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Abstract

Hypoxemia is a major comorbid factor for permanent brain
damage in several metabolic encephalopathies. To determine
whether hypoxia impairs brain adaptation to hyponatremia,
worsening brain edema, we performed in vitro and in vivo stud-
ies in cats and rats with hyponatremia plus either ischemic or
hypoxic hypoxia. Mortality with hypoxic hypoxia was 0%; with
hyponatremia, 22%; and with hyponatremia + hypoxia, 100%.
Hyponatremia in cats produced brain edema, with a compensa-
tory decrease of brain sodium. Ischemic hypoxia also resulted
in brain edema, but with elevation of brain sodium. However,
when ischemic hypoxia was superimposed upon hyponatremia,
there was elevation of brain sodium with further elevation of
water. Outward sodium transport in cat cerebral cortex synap-
tosomes was measured via three major pathways through
which brain osmolality can be decreased. After hyponatremia,
sodium transport was significantly altered such that brain cell
osmolality would decrease: 44% increase in Na+-K+-ATPase
transport activity (ouabain inhibitable); 26%decrease in amilo-
ride-sensitive sodium uptake. The change in veratridine-stimu-
lated sodium uptake was not significant (P > 0.05). When
ischemic hypoxia was superimposed upon hyponatremia, all of
the cerebral adaptive changes induced by hyponatremia alone
were eliminated. Thus, hypoxia combined with hyponatremia
produces a major increase in brain edema and mortality, proba-
bly by eliminating the compensatory mechanisms of sodium
transport initiated by hyponatremia that tend to minimize brain
swelling. (J. Clin. Invest. 1994.93:256-264.) Key words: meta-
bolic encephalopathy - hypoxia * hyponatremia - synaptosomes
* sodium transport

Introduction

Brain dysfunction in the absence of obvious structural abnor-
malities may result from endogenous metabolic abnormalities,
such as hypoglycemia, hyper- and hyponatremia, hypoxia or
uremia, or from exposure to exogenous intoxicants, such as
ethyl alcohol, cocaine, or carbon monoxide (1). Frequently,
metabolic encephalopathies are produced by multiple causes,
such as ethanol intoxication with phosphate depletion ( 1), hy-
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pernatremia with hepatic encephalopathy (2), hyponatremia
with hypoxia (3), and carbon monoxide exposure with hyp-
oxia (4).

Hyponatremia and hypoxia are among the most common
metabolic abnormalities seen in a general hospital population
(5-7). Among patients with hyponatremia, 1%develop en-
cephalopathy, and of these, - 20% die or suffer permanent
brain damage (3, 7). Death in such patients is largely the result
of brain edema, which, if the brain is unable to adapt, often
leads to cerebral herniation (3, 7). Recent studies from our
laboratories in > 100 patients with hyponatremic encephalopa-
thy have demonstrated that systemic hypoxemia is a major
factor leading to permanent brain damage (3, 7, 8). With hyp-
oxic hypoxia, there is decreased oxygen availability to the en-
tire brain, with increased blood flow (9). With ischemic hyp-
oxia, both oxygen availability and blood flow are impaired (9).

The brain adapts to hyponatremia largely by extruding
monovalent cations, such as sodium, to decrease brain cell os-
molality and reduce the amount of cerebral edema ( 10, 11).
Transport of sodium from the brain is regulated primarily by
oxygen-requiring pathways ( 12). Hypoxia alone can lead to
cerebral edema (6), and hypoxia in the presence of other meta-
bolic encephalopathies often worsens the degree of brain injury
(13). These factors suggest that hypoxia may impair adapta-
tion of the brain to metabolic encephalopathies by inhibition of
sodium transport.

Methods

Animal models. In adult rats of both sexes acute hyponatremia was
induced by subcutaneous injection of 1 U of arginine vasopressin in oil
and intraperitoneal injection of 10% body weight of 140 mMglucose/
H20 (14).

Hypoxic hypoxia (9) was induced by having rats breath either 90%
nitrogen, 10%oxygen, or room air for 3 h in an airtight chamber. After,
arterial blood samples were collected and arterial blood pH, P02,
pCO2, and bicarbonate and plasma sodium were measured. Four exper-
imental groups of rats were established: control (arterial P02, 97±3
mmHg; pCO2, 38±2 mmHg), n = 10; hypoxia (arterial PO2, 35±3
mmHg; pCO2, 23±2 mmHg) with normonatremia (plasma sodium,
140 mM), n = 7; normoxia (arterial P02, 92±4 mmHg; pCO2, 39±3
mmHg) with hyponatremia (plasma sodium, 106 mM), n = 12; and
hypoxia (PO2, 37±3 mmHg; pCO2, 26±2 mmHg) with hyponatremia
(plasma sodium, 108 mM), n = 9.

Experiments were performed in two groups of female cats: normal
controls (six animals) and acute hyponatremia for 3 h (eight animals).
Additionally, unilateral middle cerebral artery (MCA)' was induced in
each group. Thus, four subgroups were created: normal controls;

1. Abbreviations used in this paper: ADC, apparent diffusion coeffi-
cient; MCA, middle cerebral artery; MRI, magnetic resonance imag-
ing.
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hyponatremic normoxic animals; normonatremic cats with focal
ischemia (ischemic hypoxia); and hyponatremic cats in which focal
ischemia for 90 min was induced after 90 min of induction of hypona-
tremia.

