rat head with the whole skull was quickly cooled in isopentane (- 35 OC) for 10 - 15 

seconds. Then, the skull was removed and the brain was dissected into different parts for 

the measurement of water content or specific gravity. For the dryfwet method, 50 - 60 mg 

(1 week old rats) or 100 - 120 mg (4 week old rats) of brain fiom the left or right antenor 

hemisphere was removed and wrapped in a piece of preweighed aluminum foil. The wet 

tissue wrapped in foil was weighed followed by drying in an oven at 100 OC for 4 - 5 days 



until the weight of the dry tissue was consistent. The percentage of water content was 

determined using the equation below: 

% Water content = (wet weight - dry weigkt) / wet weight xl00 

In general, a relatively large sample is preferred for water content measurements 

with the dry/wet weighing method. To overcorne the possible inaccuracies of water 

content measurement obtained by the dry/wet method, another more accurate metiiüd for 

small sarnples - the specific gravity measurement was used to assess brain edema. To 

measure brain specific gravity, the linear density gradient was prepared with percoll 

(Pharmacia Biotech) and NaCl solution (Tengvar et al., 1982). Stock isotonic percoll 

(SIP) was first prepared by diluting percoll with 1.5 M NaCl (v:v = 9:1). T'he SlP 

solutions were m e r  diluted to "dense solution" with 0.15 M NaCl according to the 

recommendations provided by the manufacturer. An equal volume (50 ml) of dense 

solution and light solution (0.15 M NaCI) were mixed and pumped (5 ml/min) into a 100 

ml cylinder where the final gradient was fomed. After equilibration for 30 min, the depth 

of the linear gradient was calibrated with the standard beads (1.018-1.06 #ml) 

(Pharmacia Biotech) and a regression equation of standard specific gravity versus the 

depth of the gradient was obtained. For the detemination of specific gravity, 30 - 35 mg 

of brain tissue was removed and dropped into the percoll gradient. The sample sank 

slowly in the gradient and the standstill point of the floating sample was recorded. The 

specific gravity of tissue was calculated according to the calibration regression equation. 



HlSTOLOGlCAL STUDlES 

The block of middle cerebrum was cryosectioned at a thichess of 20 p. M e r  

air drymg at room temperature for 30 min, some of these sections were used for 

cytochrome oxidase staining, whereas others were immersion fixed in 10% formalin for 

N~'-K+-ATP~s~ examination or fixed in acetone for H&E staining or Annexin V 

labeling. 

N~*-K*-A V a s e  

Histochemical detection for N~+-K'-ATP~S~ was exarnined with a one-step lead 

citrate method (Mayahara and Ogawa, 1988). The formalin-fixed sections were washed 

in dHzO for 2 x 5 min, then incubated with the enzyme reaction medium (250 mM 

glycine-KOH buffer, 4 mM lead citrate, 10 m M  p-nitrophenyl phosphate (NPP), 25 % 

dirnethyl sulfoxide (DMSO), 2.5 m M  levamisole) at 3 7 ' ~  for 2 hours (1 week old brain) 

or 35 minutes (4 week old brain). This was followed by reaction with 1% ammonium 

sulfide for 30 seconds. A pilot study with a variety of incubation penods was performed 

to choose the best incubation times for 1 week and 4 week old brain. Several different 

control experiments were conducted: 

a) To demonstrate K+ dependency of N~+-K'-ATP~s~ activity, lC+ was removed 

h m  the original incubation medium. This was achieved by substituting glycine- 

NaOH buffer for glycine-KOH and lead citrate-NaOH for lead citrate-KOH. 

b) To demonstrate inhibition of the reaction, 10 mM ouabain was added to the 

incubation medium. 



c) To compare localization of nonspecific aikaline phosphatase ac tivity with that 

of N ~ + - K ~ - A T P ~ s ~ ,  levamisole, an inhibitor of alkaline phosphatase, was removed 

fiom the incubation medium. 

d) A negative control was conducted by replacing the reaction substrate of NPP 

with dH20. 

e) A positive control was performed by staining a section of kidney. 

MCID system was used to measure the relative intensity for N~'-K+-ATP~s~ 

reaction product. Five optical density readings were made in the ipsilateral and 

contralateral hemispheres at the level of mid thalamus. The area with a reduction in ~ a + -  

K'-ATP~S~ reaction product was measured as a percentage of the entire brain section 

with the MCID system. 

Cytochrome oxldase 

The cytochrome oxidase assay was done using a previously published method 

(Nelson and Silverstein, 1994; Tuor et al., 1994). Briefly, fiesh sections were incubated 

in the dark in a reaction medium consisting of 0.5 mg/rnl diaminobenzidine, 250 lg/ml 

cytochrorne c, 4% sucrose in O.1M PBS at 3 7 ' ~  for 2 hours (1 week old brain) or for 30 

minutes (4 week old brain). A pilot study with a variety of incubation periods was 

performed to choose the best incubation time for 1 week and 4 week old brain. A 

negative control experiment was also conducted in the absence of the substrate for 

cytochrome c. 

The MCID systern was used to measure the relative intensity for cytochrome 

oxidase reaction product. Five optical density readings were made in the ipsilateral and 



contralateral hemispheres at the level of mid thalamus. The area with a reduction in 

cytochrome oxidase reaction product was meamred as a percentage of the entire brain 

section with the MCID system. 

