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The Onset of Postischemic Hypoperfusion 
in Rats Is Precipitous and May Be 

Controlled by Local Neurons 

Kai U. Frerichs, MD; Anna-Leena Sin!n, MD; 
Giora Z. Feuerstein, MD; and John M. Hallenbeck, MD 

Background and Purpose: Reperfusion following transient global cerebral ischemia is characterized by 
an initial hyperemic phase, which precedes hypo perfusion. The pathogenesis of these flow derangements 
remains obscure. Our study investigates the dynamics of postischemic cerebral blood flow changes, with 
particular attention to the role of local neurons. 

Metho(Js: We assessed local cortical blood flow continuously by laser Doppler flowmetry to permit 
observation of any rapid flow changes after forebrain ischemia induced by four-vessel occlusion for 20 
minutes in rats. To investigate the role of local cortical neurons in the regulation of any blood flow 
fluctuations, five rats received intracortical microinjections of a neurotoxin (10 p,g ibotenic acid in 1 p,1; 
1.5-mm-depth parietal cortex) 24 hours before ischemia to induce selective and localized neuronal 
depletion in an area corresponding to the sampie volume of the laser Doppler probe (1 mm3

). Local 
cerebral blood flow was measured within the injection site and at an adjacent control site. 

Results: Ischemia was followed by marked hyperemia (235 ±23% of control, n =7), followed by secondary 
hypoperfusion (45±3% of control, n=7). The transition from hyperemia to hypoperfusioo occurred not 
gradually but precipitously (maximal slope of flow decay: 66±6%/min; n=7). In ibotenic acid-injected 
rats, hyperemia was preserved at the injection site, but the sudden decline of blood flow was abolished 
(maximal slope of flow decay: 5±3%/min compared with 53±8%/min at the control site; n=5, p<O.OOI) 
and 00 significant hypoperfusion de\eloped (103±20% of control at 60 minutes). 

Conclusions: These data suggest that the rapid transition to cortical hypo perfusion after forebrain 
ischemia may be triggered locally by a neuronal mechanism but that this mechanism does not underlie the 
initial hyperemia. (Stroke 1992;23:399-406) 
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~
ute postischemic cerebral blood ftow (CBF) is 

characterized by an initial hyperemia with sub
sequent hypoperfusion, which has been recog

nized in various animal models of transient global cere
bral ischemia, in anesthetized and conscious states.1-8 

Hyperemia has been attributed to vasoparalysis due to 
lactic acidosis or the accumulation of vasoactive sub
stances (adenosine diphosphate [ADP] , adenosine 
monophosphate [AMP], potassium) during ischemia.9- 11 

The mechanisms underlying delayed hypoperfusion 
remain obscure. The imbalance between oxygen de
mands and oxygen availability during hypoperfusion 
may lead to secondary postischemic hypoxia as a poten
tially damaging consequence of transient ischemia.3 •9 

This relationship, however, remains an issue of contro-
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versy. In contrast to the substantial amount of data 
describing absolute postischemic CBF levels in different 
brain regions at distinct time points, not much is known 
about the dynamics of postischemic ftow derangements. 
Nevertheless, the transition from hyperemia to hypo
perfusion after a transient period of global ischemia has 
been considered to be a gradual process. Precise knowl
edge of the existence of any consistent postischemic ftow 
transitions and the presence of any rapid changes would 
be helpful to address the underlying mechanism more 
specifically. A variety of mechanisms could be involved, 
including rheological changes and microvascular ob
struction due to the aggregation of blood elements12 and 
hemoconcentration, capillary obstruction by endothelial 
microvilli formation13 or by neuronal, glial, and endo
thelial swelling,1.14.15 all of which would be expected to 
result in a gradual decline of blood ftow. Vasomotion 
due to the accumulation of vasoconstrictive substances, 
such as the products of arachidonic acid metabolism,ll 
could also be involved in the onset and maintenance of 
secondary hypoperfusion. Not much attention has been 
paid so far to the possible contribution of neurogenic 
control mechanisms. 

We investigated the dynamics ofthe local cortical CBF 
ftuctuations after forebrain ischemia, induced by four
vessel occlusion for 20 minutes, with laser Doppler 
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ftowrnetry, which is currently the only technique to 
permit on-line and continuous monitoring of local CBF 
in a noninvasive manner. To investigate the contributions 
of local cortical neurons to the regulation of postischemic 
CBF, we have used intracortical microinjections of 
ibotenic acid to eliminate any local neuronal inftuences 
on CBF in the injected area without affecting other cell 
elements. In the current report, the extent of the injected 
area was gauged to correspond to the spatial resolution 
of the laser Doppler ftow probe to allow intraindividual 
controllaser Doppler ftowrnetry measurements. 

Materials and Methods 

The experiments reported herein were conducted 
according to the principles set forth in the "Guide for 
the Care and Use of Laboratory Animals," from the 
Institute of Laboratory Animal Resources, National 
Research Council (publication No. NIH 85-23, 1985). 