Animals weighing 2.5-4.0 kg were intravenously anesthetized with
35 mg/kg sodium pentobarbital. Femoral vein and artery catheters
were placed for blood pressure monitoring and administration of the
contrast agent. Six cats were then placed in the magnetic resonance
imaging (MRI) unit for collecting diffusion-weighted and contrast-en-
hanced echo-planar images in normal animals. Then animals were re-
moved from the magnet for the induction of hyponatremia and/or
ligation of the MCA. After ligation of the MCA, cats were immediately
placed in the magnet. During whole MRI experiment cats were main-
tained with 1-2% isoflurane in 30% oxygen, 70% nitrous oxide, and
mechanically ventilated through an endotracheal tube. Plasma sodium
and arterial blood pH, pO2, pCO2, and bicarbonate were monitored ( 15).

Acute hyponatremia was induced in cats by subcutaneous injection
of 1 U of arginine vasopressin in oil and intraperitoneal injection of
12.5% body weight of 140 mMglucose/H20, followed by two subcuta-
neous injections of 0.5 U of arginine vasopressin in water every 30 min.
Plasma sodium was measured every 30 min. The serum sodium was
123±3 mMafter 3 h, which is 30 mMbelow the control value of 153±1
mM(P < 0.01 ) of the normonatremic cats.

Ischemic hypoxia was produced by unilateral ligation of the MCA
for 90 min, as previously described ( 16, 17). After ligation of the MCA,
cats were immediately placed in the magnet. At the end of the imaging
experiment, they were killed, and brain tissue samples were quickly
dissected from ischemic tissue in the right hemisphere (areas were de-
fined by contrast-enhanced MRI) and from the corresponding areas of
the contralateral hemisphere. Most of the tissue was immediately
placed in the isolation media (320 mMsucrose, 0.2 mMK-EDTA, 5
mMTris-HCl, pH 7.40) to be used for isolation of synaptosomes. The
rest of the tissue from the selected regions of the brains was used for the
water and electrolytes analysis.

MRI protocol. To investigate the effect of hyponatremia, ischemic
hypoxia, or a combination of those on the magnitude of the apparent
diffusion coefficient (ADC) and cerebral perfusion, we used MRI.
Imaging experiments were performed on a 2 Tesla OmegaCSI system
(Bruker Instruments, Fremont, CA) equipped with Acustar S- 150 self-
shielded gradients (20 G/cm, 15 cm i.d.). A home-built 9-cm i.d. vol-
ume birdcage radio frequency coil was used in all studies. Stejskal-Tan-
ner diffusion sensitizing gradients ( 18) of strengths up to 11 G/cm
were used to obtain diffusion-weighted images with "b values" in the
range of 0 to 2,442 s/mm2.

A net restriction of water proton movement, due to an increased
proportion of confined intracellular fluid, and thus the location of cy-
totoxic brain edema, was determined using diffusion-weighted MRI
experiments as previously described ( 19, 20). The ADChas been pro-
posed to be a marker of cytotoxic edema, as it decreases progressively as

water shifts from the extracellular to intracellular space ( 19, 20). Spa-
tial "maps" of the ADC(Fig. 1 A) were generated by pixel-by-pixel
logarithmic regression analysis of the diffusion-weighted images, as-
suming an exponential loss of signal dependent on the product of the
ADCand the image b value (21):
S exp(-bD),

where D represents the ADC.
Regions of interest for the quantitative assessment of the ADCin

each of the subgroups were chosen in cortical regions and included
MCAvascular territory.

16 contrast-enhanced high-speed echo-planar images (echo time,
80 ms) were acquired at 2-s intervals after bolus intravenous adminis-
tration of 0.25 mmol/kg of sprodiamide injection, which contained
500 mMof a magnetic susceptibility contrast agent, dysprosium-dieth-
ylenetriaminepentaacetic acid-bis [methylamide] (DyDTPA-BMA)
(Nycomed Salutar, Inc. and Sterling Winthrop) ( 16). The signal inten-
sity variations before, during, and after the administration of sprodia-
mide injection were compared in the region of the nonoccluded MCA

in the left hemisphere and the occluded right hemisphere in terms of
transit of the contrast agent. A transient loss of the signal intensity was
seen in the hemisphere contralateral to the occluded MCAduring the
transit of the contrast agent bolus through the brain. No such signal loss
was observed in regions ipsilateral to MCAocclusion, indicating no
transit of the contrast agent and consequently demarcating perfusion
deficits in the vascular territory of the occluded MCA(16, 20).

Isolation of synaptosomes. Synaptosomes were isolated from brain
regions that were selected on the basis of observed perfusion deficits on
MRI perfusion-sensitive imaging (Fig. 1 B) (20, 22) and diffusion-
weighted images (Fig. 1 A) (19, 20), and from the corresponding areas
of the contralateral hemisphere in each individual animal. Synapto-
somes were extracted from the cerebral cortex of normal, hyponatre-
mic normoxic, normonatremic ischemic, and hyponatremic ischemic
cat brain.

