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Summary. Following brief ischemia, the Mongolian
gerbil is reported to develop unusual hippocampal cell
injury (Brain Res 239:57—69, 1982). To further clarify
this hippocampal vulnerability, gerbils were subjected
to ischemia for 3, 5, 10, 20, and 30 min by bilateral
occlusion of the common carotid arteries. They were
perfusion-fixed after varying intervals of survival time
ranging from 3 h up to 7 days. Following brief ischemia
(5—10min), about 909, of the animals developed
typical hippocampal damage. The lesion was present
throughout the extent of the dorsal hippocampus,
whereas damage outside the hippocampus was not
observed. Each sector of the hippocampus showed
different types of cell reaction to ischemia. Ischemic cell
change was seen in scattered CA4 neurons, and reactive
change was found in CA2, whereas CA1 pyramidal cells
developed a strikingly slow cell death process. Ischemia
for 3 min did not produce hippocampal lesion in most
cases. Following prolonged ischemia (20— 30min),
brain injury had a wide variety in its extent and
distribution. These results revealed that the gerbil brief
ischemia model can serve as an excellent, reliable model
to study the long-known hippocampal selective vulner-
ability to ischemia. Delayed neuronal death in CA1
pyramidal cells was confirmed after varying degrees of
ischemic insult. These findings demonstrated that the

pathology of neuronal injury following brief ischemia v

was by no means uniform nor simple.
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Introduction

The hippocampus has long been known to be one of the
most vulnerable regions in the brain to ischemia
(Brierley 1976). This vulnerability differs throughout

the hippocampus. The CA1 (Sommer’s sector) and
CA4 (endfolium) subfields are the most susceptible to
anoxia-ischemia, whereas CA3 and the dentate gyrus
tolerate a relatively severe ischemic insult.

Recently, a novel change in the gerbil CA1 subfield
has been reported (Kirino 1982). Following a brief
bilateral cerebral ischemia, extensive loss of the CA1
pyramidal cells was observed. This change in CA1,
however, differed from traditionally described ischemic
injury of neurons in that it developed very slowly and
involved massive growth of the endoplasmic reticulum
(ER) instead of rapid decomposition of neurons.

This slowly developing cell death in the hippocam-
pus may afford some clues for further research in
ischemic brain injury and its treatment. Delayed neuro-
nal death in CA1 following ischemia is not a rapid
destruction of neurons. There is a latent period for
almost a day before any overt process of neuronal death
is initiated. This means that we will have more opportu-
nities to protect neurons from death of this type after
brief ischemia provided that enough knowledge of this
phenomenon is available. This possibility might be of
considerable clinical significance. Moreover, the hippo-
campus is the area where anatomic, physiologic and
behavioral investigations have been copiously docu-
mented (Isaacson and Pribram 1975; Isaacson 1982).
Since delayed ischemic neuronal death in the hippo-
campus seems to be related to the anatomic and
physiologic characteristics of this region, it may be
advantageous to conduct further research using the
available knowledge of this structure.

The Mongolian gerbil has been used as an experi-
mental model for cerebral ischemia (Levine and Payan
1966; Kahn 1972; Ito et al. 1975; Levy et al. 1975).
Although it has several beneficial features, the model
has a disadvantage. The animal develops a “seizure-
like” abnormality especially during and after relatively
prolonged ischemia (Levy et al. 1975), which is some-
times so severe that it may jeopardize experimental data
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Table 1

Duration Survival time

of Ischemia

3h 6h 12h  1d 2d 4d 7d

3 min — — —

Smin — — -
10 min — — 4
20 min — — 5
30 min 4 4 4

The number of gerbil brains observed as plastic sections. Following
ischemia longer than 5min, five failed to develop definite hippo-
campal lesion and were not included in this table. Animals which
died before fixation were also excluded. Four normal gerbils were
used as controls

(Pulsinelli et al. 1979). Brief bilateral ischemia in the
gerbil, however, does not cause this drawback (Kirino
1982). Atleast 90 % of the animals developed consistent
and similar changes in the hippocampus, and cell injury
was absent or very rare, if any, outside the hippocam-
pus. In other words, brief bilateral ischemia in the gerbil
offers an appropriate model to study the changes in the
hippocampus. In addition, this procedure can almost
exclusively eliminate the bilateral CA1 pyramidal cells.
This fact could be noteworthy because gerbils are also
used in the behavioral sciences (Walters et al. 1963),
including studies on the effect of hippocampal lesions
(Glickman et al. 1970).