The experiments were carried out on eighteen barri
er-reared male Sprague-Dawley rats (Taconic Farms, 
Germantown, N.Y.) weighing 320-380g, housed at con
trolled temperature (22°C) and light/dark (12 hr/12 hr) 
cycle with free access to food and water. On day 1 of the 
experiments, anesthesia was induced by intraperitoneal 
injection of 12 mg ketamine and 0.12 mg acepromazine 
per 100 g body weight. Transient forebrain ischemia was 
induced according to the four-vessel occlusion tech
nique.16 After implantation of a femoral arte rial cathe
ter for monitoring systemic me an arterial pressure 
(MAP) and arterial blood gas analysis, the common 
carotid arteries were exposed through a midline neck 
incision and carefully isolated with heat-blunted glass 
pipettes. Nontraumatic snare loops (Silastic, outer di
ameter 0.63 mm; Dow Corning, Midland, Mich.) were 
placed loosely around the common carotid arteries. The 
Silastic sn ares were attached to cleaning wires (diame
ter 0.02 mm; Hamilton, Reno, Nev.) and tunneled 
subcutaneously to be exteriorized on the back of the 
animals through Silastic guide tubing (inner diameter 
0.75 mm, outer diameter 1.63 mm). The guide tubing 
was extended at the carotid end by a piece of polyeth
ylene tubing (PE-240) that stiffened the guide tubing tip 
and allowed it to be sutured to the adjacent sternoclei
domastoid muscle. Skin incisions were closed by suture. 
The rats were then placed in a stereotaxic instrument to 
expose the body of the atlas by a midline posterior neck 
incision. The vertebral arteries were permanently oc
cluded by monopolar cautery through the alar forami
na.16 Additionally, a neck tourniquet (2-0 silk) was 
implanted to encompass the prevertebral and posterior 
neck muscles and exteriorized on the posterior neck, 
and the wounds were closed by suture. 

In eight rats, the calvaria were exposed and a rectan
gular craniectomy (2x4 mm) was performed above the 
right parietal cortex, using a high-speed drill under the 
operating microscope, leaving the dura mater intact and 
avoiding heat-damage by frequent saline irrigation. 
Glass micropipettes (tip diameter 75-100 pm) were 
filled with either ibotenic acid (n=5) in a dose of 10 J.Lg 
in 1 J.LI of phosphate-buffered saline (pH 7.4) or vehicle 
alone (n=3) and attached to a micromanipulator. Load
ing and discharging of the micropipettes were achieved 
bya microinjection pump (CMA/100, Carnegie Medi
cine, West Lafayette, Ind.). The micropipettes were 
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FIGURE 1. Schematic view of lateral section of rat brain 2. 9 
mm lateral to bregma. Positions of adjacent laser Doppler 
flowmetry probes are indicated. There was no overlap of local 
CBF sampling between injected and noninjected control site. 

aimed perpendicularly at a zone of the parietal cortex 
devoid of major pi al vessels, located approximately 3 
mm lateral and 3 mm caudal to the bregma. The dura 
was pierced and the micropipette lowered 1.5 mm below 
the dural surface. Ibotenic acid or the vehicle was 
delivered at a rate of 0.2 J.LI/min over 5 minutes.J7 At the 
end of the injection, the micropipettes were left in pi ace 
for 5 minutes and then withdrawn, the bone ftap re
placed, and the wounds closed by suture. After these 
preparations, all animals were returned to their cages 
and allowed to recover for 24 hours with free access to 
water only. 

At day 2, the animals were first anesthetized with 4% 
halothane in an induction chamber and then transferred 
to a stereotaxic frame. Anesthesia was maintained with 
1 % halothane in nitrous oxide (70%) and oxygen 
(30%), delivered by a closed face mask. Rectal temper
ature was monitored and maintained at 37°C by a 
heating pad. In the seven noninjected animals, a rect
angular craniectomy was performed in the same loca
tion and in the same fashion as in the injected animals 
described above. In the noninjected group, one laser 
Doppler ftow probe (P435, Vasamedics) was placed 
above an area that corresponded to the injected site of 
the injected group and was devoid of major pial vessels. 
The laser Doppler ftow probe was held by a stereotaxic 
arm and allowed to hang freely for approximately 10 cm 
before it made contact with the dura (without exerting 
pressure ) to dampen vibration-related artifacts. Normal 
saline was applied to prevent drying of the dura. The 
probe was connected to a perfusion monitor (LaserFlo 
BPM403, Vasamedics) for continuous measurements of 
local CBF. Output from this device was directed as a 
voltage signal to a pen chart recorder. When the laser 
Doppler ftow probe was positioned, external conditions 
were kept constant, particularly the level of ambient 
light. 

