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Abstract 

 

Spreading depolarizations (SD) occur in stroke, but the spatial association between SDs 

and corresponding hemodynamic changes is incompletely understood. We applied multi-

modal imaging to visualize the focal area of selected SDs, and hemodynamic responses with 

SDs propagating over the ischemic cortex. 

The intra-carotid infusion of polyethylene microspheres (d=45-53µm) produced multifocal 

ischemia in anesthetized rats (n=7). Synchronous image sequences captured through a 

cranial window above the frontoparietal cortex revealed: Changes in membrane potential 

(voltage sensitive dye method); cerebral blood flow (CBF; laser speckle contrast imaging); 

and hemoglobin (Hb) deoxygenation (red IOS at 620-640 nm). 

A total of 31 SD events were identified. The foci of 5 SDs were seen in the cranial 

window, originating where CBF was the lowest (56.99%), but without evident signs of 

infarcts. The hyperemic CBF responses to propagating SDs were coupled with 3 types of Hb 

saturation kinetics. More accentuated Hb desaturation was related to larger drop in CBF 

shortly after ischemia induction. 

Microsphere-induced embolization triggers SDs in the rat brain, relevant for small embolic 

infarcts in patients. SD occurrence during the early phase of ischemia is not tightly 

associated with immediate infarct evolution. Various kinetics of Hb saturation may determine 

the metabolic consequences of individual SDs. 

 

 

Key words: cerebral blood flow, cerebral hemodynamics, imaging, intrinsic optical imaging, 

spreading depression, voltage-sensitive dyes 
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1. Introduction 

 

Spreading depolarization (SD) is a slowly propagating wave of intense depolarization that 

travels across the cerebral gray matter and is typically coupled with local changes in cerebral 

blood flow (CBF). The characteristic features of SD routinely recorded in the laboratory or at 

the bedside of patients are an obvious, transient negative shift of the slow electrical potential 

and the concomitant silencing of brain electrical activity known as spreading depression.1,2,3 

At the tissue level, SD is a self-propagating cellular ionic imbalance, which travels across the 

gray matter at a rate of 2-6 mm/min.4 When neurovascular coupling is intact, SD is 

associated with an apparent, functional hyperemic response.5 Conversely, when 

neurovascular coupling is compromised (for example, by ischemia), the SD-related 

hemodynamic response becomes atypical, and may shift to hypoperfusion.6,7 

SD appears not to be harmful to the gross integrity of the nervous tissue under 

physiological conditions,8 but increasing amount of clinical and experimental data suggests 

that ischemia-related SDs are part of the pathophysiology of cerebrovascular diseases and 

predict worse outcome.9 For instance, clinical studies proposed a link between spreading 

depolarization clusters and delayed ischemic neurological deficit after subarachnoid 

hemorrhage,10 and experimental findings demonstrated a linear correlation between the 

number or duration of SDs and the infarct volume after middle cerebral artery occlusion 

(MCAO) in rats.11,12 SDs may exacerbate ischemic injury via related atypical hemodynamic 

responses, especially when prolonged hypoperfusion propagates with an SD (“spreading 

ischemia”) as a result of inverse neurovascular coupling.13 Therefore careful examination of 

the SD-associated hemodynamic responses is necessary to promote our understanding of 

the pathophysiology of SD. 

The features of ischemia-induced SDs have been widely examined, yet their site of 

elicitation (focus) was seldom captured, mainly because of the unpredictability of its location, 

and the lack of suitable technology. In order to assess the characteristic features of 

ischemia-induced SDs at high spatio-temporal resolution, we have developed a live, multi-
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modal imaging technique to capture SDs (i.e. negative shift in membrane potential) and 

related hemodynamic changes in a closed cranial window created above the rat 

frontoparietal cortex.14 Our previous imaging studies that used global forebrain ischemia 

models revealed SDs propagating across the field of view.14,15 However, two specific 

concerns urged us to refine our experimental paradigm: (i) SD foci were not detected in the 

field of view, because all SDs invaded the cranial window from an unidentified origin; (ii) 

ischemia was homogeneous in the cortical area under study, preventing us to examine the 

propagation of SDs over areas with varying degree of ischemia. For these reasons, the 

introduction of an appropriate focal ischemia model was required. 

The rat MCAO model for stroke is a widely used method to study the pathogenesis of 

focal brain infarcts.16 Moreover, SDs are readily generated after MCAO, which renders the 

model suitable for the investigation of ischemia-induced SD.17 Yet, the core of the infarct that 

is produced by this approach falls more lateral than the position of the cranial window 

created on the parietal bone of the rat, therefore the potential site of SD elicitation escapes 

direct imaging. As an alternative to MCAO, the microsphere-induced, multifocal stroke model 

in rats has been utilized to mimic the formation of small, permanent cerebral emboli and 

multiple infarct areas.18,19 Such a multi-focal stroke model appears more suitable to capture 

SD elicitation sites in the parietal cortex of the rat. The model is relevant for small embolic 

infarcts in patients, complications with cardiac or pulmonary arteriovenous shunts (e.g. 

cerebral emboli), and possibly multi-infarct dementia. Whether SDs occur in microsphere-

induced, multifocal stroke in the rat brain has not been shown, but recurrent SDs were 

successfully evoked in the microembolized mouse brain.20 

Taken together, our major goals were (i) to determine whether SDs are part of the 

pathophysiology of microsphere-induced, multifocal stroke, (ii) to characterize SD elicitation, 

and evolution with respect to SD focus, (iii) to illustrate patterns of SD propagation over 

cortical areas with various severity of ischemia, and (iv) to reveal the complexity of 

hemodynamic responses associated with ischemia-induced SDs. In order to achieve these 
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goals, we utilized our multi-modal imaging approach to investigate SDs in a multifocal, 

microsphere-induced stroke model in the rat. 