Synaptosomes were prepared as previously described in our labora-
tory (23). In brief, brain tissue was minced and rinsed three times with
5-10 ml of the ice-cold isolation media (320 mMsucrose, 0.2 mM
K-EDTA, 5 mMTris-HCl, pH 7.40). 20 volumes of isolation media
per 1 g of tissue was added, and the extract then was poured into a
Dounce homogenizer and homogenized. The suspension was spun at
1,300 g for 8 min in a centrifuge (J2 1 B; Beckman Instrs., Inc., Fuller-
ton, CA). The supernatant then was spun at 18,000 g for 10 min to
obtain a synaptosomal/mitochondrial pellet. The pellet was resus-
pended in isolation media by homogenization and an aliquot was
layered on a discontinuous Ficoll gradient. Wemodified the previously
described methods.(23) using 7.2 and 11.5% Ficoll gradients. The gra-
dient then was ultracentrifuged at 100,000 g for 70 min using an ultra-
centrifuge (L-880, SW28rotor; Beckman Instrs., Inc.). Synaptosomes
that were located between 7.2 and 11.5% layers were removed by suc-
tion and homogenized in - 20 ml of ice-cold isolation media and spun
at 18,000 g for 10 min. Pellets were resuspended in 7.5 ml of the isola-
tion media, homogenized, and stored as 0.5-ml aliquots at -800C. At
the time of transport studies, an aliquot was removed and allowed to
thaw at room temperature.

Transport activity ofNa +-K+-A TPase. The kinetic characteristics of
rubidium uptake in synaptosomes have been shown to be similar to
those for potassium uptake (23), and thus, rubidium (86Rb) uptake
with or without ouabain was used for the in vitro determination of
potassium transport via Na+-K+-ATPase in these studies. Data on
sodium transport via Na+-K+-ATPase could be obtained based on
rubidium uptake because: (a) rubidium is an adequate substitute for
potassium for an estimation of the potassium transport via
Na+-K +-ATPase, as the permeability of the synaptosomal membrane
for rubidium is the same as that for potassium (23, 24), and rubidium
is relatively more stable than radiolabeled potassium; and (b) the stoi-
chiometry of sodium/potassium exchange by Na+-K+-ATPase is well
defined. Previous observations (12, 23) from our laboratory showed
that maximum uptake of rubidium could be expected after 5 min. So,
we chose this time interval in these studies.

Aliquots of synaptosomes were preloaded with (Na+) by incuba-
tion in four times its volume of preequilibrium media ( in mM] NaCI,
150; MgCI2, 1; Hepes-Tris, 5; pH 7.40) for 10 min at 37°C. The suspen-
sion then was centrifuged at 18,000 g for 6 min, and the pellet resus-
pended in 400-500 ,d of preequilibrium media (12, 23). The reaction
of the 86Rb uptake was initiated with the addition of 5 ul of synapto-
some suspension (- 20-30 Ag protein) to 95 Al uptake media ([in
mM] choline chloride, 140; MgCl2, 5; EGTA, 0.2; KCI, 1; Hepes-Tris,
5; pH 7.40, 0.5 ,Ci 86Rb 70,000 cpm) at 25°C. After 5 min of incuba-
tion, uptake was stopped by adding 2.5 ml ice-cold choline chloride
(150 mM)to the transport mixture. The reaction mixture was immedi-
ately vacuum filtered through a 0.45-,tm pore cellulose acetate mem-
brane. The zero time point 86Rb uptake (nonspecific binding) was ob-
tained by adding S ,ul protein suspension to 95 ,ul uptake media com-

bined with 2.5 ml ice-cold choline chloride (150 mM). This value was

subtracted from the 5-min time point to obtain the transport value of
86Rb.Each probe was done in triplicate. The same procedure was done

using 2.5 mMouabain in the uptake media. Mean of the 86Rb uptake
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with ouabain was subtracted from the mean without ouabain for each
individual experiment.

Veratridine-stimulated sodium uptake. Sodium uptake with or
without veratridine HCI (50 ,uM) was measured in synaptosomes pre-
loaded with potassium ([in mM] KCI, 150; MgCl2, 1; Hepes-Tris, 5;
pH 7.40) (23) and incubated in four volumes of this preequilibrium
media for 10 min at 370C. The suspension was then centrifuged at
18,000 g for 6 min, and the pellet was resuspended in 400-500 Ml of
preequilibrium media. The reaction was initiated at 250C with the
addition of 5 Al of synaptosome suspension ( - 20-30 Mgprotein) to 95
Ml uptake media ([ in mM] choline chloride, 140; MgCI2, 5; EGTA, 0.2;
NaCl, 1; Hepes-Tris, 5; pH 7.40,5.0 MCi 22Na; - 5 x I05 cpm). After 5
min, uptake was terminated by adding 2.5 ml ice-cold choline chloride
(150 mM). The reaction mixture was immediately vacuum filtered
through a O.45-,Am pore cellulose acetate membrane. The zero time
point Na uptake was obtained by adding 5 Ml protein suspension to 95
Ml uptake media combined with 2.5 ml ice-cold choline chloride (150
mM). Mean of the 22Na uptake without veratridine was subtracted
from the mean with veratridine for each individual experiment.

Amiloride-sensitive sodium uptake. Sodium uptake was deter-
mined in synaptosomes with or without amiloride (1 mM)(25). An
aliquot of synaptosomes was incubated with four volumes of preequili-
brium media ([in mM] KCl, 150; MgCl2, 1; Hepes-Tris, 5; pH 7.40)
for 10 min at 37°C. The suspension was centrifuged at 18,000 g for 6
min, and the pellet was resuspended in 400-500 Ml of preequilibrium
media. The reaction was started at 25°C with the addition of 5 Ml of
synaptosome suspension ( - 20-30 Mg protein) to 95 Ml uptake media
([in mM] choline chloride, 140; MgCl2, 5; EGTA, 0.2; NaCl, 1; tetro-
dotoxin, 1 X 10-3; Hepes-Tris, 5; pH 7.40, 5.0 uCi 22Na; - x 105
cpm). After 5 min, uptake was terminated by adding 2.5 ml ice-cold
choline chloride (150 mM). The reaction mixture was immediately
vacuum filtered through a O.45-Am pore cellulose acetate membrane.
The zero time point Na uptake was obtained by adding 5 Ml protein
suspension to 95 Ml uptake media combined with 2.5 ml ice-cold cho-
line chloride (150 mM). The 22Na uptake with amiloride was sub-
tracted from the mean without amiloride for each individual experi-
ment.

