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Abstract

Anesthesia profoundly impacts peri-infarct depolarizations (PIDs), but only one prior report has 

described their monitoring during experimental stroke in awake animals. Since temporal patterns 

of PID occurrence are model specific, the current study examined PID incidence during focal 

ischemia in the awake Spontaneously Hypertensive Rat (SHR), and documented the impact of 

both prior and concurrent isoflurane anesthesia. For awake recordings, electrodes were implanted 

under isoflurane anesthesia 1 day to 5 weeks prior to occlusion surgery. Rats were then subjected 

to permanent or transient (2 hour) tandem occlusion of the middle cerebral and ipsilateral common 

carotid arteries, followed by PID monitoring for up to 3 days. Comparison perfusion imaging 

studies evaluated PID-associated hyperemic transients during permanent ischemia under 

anesthesia at varied intervals following prior isoflurane exposure. Prior anesthesia attenuated PID 

number at intervals up to 1 week, establishing 2 weeks as a practical recovery duration following 

surgical preparation to avoid isoflurane preconditioning effects. PIDs in awake SHR were limited 

to the first 4 hours after permanent occlusions. Maintaining anesthesia during this interval reduced 

PID number, and prolonged their occurrence through several hours following anesthesia 

termination. Although PID number otherwise correlated with infarct size, PID suppression by 

anesthesia was not protective in the absence of reperfusion. PIDs persisted up to 36 hours after 

transient occlusions. These results differ markedly from the one previous report of such 

monitoring in awake Sprague-Dawley rats, which found an extended biphasic PID time course 

during 24 hours after both permanent and transient filament occlusions. PID occurrence closely 
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reflects the time course of infarct progression in the respective models, and may be more useful 

than absolute PID number as an index of ongoing pathology.
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INTRODUCTION

Peri-infarct depolarizations (PIDs) have long been recognized to occur in experimental 

stroke (Branston et al., 1977; Nedergaard and Astrup, 1986), and propagating 

depolarizations have now been detected in patients following stroke (Dohmen et al., 2008), 

hemorrhage (Dreier et al., 2006) and trauma (Strong et al., 2002). Their contributions to the 

pathophysiology of brain injury are increasingly appreciated (Hossmann, 1996; Lauritzen et 

al., 2011; Leng et al., 2011). Manipulating PID incidence impacts infarct size in many 

models (Mies et al., 1993; Back et al., 1996; Takano et al., 1996), and cumulative 

depolarization duration predicts local pathology (Dijkhuizen et al., 1999; Higuchi et al., 

2002). PIDs lead to incremental infarct expansion associated with reductions in penumbral 

perfusion (Higuchi et al., 2002; Shin et al., 2006; Strong et al., 2007; Takeda et al., 2011), 

which are attributable at least in part to inverse neurovascular coupling in metabolically 

compromised tissue (Dreier et al., 1998; Dreier et al., 2009; Hinzman et al., 2014).

Essentially all PID studies in animal models have been carried out under anesthesia, which 

is a critical variable impacting both the initiation and propagation of such depolarizations 

(Saito et al., 1995; Patel et al., 1998; Kitahara et al., 2001; Kudo et al., 2008; Luckl et al., 

2008; Takagaki et al., 2014). In addition, systemic physiology critically influences peri-

infarct metabolism and PID incidence (Strong et al., 2000; von Bornstädt et al., 2015), 

placing considerable demands on its control while under anesthesia. Furthermore, the 

requirement for sustained anesthesia during invasive monitoring procedures has limited most 

experimental studies to acute post-occlusion intervals, whereas PIDs can continue in patients 

for several days following brain injuries (Dohmen et al., 2008; Dreier et al., 2009). 

Pharmacological management during this time impacts PID number (Sakowitz et al., 2009; 

Hertle et al., 2012), establishing the need for comparable long term studies in experimental 

models.