 

2. Experimental procedures 

 

2.1. Surgical procedure 

Animal procedures were approved by the Ethical Committee for Animal Care of the 

University of Szeged adhering to national regulation (guidelines of the Scientific Committee 

of Animal Experimentation of the Hungarian Academy of Sciences, updated Law and 

Regulations on Animal Protection (40/2013. (II. 14.) Korm) of Hungary), following the EU 

Directive 2010/63/EU. Thirteen male Sprague-Dawley rats (300-450g, 2-3 months old, 

obtained from the Husbandry of the University of Szeged) were anaesthetized with 1.5-2.0% 

halothane in N2O:O2 (2:1). Breathing was spontaneous throughout surgical preparation and 

subsequent data acquisition, and body temperature kept between 37.1- 37.4oC using a 

feedback-controlled heating pad. The right femoral artery was cannulated for the monitoring 

of mean arterial blood pressure (MABP) and blood gases. A ventral midline incision was 

made in the neck to expose the right common carotid artery (CCA). A polyethylene catheter 

(1.0mm OD x 30cm Intravenous Cannula, Sims Portex , Smith Indrustries, Hythe, Kent, 

England) was guided into the right CCA and was advanced gently into the internal carotid 

artery (ICA) until it reached the base of the skull. Even though cannula insertion into the 

CCA blocks blood flow through the artery, the circle of Willis affords compensation to some 

extent in the rat; the conceivable reduction of perfusion pressure alone did not trigger SD 

(see: 2.5. Data analysis). 

The midline wound was closed, animals were placed in a stereotactic frame, and a cranial 

window (approximately 4 x 4 mm) was prepared on the right parietal bone with a high-

precision electrical drill (Technobox 810, Bien-Air Dental SA, Bienne, Switzerland). An 

acrylic dental cement ring was built around the craniotomy, incorporating a perfusion inlet 

and outlet. The chamber was filled with artificial cerebrospinal fluid (aCSF; mM 
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concentrations: 126.6 NaCl, 3 KCl, 1.5 CaCl2, 1.2 MgCl2, 24.5 NaHCO3
-, 6.7 urea, 3.7 

glucose, bubbled with 95% O2 and 5% CO2 to achieve a constant pH of 7.45) and the dura 

was dissected carefully. The window was covered with a glass coverslip glued to the dental 

cement ring. The cranial window was continuously perfused with aCSF at a rate of 25 l/min 

until the start of data acquisition. 

 

2.2. Multi-modal imaging 

A multi-modal imaging system, developed previously in our laboratory, was used to 

collect information on synchronous changes in membrane potential and related 

hemodynamic variables.14 Cellular membrane potential was visualized by using a voltage 

sensitive (VS) dye (RH-1838, Optical Imaging Ltd., Rehovot, Israel) whose fluorescence 

intensity increases with decreasing membrane potential. Changes in cortical cerebral blood 

flow (CBF) and blood flow in small pial arterioles were acquired with laser speckle contrast 

(LSC) imaging. Cerebral blood volume (CBV) in the cortex covered by the cranial window 

was assessed using intrinsic optical signal (IOS) evoked with 540-550 nm green light 

illumination: decreasing green IOS intensity (i.e. decreasing intensity of reflected light) was 

expected to correlate with increasing CBV. Hemoglobin (Hb) deoxygenation was recorded 

with the help of IOS under 620-640 nm red light illumination: decreasing red IOS intensity 

represented decreasing Hb saturation; in case Hb was totally desaturated, red IOS intensity 

changes followed that of CBV.14 The technical parameters of the experimental setup, 

conceptual background of the methodology, equipment used and image capturing settings 

were reported previously,14 and applied without alteration. 

Local changes in VS dye fluorescence, CBF, and IOS at red and green illumination with 

time were determined by placing selected areas of interest (AOI, 6 × 6 pixel size) on the 

images. The position of AOI was random for general data assessment (see: 3.2.3), and 

carefully selected when the focus of an SD (see: 3.2.1) or distinct SD evolution (see: 3.2.2.1 

and 3.2.2.2) were analyzed. For the extraction of the kinetic of changes, the same selected 

AOI was used with the 4 image sequences that were acquired simultaneously. The average 
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gray level within an AOI was measured in individual frames constituting each image 

sequence, and plotted against the corresponding time of data acquisition.  

 

2.3. Experimental protocol 

After loading and wash-out the surplus VS dye from the cranial window, continuous, 

simultaneous recording of optical signals was carried out. After 10 min of baseline, cerebral 

embolism was induced18 by infusing 45-53 µm diameter microspheres (UVPMS-BY2 45-

53um, Cospheric, Santa Barbara, CA), suspended in 0.02% tween-20 solution (2000 

particles/0.6 ml vehicle) via the ICA cannula, at a rate of 300µl/min. Optical signals were 

captured at 1Hz for 60 min after ischemia induction. Each experiment was terminated by 

halothane overdose, and recording was pursued for another 10 min after cardiac arrest. 

 

2.4. Histology 

In order to confirm the evolution of ischemic lesions in the model used, 7 male Sprague-

Dawley rats (360-430g) were anaesthetized with 1.5-2.0% isoflurane in N2O:O2 (2:1). 

Twenty-four hours after ischemia induction as described at 2.1 Surgical procedure, the 

animals were decapitated in deep anesthesia, their brains quickly removed and rinsed in ice 

cold 0.1M phosphate buffered saline (PBS).  The forebrains were positioned into a rodent 

brain matrix and sectioned in the coronal plain with microtome blades. Brain slices (2 mm 

thick) were incubated in a solution of 2% 2,3,5-triphenyltetrazolium chloride (TTC) in 0.1 M 

PBS for 20 min at room temperature. The sections were subsequently immersed and stored 

in 4% paraformaldehyde. The presence of ischemic infarcts was confirmed, and brain 

regions involved in infarct maturation were identified. 

Because TTC staining may not be sensitive enough to detect microinfarcts,20 5 μm-thick 

paraffin sections of the TTC-stained slices were obtained, stained with hematoxylin/eosin 

(H&E), and examined with optical microscopy. The sections were digitally recorded with a 
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microscope slide scanner (Zeiss Mirax Midi Slide Scanner, Carl Zeiss MicroImaging GmbH, 

Germany). 