H & E staining and Annexin V labeling 

Ce11 injury or death was assessed with standard H & E staining and Annexin V 

labeling using light microscopy. A fiozen section at the level of middle cerebrum fiom 

each animal was stained with H & E and then exarnined for signs of edema, pyknosis, 

punctate chromatin, and infarction. Inf'arction was quantified by measdng the areas with 

a reduction or loss in H & E staining on brain sections. For Annexin V labeling, frozen 

brain sections were washed in PBS for 3 x Smin and then incubated with biotinylated 

Annexin V (1:100, Cedarlane Lab, Ontario, Canada) in the dark at room temperature 

overnight (Walton et al., 1997). The binding of Annexin V was revealed with an ABC kit 

(Cedarlane Lab) and diarninobenzidine. To demonstrate the presence of condensed 

chromatin f ie r  A ~ e x i n  V labeling, a nuclear dye consisting of propidium iodide (1 

pglml) was added on the section. For the negative control, l x  binding buffer was added 

instead of Annexin V. The cells with double labeling of Annexin V and propidium iodide 

were considered apoptotic cells. 



All the data were presented as mean t SD. Areas of MR hyperintensity, reduction 

in enzyme reaction product and infarction were presented as a percentage of the entire 

brain slice. The intensity of DW images and enzyme reaction product, T2 relaxation 

times, specific gravity and water content were displayed as relative ratios measured in 

ipsilateral/contralaterai hemisphere. Even thougb the absolute values for T2 times and 

brain water were available, they were presented as relative ratios in this study because 

even a 1 - 2 day variability in gestation and birth date in this mode1 could greatly affect 

the absolute values and the standard deviation of the means. Furthemore, we noticed that 

brain water content in the contralateral hemisphere in bigger rats was lower than that in 

smaller rats even though they are at the same age. A Bonferroni-test or a Dunn's test was 

used for comparing mean hyperintensity areas in both DW and TW images, or mean 

ratios of Tr times, DW intensity, intensity for N~'-K'-ATP~~~ and cytochrome oxidase 

reaction product at different times. Differences were considered significant at P < 0.05. 

Least square regression analysis was used to analyze the correlation oE Tz changes with 

alterations in water content, DW changes with alterations in N~'-K'-ATP~s~ reaction 

product, MR hyperintensity area with the distribution of infarction or area of decreased 

cytochrome oxidase, or a r a  of decreased cytochrorne oxidase reaction product with area 

of infarc tion. 



MRI 

The patterns of changes in DW images were shilar in both age groups during and 

afier an episode of hypoxialischernia. However, the onset of hyperintensity in DW 

images occurred eariier in 4 week old rats than 1 week old rats. Tz changes during and 

immediately after the termination of hypoxia were different in 1 week and 4 week old 

rats. 

1) One week old rats 

Prior to hypoxia, there was no difference in bnghhiess of the ipsilateral and 

contralateral hemispheres in DW and TW images. As early as 30 - 45 minutes after the 

start of hypoxia, both TW and DW images appeared hyperintense in the ipsilateral 

hemisphere within the territory of the right comrnon carotid artery. With continuing 

hypoxia, DW changes in the ipsilateral hemisphere spread to the contralateral cortex in 

3 4  rats. At the end of 2 hours hypoxia, hyperintensity in both DW and TW images 

became significant with areas of hypenntensity in the striatum, cortex, hippocampus, 

thalamus and hypothalamus (Fig. 3). At this time, the mean areas of hyperintensity in the 

DW images were 58% k 0.30, 54% & 0.22, 49% t 0.22 at the levels of anterior, middle 

and posterior cerebrums, respectively (Fig. 4A). Compared to the extensive changes in 

DW images during hypoxia, the areas of hyperintensity in TW images were much smaller 

(14 % - 26 %) at the corresponding brain leveis (Fig. SA). In addition, the distribution of 

TW changes was generally resûicted to the ipsilateral hernisphere except for one animal, 

which showed a small area of hyperintensity in the contralateral hemisphere adjacent to 



the dorsal midline. Quantitatively, the ratios of Tt relaxation tirne in the 

ipsilateraVcontralatera1 hernisphere were greater than the values pre-hypoxia by 7% - 9% 

(Fig. SB). The intensity ratios in DW images had an average of 43% - 70% increase 

compared to the values pre-hypoxia (Fig. 4B). 

Upon termination of hypoxia, both TW and DW hyperintensity changes diminished 

rapidly. At 1 hour of reperfusion, DW and TW images were similar to those acquired 

before hypoxia except for a small area of hyperintensity remaining in DW images in the 

ipsilateral cortex and thalamus at the level of middle cerebnun (Fig. 3 and Fig. 4A). The 

T2 ratio at middle cerebrum recovered substantially but still remained significantly higher 

than that before hypoxia (Fig. SB). 

At 24 hours of reperfùsion, a hyperintensity in both DW and TW images re- 

appeared in the ipsilateral cortex, stnatum, hippocampus, thalamus and hypothalamus 

(Fig. 3). At this tirne, the areas of hyperintensity in DW images were less than those 

during hypoxia (Fig. 4A and B). However, the T2 ratio was higher and the areas of 

hyperintensity in TW images exceeded those during hypoxia. 

2) 4 week old rats 

Prior to hypoxia, there was no difference in bnghtness within the ipsilateral and 

contralateral hemispheres in DW and TW images. During hypoxia, there were ipsilateral 

increases in intensity in DW images but not TW images (Fig. 6). The fint changes in DW 

images occurred about 10 - 15 minutes after the onset of hypoxia and the areas of 

hyperintensity reached 22% - 25% of the whole brain level at the end of 30-minute of 

hypoxia (Fig. 7A, B). Within 1 hour of reperfusion, areas of DW hype~tensity in the 



ipsilateral hemisphere disappeared and the TW images were sirnilar to those obtained 

pre-hypoxia (Fig. 6; Fig. 7A; Fig. 8A). intensity and Tz ratios in DW and TW images 

were similar to controls (Fig. 7 8  and Fig. 88). indeed, the whole brain at this t h e  

appeared "normal". M e r  24 hours of reperfusion, hyperintensity in DW images retumed 

with overall smaller areas in the ipsilateral hemisphere compared to the values obtained 

during hypoxia (Fig. 7A). Hyperhtensity areas in TW images also appeared in the 

ipsilateral striatum and cortex, particularly in the anterior cerebnun (Fig. 8A, B). In slices 

within the middle or posterior cerebrum, only the hippocampus and small areas of the 

cortex appeared hyperintense. Furthemore, the most significant change in Tz times was 

in the ipsilateral anterior stnaturn (90 f 4 ms vs 80 + 2 ms in the contralateral striatum). 