The purpose of this experiment is, therefore, to
further clarify the changes in the hippocampus follow-
ing varying degrees of ischemic insult ranging from

3 min up to 30 min. Observations by light microscopy

was performed on the gerbil forebrain and special
attention was focused on the changes in each sector of
the hippocampal formation. A similar, slowly develop-
ing cell death after forebrain ischemia has also been
described in a rat model recently (Pulsinelli et al.
1982a).

Materials and Methods

Male adult Mongolian gerbils (60— 80g) were anesthetized with
halothane. The bilateral carotid arteries at the neck were exposed,
freed from surrounding connective tissue, and occluded with aneu-
rysm clips. This procedure is known to cause severe reduction of
cerebral blood flow, which is close to zero, in the gerbil forebrain
(Crockard et al. 1980). Anesthesia was discontinued as soon as the
clips were placed. Five groups of animals were prepared according to
the duration of carotid occlusions; i.e., 3 min, 5 min, 10 min, 20 min,
and 30 min. The gerbils were kept in a warm cage (27— 30°C) until
they started moving. After varying intervals, as indicated in Table 1,
they were fixed by transcardiac perfusion. A total of 99 gerbils
including four normal controls were used in this experiment.

The fixative consisted of 29 paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M cacodylate buffer (pH = 7.3). After perfu-
sion, the brains were kept in the same fixative at 4°C overnight. They
were then cut into coronal sections which contained the hippocampal

area 0.5— 1.0 mm posterior to the most rostral tip of the hippocam-
pus or 1.4—1.9mm posterior to the bregma (Loskota et al. 1974).
These specimens were postfixed with 19 OsO, in cacodylate buffer,
mordanted in uranyl acetate solution, dehydrated with graded
ethanol, and then embedded in Araldite CY-212. One-micrometer
sections were cut on an ultramicrotome and stained with toluidine
blue. Observation by light microscopy was performed on each
subfield of the hippocampus and the overlying cerebral cortex.

In the animals fixed 7 days following ischemia, vibratome
sections (25 um thick) were prepared. In five gerbils of the 5-min
group, serial vibratome specimens were cut every 200 — 300 um of the
forebrain. The planes of these sections were coronal, horizontal, or
perpendicular to the long axis of the hippocampus. These sections,
stained with cresyl fast violet, were used to examine the extent of the
hippocampal damage and the change outside the hippocampus.

Results
“Seizure” Activities and Survival

Behavior of the gerbils during and after 3- or 5-min
occlusion did not differ from previous work (Kirino
1982). During bilateral carotid occlusion, abnormal
“epileptic”” motor movement (Brown et al. 1979) was
not observed until occlusion lasted longer than 7 min.
Such “seizure-like” motor behavior was observed pro-
gressively more often as ischemia was elongated. Severe
“seizure” activity was seen in 50 9 of the animals in the
10- and 20-min groups and in all of the 30-min group
during and after the ischemic insult. Death occurred in
three animals (14.3 %) of the 20-min group and in nine
(42.9%) of the 30-min group.

Extent of Ischemic Neuronal Damage

Following 3min of occlusion, one of five animals
developed scattered destruction of CA1 pyramidal
cells, whereas the brain of the other gerbils looked
normal. After ischemia for longer than 5min, most of
the brains showed damage  in the hippocampus
(Figs. 2—4). The frequency of brain damage following
an ischemic insult longer than 5min was 93.9 %/ in this
experiment.