 

2.5. Data analysis 

Several rats were excluded from data analysis: In 4 animals, microspheres did not 

appear in the cranial window, and SDs did not occur during the observation period, either. 

These 4 rats were considered as control for the surgical procedures and potential 

photodynamic damage that the illumination paradigm might have caused. Additional 2 

animals were excluded because SDs evolved due to surgical preparation (i.e. air emboli 

reached the brain due to the insertion of the carotid cannula), prior ischemia induction. In 

these 2 rats, ischemia was severe and SDs occurred at a very high frequency. Taken 

together, 7 of 13 rats were used for full data analysis. 

CBF variations were expressed as % of changes with respect to baseline (100%), and 

residual LSC signal after cardiac arrest taken as zero (0%). Relative CBF changes 

associated with ischemia induction were analyzed over the parenchyma by categorizing the 

pixels of the analyzed field of view based on the rate of CBF drop21. The percentage of areas 

where CBF dropped to <40%, 40-50%, 50-60%, 60-70%, 70-80%, 80-90% 90-100% or 

>100% of the pre-ischemic baseline was determined (Fig.1 C1-C2). 

CBF changes associated with SD, and changes in the other optical parameters were 

acquired at selected areas of interest (AOIs). The shifts of optical signal intensities (i.e. 

changes in VS dye fluorescence, and green and red IOS) were expressed as changes in 

gray levels. Data are given as mean±stdev. A one-way analysis of variance (ANOVA) 

paradigm of the software SPSS was applied for statistical data analysis. Fisher post hoc test 

was applied for group comparisons where more than two data sets were evaluated. A 

Wilcoxon signed rank test was used for the analysis of non-parametric data. 

 

3. Results 
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3.1. Characterization of cerebral ischemia 

 

Ischemia achieved by the infusion of microspheres was expected to become multifocal, 

as a result of the obstruction of cerebral arterioles at multiple sites.18 Physiological variables 

acquired during early ischemia fell within the normal range except for the lower partial 

pressure of CO2 (MABP: 100±11 mmHg; blood pH: 7.50±0.04; pO2: 151±15 mmHg; pCO2: 

16.9±7.8 mmHg). During the infusion of microsphere suspension, the inflow and capture of 

microspheres in pial arterioles could be followed in the area revealed by the cranial window 

(Fig.1B1-2). Blood flow measurements in representative pial arteriolar segments 

demonstrated that blood flow clearly dropped distal to microsphere capture (Fig.1B1-4). 

Ischemia developing in the visualized part of the cerebral cortex was estimated with the 

help of CBF measurements. The magnitude of CBF reduction immediately after ischemia 

induction showed considerable heterogeneity within and between experiments (Fig.1C1-2): as 

an average, CBF fell below 50% in about 8% of the cortical area revealed by the cranial 

window, varied between 50-90% in approximately 61% of the cortical area, and remained 

above 90% in around 31% of the visible cortex (Fig.1C3). 

Examination of TTC-stained forebrain slices confirmed infarct evolution 24 h after 

ischemia induction in 5 of 7 animals used for this purpose: 3 animals developed extensive 

infarcts in the ipsilateral cortex, hippocampus and subcortical gray matter (Fig.1A2), 2 

additional rats had smaller, distinct, focal lesions in the ipsilateral frontoparietal cortex 

(Fig.1A1), which was also confirmed in H&E sections (Fig.1A3&1A4). Two of 7 animals did not 

show any signs of macroscopic infarctions in TTC slices, and no microinfarctions were 

detected in the H&E-stained sections, either. These 2 rats most probably represent cases, in 

which microspheres failed to reach the brain (see: 2.5. Data analysis). 

 

3.2. Characterization of SDs and associated hemodynamic responses 
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SDs were identified as marked, rapid increase of VS dye fluorescence intensity 

propagating across the field of view at a rate typical of SD, as described previously.22 In 

total, 31 SDs were recorded in 7 experiments. All the observed SDs appeared to be related 

to ischemia, since they occurred after the induction of multifocal ischemia. The number of 

SDs during the period of observation (i.e. 1 h) ranged from 2 to 12 events per experiment. 

The foci of 5 SDs were seen within the cortical area revealed by the cranial window; all the 

other SDs invaded the area from a distant origin. 

 

3.2.1. Analysis of the focal area of SDs 

The localization of the elicitation sites (foci) of SDs within the cranial window offered the 

possibility to examine SD features at the proper focus, and at increasing distances (200-

1500 µm) from the SD focus of each event. The 5 SDs originating in the field of view were 

captured in 4 different rats: in one rat, 2 SD foci were seen (first and fourth SDs, the focal 

sites were spatially near each other but not identical). SDs originating in the cranial window 

emerged either as the first event in a sequence of SDs (e.g. in tissue not involved in the 

evolution of prior SDs; n=2) or at sites that had been involved in the spreading of prior SDs 

(n=3). Their average latency with respect to ischemia induction was 20.4±17.6 min. The 

waves propagated in a radial fashion. Three of the 5 SDs emerged as short, transient 

depolarizations, 1 as an intermediate, transient depolarization (Fig.2, Fig.3A; duration: 3.26 

min), and 1 as persistent depolarization (i.e. no recovery of membrane potential till the next 

event), as indicated by the VS dye signal extracted at the proper focus. The intermediate 

and terminal SDs converted into short, transient depolarization as they propagated away 

from the focus (conversion observed at a distance of 1-1.5 mm with respect to the focus; 

Fig.3A). The rate of propagation tended to decelerate as depolarizations were spreading 

(from 6.54 mm/min near the focus to 3.91.6 mm/min approximately 1mm away from the 

focus; Fig.3B). The site of terminal SD focus did not substantiate the propagation of 

subsequent SDs, but the other foci displaying transient SD features were involved in the 

propagation of subsequent SD waves. 
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SDs were typically elicited at a site where CBF prior to SD elicitation was the lowest in the 

field of view (56.99%). Local CBF measured shortly before SD evolution increased with the 

distance from the site of SD elicitation, and was as high as 86.918.7% 1 mm away from the 

SD focus, with respect to 56.99% at the proper focus (Fig.3C). The typical SD-associated 

hyperemia was totally absent (n=3; Fig.3A) or minor (n=2) at the site of elicitation, 

irrespective of the duration of the depolarization. The magnitude of SD-related hyperemia 

increased with the distance from the SD focus (Fig.3D). CBF returned to the pre-SD level 

after the passage of the hyperemic response. 

