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Reduced Mortality and Brain Damage After
Locomotor Activity in Gerbil Forebrain Ischemia

W. Stummer, MD; K. Weber, DVM; B. Tranmer, MD;

A. Baethmann, MD, PhD; O. Kempski, MD, PhD

Background and Purpose Preischemic spontaneous locomo-
tor activity was distinguished in this laboratory as a factor
influencing outcome after 15 and 20 minutes of forebrain
ischemia in gerbils. Histological investigations were carried out
to analyze potential relations between postischemic survival
and a reduction of cerebral damage by spontaneous locomotor
activity.

Methods Male Mongolian gerbils were divided into two
groups, one with access to running wheels ("runners") and one
kept in conventional cages ("nonrunners") for 2 weeks pre-
ceding forebrain ischemia of 15 or 20 minutes. A total of 99
gerbils were divided in subgroups and were allowed to recover
for 2 weeks for assessment of survival. Other subgroups (n=7
to 9) were killed at day 4 for quantitative histology of
selectively vulnerable areas such as hippocampus, cortex,
striatum, and thalamus.

Results Two weeks after 15-minute ischemia, 44% of non-
runners had survived compared with 90% of runners (P<.01).

The gerbil model of forebrain ischemia has been
widely used for the investigation of ischemia
pathophysiology as well as for the assessment

of pharmacological protection from ischemic damage.
In these animals, severe ischemia can be easily induced
by transient bilateral occlusion of the common carotid
arteries.1 This experimental advantage notwithstanding,
various factors such as body temperature, anesthesia,2

seizure susceptibility,3 and the inspired oxygen concen-
tration4 have been identified as factors influencing
outcome. A well-controlled experimental protocol must,
therefore, take such aspects into consideration.

Spontaneous locomotor activity of gerbils maintained
in treadmill cages for 14 days preceding 15 minutes of
forebrain ischemia has been observed as an additional
factor markedly enhancing survival.57 For further infor-
mation, the present experiments were designed to de-
termine whether reduced mortality was reflected by
similarity attenuated tissue damage in vulnerable re-
gions of the brain. For this purpose, quantitative histol-
ogy was carried out in Mongolian gerbils subjected to 15
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With 20-minute ischemia all runners survived compared with
21% of nonrunners. Quantitative histology (15-minute isch-
emia) revealed selective nerve cell injury in various cerebral
regions in both groups. In runners, however, with the excep-
tion of the CA1 sector, damage was attenuated in cortex,
striatum, and hippocampus. Furthermore, the extent of tha-
lamic infarction was reduced (P<.05).

Conclusions Locomotor activity before global cerebral
ischemia is highly efficient'in protecting the brain as demon-
strated by enhanced survival and a reduction of tissue damage
in Mongolian gerbils. The mechanisms underlying this protec-
tion are currently unclear. However, further understanding of
this intriguing phenomenon should enhance the understanding
of ischemia pathophysiology and lead to the development of
new treatment strategies. (Stroke. 1994^5:1862-1869.)
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See Editorial Comment, page 1869
minutes of bilateral occlusion of the common carotid
arteries with or without prior voluntary exercise in
running wheels. Although numerous studies emphasize
cell death in the hippocampal formation, other brain
regions such as neocortex, striatum, or thalamus are
also susceptible to ischemia8'9 and may be relevant to
outcome. Thus, an investigation of these regions was
included in the present study. Evaluation was per-
formed by determining the density of surviving neurons
in the respective structures, since selective neuronal
damage could result in subtle morphological changes
not readily detected by gross examination of routine
histological preparations.

Materials and Methods
The experiments were conducted according to the ethical

standards of the United States Public Health Service. Male
Mongolian gerbils of 60 to 90 g body weight were raised from
a stock of animals purchased from Hoechst. Gerbils were
assigned to three experimental groups. One group was placed
in cages with free access to running wheels with a diameter of
34 cm for a period of 14 days before ischemia ("runners").
During the 7 days preceding ischemia, revolutions of the
running wheel were monitored by a computer for quantifica-
tion of locomotor activity. A corresponding group of animals
was kept in conventional cages ("nonrunners"). For induction
of forebrain ischemia, animals were anesthesized with
halothane (1.5%) and maintained at 37°C by a feedback-
controlled heating pad. Both common carotid arteries were
exposed under the operating microscope and were loosely
encircled by 5.0 monofilament thread. Attention was paid to
preserve adjacent vagal nerves. Arrest of blood flow was
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FIG 1. Photomicrographs showing localization of counting frames for quantitative assessment of surviving neurons as shown in two
histological brain sections of sham-operated gerbits. A, Hippocampus (CA1-CA4) at bregma -1.7 mm; scale bar, 200 /un. B, Striatum
at bregma +0.5 mm; scale bar, 500 /un. ex indicates cortex; str, striatum; rcc, radiatio corporis caltosi; and Iv, lateral ventricle.