In serial sections of gerbil brains fixed 7 days
following 5 min of ischemia, no neuronal damage was
observed outside the hippocampus. Specimens cut
coronally or obliquely (perpendicularly to the long axis
of the hippocampus) demonstrated that hippocampal
damage was present throughout the dorsal hippocam-
pus which had a length of 2.0 mm along the long axis.
At the most posterior pole of the hippocampus where it
bends ventrally, as examined by horizontal sections,
tissue damage was slight or absent.

Seven days following 10min of ischemia (Fig. 3),
the extent of hippocampal lesion was similar to the
5-min group (Fig. 2). In the 20-min group, cell damage
extended to the CA3 subfield, and the whole hippocam-
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Figs. 1—4. Dorsal hippocampus. Vibratome section, cresyl fast violet. x 26

Fig. 1. Normal. Subfields of the hippocampus (CA47—4) and their subdivisions {(a, b, etc.)

Fig. 2. One week following 5-min ischemia. CA1 and a part of CA2 have been destroyed and replaced with glial cells. Arrow indicated the border

of the change

Fig. 3. One week following 10-min ischemia. The area of neuronal destruction is similar to that in Fig.2

Fig. 4. One week following 20 min ischemia. The whole hippocampal area has been lost. The dentate gyrus looks unchanged

pus was lost, while the dentate gyrus looked intact
(Fig. 4).

In the rest of the animals, only the dorsal hippocam-
pal formation and overlying cerebral cortex were
examined as plastic-embedded specimens. The results
are described according to each area of the structure.
The definition of each subfield in shown in Fig. 1.

CAl (Sommer’s Sector)

The change in CA1 was slow. One day following brief
ischemia (5—10min), definite alteration was hardly
seen except that the cell nucleus occasionally looked
more inhomogeneous than normal (Fig. 6a). On day 2,
pyramidal cells showed slight clumping of the nuclear
chromatin and slits in the basal side of the cytoplasm

(Figs.5b, 6b). These initial signs of alteration were
followed by extensive destruction of almost all pyrami-
dal cells observed on the 4th day (Figs. 5c¢, 6¢). In the
later stage of CA1 cell change, some pyramidal cells
were darkly stained whereas others were swollen and
stained only slightly (Figs. S¢, 6¢). No uniform type of
cell decomposition was detected at this stage.
Following longer ischemia (20—30min), the
changes appeared faster. One day after 20min of
ischemia, the tendency of slit formation was accen-
tuated, and cell nuclei were more inhomogeneous than
after brief ischemia (Fig. 7a). On day 2, the majority of
the pyramidal cells showed increased staining with
toluidine blue (Fig. 7b). Some had a dark cytoplasm
with small vacuoles (Fig. 7b). Twelve hours following
30 min of occlusion, some CA1 pyramidal cells were at
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Figs. 5—8. Hippocampal CA1 subfield. The changes appear faster when ischemia lasts longer. Plastic section, toluidine blue; x 410

Fig. 5. One day following 5-min ischemia (a) pyramidal cells appear normal. On day 2 (b), a slit-like change is seen (arrow) on the basal side of the
perikarya. The nucleus looks slightly clumped. No normal CA1 pyramidal cells are present on day 4 (c)
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the stage of overt cell disintegration. They had darkly
stained, shrunken cell bodies with surrounding empty
spaces (Fig. 8). These findings in CA1 pyramidal cells
following the longer ischemia resembled classical ische-
mic cell change of neurons in their light-microscopic
appearance. Even the changes following 20min of
ischemia, however, took place during days 1 and 2 and
were by no means fast cell deterioration.

After longer ischemic insults (20—30min) in the
most medial part of CA1 (CAla or paramedian region
according to Pulsinelli 1982a), cell death appeared
faster. When the rest of the CA1 subfield showed slit
formation and slight change in cell nuclei, CAla
neurons were in the stage of overt cell destruction. The
CAla pyramidal cells, however, were less vulnerable to
brief ischemia because following 3 - 5 min of ischemia,
CAla neurons were preserved in most cases. In rare
cases, pyramidal cells were preserved as clusters even in
CA1b and CAlc. Except for these survivors, most of
the CA1 pyramidal cells were lost (Figs. 2, 3).