To our knowledge only a single report has described PIDs during stroke in awake animals 

(Hartings et al., 2003), demonstrating a biphasic time course of PID occurrence persisting 

through 24 hours, that was comparable after permanent and transient intraluminal filament 

occlusions in Sprague-Dawley rats. However, there are substantial differences between 

filament occlusions and direct surgical approaches to the middle cerebral artery (MCA) with 

regard to the distribution of vascular territories involved (Kanemitsu et al., 2002). In 

addition, clot formation in the circle of Willis can be a complication unless anticoagulants 

are present (Ma et al., 2006), and even the most brief filament insertions can lead to 

microinfarcts (Zhan et al., 2008), presumably due to endothelial damage and secondary 

embolization. There are also systematic differences in the intrinsic vulnerability of 
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individual rat strains (Brint et al., 1988; Oliff et al., 1997; Ma et al., 2006), and the limited 

vascular collaterals of the Spontaneously Hypertensive Rat (SHR) have received particular 

attention in this regard (Coyle, 1986). All of these factors would be expected to contribute to 

variations in the time course of infarct progression among models.

An additional consideration in awake recordings is the potential impact of prior anesthesia 

exposure at the time of electrode placement. There is a substantial literature documenting 

preconditioning effects of volatile anesthetics (Kitano et al., 2007). The previous study of 

PIDs in awake rats involved a relatively acute 24 hour interval between halothane exposures 

in the course of surgeries to implant electrodes and produce occlusions (Hartings et al., 

2003). We recently observed that prior sham surgery under isoflurane at this interval 

significantly reduced PID incidence during subsequent stroke when monitored under 

maintained isoflurane anesthesia (Zhao and Nowak, 2015). It must be asked whether such an 

effect could continue to impact PID incidence after recovery from anesthesia, introducing a 

potential anesthesia confound even during awake recordings.

The present study characterized PID incidence in a robust model of surgical MCA occlusion 

in the awake SHR. Anesthesia effects were investigated in order to define conditions that 

could minimize its confounds and maximize translational relevance.

EXPERIMENTAL PROCEDURES

Experimental animals and study design

Male SHR (240–260 g, n=88) were acquired from Harlan Laboratories, Inc. (Indianapolis, 

IN). All experiments were approved by the Institutional Animal Care and Use Committee, 

University of Tennessee Health Science Center, and were conducted according to United 

States Public Health Service Policy on Humane Care and Use of Laboratory Animals. The 

overall design of these studies is illustrated in Fig. 1. Perfusion imaging under anesthesia 

(Study 1) compared PID incidence in naïve animals (n=12) with those that had experienced 

isoflurane exposure (n=35) at intervals of 1 day to 6 weeks before occlusion. This expands 

on recent results showing isoflurane preconditioning effects on PID incidence 1 day after 

such exposure (Zhao and Nowak, 2015), and the above totals include 5 naïve and 5 sham 

operated animals from that prior study. The additional animals experienced either sham 

surgeries or isoflurane exposure alone, to confirm the role of anesthesia per se in producing 

the effect. For awake recordings (Studies 2–4) animals were fitted with chronic electrode 

arrays and allowed to recover from the procedure, to be later monitored following MCA 

occlusion. Study 2 (n=27) established the methodology and documented PID time course 

and number during permanent occlusions at various intervals after electrode placement, 

following only brief anesthesia for occlusion surgery. This provides a direct comparison of 

distal MCA occlusion in the SHR with previous awake recordings after intraluminal 

occlusions in Sprague-Dawley rats (Hartings et al., 2003), and examines the potential impact 

of anesthetic preconditioning in this context. Since PIDs have been most extensively 

investigated acutely under anesthesia, Study 3 (n=6) evaluated the impact of an extended 

interval of isoflurane exposure on PID incidence and subsequent histopathology. Finally, 

Study 4 (n=8) examined the response to transient 2-hour occlusions, again to compare with 

results after transient filament occlusions (Hartings et al., 2003).
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Electrode placement and recording

Arrays consisted of 10 mm lengths of 0.125 mm diameter silver wire soldered to a 4-pin 

segment of in-line strip socket (ED7464-ND, Digi-Key Corporation, Thief River Falls, MN). 

Electrode tips were rounded to a diameter of ~0.8 mm in a gas flame and electrolytically 

chloridized. Wires were disinfected with dilute bleach and rinsed in sterile saline prior to 

use.

Rats were fasted overnight prior to surgery. Anesthesia was induced with 4% isoflurane and 

maintained at 1–2% in 70% N2 and 30% O2 via a flow through face mask with spontaneous 

respiration. Rats were positioned in a stereotaxic holder and received subcutaneous Baytril 

(5 mg/kg) as antibiotic prophylaxis. Body temperature was monitored by rectal probe and 

maintained at 37 °C with a heating pad. After a midline incision the scalp was retracted to 

expose the skull, which was cleaned and dried with an alcohol wipe and a warm air stream. 

