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Abstract

Sodium transport in the early postischemic period was studied using Mongolian gerbils with right com-
mon carotid artery ligation. [“Na]sodium chloride ([*Na]NaCl) was infused immediately after, 10 minutes
before, and 4 hours before carotid ligation, and the *Na distribution was measured in symptomatic
animals by autoradiography | hour after ischemia. Regional cerebral blood flow was determined by
[“Cliodoantipyrine autoradiography. The specific gravity of the brain was measured in symptomatic
gerbils 1 and 2 hours after carotid ligation by a gradient column. There was a low uptake of *Na in
the ischemic core and a high uptake in the ischemic periphery when the tracer was given 10 minutes
before or immediately after ischemia. In contrast, tracer given 4 hours before ischemia showed an in-
creased radioactivity in both the ischemic core and periphery. It is suggested that increased sodium in
the ischemic core is due to a decreased sodium clearance rate and increased sodium in the ischemic
periphery is due to some active transport process.
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Introduction

Klatzo’s classification of cerebral edema® into
vasogenic and cytotoxic edema has been widely ac-
cepted. A recent study of cerebral edema® using a
modified specific gravity measurement method show-
ed abnormal fluid accumulation in ischemic brain
tissue within 5 minutes of arterial occlusion. No
blood protein or tracer extravasation was observed
in this stage.” The initial stages of ischemic edema
can therefore be considered cytotoxic.

The pathogenic mechanism of ischemic brain
edema in the early phase may be a sodium pump
failure caused by a critical reduction in cerebral
blood flow (CBF).*'® Sodium pump failure results
in an influx of extracellular sodium into the intra-
cellular compartment; the extracellular sodium is re-
placed by the sodium in the plasma.®* The sodium
concentration therefore increases in the brain tissue.
The movement of water is thought to depend on
the sodium concentration gradient. These experi-
ments were designed to study the movement of so-
dium in the early postischemic period by [2Nalso-
dium chloride ([*Na]NaCl) autoradiography.
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Materials and Methods

Male Mongolian gerbils weighing 60-80 gm were
anesthetized with 1.5% halothane. The right com-
mon carotid artery was exposed through a ventral
midline cervical incision, isolated from adjacent
nerves and vessels, and doubly ligated with 4-0 silk
sutures. After wound closure, the animals were al-
lowed to recover from the anesthesia. Thirty minutes
after ligation, the gerbils were observed for neuro-
logical symptoms and classified as symptomatic or
asymptomatic according to the stroke index of
Ohno et al.'® Symptomatic animals only were used
for the autoradiography and brain specific gravity
measurement.

I. Measurement of regional CBF (rCBF)

rCBF was measured by the quantitative auto-
radiographic technique using [“Cliodoantipyrine
(["*C]IAP) 1 hour after carotid ligation as described
previously.”™ Ten uCi of [CJIAP was injected
through the femoral vein for 1 minute at a constant
infusion rate. Arterial blood was sampled every 6-8
seconds during tracer infusion to determine the
[“C]JIAP concentration by liquid scintillation count-
ing. At the end of tracer infusion, the gerbil was
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decapitated, and the brain was rapidly removed and
frozen in liquid freon-12 (—40°C). The frozen brain
was sliced into 20 um sections, which were mounted
on cover glasses and dried for autoradiography. The
brain sections were exposed for 1 week to single
coated SB-5 x-ray films (Kodak, Rochester, N.Y.,
U.S.A)) in x-ray cassettes. The rCBF was calculated
using the operational equation described by
Sakurada et al.””

II. [*?Na]NaCl autoradiography

[®*Na]NaCl autoradiography was carried out in 28
animals. Thirty uCi of [*Na]NaCl (553 mCi/mg
sodium; New England Nuclear, Boston, Mass.,
U.S.A.) was injected through the femoral vein, im-
mediately after (Group 1, n = 8), 10 minutes before
(Group 2, n = 10), and 4 hours before carotid liga-
tion (Group 3, n = 10). The tracer was infused
under 1.5% halothane anesthesia.

The symptomatic animals, including three Group
1, three Group 2, and three Group 3, were
reanesthetized with ether and decapitated 1 hour
after carotid ligation. Their brains were quickly
removed and frozen in liquid freon-12 (—40°C).
[®*Na]NaCl autoradiography was carried out as de-
scribed above.

II. ["“C]sucrose autoradiography

Immediately after carotid ligation, 60 uCi of
[*C]sucrose (420 mCi/mmol; American Radiola-
beled Chemical Inc., St. Louis, Mo., U.S.A.) was
injected through the femoral vein. The symptomatic
gerbils (n = 3) were reanesthetized with ether and
decapitated 1 hour after carotid ligation. Autoradi-
ography was performed as described above.