induced by straining the filaments with a weight of 15 g,
resulting in simultaneous occlusion of both arteries. The
inspired concentration of halothane was reduced to 0.8%
during ischemia. Carotid occlusion was terminated after 15 or
20 minutes by release of the ligature, followed by closure of the
skin and discontinuation of anesthesia. The animals were
maintained on the heating pad until they woke and were
subsequently returned to conventional cages with free access
to food and water. Sham-operated gerbils were subjected to
the same protocol except for carotid occlusion. Subgroups of
animals were observed for 2 weeks after ischemia to assess
survival (15-minute ischemia: nonrunners, n=55; runners,
n= l l ; 20-minute ischemia: nonrunners, n=24; runners, n=9).
Other gerbils with and without wheel-running before ischemia
were killed at day 4 after 15 minutes of carotid occlusion for
assessment of histopathology (nonrunners, n=9; runners,
n=8; sham-operated, n=7). These animals were killed in deep
ether anesthesia for perfusion fixation of the brain with
phosphate-buffered paraformaldehyde (2%) at pH 7.4 after
rinsing with 0.9% saline. Paraffin-embedded brain tissue
blocks were cut serially into coronal slices of 5-/im thickness
and stained with cresyl violet. Quantitative histology was
performed by using standard sections obtained 1.7 mm caudal
to the bregma for the study of parietal neocortex, hippocam-
pus, and thalamus or at 0.5 mm rostral to the bregma for the
study of striatum and frontoparietal neocortex.

Images of respective structures were obtained by using a
light microscope equipped with a x 10 lens (Zeiss). The images
were projected onto the screen of an Amiga 2000 computer
(Commodore) using a color CCD camera (Ikegami) and a
genlock interface. Standardized grids were superimposed over
the video image using software developed in this laboratory.
Dimensions of the grids were calibrated with a microscope
ruler (Leitz).

Surviving nerve cells in the hippocampus were quantified in
the CA1, CA2, CA3, and CA3/CA4 subsectors. As schemati-
cally demonstrated in Fig 1A, the frame for the CA1 sector
(0.31x0.12 mm) was adjusted with the lateral end of the upper
branch of the dentate gyms serving as a landmark. The frame
for CA2 (0.34x0.13 mm) was placed adjacent to the lateral
convexity of the neuronal band. The position of the CA3 frame
(0.39x0.15 mm) was centered between the lateral convexity
and lateral end of the upper branch of the dentate granule
cells. The CA3/CA4 frame (0.31x0.12 mm) comprised nerve
cells belonging to both the CA3 sector and the hilus (CA4) and
was placed within the branches of the dentate gyrus. The
frame for striatum (0.35x0.25 mm) was centered between the
medial border of the lateral ventricle and the radiatio corporis
callosi (lateral border) in sections taken 0.5 mm rostral to the

bregma (Fig IB). For quantification of surviving neurons in
frontoparietal and parietal neocortex, analysis was not based
on the neuroanatomic laminae into which the cortex can be
subdivided. Because of the ischemic damage present in some
specimens, confident identification of these laminae was not
always possible. For assessment, therefore, four adjoining
frames (0.3x0.2 mm) were superimposed vertically over the
width of the neocortical band 3 mm from the sagittal plane
(Fig 5, left). This mode of evaluation paid tribute to the
laminar arrangement of the cortex but did not depend on a
completely intact neuroanatomy. Likewise, because of its
complex structure, no attempts were made to quantify neu-
ronal density in the thalamus. Rather, well-defined areas of
necrosis (infarcts) of varying size, which were frequently
identified within the lateral nuclei of the thalamus, were
subjected to planimetric assessment of infarct area.

Counting was conducted by investigators blinded to the
respective experimental group. To be classified as viable and
thus counted, a neuron was required to meet a number of
inclusion criteria. These criteria, as summarized in the Table,
are easily recognized at the light-microscopic level.10'11 Only
cells with a complete presentation of all listed criteria were
counted; other cells were rejected. Nerve cell counts obtained
from both hemispheres of each animal were averaged for final
evaluation.

Additional subgroups of gerbils were used in an initial study
to register postischemic physical activity after 15 and 20
minutes of forebrain ischemia (n=14 and n=9, respectively).
To do so, gerbils were placed in running wheels 14 days before
ischemia to assess their normal daily physical activity. Post-
ischemic running was then expressed as a percentage of the
preischemic value.

