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The effects of the Na"/Ca™ exchange blocker on osmotic
blood-brain barrier disruption.
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Introduction

The Blood-brain barrier (BBB) is an endothelial permeability barrier present in
‘capillaries and selectively limits the influx and efflux of a wide variety of solutes and
substances between blood and brain. The BBB is a dynamic and regulated structure but its
barrier function can be disrupted physiologically by means of hyperosmotic stress. The intra-
arterial infusion of mannitol has been theorized to cause vasodilatation and osmotic shrinkage
of endothelial cells, and consequent separation of tight junctions of the BBB. Osmotic
disruption of the BBB by mannitol has been reported in both animals and humans but the
time course in the early phase of disruption could not be accurately identified due to indistinct
time resolution. In the study presénted hefe, we first examined the rapid changes in
cerebrovascular permeability in rats after BBB disruption by intra-arterial infusion of
mannitol. We then demonstrated that the specific Na'/Ca™ exchange blocker (KB-R7943)
prolongs the barrier disruption induced by osmotic stress. This is the first study to
demonstrate that BBB closure can be manipulated iz vivo.

Materials and Methods

The experiments were conducted according to the Guidelines for Animal Experiments
of the Kobe University School of Medicine. Adult male Sprague-Dawley (SD) rats weighing
300- 350g were used for this study. The rats were anesthetized with pentobarbital sodium (50
mg/kg, intraperitoneally). Retrograde cannulation with a 10-cm polyethylene catheter into the
right external carotid artery was performed under heparinization.

In the control group, osmotic BBB disruption was attained by intra-arterial infusion of
mannito} (n =27), and in the treatment group, osmotic disruption was achieved in
conjunction with intravenous (iv) injection of the Na'/Ca™™ exchange blocker (KB-R7943)
prior to the infusion of mannitol (z = 15). For the control group, the 27 rats were infused
with perfusate containing ['*C]-sucrose to measure cerebrovascular permeability at 5 minutes
(n="7), 15 minutes (7 = 8), 20 minutes (» = 4), 30 minutes (z = 4), and 60 minutes (2 =4)
after the infusion of mannitol. In the treatment group, 15 rats were injected with the Na'/Ca**
exchange blocker (iv, 3 mg/kg) and then infused with perfusate containing [ *C]-sucrose to
measure cerebrovascular permeability at 5 minutes (2 = 5), 30 minutes (2 = 5), and 60
minutes (n = 5) after the infusion of mannitol.

In addition, rats were infused with only perfusate to determine the BBB permeability
for [**C)-sucrose without osmotic disruption (2 =7). A histopathological study was
performed to evaluate the neuronal damage following BBB disruption by the Na'/Ca™
exchange blocker and mannitol (2 =3).

Hypertonic agent: Mannitol was chosen as a hypertonic agent to open the BBB

-osmotically. Perfusate: To measure cerebrovascular permeability, [ *C}-sucrose (0.5 pCi/ml)

was added to the perfusion fluid (PBS, pH- 7.4) and equilibrate prior to infusion.

In every rat, the proximal portion of the right common carotid artery (CCA) was
occluded with an aneurysm clip immediately prior to the infusion of mannitol or perfusate.
Mannitol was infused into the right external carotid artery at a rate of 8.3 x 102 ml/sec for 30
seconds with an infusion pump. Immediately after the infusion of mannitol, the clip was
released and to allow for systemic blood flow to the right carotid system. To measure the
cerebrovascular permeability, the right CCA was clipped again and perfusate containing
[**C]-sucrose was infused for 60 seconds, after which the intravascular radioisotopes were
washed out by infusion of normal saline for 30 seconds and finally the rat was sacrificed by
decapitation. Immediately after the brain had been removed, it was placed on a filter paper
moistened with normal saline. The arachnoid membrane and meningeal vessels were
removed carefully to avoid injury to the cortex. Two regions, the ipsilateral frontal and
parietal cortex, were dissected and placed in vials to be weighed. The samples were then

digested over night at 40f’C in 1 ml of tissue solbidizer. Finally, 10 ml of scintillation cocktail

for scintillation counting and 70 n! of glacial acetic acid to eliminate chemiluminescence were

added. Counting was performed with a liquid scintillation counter.
The cerebrovascular permeability area product, PA (s™), was calculated as brain [*C]

(dpm- g")/perfusate [ “C] (dpm- ml")/sec. A two-sample Student’s ¢ test was employed for
comparing two means with P < 0.05 set as the level of significance. Data were expressed as

mean + standard error.

Results

Time course of cerebrovascular permeability, PA(s*), afier osmotic disruption: Without
osmotic disruption, the PA(s") was (6.3 = 0.8) x 10” and (9.8 = 1.9) x 10° for the frontal
and parietal regions. Five minutes after the infusion of maunitol, the BBB was markedly

disrupted. The PA(s") peaks for [**C]-sucrose were (34.9 = 9.5) x 10 for the frontal and

(56 + 14.6) x 10° for the parietal region, and these peaks were 5.5 - 5.7 times higher than

the PA(s") measured without osmotic disruption. Immediately after osmotic disruption, the
process of BBB closure started and the absolute value for PA(s") progressively declined. By
30 minutes, PA(s") had decreased significantly but not returned to the pre-infusion level.
The effect of osmotic barrier disruption had been reversed completely by one hour and the
value for PA(s™) had returned to the pre-infusion level.