IV. Measurement of brain specific gravity

The specific gravity of the symptomatic gerbil
brains were measured 1 (n = 4) and 2 hours (n = 4)
after carotid ligation using a gradient column con-

taining bromobenzene and kerosene.'”” Standard
solutions were prepared with distilled water and
dried K,SO4 with specific gravities: 1.0324, 1.0365,
1.0406, 1.0447, 1.0489, and 1.0530. Duplicate mea-
surements of the position in the column for each
standard solution were used to prepare a standard
curve. The animals were decapitated, and the brain
was placed in a petri dish on ice during brain tissue
sampling. Samples were obtained from the parietal
cortex, hypothalamus, inferior colliculus, and cere-
bellum. The specific gravities of the tissue samples
were determined from their positions 1 minute after
insertion in the gradient column.

Results

I. rCBF

Representative [“C]IAP autoradiograms are
shown in Fig. 1. The rCBF measurements showed a
severe decrease in the sensorimotor, parietal, and oc-
cipital cortices and a moderate reduction in the in-
ferior colliculus and hypothalamus of the ischemic
hemisphere (Table 1).

Table 1 rCBF value 1 hour after right common
carotid artery ligation

Structure Right Left
Sensorimotor cortex 153 129 + 12
Parietal cortex 18 + 4 110 = 10
Occipital cortex 17+ 8 126 £ 10
Cingulate cortex 79 +9 97 £ 12
Caudate putamen 383 121 = 11
Dorsolateral thalamus 585 118 £ 10
Hypothalamus 22+3 113 +9
Inferior colliculus 65 £ 8 134 £ 16
Cerebellar cortex 98 +9 102 £ 9

Values are means = SEM (ml/100 gm/min) in three
animals.

Fig. 1 Representative ['“C]IAP autoradiograms of a gerbil brain obtained 1 hour after carotid occlusion,
showing a marked rCBF reduction in the ischemic hemisphere.
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Fig. 2 Representative [*Na]NaCl autoradiograms of a gerbil brain of Groups 1 (A), 2 (B), and 3 (C) in
coronal sections at the level of inferior colliculus (lower), posterior hippocampus (middle), and

caudate nucleus (upper).

II. [2Na]NaCl autoradiography

Figure 2 shows representative [*Na]NaCl auto-
radiograms, which demonstrate the heterogeneous
distribution of the tracer. Concentrations were
generally highest in the choroid plexus and in the
regions adjacent to the cerebral ventricles and aque-
duct of Sylvius.

The ratio of optical density in the ischemic to the
contralateral side is given in Table 2. The symp-
tomatic animals of Groups 1 and 2 demonstrated a
low accumulation of *Na in the ischemic core and a
high uptake in the periphery. In contrast, Group 3
animals demonstrated an increased radioactivity in
both the ischemic core and periphery compared with
the contralateral non-ischemic hemisphere.

III. [“C]sucrose autoradiography

[**C]sucrose autoradiography showed a low ac-
cumulation in the ischemic area (Fig. 3). There was
no increase in uptake in the ischemic periphery
(hypothalamus, inferior colliculus).

IV. Specific gravity
Table 3 shows the specific gravity of the brain struc-
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Table 2 Ratio of optical density in ischemic to non-
ischemic side 1 hour after right common
carotid artery ligation

Group 1 Group 2 Group 3
Structure (n = 3) (n=3) (n=73)
Parietal
cortex 0.41 £0.08 0.46 £0.05 1.13 +£0.02
Hypothalamus 1.26 + 0.21 1.66 = 0.35 1.67 £ 0.29
Inferior
colliculus 1.22 £0.03 1.66 £0.07 1.31 +0.08
Cerebellum 0.98 £ 0.03 0.98 +£0.01 1.00 £ 0.06

Values are means + SD.

tures. One hour after ischemia, the specific gravity
had decreased slightly in the ischemic core (parietal
cortex) and moderately in the ischemic periphery
(hypothalamus, inferior colliculus). Two hours after
ischemia, the decrease in specific gravity of the
ischemic core and periphery was statistically signifi-
cant (p < 0.09).
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Fig. 3 Representative ['“C]sucrose autoradiograms of a gerbil brain obtained 1 hour after carotid liga-
tion, showing a low accumulation in the ischemic hemisphere.