In the injected groups, two laser Doppler ftowmetry 
probes were placed in the same fashion, one superim
posed on the injected site and the other at an adjacent 
control site (distance approximately 2 mm) of the 
ipsilateral hemisphere (Figure 1). The position of the 
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TADLE 1. Physiological Variables Before (Baseline), During (5 Minutes Before Reperfusion), and 30 Minutes After 
Forebrain Ischemia and Body-Weight Loss (7-Day Survival) in Noninjected, Ibotenic Acid-Injected, and Vehicle (Phos
phate Buffered Saline)-Injected Animals 

Phosphate buffered 
Noninjected Ibotenic acid-injected saline-injected 

Variable (n=7) (n=S) (n=3) 

MAP (mmHg) 

Baseline 98±4 lOl±4 9S±3 

Ischemia l26±S* l29±7* l20±3* 

30 minutes 1l0±3 106±4 103±S 

P02 (mmHg) 

Baseline l49±8 l49±S lSl±S 

Ischemia l32±9 136±S 137±6 

30 minutes l26±S* 130±3* l29±6* 

PC02 (mmHg) 

Baseline 3l±3 30±2 29±3 

Ischemia 30±2 32±2 28±2 

30 minutes 36±3 36±3 33±4 

pH 

Baseline 7.42±0.02 7.43±0.02 7.4l±0.01 

Ischemia 7.44±0.01 7.40±0.01 7.42±0.01 

30 minutes 7.39±0.01 7.37±0.02 7.39±0.01 

Body weight loss (%) -18±2 -19±2 -20±2 

Data are mean±SEM. MAP, mean arterial pressure. 
*p<O.OS difference between experimental and baseline values within a group. 

probes ensured that no overlap sampling of local CBF 
occurred between the injected site and the control site. 

Forebrain ischemia was induced by temporary occlu
sion of the common carotid arteries and tight~ning of the 
neck tourniquet for 20 minutes. During ischemia, 
halothane was reduced to 0.5% because higher halothane 
concentrations can impair autoregulation and alter CBF.18 

Reperfusion was initiated by release of the carotid occlud
ers and removal of the neck tourniquet. With the onset of 
reperfusion, halothane was discontinued for 30 minutes to 
exclude any side effects from anesthesia. Local CBF and 
MAP were monitored before, during, and for 60 minutes 
after ischemia. Arterial blood gas sampies were taken 
before ischemia, 5 minutes before the onset of reperfu
sion, and at 30 minutes after ischemia. At the end of the 
observation period, the wound was closed by suture, and 
the animals were returned to their cages and allowed to 
survive for 7 days with free access to food and water. At 
the end of the experiment, the animals were anesthetized 
with an overdose of pentobarbital and perfused through 
the left side of the heart with 150 ml normal saline, 
containing 10 IV heparin/mI, followed by 150 ml 10% 
buffered formalin (pH 7.2). The brains were kept in fresh 
fixative overnight and then embedded in paraffin for 
coronal cutting. Serial sections (6 pm) were stained with 
hematoxylin/eosin for assessment of ischemic damage and 
quantification of the ibotenic acid-induced neuronal de
pletion. Lesion dimensions in the cortical zone exposed to 
ibotenic acid or vehicle in the injected group were assessed 
by an eyepiece micrometer disk in the section with the 
widest lesion extension. 

In three additional rats, forebrain ischemia was in
duced by bilateral carotid occlusion combined with 
systemic hypotension19 by controlled arterial hemor
rhage. Therefore, two arterial femoral catheters were 
implanted on day 1 of the experiment. Otherwise, the 

experimental animals were subjected to the same surgi
cal procedures as described above except permanent 
occlusion of the vertebral arteries and cortical microin
jection. Forebrain ischemia was induced on the second 
experimental day by lowering the MAP to 50 mm Hg 
combined with bilateral carotid occlusion for 20 minutes 
under ketamine/acepromazine anesthesia. Laser Dopp
ler ftowmetry was monitored throughout the experi
ment as described above. 

All data are mean±SEM of the indicated number of 
rats, if not otherwise stated. Statistical analysis was done 
by Wilcoxon matched pairs test or Kruskal-Wallis analy
sis ofvariance followed by Mann-Whitney U test. Values 
of p < 0.05 were accepted as statistically significant. 

ResuIts 

The induction of forebrain ischemia was followed by a 
significant increase in the MAP resulting from the barore
ftex inhibition upon occlusion of the common carotid 
arteries (Table 1) throughout ischemia. The MAP re
turned to baseline after the onset of reperfusion. The 
arterial blood gases remained in the normal range 
throughout the experiment and showed no statistical 
differences between the groups (Table 1). None of the 
animals of either group showed any signs of distress before 
ischemia. 

Neuropathology at day 7 following 20 minutes of 
forebrain ischemia revealed bilateral hippocampal de
generation in the CA-l region (Figure 2A). Scattered 
neuronal necrosis was found in corticallayers 3, 5, and 
6, as well as in the striatum. The changes were similar in 
the noninjected as well as both injected groups (ibotenic 
acid or phosphate buffered saline). 

In the ibotenic acid-injected animals, a well-demar
cated, hemispheroid-shaped area of cortical neuronal 
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FIGURE 2. Panel A: Histological appearance of the hippocampal CA -1 subfield at 7 days after 20 minutes of forebrain ischemia, 
showing areduction ofviable neurons to approximately one third. Hematoxylin and eosin stain. Magnification x160. Panel B: 
Histological aspect of sharply demarcated border zone between ibotenic acid-induced lesion and adjacent cortical tissue 7 days 
after forebrain ischemia (8 days after microinjection). Ibotenic acid-induced lesion on left side of photomicrograph is 
characterized by complete neuronal necrosis with a sharp transition to normally appearing cortical tissue on right. Hematoxylin 
and eosin stain. Magnification X 160. 

loss with a diameter of 1.5±0.2 mm (n=5) was observed 
at day 7 after isehemia (Figure 2B). 