 

3.2.2. Features of propagating SDs 

The VS dye signature of SDs illustrated that each propagating SD that arrived at the 

cranial window from a distant origin was a transient, negative shift in membrane potential. 

The rate of propagation fell between 1.8 and 6.2 mm/min (3.021.08 mm/min). The dominant 

site of SD entry into the cranial window was frontal/frontolateral (n=19). A few SDs invaded 

the area from the lateral edge of the cranial window (n=5), and only 2 events arrived from a 

caudal direction. The dominant direction of propagation was, thus, frontal-to-caudal. The site 

of SD entry to the cranial window was not conserved within individual experiments; n 

addition, propagating SDs were interspersed with SDs emerging in the cranial window, 

implying multifocal SD origin in the ischemia model used. 

Since the course of evolution for individual SDs was found to be highly variable, 

representative examples are presented below to illustrate the distinct phenomena observed. 

 

3.2.2.1. Propagating SD gradually extinguishes over its course 

 Several SDs in 4 experiments diminished while propagating across the visible part of the 

cortex. Figure 4 shows the evolution of one of these particular SDs as it was travelling over a 

distance of 2 mm. CBF right before SD elicitation was 60% of baseline, which was relatively 

uniform over the field of view. The peak of SD-related hyperemia was 130% of baseline at 

the site nearest SD entry to the cranial window, which became gradually less pronounced as 
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the wave advanced over the cortex. At the most distant sampling site with respect to SD 

entry to the cranial window, the VS dye signature of SD did not indicate any shift in 

membrane potential, and the associated CBF signal showed no variation, either. The 

changes in green and red IOS evolved parallel with the shifts in VS dye fluorescence and 

CBF: the SD-related drop in green and red IOS (increase in CBV, and Hb desaturation, 

respectively) became gradually smaller over the course of SD propagation. 

 

3.2.2.2. SDs avoid cortical regions with low perfusion 

In 2 experiments (in which sequences of 3 or 4 SD events were recorded), it was clearly 

seen in videos that several SDs curved around patches of the cortex as they propagated. A 

representative SD is depicted in Figure 5. The kinetics of optical signals (for VS dye, green 

and red IOS) and CBF were extracted at selected sites conserved for all signals (Fig.5A). 

The traces at several of these sites confirmed the occurrence of SD (Fig.5D). The lack of 

signature of the propagating SD on all signals corresponded with the region avoided by the 

SD as seen in the videos (Fig.5C&D). 

In these particular experiments, CBF in the cortex estimated right before SD elicitation 

showed areas of higher and lower values ranging between 40-100% of baseline. In the 

representative example, the incoming SD curved around regions showing the lowest CBF 

(~40% of baseline, deep blue in Fig.5C). Terminal depolarization was not detected in these 

regions during image acquisition, before the occurrence of recurrent SDs. 

 

3.2.3. Types of hemodynamic response of propagating SDs 

 Two basic types of hemodynamic responses coupled to SDs were defined based on the 

kinetics of CBF. Transient functional hyperemia developed with most SDs (n=30, Fig.6A-C). 

The mean absolute peak value of the hyperemic response was 129.818.6% (with respect to 

100% baseline before microsphere infusion), which corresponded with a CBF increase of 

54.521% relative to CBF preceding SD elicitation (75.312.5%). Hypoperfusion was 

associated with only one SD, which followed ischemia onset with a short delay (Fig.6D). 
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Reduced CBF here did not recover until the elicitation of the subsequent SD (~8 min later). 

The lack of a clear SD associated hemodynamic response was noted only for the focus of 

SDs (Fig.6E). 

SD-related changes in green IOS representing CBV were synchronous with the variations 

in CBF: green IOS decreased with hyperemia (increased CBV) - the lowest value being in 

temporal match with the CBF peak (Fig.6A-C), and increased with hypoperfusion (reduced 

CBV, Fig.6D). 

Changes in red IOS intensity representing Hb (de)saturation proved to be more diverse. 

The signal of 25 SDs was examined in detail. SD-related red IOS variation appeared to be 

biphasic: an early increase (Hb saturation) of signal intensity coincided with the initial phase 

of CBF elevation, which was followed by a sharp fall of red IOS below baseline (Hb 

desaturation), the start of which preceded the peak of hyperemia. The minimum value of red 

IOS intensity coincided with the minimum value of green IOS intensity and the peak of 

hyperemia. Based on the dominance of either of the two phases, 4 types of SD-related red 

IOS signatures were defined. Hyperemic CBF response was associated with one of the 

following red IOS signatures: (i) dominant initial phase (i.e. accentuated transient increase in 

signal intensity, Type 1; n=5, Fig.6A), (ii) approximately equal magnitude of the two phases 

(Type 2; n=7, Fig.6B), and (iii) dominant later phase (i.e. major transient reduction in signal 

intensity, Type 3; n=12, Fig.6C). With SD-related hypoperfusion, red IOS intensity showed a 

monophasic, marked reduction before the drop in CBF (Type 4; n=1, Fig.6D). 