Anchor screws were placed and burr holes were made to position electrodes as follows: 

rostral ipsilateral over right frontal cortex outside the MCA territory (4 mm lateral, 4 mm 

anterior to bregma), caudal ipsilateral targeting the edge of MCA territory (3 mm lateral, 3 

mm posterior), contralateral (4 mm lateral, 3 mm posterior) and reference (midline, caudal 

to lambda). Targeted recording sites and typical infarct distribution are shown in Fig. 2A. 

Importantly, adequate signals could be obtained without fully penetrating the skull, avoiding 

risk of injury to the brain surface. The electrode array was lowered into place with a 

micromanipulator and fixed in place with dental cement. Rats received 0.05 mg/kg 

subcutaneous buprenorphine, the scalp was sutured around the connector, and anesthesia 

was discontinued. Animals recovered for 1 day to 5 weeks prior to occlusion surgery.

Data acquisition began within 10 minutes following completion of surgery to produce 

permanent occlusions, or at a similar interval following the release of transient occlusions. 

After recovery from anesthesia rats were housed in a round plexiglass chamber lined with 

bedding and provided standard food pellets and a water bottle. The chamber was placed in a 

Faraday cage to minimize noise. Signals were routed from the head plug through a 4-

channel swivel connector (Plastics One, Roanoke, VA) centered above the chamber on a 

counterbalanced arm, amplified using Electro 705 electrometers (World Precision 

Instruments, Sarasota, FL), and digitized and stored via a Micro1401-3 interface and Spike2 

software (Cambridge Electronic Design Ltd., Cambridge, UK). The acquisition rate was 

typically 1 hz for a 24 hour recording, or 0.3 hz when animals were monitored for 3 days.

The majority of PIDs occurred as transient, paired events detected at both ipsilateral 

electrodes, typically 2–5 mV in magnitude (Fig. 2B). Also counted were depolarizations 

detected at the rostral electrode alone (9 of 41 animals). This was done if the caudal signal 

was unstable (n=4, all but one at the late 5 week interval) or when attenuated at positions 

overlying ischemic or recently ischemic MCA territory (Fig. 2C). Of the 5 such rats, 3 had 

experienced transient occlusions. Conversely, complex depolarization patterns occasionally 

recorded from the caudal electrode alone, when positioned at the infarct edge, were ignored 

in the analysis of propagated PID incidence.
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Sham surgery or anesthesia exposure

A sham surgery involving anesthesia, skull exposure and thinning replicated conditions of a 

previous study that identified preconditioning effects on PID incidence (Zhao and Nowak, 

2015). Alternatively, rats were maintained for 2 hours under isoflurane anesthesia, without 

surgical manipulation, to mimic the duration of anesthesia required for electrode placement 

described above. Animals were then subjected to experimental stroke 1 day to 6 weeks after 

the prior treatment, and PID incidence was monitored by perfusion imaging under isoflurane 

anesthesia.

MCA Occlusion

Focal cerebral ischemia was induced by tandem occlusion of the right MCA and ipsilateral 

common carotid artery (Brint et al., 1988). In brief, rats were fasted overnight, anesthetized 

with isoflurane, and positioned on a tooth bar that permitted axial rotation. The tail artery 

was cannulated for blood pressure monitoring and blood gas sampling during transient 

occlusions that required prolonged anesthesia intervals, and for studies explicitly 

investigating the impact of maintained anesthesia during permanent occlusion. The carotid 

artery was isolated, ligated and cauterized to produce permanent occlusions, or occluded 

with an aneurysm clip during transient occlusions. The MCA was accessed by a 

transtemporal approach, exposing the vessel at the level of the rhinal fissure. Rectal 

temperature was controlled using a circulating water blanket, and brain surface temperature 

was maintained with a temperature-controlled saline drip throughout the procedure. The 

MCA was snared and cauterized to produce permanent occlusions, or elevated 

approximately 1 mm above the brain surface using a micromanipulator-controlled wire hook 

for the 2 h duration of transient occlusions. Incisions were closed and buprenorphine was 

administered, after which anesthesia was discontinued. The anesthesia interval required for 

routine permanent occlusions was approximately 30 minutes. Anesthesia was maintained for 

4 hours after occlusion in Study 3 investigating anesthesia effects.