The injeetion site of the phosphate buffered saUne
injeeted animals did not show any ehanges to diserimi
nate it from the adjaeent eortical areas. 

Induetion of forebrain isehemia was followed by an 
immediate drop in loeal eortical CBF (Figure 3, insert). 
The ftow reduetion was ealculated as pereentage of 
baseline, whieh was established 20 minutes before iseh
emia. The average blood ftow reduetion during isehemia 
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FIGURE 3. Graph of local cerebra I blood flow (CBF) after 
20-minute forebrain ischemia in noninjected rats. Graph 
emphasizes transition period from hyperemia to hypoperfu
sion to highlight the suddenness of changes in individual 
courses. Time point zero indicates onset of transition. Insert 
graph demonstrates the average changes of local cortical CBF 
during and for 60 minutes after 20 minutes of transient 
forebrain ischemia, showing the familiar pattern of an initial 
hyperemic phase followed by delayed hypo perfusion. 

was similar in all groups and at all sites (Table 2). 
Reperfusion was charaeterized by a hyperemic response 
at all measured sites, inc1uding the ibotenic aeid-in
jeeted site (Table 2 and Figures 3 and 4). Maximal 
hyperemic CBF values in noninjected eontrol rats were 
235±23% (n=7). The magnitude of hyperemia, ea1cu
lated as the area under the curve between 0 and 20 
minutes after ischemia, was not significantly different 
among the groups or sites (Table 2), although we 
observed a tendency for exaggerated hyperemia in the 
ibotenie acid-injected site. In the noninjected group, 
hyperemia eontinued for 17 ± 1 minutes (Figure 3, in
sert). Then, loeal CBF precipitously decreased to ap
proximately one third of baseline (Figure 3) within a few 
minutes without any indication of a gradual dec1ine in 
blood flow in any of the individual experiments. The 
drop in flow was unrelated to the MAP and showed no 
tendency for recovery within the observation period of 
60 minutes after ischemia (Figure 3, insert). The pre
cipitous deeline of local CBF occurred at distinctly 
different time points up to minutes apart in adjacent 
laser Doppler flowrnetry monitoring sites within the 
same experimental animal. 

In the control sampling site of the ibotenic acid
injected rats, the same pattern could be reproduced 
(Figure 4). In the ibotenic acid-injeeted site, however, 
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FIGURE 4. Graph of local cerebral blood flow (CBF) after 
20-minute forebrain ischemia in ibotenic acid-injected rats. 
Laser Doppler flowmetry was assessed at injection site (0) 
(data are mean+SEM) and adjacent control site (e) (data 
are mean - SEM). Pattern of postischemic blood flow changes 
in control sites was similar to findings in noninjected group. At 
injected site hyperemia was preserved, but sudden decline in 
local CBF did not occur and state of hypo perfusion did not 
develop. 

the sudden dec1ine of blood flow after hyperemia was 
completely abolished (Figure 4). Hypoperfusion was 
absent, and local CBF returned gradually and asymp
totically to baseline by 60 minutes of reperfusion (Table 
2). The slope of the blood flow changes during the 
transition phase in noninjeeted animals (Figure 3 and 
Table 2) was substantially steeper than in the ibotenic 
acid-injected site (Figure 4 and Table 2). The slope at 
the control site of the ibotenic aeid-injeeted rats was not 
different from the noninjeeted animals (Figure 4 and 
Table 2). 

The ehanges of loeal CBF in the phosphate buffered 
saline-injeeted animals were similar to those observed 
in the noninjected group at both the injeeted and the 
eontrol site (Table 2). 

Figure 5 shows an exemplary course of ehanges of 
loeal CBF and MAP in an animal subjected to forebrain 
ischemia by two-vessel oeclusion and systemie hypoten
sion under ketamine/aeepromazine anesthesia. The 
postisehemic flow ehanges, partieularly the abrupt tran
sition from hyperemia to hypoperfusion, were similar to 
those observed in the four-vessel oec1usion model. This 
finding eould be reprodueed in two additional animals. 
The slope of the blood flow changes during the transi
tion phase in this additional group of animals was not 

TABLE 2. Loeal CBF Expressed As Average Area/Min Under Laser Doppler Flowrnetry Curve During Isehemic (-20 
to 0 Minutes), Hyperemic (0-20 Minutes), and Hypoperfusion (30-60 Minutes) Periods in Pereentage of Baseline 

Phosphate buffered 
Ibotenic acid-injected (n=5) saline-injected (n=3) 

Period Noninjected (n=7) Control site Injection site Control site Injection site 

Ischemia (%) 5.1±O.7 3.3±1.3 5.9±1.6 4.9±O.7 4.8±O.2 

Hyperemia (%) 154±1O 140±30 187±33 154±40 164±1O 

Hypoperfusion (%) 45±3 44±4 113±30* 42±1 45±4 

Transition-slope (%/min) 66±6 53±8 5.9±3.2* 59±19 62±7 

Data are mean±SEM. CBF, cerebral blood fiow. 
*p<O.05 with respect to areas of ischemia, hypoperfusion, and hyperemia and rate of transition from hyperemia to 

hypoperfusion. 
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FIGURE 5. Local cerebra I blood flow (CBF) and mean 
arterial pressure after 20-minute forebrain ischemia by bilat
eral carotid occlusion combined with systemic hypotension by 
controlled arterial hemorrhage under ketaminelacepromazine 
anesthesia. Reperfusion is characterized by hyperemia fol
lowed by precipitous decline of local CBF to delayed hypo per
fusion, similar to flow changes observed in the four-vessel 
occlusion model using halothanelnitrous oxide anesthesia. 

different (69±11 %/min, n=3) from the control findings 
in the animals subjected to four-vessel occlusion. 