The Type of red IOS signature that was associated with hyperemic CBF response 

appeared to be unrelated to the magnitude of transient hyperemia (ANOVA: F=0.162, 

p≤0.852), or CBF values shortly before SD evolution (ANOVA: F=1.366, p≤0.277), but 

depended on the magnitude of the initial drop of CBF at ischemia induction (ANOVA: 

F=5.978, p≤0.009**, Fig.6F): a larger drop of CBF coincided with a more dominant second 

phase of the signature (transient decrease in red IOS intensity with SD, Hb desaturation). 

The Type of red IOS signature displayed a less pronounced second phase (Hb desaturation) 

the later it appeared in an SD sequence; in other words, the Type of red IOS signature 
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changed in the course of the SD sequence in such a way that the red signal with later SDs 

contained smaller Hb desaturation element as compared with preceding SDs (Fig.6G). 

 

4. Discussion 

 

 Because there is no evidence that SD spontaneously occurs in the brain under 

physiological conditions, SD is regarded to be a pathophysiological phenomenon. Ischemia 

is a condition known to favor the elicitation of SD – in turn, SD evolution appears to be 

harmful to the functional and morphological integrity of the ischemic nervous tissue.9,11,12 

Much and successful effort has been done recently to dissect the role of SD in brain injury in 

patients;2,3 but appropriate animal models are still needed to provide a more comprehensive 

picture of how SD evolves in the ischemic cortex. The early phase of ischemia may be of 

special interest, because the early SD events in human ischemia typically escape detection 

due to the lag between injury onset and the start of data acquisition. Here we detail our 

observations concerning SD evolution shortly after the induction of multifocal ischemia in the 

rat. 

 

4.1. Features of the microembolic stroke model 

 

Microsphere-induced embolization is a well-accepted stroke model in rats.18,19 The degree 

of perfusion deficit determined shortly after microsphere infusion here was similar to that 

previously assessed by MRI in this model.19 CBF in our study could be assessed in the 

cortex revealed by the cranial window, but perfusion deficit deeper than that could have 

evolved in subcortical regions, as shown earlier with MRI.19 Long-term follow up showed that 

CBF reduction persisted for weeks after microembolisation, which was accompanied by the 

gradual evolution of brain infarcts.18,19 We also confirmed the presence of infarcted areas in 

the cortex (the target of our imaging approach) with TTC staining 24 hrs after embolisaton. 

The present study focused on the first hour after embolization, during which the achieved 
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perfusion deficit may cause initial microinfarctions,18 rather than obvious, extensive infarcted 

regions.20 

 

4.2. Typical features of SDs and associated hemodynamic responses 

 

4.2.1. The focal area of SDs 

The present study shows the subtleties of the evolution of spontaneously generating SDs 

during ischemia, in close proximity to their focus. Even though the focus of ischemia-induced 

SDs was previously identified based on IOS at 550 nm illumination,23 and LSC imaging,24 the 

changes in membrane potential were not determined. Here we show that the duration of SD 

(time between depolarization and repolarization) tends to be prolonged at the proper focus 

compared to sampling sites more distant to the focus, and the rate of SD decelerates with 

the increasing distance from the focus. The duration of SD is indicative of the energy crisis 

within the tissue,25 and the rate of SD propagation is predicted to increase when (i) 

extracellular K+ removal is hampered, (ii) the extracellular space is smaller (cell swelling), 

and (iii) extracellular K+ and/or glutamate concentrations are increased.26 In line with the 

predictions, hypoxic SDs tended to propagate approximately 1 mm/min more rapidly than 

normoxic SDs as observed in brain slices.27 These data, in combination with our findings 

suggest that the tissue at the SD focus may be at the highest risk for permanent injury. 

The present results also revealed that CBF prior to SD elicitation was the lowest, and the 

peak of SD-associated hyperemia was smallest at the focus of SDs, as compared with other 

sites more distant to the focus. These observations imply that in tissue with uniform structure 

(i.e. rodent cortex), SD is elicited at a site where the reduction in CBF reaches a critical 

threshold, and subsequently, neurovascular coupling is the least efficient to support 

functional hyperemia. 

The imaging studies that relied on IOS and LSC maps identified the foci of SD-associated 

optical signal variations at the edge of an evolving ischemic core region.23,24 In contrast, SD 

foci revealed in the present study were not associated with the immediate evolution of an 
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evident ischemic core. It is possible that microinfarcts too small for detection with imaging 

were associated with SD events.20 On the other hand, supportive evidence suggests that the 

focus of ischemia-induced SD does not necessarily fall near the ischemic core or the thin 

penumbra embracing it,28 and milder ischemic insults are able to trigger SD.29 Finally, tissue 

at SD foci displaying a transient shift in membrane potential were involved in the propagation 

of subsequent SDs in our experiments, which indicates functional recovery from the primary 

ionic imbalance. This suggests that nonterminal SD in ischemic tissue probably does not 

cause immediate injury; nonetheless, the re-established membrane potential may not 

guarantee ultimate neuronal survival. 

 

4.2.2. Features of SDs over their course of propagation 

4.2.2.1. Propagating SD gradually extinguishes 

We demonstrated here that some propagating SDs gradually diminish over their course of 

travelling over a uniformly perfused cortex. Such diminishing waves were previously seen in 

the chicken retina ex vivo - obviously without the hemodynamic components.30 Furthermore, 

the hyperemic response to SD was seen to die away in stroke patients.31 Still, the exact 

details as to why some SD waves become gradually smaller and then cease to propagate is 

not clear. One might speculate that part of the brain tissue is in refractory phase after an SD 

wave, and may not be able to sustain a subsequent SD. The diminishing waves observed 

here followed previous, short transient SDs with a delay as long as  8-10 min, which time 

span is apparently long enough for the restoration of resting membrane potential, but might 

prove too short for the complete recovery of the ionic milieu and/or the metabolic status, 

especially in the ischemic cortex. Alternately, a diminishing SD may propagate against an 

extracellular ionic gradient that does not support depolarization to evolve (possibly 

decreasing K+ levels as a result of enhanced reabsorption, or increasingly higher Mg2+ 

concentrations), and brings the SD to a gradual halt. Finally, hampered water movement 

through glial aquaporin channels was proposed to counteract the propagation of SD,32 which 

may be another potential mechanism to bring SD to cessation. 
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4.2.2.2. SDs avoid cortical regions with low perfusion 