All data are expressed as mean±SEM with the exception of
animal survival, which is demonstrated by Kaplan-Meier prob-
ability plots. Differences in survival were tested for significance

Inclusion Criteria for the Identification of Viable
Nerve Cells

Sharply delineated nucleus with ellipsoid or round shape

Clearly distinguishable nudeolus located centrally within the
nucleus

Nucleus slightly darker than surrounding neuropil

Neuronal cytoplasm dearty demarcated from surrounding
neuropil

Less than one third of the neuron surrounded by confluent
vacuolization ("pericellular halo")
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by the Mantel-Haenszel log-rank test with SEMs calculated
according to Peto et al.12 Differences in neuronaJ density were
compared using the Kruskal-Wallis test with multiple compar-
isons on ranks of several independent samples.13 Statistical
correlations were studied using the Pearson product-moment
correlation or polynomial regression (SIGMASTAT software, Jan-
del Scientific). Differences were considered significant with a
two-tailed a-error probability of less than 5%.

Results
Locomotor activity was monitored during the final 7

days preceding cerebral ischemia. During this period,
activity amounted to 823.5 ±120.5 revolutions per day,
a value corresponding to a running distance of
879.6 + 128.7 m.

All gerbils regained righting reflexes within 1 hour
after ischemia, initially displaying a hunched posture
and decreased motor activity. Twenty-four hours later
and during the first few days after ischemia, the animals
were hyperexcitable on handling. This behavior was
more pronounced in the group without preischemic
wheel running. However, the level of hyperexcitability
was not quantified in the present investigation. During
the 2 to 4 days after ischemia, all gerbils lost weight.
Those that eventually survived the 2-week observation
period resumed uptake of food and water and rapidly
compensated for the initial weight loss. On the other
hand, moribund animals continued to lose weight, ulti-
mately dying in a cachectic and somnolent state. Most
important, access to wheel running during the 14 days
preceding cerebral ischemia resulted in significantly
enhanced survival (P<.01). With 15-minute ischemia
almost all gerbils (91%) with access to running wheels
survived the postischemic observation period of 14 days
compared with only 44% of the group of animals
maintained in conventional cages (Fig 2). After 20
minutes of ischemia all runners survived (not signifi-
cantly different from 15-minute-ischemia runners)
compared with only 21% of nonrunners. Correspond-
ingly, in the subgroup of gerbils killed for histology 4
days after 15-minute ischemia, 2 of 9 nonrunners died
beforehand, whereas all animals of the wheel-running
group (n = 8) survived.

Quantitative histology 4 days after ischemia revealed
severe neuronal losses in all sectors of the hippocampus
(Fig 3). Losses were most pronounced in the CA1,
where no differences between runners and nonrunners
were noted. However, in all other sectors of the hippo-
campus, damage was attenuated by preischemic run-
ning. This protection showed regional differences and
was most obvious in the CA3 sector, where approxi-
mately 50% of neurons were found to survive compared
with 10% in the nonrunning group. Two nonrunners
displayed complete unilateral obliteration of the hippo-
campal formation, including the granule cells of the
dentate gyrus. Nerve cell damage of such magnitude
was not encountered in the gerbils with preischemic
wheel running. Fig 4 shows photomicrographs of the
hippocampus of animals subjected to forebrain ischemia
with and without wheel running. Marked differences in
the levels of damage to the cornu ammonis between
both groups are obvious.

Histological damage of the neocortex was subtle in
most cases. In one gerbil of the nonrunning group,
necrotic lesions were present in the cortex of one
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Fra 2. Graphs showing Kaplan-Meier survival curves of Mon-
golian gerbils without preischemic exercise and with access to
running wheels during 2 weeks preceding ischemia. Results are
given for 15-minute (top) and for 20-minute (bottom) forebrain
ischemia As seen, 90% of the runners were alive at 14 days after
the 15-minute insult (n=11) compared with 44% of the nonrun-
ners (n°55). With 20-minute ischemia 100% of the runners
(n=9) were alive compared with 21% of the nonrunners (n=24).

hemisphere, involving neurons and endothelial and «lial
cells alike. However, only more severely affected animals
displayed a laminar pattern of damage, preferentially of
the third cortex layer and in some cases of the second,
fifth, and sixth layers. Fig 5, right panel, gives an example
of predominantly laminar neocortical damage as observed
in a nonrunning gerbil after forebrain ischemia.