Discussion 
We have studied the dynamics of postischemic CBF 

changes by laser Doppler ftowmetry. It could be dem
onstrated that the transition from hyperemia to delayed 
hypoperfusion after transient forebrain ischemia does 
not occur in a gradual manner but is, instead, precipi
tous. The time point of transition to cortical hypoper
fusion showed regional variability being up to minutes 
apart in adjacent cortical areas. Elimination of the local 
neuronal activity in a circumscribed cortical area abol
ished the rapid CBF decline but did not affect the initial 
hyperemia. Taken together, these data suggest that the 
transition to postischemic cortical hypoperfusion fol
lowing transient forebrain ischemia is regulated by a 
locally integrated mechanism, which requires viable 
neuronal cells within a cortical region to be operable. 
The presence of local cortical neurons appears not to be 
essential for the development of the initial transient 
hyperemia. These findings could be reproduced in two 
different models of transient forebrain ischemia, the 
four-vessel occlusion and the two-vessel occlusion mod
els, and was independent from the anesthetic agent, 
halothane or ketamine/acepromazine. This suggests 
that the pathological mechanisms involved in the regu
lation of the observed postischemic CBF responses are 
likely to be identical and not an artifact of the specific 
ischemia model or the type of anesthesia. 

Laser Doppler ftowmetry has introduced the oppor
tunity to measure local CBF on-line and continuously 
without affecting the state of circulation by the measure
ment. The method has been validated for measurement 
of cortical CBF changes in rats.20 Based on theoretical 
estimates, it is gene rally believed that the spatial reso
lution of the laser Doppler ftow probe used in the 
present report approximates 1 mm3.21 The area of 
neuronal depletion by ibotenic acid microinjections 
resembled a hemispheroid and was approximately 1.5 
mm in diameter and depth, with a resulting volume of 
approximately 0.9 mm3. Therefore, it might be assumed 

that the region of local CBF sampling by laser Doppler 
ftowmetry and the zone of neuronal depletion were 
nearly congruent if the probe was positioned above the 
injection site. 

Cortical ibotenic acid microinjections have been used 
previously to study the role of localized intrinsic neu
ronal populations in the regulation of local CBFP,22-24 
Ibotenic acid, a conformationally restricted analog of 
glutamic acid, causes acute neuronal degeneration, 
which is thought to be mediated by a glutamatergic 
excitatory mechanism.22 Neuronal depletion is complete 
by 24 hours after injection and strict1y confined to the 
injected area, possibly due to a low diffusion rate and 
rapid metabolismp,22 Nonneuronal cells (glia, endothe
lium) and extrinsic nerve terminals and fibers on pas
sage are initially not affected. Glial fibrillary acidic 
protein immunoreactivity remains unchanged acutely 
after ibotenic acid injection but has increased 3 days 
later at the borderzone of the lesion, reaching maximum 
reactivity between 5 and 7 daysP At this time point, 
other cellular elements, including macrophages and 
endothelium, have also proliferatedP This prompted us 
to choose the 24-hour time point for induction of 
ischemia to avoid the possibility that proliferating non
neuronal elements could affect postischemic CBF. Ret
rograde and anterograde axonal transport is maintained 
within an ibotenic acid-injected cortical area. This was 
tested by microinjections of wheat germ agglutinin 
conjugated to horseradish peroxidase either into the 
lesion or into the homotopic area of the contralateral 
hemisphere,17 The lack of an effect on neurotransmitter 
levels such as norepinephrine, dopamine, or choline 
acetyltransferase after striatal or hippocampal ibotenic 
acid injections further supports the view that terminals 
of extrinsic origin to the injected area are not affected,22 
Resting cortical CBF remains within the normal range 
during the first days after elimination of the intrinsic 
cortical neuronal population by ibotenic acid,17 The 
vasculature in the ibotenic acid-injected region remains 
reactive to certain physiological stimuli that produce 
vasodilation such as hypercapnia.23 Conversely, the in
jected area is also responsive to vasoconstrictive stimuli: 
endothelin-l, microinjected (200 fmol/200 nl; unpub
lished observation from this laboratory) into the lesion, 
caused a massive and precipitous decrease in local 
cortical perfusion monitored by laser Doppler ftowme
try upon endothelin injection, which was virtually iden
tical to previous findings in normal cortical tissue.25 