Protein determination. Protein concentration was determined us-
ing the method of Lowry et al. (26) in synaptosome suspension after
each ion transport study. Calibration curve was done using bovine
serum albumin.

Water and tissue sodium content. Water and sodium content were
assessed in brain gray matter, both from cortical areas defined by MRI
to have impaired perfusion, and from the corresponding areas of the
contralateral hemisphere. The brain water and sodium content were
measured as previously described (27). To determine brain water con-
tent, we measured the weight of wet brain tissue and then dried the
tissue for 72 h at 105°C. The difference gave the brain water content.
The tissue was then extracted with 1 N HNO3, and sodium was deter-
mined in the supernatant by flame photometry (27).

Statistical analysis. Quantitative data are expressed as mean±SE.
For animal groups, previous investigations show that for all studies on
brain water and electrolytes, and ion transport in synaptosomes, the
typical difference between groups is at least 20% of the control value
with SD < 10% of the control value. Sample size was calculated (28)
using a two-tailed a of 0.05 and ,B of 0.20, and a standardized effect size
of 0.80 (29). Within-group and between-group data were analyzed by
ANOVAand, where appropriate, Newman-Keuls tests (28). A proba-
bility of < 0.05 was considered to be statistically significant.

Results

Rat studies
EFFECTS OF HYPOXIC HYPOXIA AND HYPONATREMIAON
MORTALITY IN RATS
Wefirst evaluated the effects of hyponatremia alone vs. a corn-
bination of hyponatremia and hypoxic hypoxia on mortality.

The effects of hypoxic hypoxia, hyponatremia, and a combina-
tion of hyponatremia and hypoxic hypoxia on mortality in rats
are shown in Fig. 2. In control group 1 rats and in group 2 rats,
where the plasma sodium was 140 mMand arterial P02 35 mm
Hg, there was no mortality. In group 3 rats, where the plasma
sodium was 106 mMand arterial P02 92 mmHg, the mortality
was 22%. The group 4 rats had both severe hyponatremia (so-
dium, 108 mM)and hypoxia similar to group 2 (PO2, 37 mm
Hg), and mortality was 100%. Thus, in the absence of hypona-
tremia, modest hypoxia did not result in any mortality. Hy-
ponatremia with normal arterial P02 resulted in a 22%mortal-
ity but the same degree of hyponatremia combined with mod-
est hypoxia resulted in 100% mortality (Fig. 2).

Cat studies
EFFECTSOF HYPONATREMIAANDISCHEMIC HYPOXIA ONCAT
BRAIN
Since hypoxic hypoxia appeared to have major effects on the
outcome in hyponatremic rats, we decided to evaluate the
mechanisms by which hypoxia combined with hyponatremia
might lead to such an increase in mortality. To determine ef-
fects of ischemic hypoxia on brain adaptation to hyponatre-
mia, we measured cat brain water and sodium. Synaptosomes
are an appropriate model to investigate cellular (neuronal)
mechanisms of brain damage. Synaptosomes are subcellular
membrane vesicles derived from brain cortical gray matter that
have proven useful in the investigation of metabolic encepha-
lopathies and other disorders of the central nervous system ( 12,
23, 30). Synaptosomes contain mitochondria and cytosol, and
are similar to neurons in their metabolism (31 ) and ability to
transport ions (23, 30). The yield of synaptosomes from indi-
vidual rat brains is inadequate to evaluate sodium transport via
several different pathways. On the other hand, each cat brain
hemisphere has adequate tissue for multiple synaptosome stud-
ies. Wewere also interested in creating a model that would
enable us to produce encephalopathy selectively in only one
hemisphere, thereby allowing us to use the opposite hemi-
sphere as a control in each individual animal.

Wehave developed a reproducible model of unilateral isch-
emic hypoxia using unilateral middle cerebral artery ligation in
the cat ( 16, 17). Using this model, we were able to compare
ischemic brain tissue (hemisphere with unilateral middle cere-
bral artery ligation) to normal brain tissue (contralateral hemi-
sphere) in the same normonatremic animal. Wewere also able
to compare effects of hyponatremia plus ischemia (hemisphere
with unilateral middle cerebral artery ligation) to that of hy-
ponatremia (contralateral hemisphere) in the same hyponatre-
mic cat. In cats with hyponatremia, the plasma sodium fell
from the control value of 153±1 to 123±3 mMafter 180 min.
Weinduced unilateral ischemia in both normo- and hypona-
tremic animals as described above.