As mentioned, quantitative analysis was performed
independent of the laminar architecture of the neocor-

CA1 CA2 CA3 CA3/4
Fra 3. Bar graph showing density of viable nerve cells in
hippocampal CA1-CA4 sectors at 4 days after ischemia. The
diagram Indicates development of severe damage in all sectors
of the hippocampus in both groups with forebrain ischemia
compared with sham-operated gerbils (open bars). With the
exception of CA1, significantly more neurons survived in the
CA2, CA4, and particularly the CA3 sectors of animals with free
access to running wheels (runners) before ischemia.
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FIG 4. Photomicrographs showing histcdogical brain sections of gerbiis without (A) and with (B) preischemic wheel running. A, Severe
damage in hippocampus (nonrunner) with obliteration of nerve cells In the CA1, CA2, CA3, and CA4 sectors (bregma -1.7 mm; scale
bar, 200 /im). B, Attenuation of hippocampal nerve cell loss (runner) with partial preservation of neurons in the CA2 and CA3 sectors
(bregma -1.7 mm; scale bar, 200 fim).

tex. Instead, the neocortex was superimposed with four
frames of equal size covering its entire width, in which
neurons appearing viable were counted. By this method,
moderate damage not perceived at first glance was
detected in the parietal cortex, as demonstrated in Fig
6A. Here neuronal losses were apparent in the three
outermost frames. In runners, however, nerve cell
counts in the outermost frame were not decreased,
indicating protection in this region. With regard to the
laminar arrangement of the neocortex and the pattern
of damage visible in severely affected animals, protec-
tion by locomotor activity appeared to be predomi-
nantly conferred to laminae II and III. Conversely,
neuronal losses observed in lamina V were similar in
both groups. This pattern of protection was confirmed
by data obtained in the frontoparietal section of the
neocortex, where neuronal density was reduced in non-
runners in the two outermost frames. No losses were
apparent in runners in this area.

Neuronal density was reduced in dorsolateral stria-
tum in both runners and nonrunners, as shown in Fig 7.
The number of surviving neurons, however, was signif-
icantly higher in the wheel-running group, amounting to
50% of control compared with 10% in gerbiis without
wheel running. There was no evidence of outright
striatal infarction in either group.

Well-demarcated areas of necrosis (infarcts) were
found in the lateral thalamic nuclei in 5 of 7 nonrunning
gerbiis. In 2 animals of this group, infarcts were present
in both hemispheres. On the other hand, comparable
lesions were observed in only 2 of 8 animals of the
wheel-running group and were confined to only one
hemisphere. Four days after ischemia (the time of
death) these lesions presented as tissue areas in which
neurons were completely obliterated, whereas glial and
endothelial cell elements were partially preserved (Fig
8A). After 14 days the lesions were characterized by
glial proliferation and macrophage infiltration, indica-

V'

.

FIG 5. Photomicrographs showing
histologkal sections demonstrating
neuronal density in neocortical slices
of a sham-operated (left) and a non-
running gerbil (right) at 4 days after
15 minutes of forebrain ischemia
Left, Neocortex at bregma -1.7 mm,
3 mm lateral to midline; scale bar,
100 jim. The superimposed grid il-
lustrates the position of counting
frames. The first frame (from top)
contained lamina II and III neurons,
the second frame mostly lamina III
and some lamina IV neurons, the
third frame mostly lamina V and few
lamina VI neurons, and the fourth
frame mostly lamina VI neurons.
Right, Severe loss of neurons in a
predominantly laminar pattern In
neocortex (nonrunner) with marked
injury in lamina II, obliteration of neu-
rons in lamina III, almost normal lam-
ina IV, extinction of pyramidal cells in
lamina V, and mildly rarified lamina VI
neurons (bregma -1 .7 mm; scale
bar, 100 /un).
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Frame 1 Frame 2 Frame 3 Frame 4

Frame Frame 2 Frame 3 Frame 4

FIQ 6. Bar graphs showing neuronal density in cerebral cortex
of gerbils with forebrain Ischemia. A, in parietal cortex, loss of
neurons was evident in the three uppermost of four frames
superimposed over the total width of cortex. The neuronal loss
was significantly attenuated in runners in frame 1, comprising
lamina II and III cells. B, In frontoparietal cortex, loss of neurons
was only encountered in nonrunners and in the two uppermost
counting frames (predominantly lamina II and III neurons).

tive of a profound degree of damage (Fig 8B). Anatom-
ically, necrosis was present medially and cranially to the
lemniscus medialis in the section taken 1.7 mm caudal
to the bregma, an area corresponding to the nucleus
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FIQ 7. Bar graph showing neuronal density of dorsolateral
striatum. Nerve cell counts were reduced in nonrunners to
approximately 10% of control, whereas the loss of neurons was
substantially attenuated in runners (P<.001).