Physiological variables were generally well maintained during spontaneous respiration 

under anesthesia (Table 1). Prolonged (4 h) anesthesia was associated with greater blood 

pressure drops and than seen during the 2 h transient occlusions. A lower PaO2 was 

intentionally targeted in the latter group to maintain consistency with prior transient 

occlusion studies from this laboratory (Kurasako et al., 2007; Hashimoto et al., 2008).

Perfusion imaging

Hyperemic responses to PIDs were monitored as previously described (Zhao and Nowak, 

2015). Surgical preparation for MCA occlusion included thinning of the skull overlying 

dorsal cortex, and rats were intubated and ventilated to maintain physiological variables. 

CBF was monitored by laser speckle contrast perfusion imaging (FLPI, Moor Instruments, 

Inc., Wilmington, DE). After a brief interval of baseline recording vascular occlusions were 

produced, and propagating peri-infarct hyperemic transients were monitored for 4 hours.

Infarct assessment

Animals were decapitated under isoflurane anesthesia 24 h after permanent occlusion, or 72 

hours after transient occlusions. The thinned skull at electrode placement sites was 
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punctured with a needle and ink was introduced to mark the underlying brain. In studies 2 

and 3 brains were removed into chilled saline and 2 mm slices were cut on a brain matrix, 

after which they were incubated in 2 % triphenyltetrazolium chloride (TTC) in saline at 

~37 °C until color development was complete, followed by overnight fixation in formalin 

and saline rinses. In Study 4 brains were frozen in hexane at −40 °C and stored at −70 °C, 

after which cryostat sections (20 µm) at 1 mm intervals were collected on glass slides and 

stained with hematoxylin/eosin. In both cases calibrated images were captured (NIH Image) 

and areas of pallor were measured and summed to yield total infarct volumes. No 

corrections for edema volume were made in the analyses of pooled data from these studies 

since it would introduce additional variability, particularly in the fresh slices used for TTC 

staining.

Statistical analyses

Group values, where given, are stated as mean ± standard deviation. Comparisons were 

made by Mann-Whitney U or Wilcoxon Signed Rank tests, or by Kruskal-Wallis test 

followed by Dunn’s Multiple Comparison test, using GraphPad Prism 5.0c (GraphPad 

Software, San Diego, CA), with P < 0.05 considered significant. Two successfully recorded 

animals were excluded from the linear regression analysis of the relationship between PID 

incidence and infarct volume. One exhibited an unusually small and frontally positioned 

lesion consistent with anomalous MCA branching, and the other had a large infarct and 

evidence of local trauma at the site of occlusion.

RESULTS

Prior anesthesia and PID number

Sham surgery or anesthesia exposure markedly reduced PID incidence during stroke the 

following day, when monitored by perfusion imaging under sustained isoflurane anesthesia 

(Fig. 3A). This effect persisted in some animals at 1 week but was no longer evident after 

recovery intervals of 2 weeks or longer. A similar trend was seen during electrophysiological 

recording in the awake state, with significantly higher PID incidence for occlusions done at 

least 2 weeks after electrode placement, relative to pooled 1 day and 1 week groups (Fig. 

3B). Subsequent investigations were carried out 2–5 weeks after electrode placement. Total 

PID number in awake animals was several-fold greater than under isoflurane anesthesia, and 

also higher than historical data obtained under α-chloralose.

PIDs after permanent occlusions and the effect of anesthesia

The interval between electrode placement and occlusion surgery did not impact PID time 

course, and groups were pooled for subsequent analysis. PIDs exhibited a very short time 

course when anesthesia was terminated immediately after occlusion, essentially all events 

occurring within 4 hours (Fig. 4). Prolonging anesthesia duration markedly reduced PID 

incidence during this interval, and in the majority of animals resulted in a second wave of 

events persisting for several hours after recovery from anesthesia (Fig. 5). Despite the 

extended time course, total PID number was reduced several-fold by this initial interval of 

prolonged anesthesia.
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PIDs after transient occlusions

The PID time course was markedly longer following transient MCA occlusions (Fig. 6). In 

an initial series monitored for only 24 hours reperfusion, 3 of 4 animals failed to exhibit 

PIDs, and one exhibited a delayed interval of PID incidence during 12–18 hours. All 4 rats 

of a subsequent series showed an initial phase of depolarizations through approximately 18 

hours, followed by a distinct secondary component between 24 and 36 hours. Typically a 

delay of 1 hour followed release of occlusion and anesthesia termination before the earliest 

PIDs were detected. However, two rats exhibited much longer delays in PID onset (~10 

hours), and this was associated with a reduction in total PID number. No events were 

observed in any animal beyond 48 hours.