A few SDs in our experiments avoided a distinct region of the visible cortex. In contrast 

with the diminishing waves presented above, these SDs were not extinguished gradually, but 

sharply curved around an area showing the lowest CBF in the field of view, and thus 

propagated with an irregular wave front. Similar to these observations, magnetic resonance 

imaging failed to detect the propagation of SD-related signals toward cortical regions with 

severe tissue perfusion deficit immediately after MCAO in the rat,28 and LSC imaging 

identified circumferential propagation of SD-related flow responses around areas defined as 

primary ischemic core regions in rats and cats.24 According to our best knowledge, an SD 

does not invade a bulk of tissue if (i) the area has depolarized terminally (therefore 

subsequent depolarization cannot occur), or (ii) the area is suffering of ongoing epileptic 

activity.33 Primary infarct evolution in the area avoided by SDs was not seen in our 

experiments (i.e. signature of potential terminal depolarization was not acquired), therefore 

infarct maturation is not held responsible for the obstruction of SD propagation. Focal 

seizures are known as potential consequences of ischemic brain injury,34 and 

microembolization in the rat has been shown to induce seizures,35 but the methods applied 

here did not allow observations to justify or exclude seizure activity. All things considered, 

presently we can only claim that the area not being able to substantiate SD propagation was 

of the lowest perfusion within the field of view, but was presumably not infarcted. 

 

4.2.3. Types of hemodynamic response to SDs on their course of propagation 

The characteristic features of the SD-associated hemodynamic response have been the 

target of intensive research, because atypical CBF variation during ischemia is believed to 

aggravate metabolic supply-demand mismatch and appears potentially harmful to the 

tissue.9 

Two distinct patterns of CBF responses associated with propagating, transient SDs were 

identified: spreading, transient hyperemia (Fig.6A-C), and spreading, prolonged 
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hypoperfusion (Fig.6D). In the rat, the physiological pattern of CBF changes coupled to SD 

includes an initial, brief drop of CBF; a marked, transient hyperemia; and a sustained 

hypoperfusion also known as spreading oligemia36 (Fig.7A). The above three elements of 

the SD-related CBF response are assumed to be the result of a sequence and combination 

of separate vasoregulatory mechanisms.36 

Superimposed on ischemia, the SD-related CBF response becomes atypical. The type of 

CBF response most frequently seen here displayed the hyperemic element only. The initial, 

brief drop in CBF is known to disappear with recurrent spreading depolarizations in close 

succession,36 which may be applicable for our model (i.e. repeated SDs propagated over the 

cortex). Further, we speculate that both the initial, brief drop in CBF and the final prolonged 

oligemic component remained obscure during ischemia, because CBF shortly before SD 

occurrence was already low due to the created perfusion deficit (Fig.7B). 

One transient SD event, which occurred shortly after ischemia induction was followed by 

prolonged hypoperfusion in this study (Fig.6D). Previously, spreading ischemia was 

suggested to develop by the domination of the initial hypoperfusion over the subsequent, 

diminishing hyperemic element of an SD-related CBF response,7,36 which implies that the 

onset of spreading ischemia should fall on the depolarization phase of SD (Fig.7E&F). Yet, 

the onset of hypoperfusion here coincided with the hyperpolarization phase of SD (Fig.6D). 

This delayed onset may suggest that the decreasing CBF was essentially the lower segment 

of the downward slope of a fictional hyperemic peak (thus, without the actual evolution of a 

clear hyperemia due to hampered vasodilation), which turned into spreading oligemia (the 

third element of a CBF response) (Fig.7C). In addition, it is a necessary electrophysiological 

criterion for spreading ischemia that the SD event, to which it is related, must be prolonged.9 

Based on our current observation and the previously set criterion, it is important to point out 

that an SD-associated drop in CBF is not automatically a sign of spreading ischemia. 

Finally, no discernable variation in CBF was seen at the focus of a few SDs (Fig.6E). We 

propose that the SD related CBF response may escape detection when CBF shortly before 



20 
 

SD occurrence is already low as part of the ischemic condition, and vasodilatory 

mechanisms responsible for the evolution of hyperemia are suppressed or disabled (Fig.7D). 

The diverse kinetics of changes in red IOS intensity (representative of Hb saturation) with 

transient hyperemia (Fig.6A-C) denotes various metabolic consequences of SDs in the 

ischemic cortex. Because the Type 1-3 red IOS intensity changes were all coupled to 

transient hyperemia, and the types of red IOS signature were unrelated to the magnitude of 

hyperemia, the analysis of the kinetics of hyperemic CBF responses alone appears not to be 

sufficient to draw conclusions about the metabolic consequences of SD. The type of red IOS 

signature was related to the magnitude of CBF reduction caused by ischemia induction 

(Fig.6F). This and the above observations suggest that the metabolic consequences of SD 

with a hyperemic response depend more strongly on the severity of ischemia, than the 

characteristics of the SD-coupled CBF variation. 

In the non-ischemic cortex, red IOS changes coupled to KCl-induced SD resemble the 

Type 2 variation shown here37 (Fig.6B), which corresponded to a 15-20% SD-associated 

decrease in the concentration of deoxygenated Hb (HbR).37,38 Type 1 red IOS signature 

refers to an even more pronounced decrease in HbR concentration (i.e. dominating increase 

in red IOS intensity) synchronous with increasing local CBV (i.e. reduction in green IOS 

intensity), which indirectly refers to Hb saturation.  Hb saturation with the SD-related 

hyperemia might promote the oxidative substrate-dependent recovery from SD; 

consequently, such hyperemic CBF responses may be protective. Since Type 1 and 2 red 

IOS variations were coupled to half of the observed SDs, a fraction of ischemia-induced SDs 

is suggested to have metabolic consequences that may be beneficial to the ischemic tissue. 