O before hy poxia 
during hypoxia 
1 h post hypoxia 
24h post hypoxia 

anterior middle pos terior 

anterior rniddle posterior 

Fig. 4. Hypoxic/ischemic hyperintensity changes in diffusion-weighted 
@W) image in 1 week old rats. (A) showing the mean hyperintensity 

areas presented as a percentage of the entire brain slice, and (B) showing 
the mean ratio of relative intensity in ipsilateralkontralateral hemisphere 
(R/L) at the brain levels of anterior, middle or posterior cerebrum. * P c 

0.05 vs. before hypoxia. 



before hypoxia 

during hypoxia 
g a 5 0 1  O 1 h post hypoxia 

a- s 4 ~ 4  T 24h post hypoxia 

V I 

E anterior rn iddle posterior 

8 anterior middle pos terior 

Fig. 5. Hypoxic/ischemic hyperintensity changes in T,-weighted (TW) 
image in 1 week old rats. (A) showing the mean hyperintensity areas 

presented as a percentage of the entire brain slice, and (B) showing the 
mean ratio of relative intensity in the ipsilateralkontralateral hemisphere 
(WL) at the brain levels of anterior, middle or posterior cerebnun. * P < 

0.05 vs. before hypoxia. 
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Fig. 7. Hypoxic/ischemic hype~tensity changes in diffusion-weighted 
(DW) image in 4 week old rats. (A) showing the mean hyperintensity 

areas presented as a percentage of the entire brain slice, and (B) showing 
the mean ratio of relative intensity in the ipsilaterdcontralaieral 

hemispbere (Rn) at the brain levels of anterior, middle or postenor 
cerebnun. * P < 0.05 vs. before hypoxia. 
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Fig. 8. Hypoxiclischemic hyperhtensity changes in T,-weighted (TW) 
image in 4 week old rats. (A) showhg the mean hyperintensity areas 

presented as a percentage of the entire brain slice, and (B) showing the 
mean ratio of relative intensity in the ipsilatetaYcontralateral hemisphere 
(WL) at the brain levels of anterior, rniddle or posterior cerebnun. * P c 

0.05 vs. before hypoxia. 



BRAIN WATER 

In the control groups, there was a decrease in brain water with postaatal 

development between 1 week to 4 weeks (88.50% f 0.001, 81.13% f 0.003, 

respectively). No difference in brain water content was found between the contralateral 

and ipsilateral hemispheres in any group of sham controls, irrespective of age. The 

changes in brain water over the time course of hypoxia/ischemia in neonatal bmin 

differed kom those in young brain. Brain water in 1 week old brain increased during 

hypoxia followed by a marked recovery immediately after the termination of hypoxia 

whereas there was no recovery in 4 week old animals. 

1) 1 weeû o/d rats 

Ipsilateral to the camtid occlusion, water content ratio in the anterior cerebnun 

increased by 0.95% during hypoxia (P < 0.05) and exhibited a trend towards recovery 

within 1 hour of reperfùsion (Fig. 9A). Although the water content ratio aAer 1 hour of 

reperfusion remained slightly higher than that in control group, the difference was not 

statistically significant. A secondary increase in brain water occurred at 24 hours of 

reperfusion with water content ratio being 1.92% higher than that in the control group. 

There were corresponding changes in specific gravity, which are inversely related to the 

brain water content. Specific gravity ratio in the posterior cerebrum showed a decrease 

during hypoxia followed by a partial recovery at 1 hour of reperfusion and a secondary 

decrease at 24 hours of reperhision (Fig. 9B). 

2) 4 week old rats 



During hypoxia, water content ratio increased by 1% (P < 0.05) (Fig. 10A) and 

specific gravity decreased (Fig. 10B). The absolute water content in the hemisphere 

ipsilateral to the carotid occlusion was lower compared to that in 1 week old rats during 

hypoxia (82.23% + 0.003 vs 88.80% i 0.005). Unlike the changes in neonatal brains, 

there was no trend towards recovery in water content or speci fic gravity after 1 hour of 

reperfusion (Fig. 10A, B). At 24 hours of reperfusion, water content ratio in the anterior 

cerebrum remained 1.39% higher than control levels although there appeared to be a 

partial recovery of specific gravity in the posterior cerebrum (Fig. 10A, B). 
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Fig. 9. Hypoxic/ischemic changes in brain water in 1 week old rats. Brain 
water is measured as water content (A) in the anterior cerebrum or specific 

gravity (B) in the posterior cerebrum. Data are presented as the mean ratio of 
values in the ipsilateraYcontralatera1 hemisphere (Rn). * P < 0.05 vs. sham 

control. 
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Fig. 10. Hypoxiclischemic changes in brain water in 4 week old rats. Brain 
water is measured as water content (A) in the anterior cerebrum or specific 

gravity (B) in the posterior cerebrum. Data are presented as the mean ratio of 
values in the ipsilateral/contralatetal hemisphere (RIL). * P < 0.05 vs. sham 

control. 