ventralis thalami. Larger infarcts found in animals of
the nonrunning group also affected the dorsomedial
part of the nucleus ventralis thalami and the lateral
thalamic nucleus. Planimetric assessment of lesion size
in the examined section revealed an average area of
2.24±1.1 mm2 in gerbils without wheel running and
0.13±0.1 mm2 in runners (P<.05). Furthermore, a close
relation was found in nonrunning animals between
infarct area and the number of surviving neurons in
laminae V and VI of frontoparietal cortex (r= — .98;
P<.001; Figs 5, left panel, and 9).

It appears noteworthy that postischemic wheel-run-
ning activity (registered in a separate group of gerbils)
was dramatically enhanced during the first week after
ischemia. After 15-minute ischemia (n = 14) maximal
hyperactivity reached 420±120% of the preischemic
value 3 days after ischemia; with 20-minute ischemia
(n=9) hyperactivity had already reached 460±160% by
the first postischemic day and remained on an elevated
plateau of 400% to 500% for 3 days. Gerbils with
pronounced postischemic hyperactivity appeared to
have particularly severe hippocampal nerve cell loss.
This observation, which remains to be substantiated by
a separate, more detailed study, is supported by results
of others.14

Discussion
The present findings confirm that preischemic loco-

motor activity effectively enhances survival in gerbils
with forebrain ischemia (compare with References 3, 5,
and 6). In gerbils both with and without wheel running
before ischemia, quantitative histology revealed neu-
ronal damage in those regions known to be particularly
susceptible to ischemia, such as the hippocampus, the
neocortex, the striatum, and the thalamus.8'9'15-17 How-
ever, preischemic wheel running attenuated damage in
most of these regions. Moreover, wheel running was
associated with a reduction of infarct area in the
thalamus. On the other hand, no protection was af-
forded to the CA1 sector of the hippocampus, which
was almost completely obliterated in both groups. Con-
sequently, the decrease in mortality observed in runners
was not related to the preservation of CA1. More likely,
survival was linked to the integrity of neurons in the
striatum, the neocortex, or the thalamus. This point is
noteworthy because the CA1 sector is a frequent subject
in studies of the efficacy of drugs in ischemia (eg,
Reference 18).

Histological damage after 20-minute ischemia was
only investigated in a pilot study including 9 runners and
5 nonmnners. Neuronal loss was more severe after 20
minutes of ischemia than after 15 minutes, and again
nerve cell counts were better in runners than in non-
runners. A somewhat different approach to quantifying
histological damage had been chosen in these early
experiments; therefore, these data were not included in
the present report. They do however confirm the neu-
ronal protection by spontaneous physical activity in the
gerbil.

This protection by short-term preischemic wheel run-
ning is without precedent and was thoroughly unantic-
ipated. As in all experiments, the validity of the conclu-
sions demands to be questioned by careful scrutiny of
the experimental procedures used. In the present case,
care had to be taken to rule out more obvious factors
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FRA 8. Photomicrographs showing histological brain sections of conventionaily maintained gerbiis (nonrunners) with 15-minute
forebrain ischemia demonstrating thalamic Infarction. A, Ischemic necrosis (arrows) at 4 days after ischemia in nucleus ventraiis thaiami
(nvt), which is located cranially and medially to the lemniscus medialis (LM). Note preservation of nucleus reticularia thaiami (nrt) (scale
bar, 200 iim). B, Ischemic necrosis in nucleus ventraiis thaiami (nvt) 14 days after ischemia with glial and macrophage infiltration (scale
bar, 200 jim). cgl indicates corpus genlculatum laterale; TO, tractus opticus.

other than wheel running that might determine out-
come. Initially, enhancement of survival by preischemic
locomotor activity was a coincidental observation dur-
ing experiments designed to assess locomotor activity
after ischemia as a functional measure of outcome.
Other factors possibly influencing outcome were iden-
tical in both groups of gerbiis. All animals were of the
same stock, sex, and comparative age and weight and
were assigned at random to the different experimental
groups. Anesthesia, control of body temperature, surgical
preparation, and postischemic handling were identical.
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FIG 9. Regression plot of cortical neuron density in laminae V
and VI (abscissa) and the planimetrically assessed area of
thalamic infarction (ordinate) of animals with and without wheel
running before forebrain ischemia. The mean (±SEM) areas of
ischemic necrosis In the thalamus of runners (closed bar) and
nonrunners (open bar) is given as inset. A highly significant
inverse correlation holds In nonmnners between the density of
surviving neurons in parietal cortex and thalamic irrfarct size. The
Pearson product-moment correlation yielded P<.001 with a
polynomial regression: /-=-.984, P<.001. Dotted lines illustrate
95% confidence limits. In runners with mitigation of thalamic
damage, no significant relation could be established. Data of one
gerbil are outside the 95% confidence limits.