Effect of Na"/Ca™ exchange blocker on PA(s') changes after osmotic disruption of
BBB: There was no significant difference in PA(s") after five minutes between the rats
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treated with or without the Na*/Ca"™ exchange blocker. This indicates that the Na/Ca™

exchange blocker does not affect the degree of BBB disruption itself.

Thirty minutes after the infusion of mannitol, the increase in PA(S") was preserved in
the rats treated with the Na'/Ca™" exchange blocker, which was significantly higher than the
PA(s") in rats without the blocker. These findings indicate that the Na'/Ca™ exchange
blocker prolongs the duration of BBB disruption. Although barrier closure tended to occur 60
minutes after infusion of mannitol, the PA(s") for ['*C]-sucrose had not returned to the pre-
infusion level. Sixty minutes after osmotic disruption, the rats treated with the Na'/Ca™
exchange blocker showed 1.7 - 2.2 times higher PA(s") values than those without the
blocker. '

Histopathological evaluation of viable neuyrons: On the non-perfused side, the number

of viable neurons was 61.8 = 1.8 over a 250 pm’ area in the frontoparietal cortex compared

with 62.5 + 2.0 in the perfused frontoparietal cortex. With regard to the number of viable

neurons in the frontoparietal coriex, there was no significant difference between the perfused
and non-perfused side of the brain.

Discussion

Time-dependent changes in the cerebrovascular permeability after osmotic BBB
disruption could be a model of reversible tight junctional opening. Hyperosmotic stress can
be exerted up to 30 seconds and more than 30 seconds of infusion was found to have no
incremental effect on BBB permeability. A few studies using animals have demonstrated
reversibility of cerebrovascular permeability after osmotic BBB disruption. In rats,
radioisotopes were administered intravenously and cerebrovascular permeability remained
elevated in some areas of the brain even two hours after osmotic disruption. The time
resolution for the intravenous injection method was estimated to be 10 minutes. On the other
hand, the time resolution of the in situ brain perfusion method in our study was only 60
seconds. This improvement in the time resolution of our experiment enabled us to
demonstrate the distinct time course of cerebrovascular reversibility within one hour. In
addition, factors related to the systemic blood pressure and regional cerebral blood flow did
not come in to play since the intra-arterial infusion was done at a constant perfusion rate and
perfusion pressure after occlusion of the proximal common carotid artery. As a result, the
extent of hemispheric crossover of perfusate was almost constant in every rat in our study. In
rhesus monkey, the early time course of cerebrovascular reversibility following osmotic
disruption has been elucidated using positron emission tomography. This is the first study to
demonstrate the precise time course of cerebrovascular reversibility with the earliest BBB
disruption occurring five minutes after the infusion of mannitol in rats.

The phenomenon of reversion of opening of the BBB consists of two separate
processes, the disruption of barrier integrity and its recovery. To date, the mechanism
of barrier closure after osmotic disruption, that is, the mechanism of reassembly of the tight
junction, has not been identified yet. To our knowledge, ours is thein vivo first study to

" demonstrate that barrier closure can be delayed and that the duration of BBB disruption can

be prolonged by pharmacological manipulation. It was proposed that vasodilatation and
shrinkage of endothelial cells after hypertonic infusion may widen the interendothelial tight
junctions. More recent studies have suggested the possibility that Ca™ induced contraction of
the endothelial cytoskeleton may contribute to the process. We previously reported that after
osmotic stress in vitro, the elevated intracellular Ca™ concentration in cultured brain
microvascular endothelial cells was preserved by KB-R7943. KB-R7943 preveats the
removal of elevated intracellular Ca"™. The peak level of intracellular Ca™ in cultured brain
microvascular endothelial cells was not affected by the blocker. In the study presented here,
we used KB-R7943 in vivo and demonstrated its delaying effect on recovery of the disrupted

- BBB. The important point of our findings is that this pharmacological manipulation by KB-

R7943 did not affect the peak level of PA(s"). Although the actual level of Ca™ and the
change in Ca™ concentration could not be determined in this in vivo study, similar changes in
intracellular Ca'* in vifro and PA(s™) in vivo imply that KB-R7943 exerts its effect via Ca™

dynamics in vivo,

To date, intracellular signal transduction pathways have been implicated in tight
junction formation. Ca™ is an important second messenger of intracellular signaling and
therefore a rapid increase in intracellular Ca™ induced by hyperosmotic conditions may cause
drastic changes in cellular functions such as BBB integrity. Two different in vitro models of
tight junction assembly in epithelial cells have been used: the Ca™ depletion model and the
ATP depletion-repletion model. However, epithelial and endothelial cells may assemble and
regulate tight junctions differently. Mannitol produced a BBB disruption-closure model
which was used in our study as a unique in vivo experimental model to study tight junction
assembly in brain microvascular endothelial cells.

Qurs is the first study in which the rat brain underwent prolonged BBB disruption by
the Na’/Ca" exchange blocker and mannitol. Prolonged BBB disruption may have a
deleterious effect on neurons, but our histopathological examination revealed no neuronal
damage. The concept of enhanced drug delivery after osmotic disruption is being currently
applied to the patients with primary or metastatic brain tumors, resulting in some success and
miniroal morbidity. With all these clinical implications, pharmacological manipulation of the
BBB and its safe limits should be of major interest. Our findings thus represent important
experimental information regarding the use of potentially active agents for manipulation of
BBB opening for therapeutic purposes.
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