N~+-K=A V a s e  

In the contro 1 animals, there were age dependent differences in N~'-K'-ATP~s~ 

activity or density. The intensity ratio of enzyme reaction product for N~'-K'-ATP~s~ 

was lower in 1 week old brain despite using a Cfold longer incubation time than that 

required in 4 week old brain. As a consequence, the background intensity was greater in 1 

week old brains. For the positive control experirnents, intensity for N~'-K+-ATP~S~ 

reaction product in kidney was very strong because of its higher activity of N~+-K+- 

ATPase than brain. The reaction was blocked or inhibited by the elimination of K+ or the 

addition of ouabain in the reaction medium. Non-specific alkaline phosphatase activity 

was inhibited well in the presence of levamisole. 

in 1 week old rats, a slight decrease in N$-K+-ATP~S~ reaction product was found 

in the ipsilateral region of CA3 during hypoxia. Within 1 hour of reperfusion, the 

histochemical detection for ~a'-iC+-~TPase was similar to that in the control group. At 

24 hours of repefision, a decrease in N ~ ' - K ~ - A T P ~ S ~  reaction product became evident 

in the regions of the dentate gyrus, CAi, CA2, and CA3 sectors (Fig. 1 1). 

in 4 week old rats, the intensity for N~+-K+-ATP~s~ reaction product during 

hypoxia showed an apparent decrease in almost the entire hemisphere ipsilateral to the 

occlusion. There was no recovery within 1 hour of reperfusion (Fig. 12). 24 hours after 

the termination of hypoxia, ~a+-lC+-~T'Pase showed some recovery in al1 regions in the 

ipsilateral hernisphere but a reduction in N~'-K'-ATP~s~ reaction remained in the dentate 

g p s ,  CAi, CA2. CA3, cortex and thalamus. 



Before hypoxia During hypoxia 1 h-post 24h-post 

Fig. 1 1. Hypoxic/ischemic changes in Na+-K+-ATPase in 1 week old rats. A decrease in Na%+- 
ATPase reaction product occurs in the hippocampus (arrow) ipsilateral to the carotid occlusion during 

hypoxia (P < 0.05). At 1 hour o f  reperfusion, there is no difference in Na+-K+-ATPase between the 
ipsilateral and contralateral hemispheres. A decrease in Na+-K+-ATPase reaction product in the 

hippocampus becomes evident at 24 hours of  reperfbsion. 



Before hypoxia During hypoxia 1 h-post 24h-post 

Fig. 12. Hypoxiclischemic changes in Na+-K+-ATPase in 4 week old rats. A decreases in Na%+- 
ATPase reaction product occurs in the hemisphere (right) ipsilateral to the carotid occlusion during 

hypoxia and at 1 hour of reperfusion. At 24 hours of reperfusion, decreases in Na+-K+-ATPase 
reaction product remain in the hippocampus cortex and thalamus ipsilateral to the occlusion. 



CWOCHROME OXlDASE 

During hypoxia, there was a modest decrease in the reaction product for 

cytochrorne oxidase in the dentate gyrus ipsilateral to the occlusion in 1 week old brain. 

Decreases in cytochrome oxidase reaction product became more prominent at 1 hour of 

reperfusion in the areas of the dentate gynis, CAl, CA2, CA3, cortex and thalamus 

followed by a M e r  decline at 24 hours of reperfusion (Fig. 13). in 4 week old rats, 

there was a subtle decrease of enzyme reaction in the dentate gynis both during and 

imrnediately afier hypoxia. At 24 hours of reperfusion, the decrease in cytochrome 

oxidase reaction product became evident in the areas of dentate gyrus, CAi and CA2 but 

not CA3 (Fig. 14). 



Before hypoxia During hypoxia 1 h-post 24h-post 

Fig. 13. Hypoxic/ischemic changes in cytochrome oxidase in 1 week old rats. At 1 hour o f  reperfusion, a decrease 
in cytochrome oxidase reaction product occurs in the hemisphere ipsilateral to the carotid occlusion in the 

hippocampus, cortex and thalamus followed by a further decline at 24 hours o f  reperfusion. 





PATHOLOGlCAL CHANGES 

In general, there were differences in hypoxic/ischemic changes in 1 and 4 week old 

brains. Punctate chromatin, pyknosis and Annexin V labeled cells were observed more 

frequently in 1 week old rats than 4 week old rats in the ipsilateral hemisphere 24 hours 

&er hypoxidischemia whereas eosinophilic cells were observed more fiequently in 4 

week old brain. 

f )  1 week old rats 

Evidence of edema was one of the first tissue changes observed in neonatal brain 

during and immediately afier hypoxia. Almost the entire hemisphere ipsilateral to the 

occlusion at the level of mid thalamus appeared pale with a distinct boundary between the 

pale and normal tissue. After 24 hours post hypoxia, 7/7 rats exhibited massive infarction 

in the ipsilateral hemisphere at the level of middle cerebrum. Cells with punctate 

chromatin or pyknotic nuclei were distributed throughout the temtory of the right 

common carotid artery (Fig. IS). in the hippocampus, dying cells were observed in the 

dentate gynis, CAl, CA2 and CA3 sectors. Cells double labeled with Annexin V (Fig. 16) 

and propidium iodide were obsewed more frequently in the ipsilateral cortex and 

thalamus in 215 rats during hypoxia, in 4/9 rats at 1 hour of reperfusion and in 7/7 rats at 

24 hours post hypoxia. 

2) 4 week old rats 



On H & E stained sections, there were no obvious morphological changes during 

hypoxia or at 1 hour of reperfusion. Histological changes were detected in the ipsilateral 

hemisphere at 24 hours of reperfusion. At the level of middle cerebrum, 216 bbrains 

exhibited large areas of infarction in the ipsilateral hemisphere. The other 416 brains 

exhibited selective cellular necrosis in the hippocampus or cortex, particularly in CAI. In 

4 week old brain, there was a predominance of eosinophilic cells and fewer cells with 

pyhotic or punctate nuclei compared to 1 week old brain. in 316 rats, cells with labeling 

positively for Annexin V were observed in the ipsilateral cortex, thalamus or 

hypothalamus but only afler 24 hours of reperfusion. However, these Annexin V labeled 

cells were not CO-labeled with propidiwn iodide. 