Quantitative assessment of histology was conducted by
blinded investigators after unequivocal positioning of the
counting frames with respect to unmistakable anatomic
landmarks. In the neocortex, no attempts were made at
differentiating neuroanatomic layers, as their reliable
identification was not always possible after ischemia.
Instead, the cortical band was subdivided for counting
into four layers of equal height to avoid misinterpreta-
tions in this region. Although the actual counting of
neurons for quantitative assessments of cerebral tissue
damage may be influenced by error, the determination of
postischemic mortality is unambiguous. With respect to
this parameter a subjective bias by the investigator can be
ruled out.

Finally, to verify the effect of preischemic locomotion
on postischemic mortality, additional experiments in
which ischemia had been extended to 20 minutes were
conducted by a skeptical coauthor (B.T.), confirming
the initial results (Fig 2).

Accepting the validity of the present observations,
obvious explanations for the protection encountered are
not readily at hand. Improved survival in runners may
be attributable to physical training, eg, of the cardiopul-
monary system, providing for better compensation of
systemic blood pressure changes during reestablishment
of cerebral perfusion. Global cerebral ischemia is liable
to induce systemic hypotension during recirculation,
thus preventing adequate restoration of cerebral blood
flow.19 However, continuous measurements of systemic
blood pressure before, during, and after forebrain isch-
emia revealed identical blood pressure levels in both
groups of gerbiis with and without wheel running (un-
published data, Stummer et al, 1994), making differ-
ences in cerebral perfusion pressure unlikely.

Because protection by preischemic wheel running was
conferred to regions of the brain that are particularly
susceptible to short periods of ischemia, protection may
involve the antagonism of mechanisms underlying the
phenomenon of selective vulnerability. With regard to
presently entertained concepts of this phenomenon,
physical exercise may influence the release and the
persistence of excitatory amino acids, such as glutamate,
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in the extracellular compartment.20'21 Cerebral protec-
tion by preischemic locomotor activity might be ex-
plained by an interaction of exercise-induced changes of
endogenous opioid systems with glutamate transmission.
It is known that the N-methyl-D-aspartate (NMDA)
receptor displays an affinity to opioids and morphinoids
and that binding of these substances results in noncom-
petitive antagonization of the receptor.2226 It also has
been repeatedly demonstrated that physical activity and
physical stress are associated with an enhanced release of
endogenous opioids.2732 If the levels of these compounds
are assumed to have been elevated in response to pre-
ischemic physical activity, the excitotoxic stimulation of
NMDA-receptor complexes by glutamate may have been
inhibited.

As far as other mediator mechanisms are concerned,
there is evidence of a shift in the balance between
antithrombotic and prothrombotic eicosanoids by phys-
ical training, favoring antithrombotic compounds. It was
found, for example, that exercise enhances the release
of prostaglandin I2 from endothelial elements33 together
with tissue plasminogen activator34 and reduces throm-
boxane release.33 Consequently, ischemia-induced ag-
gregation of platelets may be suppressed, possibly at-
tenuating postischemic reperfusion disturbances that
may evolve in gerbils with cerebral ischemia.35

Last but not least, chronic physical exercise requiring
the continuing stimulation of cortical and subcortical
centers for muscular control might affect the vascular
blood supply of these cerebral regions. Isaacs et al36

have obtained evidence for increased angiogenesis in
the molecular layer of the cerebellum of rats subjected
to forced or voluntary exercise by wheel running. The
phenomenon was attributed to an increased metabolic
demand resulting from enhanced regional synaptic ac-
tivity. Although the significance of this observation for
the presently observed protection is not clear, induction
of such a process may have supported an inhibition of
nerve cell loss from ischemia.

Taken together, the present findings demonstrate an
impressive efficacy of preischemic locomotor activity in
reducing both postischemic mortality and nerve cell
losses in the brains of Mongolian gerbils. Further infor-
mation on mechanisms underlying this phenomenon is
not yet available. However, it is conceivable that pro-
tective mechanisms are operative during the period of
early reperfusion. Although the present findings may
have only minor consequences for the clinical manage-
ment of patients, the elucidation of mechanisms in-
volved in this phenomenon may provide a basis for
improving the prophylaxis and therapy of ischemic
stroke.