CA2 and CA3

Alteration in the CA2 and CA3 subfields took place
within a day. Following brief ischemia (5— 10 min),
pyramidal cells in the CA2 sector became swollen
(Figs. 9, 10). Numerous dark granules were seen in the
enlarged cytoplasm, and the cell nuclei were displaced
to the periphery and had a crescent shape. These are
characteristic of the change which has been called
reactive change or selective chromatolysis. This cell
alteration culminated on days 1 and 2; then it resulted
in cell death in most parts. In some cases, there was no
definite CA2 cell injury in the presence of damages in
CA1 or CA4 regions when observed later than day 7
following ischemia. After longer ischemic insult, reac-
tive change appeared faster and more severely (Fig. 11).
No change in CA3 was noticed after brief ischemia
(Fig. 12), whereas following more protracted ischemia
(20— 30 min), giant pyramidal cells in CA3 showed
widespread reactive change (Fig. 13). This was most
conspicuous in the CA3a area which is contiguous to
CAZ2. This cell alteration resulted in almost total loss of
the pyramidal cells of the hippocampus (Fig. 4).

CA4 (Endfolium) and Dentate Gyrus
The CA4 pyramidal cells showed a fast change. They

became darkly stained with shrunken cell bodies and
empty spaces surrounding them (Figs. 14, 15). Ocassio-
nally, injured cells contained numerous vacuoles, but
they were so intensely stained that the cell’s internal
structures could hardly be identified by light micro-
scopy. These darkly stained cells were scattered in the
CA4 subfield among seemingly unaffected pyramidal
cells (Fig. 14). Although the number of cells injured
increased as ischemic insult was prolonged, there was
no clue as to the type of cell which had been selectively
injured.

The dentate gyrus was the most tolerant to ischemia
among the structures examined here (Fig. 14). A longer
ischemic insult (20— 30 min) caused swollen cytoplasm
in some dentate granule cells. In one gerbil following
20-min ischemia, there was 1/3 loss of the dentate
granule cells. Otherwise, the dentate gyrus looked
unchanged. One week after 20-min ischemia, there were
numerous dark granules in the inner part of its
molecular layer. This change was identical to what has
been described as degenerating terminal boutons in this
area in gerbils (Kirino and Sano 1980).

Discussion

This experiment has shown that brief bilateral carotid
occlusion in the Mongolian gerbil offers an excelient,
reliable model to solve the long-known problem of
hippocampal selective vulnerability (Scholz 1959).
Ischemia lasting 5 min produced the typical hippocam-
pal lesion in about 90 9 of animals. The hipocampal
damage was seen throughout the dorsal hippocampus,
whereas brain injury outside the hippocampus was not
observed. Brief ischemia for 5min seemed to produce
pure CA1 pyramidal cell deprivation except for scat-
tered CA2 and CA4 neurons that were damaged. The
change following 10 min of ischemia was similar to that
of the 5min group. Following longer ischemia (20—
30 min), similar damage were seen in more rapid and
severe forms. This is a clear example of “maturation
phenomenon” (Ito et al. 1975). The brains, however,
showed varying degrees of injury after longer ischemia.
In some animals lesion was restricted to the hippocam-
pus, whereas others had widespread neuronal changes
outside the hippocampus. Ischemic insult for 3 min
failed to cause reproducible changes in the hippo-
campus.