EFFECTSOF HYPONATREMIAAND ISCHEMIC HYPOXIA ONTHE
APPARENTDIFFUSION COEFFICIENT
To assess brain edema associated with hyponatremia, ischemic
hypoxia, and combinations of the two, we performed diffu-
sion-weighted MRI using the ADCto demarcate the edema. In
nonischemic cerebral tissue, hyponatremia alone caused the
ADCto drop from 0.79±0.02 x 10-5 to 0.70±0.03 x 10-5
cm2/s (P < 0.03) (Fig. 3). The mean ADCvalues in ischemic
(MCA-occluded) brain tissue (0.63±0.06 x 10' cm2/s) and
ischemic/hyponatremic brain (0.62±0.05 x 10-5 cm2/s) were
significantly lower than in normal brain (P < 0.01 ).
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EFFECTS OF HYPONATREMIAAND ISCHEMIC HYPOXIA ON
BRAIN WATERANDELECTROLYTECONTENT

To determine effects of ischemic hypoxia on brain adaptation
to hyponatremia, we measured cat brain water and electrolytes.
In normonatremic cats, 90 min of MCAocclusion increased
water content in the ischemic vascular territory from 389± 10
to 402±l 1 ml/ lI0 g dry tissue (P > 0.05) (Fig. 4 A). After 3 h
of hyponatremia without ischemia, there was an increase of
brain water content to 435±6 ml/ 100 g dry tissue, which was
significantly greater than the values in both control (P < 0.001)
and ischemic cat brain (P < 0.025). Combined hyponatremia
and ischemia caused a further elevation in brain water to
473±11 ml/ 100 g dry tissue, which was significantly greater
than the value in normal controls (P < 0.001), ischemic cats (P
< 0.001), and hyponatremic animals without ischemia (P
<0.01).

Ischemic hypoxia resulted in an increase of brain sodium
content from the control value of 262±14 to 317±23 mmol/kg
dry tissue (Fig. 4 B) (P < 0.05). Hyponatremia without isch-
emia produced a significant adaptive decrease of brain sodium
content from 262± 14 to 233±4 mmol/kg dry tissue (P
< 0.05). However, the adaptive decrease of brain sodium was
not adequate to prevent a significant increase of brain water.
The effects of combined hyponatremia and ischemia were simi-
lar to the ischemia alone. There was a reversal of the decreased
brain sodium observed with hyponatremia alone, 307±14
mmol/kg dry tissue. When ischemia was superimposed on the
preexisting hyponatremia, the brain sodium actually increased
significantly above the value for hyponatremia alone (P
< 0.001), and the control value (P < 0.05). This implies that
ischemic hypoxia interferes with the Na'-K+-ATPase pump,
so that it cannot be stimulated to extrude sodium, even in the

Figure 1. MRI evaluation of the ADCin normonatremic and hyponatremic cats, and areas of perfusion deficits associated with ischemic hypoxia
after unilateral MCAocclusion. (A) Spatial images of the ADCin normonatremic (left) and hyponatremic (right) cats. Progressive compression
of lateral cerebral ventricles in ischemic, hyponatremic, and hyponatremic/ischemic brains is shown with arrows. (B) 4 of the 16 high-speed
echo-planar images of representative hyponatremic brain (one precontrast and three postcontrast) after bolus intravenous administration of 0.25
mmol/kg sprodiamide injection, which contained 500 mMof a magnetic susceptibility contrast agent, DyDTPA-BMA. The signal intensity
variations before, during, and after the administration of sprodiamide injection were compared in the region of the nonoccluded MCAin the
left hemisphere and the occluded right hemisphere in terms of transit of the contrast agent (persistently bright signal in the right hemisphere
represents perfusion deficits in the area of the occluded MCA).
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normonalremia normonatremia hyponafrmla hyponatremla
normal oxygen modest hypoxia normal oxygen modest hypoxia

Figure 2. Effect of hypoxic hypoxia, hyponatre-
mia, and hyponatremia combined with hypoxic
hypoxia on rat mortality.

face of brain edema. This condition was associated with a signif-
icant increase in brain edema (Fig. 4 A).

EFFECTS OF HYPONATREMIAAND ISCHEMIC HYPOXIA ON
SYNAPTOSOMALSODIUMTRANSPORTIN CATS
Sodium/potassium transport by Na'-K+-ATPase in synapto-
somes. Wethen investigated how ischemic hypoxia impaired
the ability of the hyponatremic brain to transport sodium. The
activity of Na'-K+-ATPase to pump potassium in exchange

* Normonatrenia
----*~- Hyponatremia

**

0 40 80

time after MCAocclusion, min

Figure 3. Arithmetic calculated averages of the ADCwere obtained
from regions of interest in cortex of normonatremic and hyponatre-
mic, ischemic, and hyponatremic/ischemic brains. The ADCafter
hyponatremia alone was significantly lower than the value of nor-

monatremic. *P < 0.03 vs. control. The ADCafter ischemia alone,
or after ischemia plus hyponatremia, was significantly lower than the
value in both hyponatremia alone and in normal brain synaptosomes

after ischemia alone or ischemia plus hyponatremia. **P < 0.001 vs.

control. Data are shown as mean±SE.

for sodium is inhibited by ouabain (12). To determine the
transport activity of Na'-K+-ATPase, we first measured up-
take of "6Rb by synaptosomes in uptake media that did not
contain ouabain. In parallel experiments, we measured 'Rb
uptake by synaptosomes when uptake media did contain oua-
bain. Subtraction of the value obtained with ouabain from that
obtained without ouabain gives the ouabain-sensitive compo-
nent of potassium uptake and represents the uptake by the
Na'-K+-ATPase pump in synaptosomes. Such studies on so-
dium/potassium transport via Na'-K+-ATPase could only be
carried out in vitro, because ouabain, a polar compound, does
not readily cross the blood-brain barrier (32), and systemic
administration of ouabain in amounts necessary to inhibit
brain Na'-K+-ATPase activity in vivo would seriously impair
cardiac function.