On the other hand, Type 3 and 4 red IOS signatures represent a more accentuated 

increase of HbR concentration (dominant decrease in red IOS intensity), similar to the SD-

coupled HbR dynamics previously acquired by near infrared spectroscopy in the ischemic rat 

cortex.39 This pattern of IOS changes may correspond with the reduction cycle of NADH with 

SD reported during oxygen deficiency,25 which would indicate metabolic crisis. Taken 

together, SDs with Type 3 and 4 red IOS signatures are suspected to be malignant. 
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Finally, the Type of SD-related red IOS signature indicated a less pronounced decrease 

in HbR concentration with the increasing rank of SD in an SD sequence (Fig.6G), which is 

taken as a sign of progressive metabolic recovery during the SD sequence. This challenges 

the view of an inevitable cumulative metabolic failure with recurrent SDs in the ischemic 

cortex. 

 

5. Conclusions 

 

 We have demonstrated that microsphere-induced embolization gives rise to spontaneous, 

recurrent SDs in the rat cerebral cortex. This indicates that SDs could evolve in small 

embolic infarcts in patients, complications with cardiac or pulmonary arteriovenous shunts 

(e.g. cerebral emboli), and possibly multi-infarct dementia. The potential pathogenic role of 

SDs in these conditions is still to be clarified. 

 The data suggest that SD occurrence in the early phase of ischemia (i.e. within an hour 

after ischemia induction) is not tightly associated with immediate infarct evolution and 

maturation in this ischemic condition. However, a delayed onset of SD-related injury remains 

a potential risk. 

Analysis of the hemodynamic responses with SDs indicated that similar hyperemic 

responses to SDs are coupled with various kinetics of Hb saturation during ischemia. 

Therefore the SD-related CBF responses alone may have low predictive value as to the 

metabolic crisis during SD propagation in the tissue. Finally, the findings draw attention to 

the heterogeneity of hemodynamic correlates of ischemic SDs, which may determine the 

potential of SDs to cause injury. 
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Titles and legends to figures 

 

Figure 1. Representative images and graphs illustrate the reduction in blood flow in the pial 

arterioles and brain parenchyma within the whole field of view after microsphere capture in 

pial arterioles. A, The blue rectangle on the right parietal cortex indicates the position of the 

cranial window; the red vertical line crossing the rectangle represents the plane of TTC-

stained coronal sections shown in Panels A1 and A2. Vertical bar with scaling represents 

bregma (Br). Panels A1 and A2 show TTC-stained coronal brain slices representative of focal 

infarction in the cortex (A1), and extensive infarction in the cortex (A2), indicated by arrows. 

Panels A3 and A4 demonstrate cortical microinfarcts as revealed by hematoxylin/eosin 

staining. B1, Vascular architecture of the brain surface in the cranial window, as revealed by 

green light (540-550 nm) reflection. The image was taken after microspheres had appeared 

in pial arterioles. B2, Two adjacent microspheres (d=45-56 µm) captured in a pial arteriole 

are pointed to by an arrow. B3, In a representative image reproduced from panel B2, small 

circles indicate sampling sites (areas of interest) positioned on arteriolar segments: Pv1 

proximal to microsphere capture (arteriolar diameter at baseilne: 50 µm), and Pv2 distal to 

microsphere capture (arteriolar diameter at baseilne: 33 µm). These areas of interest were 

used to extract the kinetics of changes in arteriolar blood flow, which was assessed in 

separate videos created by laser speckle contrast analysis. White arrows show the direction 

of blood flow. B4, Traces of pial arteriolar flow (obtained by laser speckle contrast analysis), 

corresponding to the sites of sampling given in panel B3. Vertical arrows indicate the time of 

microsphere capture in the arteriole. Note the reduction of blood flow (from 100% to 40%) 

distal to the site of microsphere capture. Note, that the magnitude of arteriolar flow reduction 

could be underestimated, as cerebral blood flow (CBF) signal arising from the underlying 

parenchyma might have contributed to the arteriolar flow signal, especially when arteriolar 

flow was diminishing. Panels C (C1 and C2), show two examples for whole field analysis of 

cerebral blood flow (CBF) maps to reveal the heterogeneity of ischemia evolution within the 

field of view: small black-and-white images demonstrate the vascular architecture of the 
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brain surface in the cranial window at baseline for anatomical orientation (540-550 nm 

illumination); color-processed images provide the false-colored flow map (based on laser 

speckle contrast analysis) of the same area after ischemia induction. Relative CBF was 

expressed in the percentage of baseline; color-coding of CBF ranges is depicted in the Table 

in C3. Note uneven perfusion conditions in these images. The Table in C3 summarizes the 

average size of surface area of brain parenchyma (i.e. visible vessels excluded) with 

different ranges of relative CBF (mean±stdev, n=7). 

 

Figure 2. Representative image sequences in the 4 variables under study, recorded during 

the initiation and propagation of a spreading depolarization (SD) event originating in the 

cranial window. The square placed on the rat brain in the upper left hand corner depicts the 

position and size of the cranial window. A1–A9, voltage-sensitive (VS) dye fluorescence 

intensity; B1–B9, laser speckle contrast (LSC) imaging of cerebral blood flow (CBF); C1–C9, 

change in intrinsic optical signal (IOS) acquired under green illumination (540–550 nm) 

expected to reflect, primarily, changes in cerebral blood volume (CBV); and D1–D9, change 

in IOS under red illumination (620–640 nm), which appears to represent hemoglobin 

oxygenation level. Pictures B, C, and D show the cortical region under study at the various 

illuminations taken at baseline. These images are averages of 10 consecutive captured 

images. The right side of the images is partially obscured to highlight the left side, which is 

displayed in pictures 1-9. Dotted circles in B, C and D represent the focus of SD. Pictures 1–

9 of the VS dye, CBF, green and red sequences were modified by background subtraction 

(background taken as the first image of the sequence) followed by contrast enhancement. 