Fig. 6. One day following 10-min ischemia (a) the cell nucleus is slightly inhomogeneous. Two days after the insuit (b) numerous slit-like changes

appear (arrows). By day 4 (c) almost all of CA1 has been destroyed

Fig. 7. Twenty-minute ischemia causes multiple slit-like structures in the perikarya (arrows) 1 day after the insult (a). The following day (b), some
pyramidal cells are darkly stained and look shrunken (arrows). There are small vacuoles in the cytoplasm

Fig. 8. Twelve hours following 30-min ischemia the changes appear faster. Some neurons are intensely dark and shrunken. They are surrounded

by empty spaces. Some cells show swollen cytoplasm
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Figs.9—11. CA2 subfield. One day following ischemia. Plastic
section, toluidine blue; x 430

Fig. 9. Five-minute ischemia. There are few swollen pyramidal cells
with increased intracytoplasmic granules (arrow)

Fig. 10. Ten-minute ischemia. Cells displaying typical reactive change
increase (arrows). Some neurons are darkly stained

Fig. 11. Twenty-minute ischemia. Most of the CA2 neurons are
affected. The number of cells showing dark cytoplasm has increased

The change in CA1 pyramidal cells after brief
ischemia differed from what has been known as ische-
mic neuronal alteration (McGee-Russell et al. 1970;
Brown and Brierley 1972). It was a slowly progressing
pathologic change. It took 2 days before the cell change
became apparent by light microscopy. The change was
not a rapid destruction nor decomposition of neurons.
Suzuki et al. (1983) showed that the gerbil’s hippocam-
pal CA1 sustained electric activity on day 1, while it
disappears althogether on day 2 following 5min of
ischemia. It seemed that CAt pyramidal cells retained
their viability for 1 or 2days and then deteriorated.
Research into this delayed neuronal death will be of
special clinical significance since neurons are not sub-
ject to rapid cell destruction in this type of ischemic cell
injury. It may allow great possibility to protect or shift
neurons during the initial latent period from the process
of cell death. However, the period when neurons
become irreversibly damaged, or the “point of no
return” (Trump 1980), is yet to be clarified.

The exact mechanism of delayed neuronal death is
not known. Since gerbils have been believed to demon-
strate unusual tissue reaction following ischemia
(Brown et al. 1979), it is possible that delayed neuronal
death in CA1 is a process inherent only to the gerbil
model. This is unlikely, however, as Pulsinelli et al.
(1982a) have reported slowly progressing neuronal
death after ischemia in the rat. They showed a delay in
the onset of ischemic damage which was also noticed by
increasing the duration of ischemia. Our observation in
the gerbil is in accordance with that in the rat by
Pulsinelli et al. (1982a).

Events following reestablishment of recirculation
after ischerhia are thought to be primarily important in
the process of selective vulnerability (Jenkins et al.
1981). Since a state of hypermetabolism has been
reported to occur following recirculation (Diemer and
Siemkowicz 1980), imbalance of energy metabolism
between supply and demand (Levey et al. 1979) could
be the cause of delayed neuronal death. However, Arai
et al. (1982) examined the CA1 subfield in the same
gerbil model and confirmed that there was no decrease
of ATP during the period of cell deterioration. Also,
Pulsinelli and Duffy (1982) noticed a similar change in
energy metabolism in their rat ischemia model. They
found that, although transient hypermetabolism ap-
peared to be related to the onset or early progression of
the neuronal damage following ischemia, imbalance of
regional blood flow and glucose metabolism did not
correlate to the pattern of neuronal injury (Pulsinelii et
al. 1982b). Therefore, cell death due to impairment of
energy metabolism does not scem to be the main cause.

The hippocampus can be divided into two major
parts; CA1 and CA3 (Shepherd 1979). The CA3
subfield connects with mossy fiber terminals from the
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Figs. 12, 13. CA3 subfield. One day following ischemia. Plastic section, toluidine blue; x 430

Fig. 12. Five-minute ischemia does not produce any change in the CA3 subfield (cf. Fig. 2)

Fig. 13. Most of the CA3 neurons show reactive change (arrows) following 20-min ischemia. Later on, this results in total cell death (cf. Fig. 4)

dentate granule cell and sends off Shaeffer collaterals to
CA1 pyramidal cells. The CA1 sector in turn receives
fibers from CA3 and have connections with the subicu-
lum. Interestingly, each subdivision of the hippocam-
pus showed discrete forms of cell change following brief
ischemia in this experiment. Therefore, it is more
understandable that this phenomenon depends on the
position and interrelation of neurons in the total
circuitry within the hippocampus.