Fig. 15, Micrographs showing pathological changes in the cerebral cortex of 1 
week old rats at 24 hours of reperîüsion (H & E). (A) showing normal nuclei in a 

sham control; (B) showing the punctate chromatin (long arrow) in the cortex 
ipsilateral to the occlusion; (C) showing pyknotic nuclei (short arrow) in the 

cortex ipsilateral to the occlusion. 



Fig. 16. Micrographs showing Annexin V labeling in the cortex 
contralateral (A) and ipsilateral (B) to the occlusion at 24 hours of 

reperfusion in 1 week old rats. Dyhg cells were labeled with Amexin V 
around the cellular membrane. 



CORRELA TlON OF MR CHANGES WlTH TISSUE ALTERA TIONS 

f )  Conelaüon of changes in Tz wifh alterations in brain water 

In general, the appearance of hyperintensity in TW images at 24 hours of 

reperfusion corresponded to the increase in brain water in both 1 and 4 week old rats 

(Table 1). T2 changes before, dunng and aAer hyoxidischemia conesponded well to the 

alterations in brain water in I week old rats but only partially in 4 week oid rats. In 4 

week old rats, elevation in brain water occumng during hypoxia-ischernia and 

immediately afier the termination of hypoxia was not detected in TW images until 24 

hours after hypoxia. In addition, correlation between Ti and brain water content or 

specific gravity demonstrated a strong linear relationship at 1 and 24 hours of reperfusion 

in I week old rats (Fig. 17A, B). in 4 week old rats, the correlation of T2 with brain water 

content in the anterior ce rebm was significant whereas that between T2 and brain 

specific gravity in the posterior ce rebm was not (Fig. 18A, B). 

2) Correspondence of changes in diffusion-weighted images fo alterations 

in Na*&-A Vase 

in general, the appearance of hyperintensity in DW images at 24 hours of 

reperfusion corresponded to the decline in ~ a ' - c - ~ ~ ~ a s e  reaction in both 1 and 4 week 

old rats (Table l).The temporal changes in DW images following the onset of 

hypoxia/ischemia corresponded to the changes in N~+-K+-ATP~s~  in 1 week old rats. The 

correspondence was less consistent in 4 week old rats. In 4 week old rats, there was a 

similar correspondence of changes in DW images to N~+-K+-ATP~s~ during and 24 hours 

d e r  hypoxia/ischemia although there were no detectable hyperintensity in the DW 



images at 1 hour of reperfusion despite a significant decrease in N~+-K+-ATP~s~ 

ipsilaterally. 

3) Conelafion of MR hyperintensity areas with ce!/ death or infarction 

In 1 week old rats, the mean area of hyperintensity in DW images and TW images 

at 24 hours of reperfusion was very close to the mean area of infarction (Table 1). There 

was also a linear correlation between the hyperintensity areas in TW and DW images at 

24 h o u  of reperfusion (r = 0.7, P c 0.05). Furthemore, the areas of hyperintensity in 

both TW (r= 0.5, P < 0.05) and DW images (r = 0.9, P < 0.05) (Fig. 19) correlated with 

the areas of infarction. 

in 4 week old rats, there was a linear correlation between area of infarction and 

area of hyperintensity in TW images (r = 0.9, P < 0.05) and area of hyperintensity in DW 

images (r = 0.9, P < 0.05). The hyperintensity area in TW images corresponded to the 

area of infarction whereas hyperintensity area of DW images was larger than the area of 

infarction, Areas of selective cellular necrosis without an infarction or a visible loss of H 

& E staining were not measurable with the MCID system. 

4) Conelation of changes in cytochrome oxidase with MR changes or ce// 

deafh 

In both age groups, the area with a decrease in cytochrome oxidase reaction 

product at 24 hom of reperfusion conesponded well to the area of hyperintensity in DW 

images (r = 0.97 in 1 week old rats; r = 0.8 in 4 week old rats, P c 0.05) and T W  images 

(r = 0.5 in 1 week old rats; r = 0.8 in 4 week old rats, P < 0.05) (Table 1). Furthermore, 



the area with a decrease in cytochrorne oxidase reaction product at 24 hours of 

reperfusion correlated well with the area of infarction in both 1 week (r = 0.8, P < 0.05) 

(Fig. 20) and 4 week old rats (r = 0.7, P < 0.05) (Tablel). 



Table 1. Cornparison of changes in MR images with alterations in specific gravity, Na+-K+-ATPase, 
cytochrome oxidase and pathology 24 hours afier hypoxialischemia in 1 week and 4 week old rats 

1 week old rats 4 week old rats 

Tz hyperintensity areaa 37%-+0.11 6% 3: 0.07 

DW hyperintensity areaa 40% f 0.14 18% + 0.17 

Area with a reduction in Na+-K+-ATPase a 39% k 0.08 27% f 0.16 

Area with a reduction in cytochrome oxidase a 42% zk 0.10 21% -t 0.17 

Area of Infarctiona 37% + 0.16 8%f 0.13 

Decrease in specific gravity (i~~silateral)~ 0.67% k 0.004 0.25% f 0,002 

a) data are presented as a percentage of an entire brain slice at the level of mid thalamus; b) data are presented as a 
percentage of decrease in specific gravity in the ipsilateral cerebrum compared to the data in the cerebrum 
contralateral to the carotid occlusion at the level of posterior thalamus. 