Under physiological conditions, CBF is thought to be 
regulated through myogenic, biochemical, and neuro
genic mechanisms.26-29 Myogenic mechanisms operate 
mainly in muscular arterioles, which constrict in re
sponse to distending pressure to maintain capillary 
perfusion constant. The metabolic activity of neurons 
and glia may result in the activation of vasodilatory 
mechanisms such as tissue hypoxia, hypercarbia, and the 
accumulation of adenosine, lactic acid, potassium, and 
other factors. The coupling of CBF and cerebral metab
olism could thereby function in a highly localized and 
restricted manner to match neuronal activation with the 
supply of nutrients. A prime candidate for the metabolic 
regulation of local CBF has, however, not yet been 
identified.30 Extraparenchymal and intraparenchymal 
cerebral blood vessels are adjoined by nerves at all 
segments. Extrinsically, the major cerebral vessels re-



ceive an elaborate innervation by sympathetic, parasym
pathetic, and sensory nerve fibers from cranial ganglia, 
involving a variety of transmitters such as vasoactive 
intestinal peptide, acetylcholine, substance P, neu
ropeptide Y, and calcitonin gene-related peptide.31 Re
cent interest has been focused on the role of intrinsic 
nervous mechanisms, such as innervation of cerebral 
blood vessels by muscarinic fibers from the cerebellar 
fastigial nucleus,32 or by noradrenergic fibers originating 
in the locus coeruleus of the brain stem,33 and by other 
brain stern nuclei. Most of the proposed mechanisms, 
with the possible exception of the metabolie theories, 
emphasize the regulation of global and microcirculatory 
CBF at the level of larger arteries. Not much attention 
has been paid to the possibility that microcirculatory 
blood ftow may be mainly regulated on a microcircula
tory level, although it has been long suspected that 
periodic constriction and dilatation ("vasomotion") of 
intrinsic arterioles and venules in the densely vascular
ized neopallium would serve as regulators of ftow in 
columns of brain cells.34 

Transient global ischemia sets into motion a compli
cated pathophysiological sequence, which is only par
tially understood. Hyperemia upon reperfusion is 
thought to arise from vasoparalysis, with loss of the 
ability to autoregulate CBF, possibly due to accumula
tion of lactic acid and other vasoactive mediators during 
ischemia. Recent studies indicate that cortical hyper
emia might also be mediated by an axon reftex-like 
mechanism via the trigeminal nerve.35 Other studies 
have shown that some central vasodilatory pathways 
depend on interposed local cortical neurons, such as the 
vasodilation elicited by stimulation of the cerebellar 
fastigial nucleus,23 and others, elicited by stimulation of 
the basal forebrain do not.24 Our results suggest that the 
interposition of local neuronal cells are not essential for 
the development of the initial hyperemia, which may 
involve central neurogenic mechanisms with direct ef
fects on cerebral vessels. Up to now it had been 
generally believed that, after the hyperemic phase, CBF 
would return to baseline and below gradually. Autoreg
ulation of CBF actually has returned with the onset of 
hypoperfusion but COz reactivity is lost.9 Several mech
anisms have been proposed to contribute to delayed 
hypoperfusion, and the mechanism of ftow reduction as 
weIl as the degree of ftow impairment may vary with 
such factors as duration of ischemia, type of ischemia, 
and severity of endothelial damage. Edema,14.15.36 intra
vascular cell aggregates such as platelets and polymor
phonuclear leukocytes,12,37 rheological changes due to 
hemoconcentration, endothelial microvilli formation,13 
and vasomotion due to the release of vasoactive medi
ators have all been postulated to lead to the postisch
emic decrease in cerebral perfusion. With the exception 
of vasomotion, the above-mentioned mechanisms would 
not be expected to result in an abrupt decline of ftow, as 
observed in the present study. Vasomotion could be 
based on a metabolically or neurogenically media ted 
process, but it could also result from the accumulation 
ofvasoactive mediators such as arachidonic acid metab
olites, 11,38,39 including leukotrienes and thromboxane 
Az, as a consequence of reperfusion injury. Neurogenic 
control of hypoperfusion could involve the local release 
of vasoactive substances such as neuropeptide Y, nor
epinephrine, or endothelin. Theoretically, this could be 
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directly modulated by a central, subcortical mechanism, 
but may or may not require local neurons to operate. 
The involvement of local neurons would permit the 
regulation of postischemic CBF on a local level inftu
enced by or even based on local conditions. This hy
pothesis would be compatible with the observation that 
cortical hypoperfusion develops precipitously at region
ally distinct time points. It has to be emphasized, 
however, that although it appears that the transition to 
hypoperfusion in the current study would be triggered 
by a common and integrated neurogenie mechanism, it 
is very likely that other pathophysiological events are 
involved and may supervene to inftuence postischemic 
CBF. 