Figs. 14, 15. CA4 subfield and
dentate gyrus. One day
following ischemia. Plastic
section, toluidine blue, x 440

Fig. 14. Five-minute ischemia.
Scattered CA4 neurons are
affected, darkly stained, and
shrunken. Other pyramidal
cells (a@rrowheads) look
unchanged. The dentate
granule cells (DG) appear
similar to normal

Fig. 15. Twenty-minute
ischemia. Change in the CA4
neurons increases. Also, the
neurophil looks spongy. The
dentate granule cells (DG) do
not show definite alteration

One controversial cell alteration has been reactive
change in CA2 (Bubis et al. 1976). Brown et al. (1979)
attributed this change to “epileptic” movement in
gerbilis. Gerbilis subjected to 5-min ischemia, however,
usually did not show overt “epileptic” movement
during and after ischemia, yet did develop reactive
change in the hippocampus. Moreover, the gerbil
brains were reported to be electrically silent during
ischemia and consequently “epileptic’” movement, if
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any, did not arise from the ischemic brain itself during
ischemia (Cohn 1979). These observations may open
the question of reactive change. One intriguing obser-
vation is that when the hippocampus was lost alto-
gether, CA2 and CA3 pyramidal cells had been de-
stroyed by reactive change.

The change in CA4 was rather similar to tranditio-
nal ischemic cell change (Brown and Brierley 1972).
Why this cell alteration took place only in CA4 is
obscure. We wish to emphasize that reaction of the
brain tissue to brief ischemia is by no means a uniform
one.

When gerbils were subjected to longer ischemia,
CA1 pyramidal cells in some specimens developed
change which was rather similar to well-defined ische-
mic cell change (Brown and Brierley 1972). The cell
body became darkly stained and shrunken. A question
has arisen whether there was a jump in cell change
from “delayed neuronal death” type to “ischemic cell
change” type following a certain amount of ischemic
insult, or if there was a qualitative continuity in the cell
pathology. This problem awaits further study using
electron microscopy (Kirino and Sano 1983).

Acknowledgements. The authors wish to express their appreciation to
Miss R. E. Heilweil for helping with the English language and to Miss
T. Sakabe for her excellent secreterial assistance.

References

Arai H, Lust WD, Passonneau JV (1982) Delayed metabolic changes
induced by Smin of ischemia in gerbil brain. Trans Am Soc
Neurochem 13:177

Brierley JB (1976) Cerebral hypoxia. In: Blackwood W, Corsellis
JAN (eds) Greenfield’s neuropathology, 3rd edn. Arnold, Lon-
don, pp41—85

Brown AW, Brierley JB (1972) Anoxic-ischemic cell change in rat
brain, light microscopic and fine-structural observations. J
Neurol Sci 16:59—84

Brown AW, Levy DE, Kublik M, Harrow J, Plum F, Brierley JB
(1979) Selective chromaiolysis of neurons in the gerbil brain: A
possible consequence of “epileptic”” activity produced by com-
mon carotid artery occlusion. Ann Neurol 5:127— 138

Bubis JJ, Fujimoto T, Ito U, Mrsulja BJ, Spatz M, Klatzo I (1976)
Experimental cerebral ischemia in Mongolian gerbils. V. Ultra-
structural changes in H3 sector of the hippocampus. Acta
Neuropathol (Berl) 36:285—294

Cohn R (1979) Convulsive activity in gerbils subjected io cerebral
ischemia. Exp Neurol 65:391—397

Crockard A, Iannotti F, Hunstock AT, Smith RD, Harris RJ, Symon
L (1980) Cerebral blood flow and edema following carotid
occlusion in the gerbil. Stroke 11:494—498

Diemer NH, Siemkowicz F. (1980) Increased 2-deoxyglucose uptake
in hippocampus, globus pallidus and substantia nigra after
cerebral ischemia. Acta Neurol Scand 61:56—63

Glickman SE, Higgins TJ, Isaacson RL (1970) Some effects of
hippocampal lesion on the behavior of Mongolian gerbils.
Physiol Behav 5:931—938