Table 3 Brain specific gravity 1 and 2 hours after right common carotid artery ligation

Structure

1 hour after ischemia (n = 4)

2 hours after ischemia (n = 4)

Right

Left

Right

Left

Parietal cortex
Hypothalamus

Inferior colliculus

Cerebellum

1.0463 £ 0.0010
1.0437 £+ 0.0017
1.0438 £ 0.0030
1.0482 £ 0.0003

1.0476 £ 0.0008
1.0456 % 0.0008
1.0464 = 0.0018
1.0482 + 0.0005

1.0411 £ 0.00032<

1.0409 + 0.00332
1.0400 + 0.0024°
1.0476 % 0.0008

1.0473 £ 0.0016
1.0457 + 0.0014
1.0467 + 0.0024
1.0464 £ 0.0027

Values are means + SD. Significantly different from left side at 2p < 0.05 or ’p < 0.01 or from 1 hour group at ¢p <

0.05 by Student’s t-test.

Discussion

Unilateral carotid ligation in gerbil is a model of
focal cerebral ischemia in which the CBF is severely
reduced in the affected cerebral hemisphere. We used
[*C]IAP autoradiography to measure the quan-
titative rCBF, but our values slightly differed from
those obtained by others using the same model and
technique. Yoshimine et al.** reported higher rCBF
values 30 minutes after unilateral common carotid
artery occlusion, and Mies e/ al.'” demonstrated
lower values determined 2 hours after ischemia.
Similar rCBF values were reported for the same
model 1 hour after ischemia but using the [**C]bu-
tanol diffusion technique.'” These differences may
result from the delay time between ischemic insult
and rCBF measurement.

The degree of rCBF reduction somewhat varied
among the animals. We chose the parietal cortex as
the ischemic core and the hypothalamus and inferior
colliculus as the ischemic periphery for the measure-
ment of specific gravity, since these structures were
easily identified and showed a relatively constant
rCBF reduction. Low uptake of *Na in the
ischemic core occurred when [Na]NaCl was given
immediately after or 10 minutes before ischemia.
Recently, Lo ef al."® reported comparable results by
direct counting of tissue radioactivity. They ob-
served a 40% reduction in sodium permeability sur-

face area product in the ischemic hemisphere com-
pared with the non-ischemic hemisphere of gerbils
with unilateral carotid ligation.

Many investigators have reported higher concentra-
tions of sodium in the ischemic area than in the con-
tralateral homologous area in the early postischemic
period.®'®!"20:2 This has also been confirmed in ger-
bils 1 hour after unilateral carotid occlusion.” How-
ever, our data and the results of Lo ef al.'” showed
low uptake of *Na in the ischemic core when
[®’Na]NaCl was given immediately after or 10 min-
utes before ischemia. This indicates that the well-
known increase in the net concentration of sodium
in the ischemic area does not result from the en-
hanced sodium transport from plasma to brain.
Our results may be explained by a reduction in the
sodium clearance rate in the ischemic core, since
[#*Na]NaCl autoradiograms indicate the turnover
rate of sodium not the net concentration of sodium.

The net concentration of sodium in brain tissue is
determined by the rate of influx from capillary to
brain tissue and by the rate of efflux from brain
tissue to plasma and cerebrospinal fluid space. Imme-
diately after ischemia, sodium is transported from
the extracellular to intracellular space.® Tracer infu-
sion postischemia or 10 minutes preischemia resulted
in most extracellular sodium being unlabeled,
because sodium transport from capillary to brain
tissue was very slow,"* and therefore no increase in
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radioactive sodium in the intracellular space was
seen. If most extracellular sodium was labeled before
ischemia, the net labeled sodium will increase after
ischemia, because sodium will be replaced with la-
beled sodium from plasma. This was confirmed
tracer infusion in gerbils 4 hours before ischemia
demonstrating an increase in *Na uptake in the
ischemic hemisphere.

In contrast, the ischemic periphery demonstrated
increased **Na uptake with both pre- and
postischemic tracer infusion. In other words, the in-
creased sodium in the ischemic periphery came from
the vascular compartment. The rCBF measurement
showed a continuous supply of labeled sodium in
these areas.

The next question was whether this increased
sodium was by active or passive transport. Measure-
ment of [“C]sucrose, which was used as an internal
standard for capillary permeability, revealed no in-
crease in the ischemic periphery. Therefore, some
active transport process is believed to be respon-
sible.® Capillary Na,K-ATPase activity is thought
to be such an active transport process.>'**"

Thus, the mechanism responsible for the increased
sodium in the ischemic core is probably different
from that in the ischemic periphery. In the ischemic
periphery, an increase in capillary Na,K-ATPase
may be important,>'>* while in the ischemic core, a
decrease in the sodium clearance rate is probably
responsible.>'? Sequential changes of tissue specific
gravity in the ischemic core and periphery suggest
that massive water movement may occur at the
ischemic border zone. The water then moves to the
ischemic core by bulk flow, driven perhaps by
hydrostatic” or osmotic pressure.”

This study does not prove that the increased
sodium in the ischemic core is derived from the
ischemic periphery. This may be investigated by fur-
ther study of the sequential changes of *Na
distribution in the ischemic brain.
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