The value for potassium uptake in synaptosomes from nor-
mal tissue was 9.14±0.47 nmol/mg protein per 5 min. The
corresponding value of potassium uptake with ouabain in the
reaction mixture was 3.12±0.27 nmol/mg protein per 5 min.
Thus, the control value for ouabain-sensitive potassium up-
take, i.e., the activity of Na'-K+-ATPase to transport potas-
sium (Fig. 5), was 6.03±0.33 nmol/mg protein per 5 min. In
cats with hyponatremia, ouabain-sensitive Na'-K+-ATPase
transport activity, calculated as the difference of potassium up-
take without ouabain (11.44±0.85 nmol/mg protein per 5
min) minus uptake with ouabain (2.78±0.41 nmol/mg pro-
tein per 5 min), was increased to 8.68±0.70 nmol/mg protein
per 5 min, significantly greater than the value for synaptosomes
from control tissue (P < 0.001). In synaptosomes isolated
from normonatremic ischemic tissue, ouabain-sensitive Na'-
K+-ATPase activity, calculated as the difference of potassium
uptake without ouabain (5.77±0.35 nmol/mg protein per 5
min) minus uptake with ouabain (2.39±0.30 nmol/mg pro-
tein per 5 min), was 3.38±0.26 nmol/mg protein per 5 min,
significantly less than either the control or hyponatremic val-
ues (P < 0.001 ). When ischemia was superimposed upon hy-
ponatremia, the values of potassium uptake without and with
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(2.41±0.25 nmol/mg protein per 5 min; P > 0.05) (Fig. 6).
However, the value was significantly higher than after ischemia
(P < 0.002). In animals with hyponatremia plus ischemia, ve-
ratridine-stimulated sodium uptake was also significantly
higher (2.28±0.24 nmol/mg protein per 5 min; P < 0.002)
than in cats with ischemia only.

Synaptosomal amiloride-sensitive sodium uptake. Amilo-
ride-sensitive sodium uptake primarily measures an uptake by
the sodium/hydrogen exchanger (25). The control value for
amiloride-sensitive sodium uptake was 0.29±0.03 nmol/mg
protein per 5 min. In animals with hyponatremia without isch-
emia, the amiloride-sensitive sodium uptake (0.23±0.04
nmol/mg protein per 5 min) was significantly less than the
control value (P < 0.05). With ischemia alone, the amiloride-
sensitive sodium uptake was 0.28±0.06 nmol/mg protein per 5
min (P > 0.05 vs. control). When ischemia was added to

'Mlj the hyponatremia, the amiloride-sensitive sodium uptake
ia (0.28±0.036 nmol/mg protein) was not significantly different

from either the control or the hyponatremic value (P > 0.05)
(Fig. 7).

Discussion

The results of this study demonstrate that the combined effects
of two metabolic encephalopathies, hyponatremia plus hyp-
oxic hypoxia, results in 100% mortality, whereas neither type
of metabolic encephalopathy by itself is associated with a mor-
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Figure 4. Water and sodium content in normal, ischemic, hyponatre-
mic, and hyponatremic ischemic brain (gray matter) of tissues. (A)
Brain water content. (B) Brain sodium content. *P < 0.05 vs. control.
**P < 0.01 vs. control. * P < 0.025 vs. ischemia. tp < 0.01 vs. hy-
ponatremia without ischemia. Both water and sodium content were
measured in gray matter of cat brain, using previously described
methods. Data are shown as mean±SE.

ouabain in the reaction mixture were 5.19±0.80 and
1.24±0.17 nmol / mgprotein per 5 min, respectively. Thus, the
ouabain-sensitive transport Na+-K+-ATPase activity was
3.95±0.75 nmol/mg protein per 5 min, significantly lower
than the value in cats with either hyponatremia alone, or in
synaptosomes from normal cat brain (P < 0.001) (Fig. 5).

Veratridine-stimulated sodium uptake in cat brain synapto-
somes. Next, we investigated sodium uptake via veratridine-
stimulated sodium channels, which is a non-energy-requiring
pathway. Veratridine is an alkaloid that selectively increases
resting membrane permeability to sodium via voltage-sensitive
sodium channels (33). The control value of veratridine-stimu-
lated sodium uptake was 2.64±0.19 nmol/mg protein per 5
min. Ischemia alone resulted in a significant decrease of so-
dium uptake via this pathway, to 1.5+0.09 nmol/mg protein
per 5 min, (P < 0.002 vs. normal). In hyponatremic animals,
veratridine-stimulated synaptosomal sodium uptake, although
lower than in controls, was not significantly different
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Figure 5. Effects of ischemic hypoxia, hyponatremia, and hyponatre-
mia combined with ischemic hypoxia on the transport activity of

synaptosomal Na+-K+-ATPase. Transport activity of synaptosomal
Na+-K+-ATPase is shown as the mean of the 'Rb uptake with oua-

bain (2.5 mM) subtracted from that without ouabain in a parallel
experiment. Preequilibrium media contains (in mM)NaCl, 150;
MgCl2, 1; Hepes-Tris, 5; pH 7.40. Uptake media contains (in mM)
choline chloride, 140; MgCl2, 5; EGTA, 0.2; KCl, 1; Hepes-Tris, 5;
pH 7.40. ** P < 0.001 vs. control. tP < 0.01 vs. hyponatremia without