The image sequences were smoothed throughout the recording period by running average 

on 5 consecutive frames. Additional pseudo-color processing was implemented for CBF, 

green and red IOS. The kinetics of changes in VS dye fluorescence intensity and CBF are 

depicted in Figure 3 for this particular SD. 
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Figure 3. Kinetics of the voltage sensitive (VS) dye signature and changes in local cerebral 

blood flow (CBF) associated with spreading depolarization (SD) near its focal area. A, The 

evolution of a representative spreading depolarization as shown by VS dye and CBF traces 

taken at the focus of SD (F), and at two selected points (P1 and P2) in the cortex, at 

increasing distances with respect to SD focus. The position of sampling sites is illustrated in 

an image (upper left), taken at green light illumination (540-550 nm). Circles (white dotted 

lines) and arrows (white broken lines) in the image demonstrate the radial propagation of 

SD. B, Rate of propagation of SD at the site of SD elicitation (focus) and 1 mm with respect 

to the focus. C, CBF values taken shortly before SD evolution at SD focus, and 1 mm with 

respect to SD focus. D, Peak of SD-associated hyperemia at SD focus, and 1 mm with 

respect to SD focus. Data are given as mean±stdev. Analysis of variance (ANOVA) was 

used for statistical analysis (*P<0.05 given as level of confidence). 

 

Figure 4. Spreading depolarization (SD) gets extinguished as it propagates across the 

cortical surface revealed by the cranial window. A, SD (the second event in the given 

experiment) invaded the cranial window from the frontolateral corner (black arrow) and 

travelled to the caudomedial corner. Probes (white circles, P1-P4) were positioned along a 

line (~400 µm apart), perpendicular to the wave front of SD, parallel with the direction of SD 

propagation. The position of sampling sites is illustrated in an image taken at green light 

(540-550 nm) illumination. B, Representative traces extracted at the given sites of sampling 

(P1-P4 left to the traces) demonstrate the kinetics of changes in voltage sensitive (VS) dye 

fluorescence, green intrinsic optical signal (IOS), red IOS, and cerebral blood flow (CBF) 

related to the SD, as it propagated across the field of view. Horizontal dotted line in each 

CBF trace indicates 60% of baseline CBF. Changes in optical signal intensities for VS dye, 

green and red IOS are given in gray level (gl). 

 

Figure 5. Spreading depolarization (SD) avoids a cortical region undergoing deeper 

ischemia. The third SD in this particular experiment invaded the cranial window from the 
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frontolateral corner (black arrow) and travelled to the caudomedial corner (A). Probes (white 

circles, P1-P3) were positioned (~1.36 mm apart) parallel with the wave front of SD. B & C, 

Color-coded cerebral blood flow (CBF) maps derived by pseudo-color application to laser-

speckle contrast images at baseline (B) and right before the occurrence of SD (C). Colors 

range from red to blue, red standing for highest and blue for lowest CBF within the images. 

Probes (P1-P3) are drawn to appreciate their position with respect to the relative level of 

CBF. Black dashed arrows indicate the approximate course of SD around the area coded by 

deep blue (lowest CBF). D, Representative traces extracted at the given sites of sampling 

(P1-P3 indicated at the top) demonstrate the kinetics of changes in voltage sensitive (VS) 

dye fluorescence, green intrinsic optical signal (IOS), red IOS, and CBF related to the SD, as 

it propagated across the field of view. Note that no clear sign of SD appears on the optical 

signals obtained at P2, which is positioned in the cortical area colored deep blue (lowest 

CBF) in C. Changes in optical signal intensities for VS dye, green and red IOS are given in 

gray level (gl). 

 

Figure 6. Representative original traces (A-E) demonstrate various types of hemodynamic 

responses associated with spreading depolarization (SD). Traces show the kinetics of 

changes in voltage sensitive (VS) dye fluorescence, cerebral blood flow (CBF), green (GR) 

intrinsic optical signal (IOS), and red (RD) IOS, related to SD. Vertical gray guidelines help to 

appreciate the temporal relationship between the kinetics of corresponding optical signals. 

The guidelines are aligned to the start and peak of the SD related increase in VS dye 

fluorescence (A-E), and the peak of associated hyperemia where applicable (A-C). Changes 

in optical signal intensities for VS dye, green and red IOS are given in gray level (gl). Red 

IOS signatures with different kinetics are labeled as Type 1-4 (A-D). 

The type of red IOS was related to the magnitude of CBF reduction shortly after ischemia 

induction (F). Data are expressed as mean±stdev. Analysis of variance (ANOVA) followed 

by Fisher's post hoc test revealed significant differences in the initial drop of CBF associated 

with different types of red IOS signature (**P<0.01 and *P<0.05 given as levels of 
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confidence). Statistical analysis was performed for Type 1-3, because Type 4 contained one 

case only. Finally, the type of SD-related red IOS signature was determined for the first 3 

recurrent SDs in individual experiments to show how the type of red IOS signature changes 

with the rank of SD in SD sequences (G). Separate plots depict data obtained at 3 areas of 

interest (AOI1, AOI2, AOI3) in individual experiments (Exp. 1-6). One of the 7 experiments 

was excluded from this analysis, because only 2 SDs occurred, both with Type 1 red IOS 

signatures. Statistical analysis with the non-parametric Wilcoxon signed rank test (1-tailed) 

revealed a significant change in the Type of red IOS for the third SD as compared with the 

first SD (p<0.029*). 

 

Figure 7. Overview of various conceptual cerebral blood flow (CBF) responses to spreading 

depolarization (SD) in intact cerebral cortex (A), and during ischemia (B-F). Solid, black lines 

depict theoretical CBF responses based on our present and previous observations. Dotted 

lines in panels B-F indicate the physiological CBF response to SD, for comparison with those 

under ischemia. Gray lines and shaded areas stand for ideal SD: short transient in panels A-

D, intermediate in panel E, and terminal in panel F. Baseline CBF (100%) is given as a 

horizontal line. 

 