Isaacson RL, Pribram KH (eds) (1975) The hippocampus: A
comprehensive treatise, vols 1 and 2. Plenum Press, New York

Isaacson RL (1982) The limbic system, 2nd edn. Plenum Press, New
York London

Ito U, Spatz M, Walker JT Jr, Klatzo I (1975) Experimental cerebral
ischemia in Mongolian gerbils. I. Light-microscopic observa-
tions. Acta Neuropathol (Berl) 32:209 — 223

Jenkins LW, Povlishock JT, Lewelt W, Miller JD, Becker DP (1981)
The role of postischemic recirculation in the development of
ischemic neuronal injury following complete cerebral ischemia.
Acta Neuropathol (Berl) 55:205—220

Kahn K (1972) The natural course of experimental cerebral infarc-
tion in the gerbil. Neurology (Minneap) 22:510— 515

Kirino T, Sano K (1980) Changes in the contralateral dentate gyrusin
Mongolian gerbils subjected to unilateral cerebral ischemia. Acta
Neuropathol (Berl) 50:121—129

Kirino T (1982) Delayed neuronal death in the gerbil hippocampus
following ischemia. Brain Res 239:57—69

Kirino T, Sano K (1984) Fine structural nature of delayed neuronal
death following ischemia in the gerbil hippocampus. Acta
Neuropathol (Berl) 62:209—218

Levine S, Payan H (1966) Effects of ischemia and other procedures on
the brain and retina of the gerbil (Meriones unguiculatus). Exp
Neurol 16:255—262

Levy DE, Brierley JB, Plum F (1975) Ischaemic brain damage in the
gerbil in the absence of ‘no-reflow’. J Neurol Neurosurg
Psychiatry 38:1197—1205

Levy DE, Van Uitert RL, Pike CL (1979) Delayed postischemic
hypoperfusion: a potentially damaging consequence of stroke.
Neurology (NY) 29:1245—1252

Loskota WJ, Lomax P, Verity MA (1974) A stereotaxic atlas of the
Mongolian gerbil brain (Meriones unguiculatus). Ann Arbor
Science, Ann Arbor

McGee-Russel SM, Brown AW, Brierley JB (1970) A combined light
and electron microscope study of early anoxic-ischaemic cell
change in rat brain. Brain Res 20:193 —200

Pulsinelli WA, Brierley JB (1979) A new model of bilateral hemisphe-
ric ischemia in the unanesthetized rat. Stroke 10:267—272

Pulsinelli WA, Brierley JB, Plum F (1982a) Temporal profile of
neuronal damage in a model of transient forebrain ischemia. Ann
Neurol 11:491—498

Pulsinelli WA, Levy DE, Duffy TE (1982b) Regional cerebral blood
flow and glucose metabolism following transient forebrain
ischemia. Ann Neurol 11:499—509

Pulsinelli WA, Duffy TE (1982) Temporal profile of regional high-
energy metabolites in rat brain after transient forebrain ischemia.
Abstr Soc Neurosci 8:1004

Shepherd GM (1979) The synaptic organization of the brain, 2nd
edn. Oxford University Press, New York Oxford

Scholz W (1959) The contribution of pathoanatomical research to the
problem of epilepsy. Epilepsia 1:36~55

Suzuki R, Yamaguchi T, Li CL, Klatzo I (1983) The effects of 5-
minute ischemnia in Mongolian gerbils. IL. Changes of sponta-
neous neuronal activity in cerebral cortex and CA1 sector of
hippocampus. Acta Neuropathol (Berl) 60:217—222

Trump BF, McDowell EM, Arstila AU (1980) Cellular reaction to
injury. In: Hill RB, LaVia MF (eds) Principles of pathology, 3rd
edn. Oxford University Press, New York Oxford, pp20—111

Walters GC, Pearl J, Rogers JV (1963) The gerbil as a subject in
behavioral research. Psychol Rep 12:315—-318

Received June 14, 1983/Accepted September 12, 1983