Acknowledgments
This work was supported by Deutsche Forschungsgemein-

schaft Ba 452/6-7. We gratefully acknowledge the excellent
technical assistance of Hilde Lainer and Ulrike Gorke.

References
1. Levy DE, Brierley JB. Communications between vertebro-basilar

and carotid arterial circulations in the gerbil. Exp NeuroL 1974;45:
503-508.

2. Clifton GL, Taft WC, Blair RE, Choi SC, DeLorenzo RJ. Con-
ditions for the pharmacological evaluation in the gerbil model of
forebrain ischemia. Stroke. 1989;20:1545-1552.

3. Kempski O, Weber K, Stummer W, Tramner B, SchQrer L,
Baethmann A. Determinants of outcome from cerebral ischemia in
Mongolian gerbils. In: Hammersen F, Messmer K, eds. Progress in
Applied Microcirculation. Basel, Switzerland: S Karger AG; 1989;
16:79-88.

4. Mickel HS, Vashnav YN, Kempski O, von Lubitz D, Weiss JF,
Feuerstein G. Breathing 100% oxygen after global brain ischemia
in Mongolian gerbils results in increased lipid perojridation and
increased mortality. Stroke. 1987;18:426-430.

5. Weber KO. Zentrale undsystemische Verinderungen nach zerebraler
IschSmie bei der mongolischen WUstenrennmaus (Meriones unguicu-
lalus). Munich, Germany: Ludwig-Maximilians-Universitat; 1989.
Inaugural dissertation.

6. Weber KO, Tranmer B, SchQrer L, Baethmann A, Kempski O.
Physical activity determines survival of mongolian gerbils from
forebrain ischemia. In: Hartmann A, Kuschinsky W, eds. Cerebral
Ischemia and Calcium. Berlin-Heidelberg-New York: Springer;
1989:79-82.

7. Kempski O, Stummer W, Bauer C, SchQrer L, Baethmann A.
Postischemic hyperperfusion and outcome: an experimental study.
In: Schmiedek P, Einhaupl K, Kirsch CM, eds. Stimulated Cerebral
Blood Flow. Berlin, Germany: Springer; 1992;55-58.

8. Crain BJ, Westerkam WD, Harrison AH, Nadler JV. Selective
neuronal death after transient forebrain ischemia in the mongolian
gerbil: a silver impregnation study. Neumsciencc. 1988^27:387-402.

9. Pulsinelli WA, Brierley JB, Plum F. Temporal profile of neuronal
damage in a model of transient forebrain ischemia. Ann Neuwl.
1982;l l:491-498.

10. Eke A, Conger AK. Classifying cells from light microscopic bit
features by binary logic. Lab Invest. 1989;61:243-252.

11. Eke A, Conger KA, Anderson M, Garcia JH. Histologic
assessment of neurons in rat models of cerebral ischemia. Stroke.
1990;21:299-304.

12. Peto R, Pike MC, Armitage P, Breslow NE, Cox DR, Howard SV,
Mantel N, McPherson K, Peto J, Smith PG. Design and analysis of
randomized clinical trials requiring prolonged observation of each
patient, II: analysis and examples. BrJ Cancer. 1977^35:1-39.

13. Theodorsson-Norheim E. Kruskal-Wallis test: BASIC computer
program to perform non-parametric one-way analysis of variance
and multiple comparisons on ranks of several independent
samples. Compul Programs Bwmed. 1986;23:57-62.

14. Gerhardt SC, Boast CA. Motor activity changes following cerebral
ischemia in gerbils are correlated with the degree of neuronal
degeneration in hippocampus. Behav NeuroscL 1988;102:301-303.

15. Tomida S, Nowak TS Jr, Vass K, Lohr JM, Klatzo I. Experimental
model for repetitive ischemic attacks in the gerbil: the cumulative
effect of repeated ischemic insults. / Cereb Blood Flow Metab.
1987;7:773-782.

16. Lin C-S, Polsky K, Nadler JV, Crain BJ. Selective neocorticaJ and
thalamic cell death in the gerbil after transient ischemia. Neuro-
science. 1990^5:289-299.

17. Araki T, Kato H, Kogure K. Selective neuronal vulnerability fol-
lowing transient cerebral ischemia in the gerbil: distribution and
time course. Ada Neural Scand. 1989;80:548-553.

18. Judge ME, Sheardown MJ, Jacobson P, Honore T. Protection
against post-ischemic behavioural pathology by the alpha-amino-
3-hydroxy-5-methyl-4-isozazolepropionic acid (AMPA) antago-
nist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(f)quinoxaline in the
gerbil. Neurosci Lett. 1991;133:291-294.