ischemia. Data are shown as mean±SE.
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Figure 6. Effect of ischemic hypoxia, hyponatremia, and hyponatre-
mia combined with ischemic hypoxia on the veratridine-stimulated
sodium uptake. The mean of the 22Na uptake without veratridine-HCI
subtracted from that with veratridine-HCI (50,MM) in a parallel ex-
periment is shown. Preequilibrium media contains (in mM)KC1, 50;
MgCl2, 1; Hepes-Tris, 5; pH 7.40. Uptake media contains (in mM)
choline chloride, 140; MgCl2, 5; EGTA, 0.2; NaCl, 1; Hepes-Tris, 5;
pH 7.40. **P < 0.002 vs. control. *P < 0.002 vs. ischemia. tP < 0.002
vs. hyponatremia without ischemia. Data are shown as mean±SE.

tality rate > 25%. A likely explanation for the increased mortal-
ity appears to be a failure of homeostatic brain ion transport.
Animals with hyponatremia plus ischemic hypoxia are unable
to adapt to the hyponatremia, which is clearly manifested by
increases in cell water and sodium (Fig. 4, A and B). Ischemic
hypoxia not only eliminated the adaptive increase of
Na'-K+-ATPase transport activity that was initiated by hy-
ponatremia (Fig. 5), but it actually decreased the transport
activity to levels below normal and close to those induced by
ischemia. In aggregate, these factors caused a net increase in
brain sodium, resulting in increased brain edema. In addition,
the veratridine- and amiloride-sensitive pathways for sodium
transport were also severely impaired in hyponatremic isch-
emic brain tissue.

Clinical observations in patients with hyponatremic enceph-
alopathy suggest that the progression to cerebral edema with
brain damage is often associated with either hypoxia or isch-
emia (3, 7, 8). The results of this study strongly support this
hypothesis. Significant increases in rat mortality were observed
in those experiments where hypoxic hypoxia was superim-
posed on hyponatremia. Exacerbation of the outcome with hy-
ponatremia was also observed when a different type of hypoxia,
ischemic hypoxia, was imposed on hyponatremic cats. Al-
though there maybe different mechanisms associated with hyp-
oxic hypoxia when compared with ischemic hypoxia, it seems
apparent that both types of hypoxia decrease the effectiveness
of the compensatory changes by which the brain adapts to hy-
ponatremia. Other systemic and cerebral effects of hypoxia
may also be important in the evolution of hyponatremic brain
damage. Hypoxia is a major stimulus for increased secretion of
arginine vasopressin (34, 35). Vasopressin can directly in-
crease water movement into the brain (36), and thus worsen
the brain edema associated with hyponatremia. In the vast ma-
jority of hyponatremic patients, blood levels of vasopressin are
elevated (35, 37, 38). This fact suggests the relevance of the

current model of hyponatremia (vasopressin plus water) used
in this study. In the presence of ischemic hypoxia, increased
arginine vasopressin is secreted, which acts to further increase
brain edema (39). Vasopressin decreases brain production of
ATPand lowers brain intracellular pH (40, 41 ), which may be
contributory factors to the impaired Na'-K+-ATPase trans-
port activity observed with ischemic hypoxia (Fig. 5). Further-
more, arginine vasopressin may increase vasospasm and de-
crease cerebral blood flow, impairing brain oxygen availability
(42). When hyponatremia is induced with a vasopressin ana-
logue that has no cerebral effects (desmopressin), most of the
aforementioned cerebral effects of hyponatremia do not occur
(43). Thus, the effects of arginine vasopressin are mediated
through the interaction of different direct and indirect mecha-
nisms that synergically worsen brain edema associated with the
combination of hyponatremia and ischemia/hypoxia.

Brain edema in the cat was evaluated by noninvasive high-
speed echo-planar diffusion MRI, and by measuring water con-
tent of the cerebral cortex (gray matter). Both methods delin-
eated brain edema associated with either ischemia, hyponatre-
mia, or a combination of both. Brain water content increased
with either hyponatremia or ischemia, although the increase
was larger with hyponatremia. Whenhyponatremia was com-
bined with ischemia, the increase of brain water content was
greater than with either ischemia or hyponatremia alone. We
also found significant decreases of the ADCin each of these
experimental groups when compared with control. Although
the decrement in the ADCis known to be associated with a
slower diffusion of water protons through tissue, the actual
mechanisms are poorly understood. Possible causes include
reduced brain perfusion and subsequent decrease in brain tem-
perature, changes in the osmolality of extracellular fluid of the
brain, restricted proton motion as a result of intracellular in-
flux of water, and changes in membrane permeability ( 17).
Microdialysis application of N-methyl-D-aspartate or gluta-
mate to rat brain has been shown to result in a decrease of the
ADC, concomitant with a shift of water from extracellular to
intracellular space (32). It has been suggested (17, 19, 44) that
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Figure 7. Effect of ischemic hypoxia, hyponatremia, and hyponatre-
mia combined with ischemic hypoxia on amiloride-sensitive sodium
uptake. Preequilibrium media contains (in mM)KC1, 150; MgCl2, 1;
Hepes-Tris, 5; pH 7.40. Uptake media contains (in mM)choline
chloride, 140; MgCI2, 5; EGTA, 0.2; NaCI, 1; tetrodotoxin, 0-3;
Hepes-Tris, 5; pH 7.40. *P < 0.05 vs. control.
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a decline of the ADCis a marker for cytotoxic edema. A maxi-
mumdecline would be expected in areas where there was se-
verely impaired cerebral blood flow, such as ischemic tissue.
Our data reveal a significant decrease of the ADCinduced by
ischemia, in agreement with previous observations ( 17, 20).
Decreased neuronal transport of sodium/potassium by the
Na'-K+-ATPase system after ischemic hypoxia appears to be
one of the major factors contributing to this decrease (Fig. 1
A). Hyponatremia also resulted in a lesser, but still significant,
decrease of the ADC. This is an interesting observation, be-
cause less profound decreases in the ADC indicate a net os-
motic shift of water into the brain, including shifts to both
intracellular and extracellular compartments. Less profound
decreases in the ADCafter hyponatremia can also denote a
dynamic intra/extracellular water exchange, because of the ac-
tivation of mechanisms participating in regulatory volume de-
crease, such as cell membrane pumps.