Water CO ntent ratio (RIL) 

Specific gravtyratio (RIL) 

Fig. 17. Correlation of T, relaxation tirnes with brain water at land 
24 hours following hypoxialischemia in 1 week old rats where brain 

water in the antenor or posterior cerebrum was assessed using a 
measure of water content (A) (dry/wet weight) or specific gravity 
(B), respectively. Ml the data are presented as the mean ratio of 

values in the ipsilateraVcontralatera1 hemisphere (RL). 
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Fig. 18. Correlation of T, relaxation tirnes with brah water at 1 and 
24 hours following hypoxidischernia in 4 week old rats where brain 

water in the anterior or posterior cerebrum was assessed using a 
measure of water content (A) (dry/wet weight) or specific gravity 
(B), respectively. ALI the data are presented as the mean ratio of 

values in the ipsilaterdcontralateral hernisphere (WL). 
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Area of infarction (%) 

Fig. 19. Correlation of hyperintensity area of diffusion-weighted 
images at 24 hours of reperfusion with area of infarction in 1 week 

old rais. Area of hyperintensity or Uifarction is presented as a 
percentage of the entire brain slice. 



Area of infarction (%) 

Fig. 20. Correlation of area of reduced cytochrome oxidase at 24 hours of 
reperhision with area of infarction in 1 week old rats. Area with a 

reduction in cytochrome oxidase reaction product or area of infarction is 
presented as a percentage of the entue brain slice. 



DISCUSSION 

Both DW and TW imaging have been used extensively to detect cerebral 

hypoxic/ischemic changes in neonatal and young rats (Ning et al., 1999; Tuor et al., 

1998). Although the onset of imaging changes and their recovery following an episode of 

hypoxidischemia are suggested to be age-related and due to differences in brain water or 

extracellular space, there is no direct evidence to confirm this. A unique feature of the 

present study is that we investigated the temporal and spatial profiles of MR changes and 

their tissue correlates at both early and later stages of the hypoxic/ischemic insults. The 

results support our hypothesis that changes in T r  correspond to alterations in brain water 

content and changes in DW images correspond to the alterations in N~'-K+-ATP~S~ in 

hypoxiahchemia in 1 week old rats but only partially in 4 week old rats. 

INTERPRETA TION OF DIFFUSION- WEIGHTED MAGES IN 

HYPOX'ISCHEMIA 

A) Age di#emnce in the onset of brighfness in diifusion-weighfed Images 

The increased intensity in DW images originates fiom a reduction in the diffusion 

of water in tissue. Compared to traditional MR imaging, DW imaging is more sensitive 

for detectïng early disturbances in energy metabolisrn before complete depletion of 

energy substrates and ineversible cellular darnage (Hossmann et al., 1994). Early 

changes in ADC or the brightness in DW images occurs within minutes &er the onset of 

ischemia in an adult rat MCAO mode1 (Hoehn Berlage et al., 1995). We found that the 

omet of DW changes in hypoxidischemia was different in neonatd and young brain. 



Hyperiatense DW images of the hemisphere ipsilateral to the carotid occlusion occurred 

as early as 10 - 15 minutes after the onset of hypoxia in 4 week old rats whereas it was 

between 30 - 45 minutes in 1 week old rats. Since the rats in both age groups suffered the 

same degree of hypoxia (8% oxygen), the difference in the onset of DW changes was 

somehow age-related. There are at least three possible mechanisms contributhg to the 

age dependence of the onset of DW hyperintensity. First, developmental differences in 

cerebral energy metabolism might conûibute to the delayed appearance of hyperintensity 

in DW images in 1 week old rats. Both oxygen and glucose consumption by the brain 

undergo a sigmoid nse between birth and adulthood (Tuor, 1991). In addition, neonatal 

brain can take up and use other energy substrates generated during hypoxia, such as 

lactate and ketone bodies, which in adults cause adverse effects such as acidosis (Nehlig 

and Pereira de Vasconcelos, 1993). The lower demand for glucose and more flexible use 

of energy sources in neonatal brain assure that the level of ATP is less disturbed during 

hypoxia/ischemia compared to young brains. Second, the volume of the extracellular 

space in immature brain is high and it gradually decreases as the brain matures (van der 

Toom et al., 1996; Lehmenkuhler et ol., 1993). Thus, the shrinkage of the extracellular 

cornpartment in hypoxidischemia may not be evident in neonatal brain due to a higher 

buffering capacity of the extracellular space in response to a disturbance of ion balance 

dunng hypoxidischemia. Vorisek and Sykova (1997) reported that the younger the 

animal, the longer the latency for changes in extracellular space and tortuosity in anoxia 

in developing rats. It is believed that the shrinkage of extracellular space is the major 

reason for the reduction of ADC or the correspondhg increase in intensity in DW images 

(Verheul et al., 1994; van der Toom et al. 1996; van Lookeren Campagne et al., 1994). 



Third, immunohistochemical techniques have demonstrated that the amount of N~+-K+- 

ATPase in the rat brain is very low at postnatal day 7 and increases remarkably between 

postnatal day 7 - 35 (Fukuda and Prince, 1992). Using histochemical methods, similar 

changes with age were found in our study where the reaction product for N~+-K+-ATP~s~ 

in 4 week old brain was much greater than that in 1 week old brain despite much shorter 

incubation times. A lower basal level or N~'-K+-ATP~S~ enzyme activity in neonatal 

brain indicates a lower ATP requirement to maintain ion pump function and ce11 volume 

homeostasis, thereby prolonghg the onset of shortages in ATP. 

B) Conespondence of changes in diffusion-weighted images to alterations 

in ~a+-K*-~Tpase 

A decrease in extracellular space has been believed to be a major cause of the 

reduction of ADC in cerebral ischemia (van der Toom et al., 1996). It is also generally 

accepted that ceil volume is primady regulated by N~+-K+-ATP~s~ within the 

membrane. Thus, we speculated that the decrease in N~'-K'-ATP~S~ activity provide an 

index of a decrease in extracellular space. Compared to methods that provide an 

assesment of changes in extracellular space such as electrical impedance (van Lookeren 

Campagne et ai., 1994), the histochemical technique we used has advantages of saving 

t h e  and providing spatial information regarding changes in N~+-K+-ATP~S~.  The major 

concem about the histochemical staining method is that it may be non-specific. In our 

studies, levamisole was added to suppress the non-specific stainiag for aikaline 

phosphatase and the reaction product was stabilized with the addition of DMSO 



(Mayahara et al., 1980). In addition, a variety of control experiments in our studies 

demonstrated that the staining with our methods was specific for N~'-K+-ATP~s~. 