It might be speculated, however, that local CBF could 
be controlled by a subpopulation of intrinsic neurons 
that serve adependant group of cortical neurons along 
with their vascular supply in the meshwork of a func
tional unit. These regulatory cells could receive inner
vation from subcortical structures or could react to 
changes in the local micromilieu. Such a system has 
been described for the noradrenaline- and vasoactive 
intestinal peptide-containing neuronal systems in the 
neocortex,40 inftuencing other neurons, glia, and the 
vasculature by direct innervation or perivascular release 
of vasoactive mediators. In this scherne, noradrenergic 
fibers are thought to innervate the cerebral cortex in a 
global manner. The noradrenergic fibers are organized 
in a tangential orientation in a plane parallel to the pi al 
surface, with branches to bipolar cortical neurons, con
taining vasoactive intestinal peptide. The;;~ local neu
rons are oriented in a perpendicular fashion to the 
cortical surface and receive specific thalamic inputs. 
Coactivation of both systems would be able to create 
cortical "hotspots," possibly in response to functional 
demands. A similar system may regulate blood ftow in 
the postischemic period and account for rapid ftow 
changes. Since the transition from hyperemia to hypo
perfusion seems to require viable neurons, it might 
actually indicate functional recovery and even signal a 
desirable efIect in the sequence of postischemic events. 
In such a model, endogenous vasoactive media tors such 
as neuropeptide Y and endothelin are good candidates 
to act as powerful vasoconstrictors. 

Future studies are needed to elaborate on related 
issues such as the relationship between acute and 
chronic postischemic perfusion changes and neuronal 
survival and functional recovery. Therefore, the eluci
dation of the pathogenesis of the postischemic CBF 
derangements appears to be important to generate a 
more comprehensive concept of the pathophysiology of 
cerebral ischemia and reperfusion. 

References 
1. Nemoto EM, Snyder JV, Carroll RG: Global ischemia in dogs: 

Cerebrovascular COz reactivity and autoregulation. Stroke 1975;6: 
425-431 

2. Ginsberg MD, Budd WW, Welsh FA: Diffuse cerebral ischemia in 
the cat: I. Local blood fiow during severe ischemia and recircula
tion. Ann Neurol 1978;3:482-492 

3. Levy DE, Van Uitert RL, Pike CL: Delayed postischemic hypo
perfusion: A potentially damaging consequence of stroke. Neurol
ogy 1979;29:1245-1252 

4. Miller CL, Lampard DG, A1exander K, Brown W A: Local cerebral 
blood fiow following transient cerebral ischemia: I. Onset of 
impaired reperfusion within the first hour following global isch
emia. Stroke 1980;11:534-541 



406 Stroke Vo123, No 3 March 1992 

5. PulsineIli WA, Levy DE, Duffy TE: Regional cerebral blood flow 
and glucose metabolism following transient forebrain ischemia. 
Ann NeuroI1982;11:499-509 

6. KAgström E, Smith ML, Siesjö BK: Local cerebral blood flow in the 
recovery period following complete cerebral ischemia in the rat. 
J Cereb Blood Flow Metab 1983;3:170-182 

7. Michenfelder JD, Milde JH: Postischemic canine cerebral blood 
flow appears to be determined by cerebral metabolic needs. J Cereb 
Blood Flow Metab 1990;10:71-76 

8. Mies G, Paschen W, Hossmann KA: Cerebral blood flow, glucose 
utilization, regional glucose, and A TP content during the matura
tion period of delayed ischemic injury in gerbil brain. J Cereb Blood 
Flow Metab 1990;10:638-645 

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

10. Raichle ME: The pathophysiology of brain ischemia. Ann Neurol 
1983;13:2-10 

11. Krause GS, White BC, Aust SD, Nayini NR, Kumar K: Brain cell 
death following ischemia and reperfusion: A proposed biochemical 
sequence. Crit Care Med 1988;16:714-726 

12. Hallenbeck JM: PolymorphonucIear leukocyte accumulation in 
brain regions with low blood flow during the early postischemic 
reperfusion period. Stroke 1986;17:246-253 

13. Dietrich WD, Busto R, Ginsberg MD: Cerebral endothelial micro
villi: Formation following global forebrain ischemia. J Neuropathol 
Exp NeuroI1984;43:72-83 

14. Pappius HM, Savaki HE, Fieschi C, Rapaport SI, Sokoloff L: 
Osmotic opening of the blood-brain barrier and local cerebral 
glucose utilization. Ann NeuroI1979;5:211-219 

15. Petito CK, PulsineIli WA, Jacobson G, Plum F: Edema and 
vascular permeability in cerebral ischemia: Comparison between 
ischemic neuronal damage and infarction. J Neuropathol Exp 
NeuroI1982;41:423-436 

16. PulsineIli WA, Brierley JB: A new model of bilateral hemispheric 
ischemia in the unanesthetized rat. Stroke 1979;10:267-272 

17. ladecola C, Arneric SP, Baker HD, Callaway J, Reis DJ: Mainte
nance of local cerebral blood flow after aeute neuronal death: 
Possible role of non-neuronal cells. Neuroseience 1990;35:559-575 

18. Hickey R, Albin MS, Bunegin L: Alterations in spinal cord and 
cerebral autoregulation during halothane anesthesia. Anesthesiol 
Rev 1988;15:78-79 

19. Smith ML, Bendek G, Dahlgren N: Models for studying long-term 
recovery following forebrain ischemia in the rat: 2. A 2-vessel 
occIusion model. Acta Neurol Scand 1984;69:385-401 