19. Hossmann KA. Treatment of experimental cerebral ischemia.
J Cereb Blood Flow Metab. 1982;2:275-297.

20. Benveniste H, Drejer J, Schousboe A, Diemer NH. Elevation of
the extracellular concentrations of glutamate and aspartate in rat
hippocampus during transient cerebral ischemia monitored by
intracerebral microdialysis. J Neurochem. 1984;43:1369-1374.

21. Rothmann SM, Olney JW. Glutamate and the pathophysiology of
hypoxk-ischemic brain damage. Ann NeuroL 1986;19:105-lll.

22. Choi DW. Dextrorphan and dextromethorphan attenuate glu-
tamate neurotoxicity. Brain Res. 1987;4O3:333-336.

23. Choi DW, Viseskul V. Opioids and non-opioid enantiomers selec-
tively attenuate N-methyl-D-aspartate neurotoxicity on cortical
neurons. Eur ] Pharmacol 1988; 155:27-35.

24. Goldberg MP, Pham P, Choi DW. Dextrorphan and dextro-
methorphan attenuate hypoxic injury in neuronal culture. Neurosci
Lett. 1987;80:ll-15.

25. Prince DA, Feeser HR. Dextromethorphan protects against
cerebral infarction in a rat model of hypoxia-ischemia. Neurosci
Lett. 1988;85:291-2%.



Stummer et al Cerebral Protection by Locomotor Activity 1869

26. Swan JH, Meldrum BS. Protection by NMDA antagonists against
selective cell loss following transient ischemia. J Cereb Blood Flow
Metab. 1990;10:343-351.

27. Fraioli F, Moretti C, Paolucci D, Alicicio E, Crescenci F, Fortinio
G. Physical exercise stimulates marked concomitant release of
/3-endorphin and adrenocorticotropic hormone (ACTH) in
peripheral blood in man. Experientia. 1980;36:987-989.

28. Carr DB, Bullen BA, Shrinar GS, Arnold MA, Rosenblatt M,
Beitins IZ, Martin JB, McArthur JW. Physical conditioning facil-
itates the exercise-induced secretion of beta-endorphin and beta-
lipoprotein in women. N Engl J Med. 1981;305:560-562.

29. Farrell RA, Cates WK, Maksud MG. Plasma beta-endorphin/
beta-lipoprotein immunoreactivity increase after treadmill ex-
ercise in man. Med Sci Sports Exerc. 1981;13:134A.

30. Christie JJ, Chesher GB, Bird KD. The correlation between swim-
stress induced antinociception and [3H]leu-enkephalin binding to
brain homogenates in mice. Pharmacol Biochem Behav. 1981;15:
853-857.

31. Amir S. Involvement of endogenous opioids with forced swimming
induced immobility in mice. Physiol Behav. 1982;28:249-251.

32. Shyu BC, Andersson SA, Thoren P. Endorphin-mediated increase
in pain threshold induced by long-lasting exercise in rats. Life Sci.
1982;30:833-840.

33. Chen HI, Jen CJ, Chang WC. Effects of exercise training on the
biosynthesis of prostacyclin and thromboxane in rats. Ada Physiol
Scand. 1993;147:109-115.

34. Eichner E. Platelets, carotids and coronaries: critique on anti-
thrombotic role of antiplatelet agents, exercise and certain diets.
Am J Med. 1984;77:513-523.

35. Ito U, Ohno K, Yamaguchi T, Tomita H, Inaba Y, Kashima M.
Transient appearance of the "no-reflow" phenomenon in mon-
golian gerbils. Stroke. 1980; 11:517-521.

36. Isaacs KR, Anderson BJ, Alcantara AA, Black JE, Greenough
WT. Exercise and the brain: angiogenesis in the adult rat cere-
bellum after vigorous physical activity and motor skill learning.
J Cereb Blood Flow Metab. 1992;12:110-119.

Editorial Comment

The article by Stummer et al reported a marked
improvement in survival and a corresponding decrease
in neuronal damage in gerbils that were allowed to
engage in spontaneous locomotor activity before an
episode of cerebral ischemia of 15 to 20 minutes in
duration. This remarkable finding has no satisfactory
explanation at present. It should stimulate research into
the mechanisms involved and into its possible implica-
tions for human cerebral ischemia. At present, the most
likely explanation appears to be an influence of exercise

on neurotransmitter release mechanisms in the brain,
which in turn may affect neuronal survival. It is hoped
that these investigators and perhaps others would pur-
sue this interesting finding and identify the mechanisms
involved in the near future.
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