In 1 week old rats, the trend of changes in DW images over the time course of 

hypoxia/ischemia experiments corresponded to the alterations in N~+-K+-ATP~s~.  A 

similar correlation has been reported in an adult MCAO mode1 (Mintorovitch et al., 

1994). In addition, ADC decreases have been observed following the intracerebral 

administration of ouabain, an inhibitor of N~'-K'-ATP~s~ (Benveniste et al., 1992). 

These results support the assumption that a decrease of ADC in DW images is related to 

the decrease in membrane N~+-K+-ATP~s~ fùnction. The disturbance in N~'-K'-ATP~S~ 

function would result in water shift fiom the extracellular space into intracellular space, a 

shnnkage of the extracellular space and a resulting in a decrease in ADC. The intensity 

for N~'-K+-ATP~s~ histochemical reaction product reflects the activity and density of 

N~*-K+-ATP~s~ in brain tissue. Does the reduction of N~+-K+-ATP~s~  reaction product 

shown at later stage of reperfusion result solely from the decrease in enzyme density due 

to the loss of cells? Biochemical analysis was demonstrated that hypoxia andior ischemia 

results in a decrease in N~?K'-ATP~S~ activity as early as 1 hour after hypoxia until 24 

hours of reperfusion (Groenendaal et al., 1990; Stanirnirovic et al., 1997; Yang et al., 

1992). Therefore, hyperintensity in DW images d u ~ g  and following hypoxidischemia is 

likely related at least in part to a decline in N~'-K'-ATP~s~ activity. 

However, such a conelation was not in complete agreement with the changes 

observed in 4 week old brains. In 4 week old rats, DW images had a remarkable recovery 

at 1 hour of repeifusion but the decreased reaction product for N~'-K'-ATP~s~ remained 

in the ischemic hemisphere. This indicates that there are other mechanisms responsible 



for the changes of ADC in 4 week old brain subjected to hypoxia/ischemia. 2-[1g~]luoro- 

2-deoxyglucose-6-phosphate (ZFDG-6P) has been employed as a cornpartment-specific 

marker in normal and globally ischemic rat (Duong et al., 1998). A similar decrease in 

the intraceltular and extracellular AJIC was found in cerebral ischemia both in vivo and in 

vitro, suggesting that in addition to alterations in the extracellular space, changes in water 

diffusion through the intracellular cornpartment play an important role in the ADC 

changes observed following ischemic insults. The diffusion of intracellular water is more 

restricted than that of the extracellular water because of its interaction with intracellular 

organelles and macromolecules. Also, acidosis, degradation of the cytoskeleton, changes 

in membrane water permeability and alterations in intracellular transport system have al1 

been suggested to contribute to the reduction in ADC (Duong et al., 1998; Hossmann et 

al., 1994; Zhong et al., 1993). Recent studies demonstrated that the areas of reduction in 

ADC were larger than those of ATP depletion but corresponded well to those of acidosis 

in an adult MCAO mode1 (Hossmann et al., 1994; Kohno et al., 1995). Thus, the 

recovery of DW images in 4 week old rats might be due to the recovery of acidosis and 

other associated biochernical changes instead of the extracellular space. Correlation of 

DW changes with the tissue alteration in hypoxiahchemia needs to be M e r  

investigated. 

C) Correlaüon of changes in diffusion-weighted images with infarction 

In both age groups, the areas of hyperintensity in DW images at 24 hours of 

tepetfusion were smaller than those during hypoxia but corresponded well to the areas of 

infarction. This implies that the areas of hyperintensity, which were reversible after 24 



hours of reperfusion might represent a penumbral region where ce11 injury may be 

reversible upon recirculation whereas an area without a recovery of hyperintensity 

changes appears to form the core of the infarction. Indeed, several studies have 

demonstrated that there is a graded reduction in ADC and blood flow from the periphery 

of the insult to the core of the infarction and regions with a mild reduction in ADC could 

be located within the penumbra (Dijkhuizen el al., 1997; Hoehn Berlage et ai., 1995; 

Pierce et al., 1997). Thus, DW imaging is likely helphl in detecting early ischemic 

changes and monitoring the efficiency of therapy within the penumbra in stroke patients. 

The strong linear correlation between areas of DW hyperintensity at 24 hours of 

reperfusion and the areas of infarction implies that DW changes 24 hours after 

ischemianiypoxia reflect cell death in the tissue. 

INTERPRETA TlON OF T2 CHANGES IN HYPOXNISCHEMIA 

A) Age difference in the onset of T2 changes in hypoxidischemia 

The signal on TW images originates fiom the relaxation of water in the tissue and 

the intensity within TW images is determined by the proton density and T2 relaxation 

time. The onset of hypoxia/ischemia-induced changes in T2 occurred much earlier in 1 

week old rats than in 4 week old rats. We speculated that Tz was normal because brain 

water was unchanged in the more mature brain early in hypoxidischemia. However, both 

dry/weight and percoll methods demonstrated that there was an elevation of brain water 

already by the end of 30-minute-hypoxia which persisted until at least 24 hours after 

hypoxia Possible explanations for a delayed T2 increase despite increases in brain water 

will be discussed below. The onset of T2 changes corresponded well to the disturbance in 



water and ion balance in i week old brain and the presence of irreversible ce11 injury or 

death in 4 week old brain indicated as decreased reaction product for cytochmme oxidase 

or ce11 death morphologically. This suggests that the onset of changes in Tt in 

hypoxidischemia reflect potentially revenible cellular changes in neonatal brain and 

irrevenible cellular damage in young rats. 