Adaptation of the brain to hyponatremia involves interac-
tion between efflux of osmotically active cations and a gain of
tissue water (10). Loss of brain sodium as an initial adaptive
response to hyponatremia was observed in this study, and has
previously been reported ( 10, 45). However, when ischemia
was added to hyponatremia, there was an actual elevation of
brain sodium. Thus, ischemia appeared to eliminate one of the
major adaptive mechanisms whereby the brain can adapt to
hyponatremia. To further test this hypothesis, we evaluated
transport activity of osmotically active cations (sodium and
potassium) in neuronal (synaptosomal) membranes. With hy-
ponatremia, there was an increase in Na'-K+-ATPase trans-
port activity, resulting in net sodium extrusion. However, with
ischemic hypoxia, there was a decrease of the Na'-K+-ATPase
transport activity, regardless of the serum sodium level. Activa-
tion of sodium extrusion via Na'-K+-ATPase seems to be one
of the major mechanisms contributing to the volume regula-
tory decrease observed with hyponatremia. Although we did
not measure the content of high-energy phosphates in this
study, maintenance of functional activity of Na+-K+-ATPase
indirectly indicates availability of ATP in the hyponatremic
state (Fig. 5). The decrease of Na+-K+-ATPase activity with
ischemic hypoxia is probably secondary to reduction of intra-
cellular ATPbecause of decreased cerebral oxygen availability.
The level of hypoxic hypoxia in this study (arterial PO2, 35 mm
Hg) would not ordinarily result in a decrement of brain ATP
( 13). However, a combination of simultaneous metabolic in-
sults, including vasopressin administration, has been shown to
decrease brain ATP at comparable levels of arterial P02 (13,
41 ). Failure to extrude sodium from neurons when ischemia is
superimposed upon hyponatremia results in more severe
edema. Whereas either hyponatremia or a brief ischemic epi-
sode might be tolerated without irreversible changes, the combi-
nation of hyponatremia plus ischemic hypoxia may lead to
permanent brain damage (3).

A significant decrease of sodium uptake via veratridine-
stimulated sodium channels was found after ischemia. Changes
in veratridine-stimulated sodium uptake may result from mul-
tiple factors, including changes in membrane potential, mem-
brane permeability for sodium, or changes in size and/or num-
ber of opened channels. Ischemia could affect membrane po-
tential, causing depolarization and increasing inward
movement of sodium. The veratridine-stimulated sodium up-
take in synaptosomes from hyponatremic brain tissue was not
significantly different from normal. However, the combination

of hyponatremia and ischemia was associated with a sodium
uptake significantly higher than that induced by ischemia
alone. Our data do not provide information as to the mecha-
nisms that might be involved in the elevated sodium uptake
observed after hyponatremia plus ischemia compared with isch-
emia alone. However, the net result would be an increase in net
intake of sodium via veratridine-stimulated sodium channels,
which further contributes to brain edema.

We also assessed sodium transport via the Na+/H+ ex-
changer (amiloride-sensitive sodium uptake), which is impor-
tant for regulation of cell pH, intracellular sodium concentra-
tion, and cell volume in many mammalian systems (46). We
found a significant decrease of the sodium uptake in synapto-
somes from hyponatremic animals. Decreased sodium influx
into the brain can serve to initiate the regulatory volume de-
crease, in spite of possible intracellular acidosis, which has been
reported in hyponatremic rats (40).

Based on these data, it appears that ischemic hypoxia se-
verely impairs the brain's adaptive mechanisms during hypona-
tremia: the Na'-K+-ATPase system, and the veratridine- and
amiloride-sensitive pathways for sodium transport. The crucial
factor by which hypoxia leads to increased brain damage and
impaired brain adaptation in hyponatremic encephalopathy is
the reduction in cerebral oxygen availability. Other studies
have demonstrated: (a) hyponatremia can result in reduced
cerebral blood flow (ischemia) (11, 47); (b) patients with hy-
ponatremic encephalopathy have systemic hypoxemia (3, 7)
(8); and (c) the neuropathology of hyponatremic encephalopa-
thy is similar to hypoxic brain damage (8, 9, 48). While this
study provides no direct evidence for possible deleterious ef-
fects of hypoxia in hyponatremic humans, it does indicate that
hypoxia seriously impairs brain adaptation in experimental hy-
ponatremia, and may be an important comorbid factor in the
morbidity associated with hyponatremic encephalopathy
(3, 7, 8).
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