20. Skarphedinsson JO, Härding H, Thoren P: Repeated measure
ments of cerebral blood flow in rats: Comparisons between the 
hydrogen cIearance method and laser Doppler flowrnetry. Acta 
Physiol Scand 1988;134:133-142 

21. Bonner R, Nossal R: Model for laser Doppler measurements of 
blood flow in tissue. Applied Optics 1981;20:2097-2107 

22. Schwarcz R, Hökfelt T, Fuxe K, Jonsson G, Goldstein M, Terenius 
L: Ibotenic acid-induced neuronal degeneration: A morphological 
and neurochemical study. Exp Brain Res 1979;37:199-216 

23. ladecola C, Arneric SP, Baker HD, Tucker LW, Reis DJ: Role of 
local neurons in cerebrocortical vasodilation elicited from cerebel
lum. Am J Physiol 1987;252:R1082-R1091 

24. Linville DG, Arneric SP: Basal forebrain control of cortical 
cerebral circulation by nicotinic mechanisms is independent of 
local cortical neurons. J Cereb Blood Flow Metab 1991;11(suppl 
2):697 

25. Willette RN, SauermeIch CF: Abluminal effects of endothelin in 
cerebral microvasculature assessed by laser-Doppler flowrnetry. 
Am J Physiol 1990;259:HI688-HI693 

26. Paulson OB, Strandgaard S, Edvinsson L: Cerebral autoregulation. 
Cerebrovasc Brain Metab Rev 1990;2:161-192 

27. Faraci FM, Heistad DD: Regulation of large cerebral arteries and 
cerebral microvascular pressure. Circ Res 1990;66:8-17 

28. Kuschinsky W, Wahl W: Local chemical and neurogenic regulation 
of cerebral vascular resistance. Physiol Rev 1979;58:656-689 

29. Moskowitz MA, Wei EP, Saito K, Kontos HA: Trigeminalectomy 
modifies pial arteriolar responses to hypertension or norepineph
rine. Am J PhysioI1988;255:HI-H6 

30. Lou HC, Edvinsson L, MacKenzie ET: The concept of coupling 
blood flow to brain function: Revision required? Ann Neurol 
1987;22:289-297 

31. N akakita K: Peptidergic innervation in the cerebral blood vessels 
of the guinea pig: An immunohistochemical study. J Cereb Blood 
Flow Metab 1990;10:819-826 

32. ladecola C, Reis DJ: Continuous monitoring of cerebrocortical 
blood flow during stimulation of the cerebellar fastigial IiucIeus: A 
study by laser-Doppler flowmetry. J Cereb Blood F/ow Metab 
1990;10:608-617 

33. Raichle ME, Hartman BK, Eichling JO, Sharpe LG: Central 
noradrenergic regulation of cerebral blood flow and vascular 
permeability. Proc Natl Acad Sei 1975;72:3726-3730 

34. Powell TPS: Certain aspects of the intrinsic organization of the 
cerebral cortex, in Pompeiano 0, Ajmone Marsan C (eds): Brain 
Mechanisms and Perceptual Awareness. New York, Raven Press, 
Publishers, 1981, pp 1-19 

35. Macfarlane R, Tasdemiroglu, Moskowitz MA, Uemura Y, Wei EP, 
Kontos HA: Chronic trigeminal ganglionectomy or topical 
capsacain application to pial vessels attenuates postoccIusive cor
tical hyperemia but does not influence postischemic hypoperfu
sion. J Cereb Blood Flow Metab 1991;11:261-271 

36. Mellergärd P, Bengtsson F, Smith ML, Riesenfeld V, Siejö BK: 
Time course of early brain edema following reversible forebrain 
ischemia in rats. Stroke 1989;20:1565-1570 

37. Gr!<lgaard B, Schürer L, Gerdin B, Arfors KE: Delayed hypoper
fusion after incomplete forebrain ischemia in the rat: The role of 
polymorphonucIear leukocytes. J Cereb Blood Flow Metab 1989;9: 
500-505 

38. Gaudet RJ, Alam I, Levine L: Accumulation of cycIooxygenase 
products of arachidonic acid metabolism in gerbil brain during 
reperfusion after bilateral common carotid artery occIusion. 
J Neurochem 1980;35:653-658 

39. Tegtmeier F, Weber C, Heister U, Haker I, Scheller D, Nikolov R, 
Möller M: Eicosanoids in rat brain during ischemia and reperfu
sion: Correlation to DC depolarization. J Cereb Blood Flow Metab 
1990;10:358-364 

40. Magistretti PJ, Morrison JH: Noradrenaline- and vasoactive intes
tinal peptide-containing neuronal systems in neocortex: Functional 
convergence with contrasting morphology. Neuroscience 1988;24: 
367-378 


	Siren_postischemic-hypoperfusion__0001__0399
	Siren_postischemic-hypoperfusion__0002__0400
	Siren_postischemic-hypoperfusion__0003__0401
	Siren_postischemic-hypoperfusion__0004__0402
	Siren_postischemic-hypoperfusion__0005__0403
	Siren_postischemic-hypoperfusion__0006__0404
	Siren_postischemic-hypoperfusion__0007__0405
	Siren_postischemic-hypoperfusion__0008__0406