8) Conelation of changes in T2 and alterations in brain water in 

The high Tz occumng following cerebral ischemia has been generally thought to 

be due to an elevation of water content (Loubinoux et al., 1997; Mintorovitch et al., 

1991; Mathur de Vre, 1984). Our results demonstrate that changes in TW images are in 

agreement with the trend of changes in brain water in both early and later stages of 

hypoxidischemia in 1 week old rats. This supports the assumption that the hyperintensity 

shown on TW images during and following ischemialhypoxia results fiom the increased 

content of brain water (Tuor et al., 1998). 

However, the changes in the net bulk of water can not explain al1 the results 

observed in young rats. In 4 week old rats, Tz changes were delayed by up to 24 hours of 

reperfusion despite significant increases in water content or decreases in specific gravity 

early during and soon f i e r  hypoxidischernia. Why does TW imaging deiect the elevation 

of brain water soon after the onset of hypoxia/ischemia in 1 week but not in 4 week old 

rats? The water content continues to decrease with brain maturation. In control groups, 1 

week braui had a much higher level of water content than the 4 week old brain. Even 

though the water content in 4 week old brain was significantly elevated during hypoxia, 





Despite its hsensitivity to detection of early changes in brain water in 4 week old 

rats, the T2 changes at a later stage of reperfusion correlated well with the areas of 

infantion or areas with decreased cytochrome oxidase reaction product in both 1 week 

and 4 week old rats. This suggests that the changes in Tz 24 hours after hypoxiahchernia 

detect ce11 death in tissue, 

CHANGES IN CMOCHROME OXlDASE /N HYPOXlA/lSCH€M/A 

Ce11 death was evident Uuoughout the hippocampus o c c h n g  in the dentate gyms, 

CAi, CA2 and CA3 in 1 week old rats whereas it occurred most comrnonly in CAi in 4 

week old rats. This is consistent with previous reports that the CAI is particularly 

vulnerable to hypoxia or ischemia in mature brain (Towfighi et al., 1997; Abe et al., 

1998). Consistent with out results, previous pathological studies have demonstrated that 

the relative vulnerability of various hippocampal regions is equivalent early posmatally 

and high susceptibility of CAI to hypoxia was approached by postnatal day 2 1 (Towfighi 

et al., 1997). The underlying mechanisms of different selective susceptibility of the 

hippocampus to hypoxia in immature and mature brains are unclear. in our studies, we 

found that the regional distribution of ce11 death correlated well with the decrease in 

cytochrome oxidase reaction at 24 hours of reperfusion in both groups. This suggests that 

the age-dependent selective vulnerability of the hippocampus to hypoxia is somehow 

related to differences in mitochondrial function. Impairment of cytochrome oxidase 

indicates that the pathway of oxidative phosphorylation is intempted with the 

consequence of a decrease in the production of ATP and a decrease in the mitochondnal 

transmembrane potential (Balaban, 1990). If the generation of ATP in the mitochondria 



continues to decrease and becomes insufficient to maintain cellular hction (ATP 

depletion), irreversible ceil death occurs eventuaily. Since the decreased intensity for 

cytochrorne oxidase reaction product might also result from the loss of enzyme density 

due to ce11 death at the later stage of reperfusion, cytochrome oxidase activity needs to be 

m e r  investigated using biochemical analysis. 



SUMMARY AND CONCLUSIONS 

This study demonstrated that changes in DW and TW images following 

hypoxidischemic corresponded quite well to tissue changes examined in 1 week old rats 

but only corresponded partially in 4 week old rats: 

1) The hypoxic/ischemic changes in Tz correlated well with alterations in brain 

water in 1 week old rats, but early elevations in brain water in 4 week old rats 

could not be detected by TW imaging technique. 

2) The hypoxic/ischemic changes in the DW changes corresponded to alterations 

in brain N ~ ? K + - A T P ~ S ~  in I week old rats; however, the persistent decreases in 

N ~ + - ~ - A T P ~ s ~  occurling immediately afler hypoxialischemia in 4 week old rats 

were not reflected in the DW images. 

3) Hyperintensity areas of DW and TW occurred as early as 30-45 minutes after 

the onset of hypoxidischemia in 1 week old rats whereas in 4 week old rats 

hyperintensity changes in DW images appeared 10- 15 minutes after the onset of 

hypoxidischemia but the T2 changes occurred at 24 hours of reperfusion. The 

onset of Tr changes corresponded to the the disturbance in water dynamics in 

neonatal brain and the presence of ce11 death in 4 week old brain. 

4) The hyperintense areas in DW images without secondary changes at 24 hours 

of reperfusion suggest that these might be penurnbral regions whereas those areas 

with a secondary reappearance of hyperintensity correspond well to the areas of 

infarction. 

5) Changes in DW and TW images after 24 hours of reperfusion reflect infarction 

in both age groups. 



6) Cytochrome oxidase was impaired in hypoxia/ischemia in both age groups and 

its impairment possibly contributed to the selective ce11 death observed in the 

hippocampus. 

In general, the hypoxic/ischemic MR imaging changes are consistent with 

aiterations in brain water and N~'-K+-ATP~s~ in neonatal brain but not in young brain. 

This implies that an age-related difference in the ischemic tissue might reduce the 

visibility of hypoxiclischemic MR changes in young brain. The early Tz changes reflect 

reversible changes in water dynamics in neonatal brain whereas the later Tz changes 

reflect the presence of ce11 death in both neonatal and young brain. Compared to 

traditional MR imaging techniques, DW imaging detects eariy hypoxic/ischemic changes, 

some of which are possibly related to the penurnbra. 
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