PID number and infarct size

PID number was well correlated with infarct size for rats allowed to recover from anesthesia 

after permanent occlusions (Fig. 7A). Notably, those in which occlusions were produced 

within 1 week after electrode placement that exhibited fewer PIDs also tended to have 

smaller infarcts, although PID number was not a robust predictor of infarct volume for 

individual animals.

Furthermore, several hours of maintained isoflurane anesthesia that markedly reduced total 

PID number did not significantly impact infarct volume. A stronger correlation was evident 

after transient ischemia (Fig. 7B), particularly in that the several rats in which no PIDs were 

detected following release of occlusion had consistently smaller infarcts. Conversely, since 

delayed PID incidence was associated with reduced total number after transient occlusions, 

there was an inverse relationship between the delay in PID onset and infarct size.

DISCUSSION

Technical considerations

The primary goal was to obtain data on PID incidence in a model distinct from the Sprague-

Dawley rat used in previous awake recordings (Hartings et al., 2003). The SHR is 

characterized by limited collateral vascularization (Coyle, 1986), resulting in both a steep 

perfusion gradient and a rapid time course of infarct progression following MCA occlusion 

(Jacewicz et al., 1992). As a relatively inbred strain it yields more consistent infarcts than 

commonly used outbred rats (Brint et al., 1988; Duverger and MacKenzie, 1988), permitting 

the use of fewer animals and making it particularly well suited to mechanistic studies. 

Conversely, the Sprague-Dawley has such robust collateral perfusion that distal MCA 

occlusions fail to produce consistent infarcts (Coyle, 1986; Ren et al., 2004; Ma et al., 

2006). The study of selective cortical injury in the SHR (Fig. 2A) avoids the hypothalamic 

involvement and associated hyperthermia that can occur following intraluminal filament 

occlusions (Zhao et al., 1994).

Distributions of PIDs and their associated metabolic and perfusion responses are well 

established in the SHR (Takeda et al., 2011; Zhao and Nowak, 2015), permitting consistent 

targeting of informative sites (Fig. 2A,B). Unrecognized variations in fabrication and 

placement could impact detection sensitivity or the extent of cortex effectively monitored by 
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a given electrode. However, since PID time course was the endpoint of interest, little 

attention was given to variations in depolarization magnitude. This approach reliably 

detected the propagated events most closely associated with stepwise infarct expansion 

(Higuchi et al., 2002; Shin et al., 2006; Takeda et al., 2011). Comprehensive documentation 

of non-propagating depolarization dynamics at the margin of the ischemic territory (Fig. 

2C), undoubtedly important determinants of local pathology and function (Higuchi et al., 

2002; Risher et al., 2010), would require alternative approaches. PIDs at the rostral electrode 

were occasionally absent or greatly attenuated at the infarct margin (Fig. 2C). In rare cases a 

caudal electrode overlying infarcted cortex confirmed that prior terminal depolarization must 

have already occurred, precluding PID propagation (Röther et al., 1996; Chen et al., 2006). 

Baseline drift during long recordings, and signal sampling from a relatively large volume of 

underlying cortex, made it difficult to unambiguously identify a local transition to persistent 

ischemic depolarization. However, propagation can also fail in areas of low CBF showing no 

evidence of prior terminal depolarization (Bere et al., 2014), as also described following 

electrical stimulation (Koroleva and Bureš, 1979). The blunting of caudal PIDs during early 

reperfusion, followed much later by evidence of both propagating and local depolarizations 

at the infarct margin (Fig. 2C), may be consistent with initial failure of PID propagation into 

recently ischemic cortex. Alternatively, it could simply reflect the medial progression of the 

active penumbral zone during infarct expansion (Chen et al., 2006), which likely would be 

more evident after transient occlusions.

Anesthesia preconditioning and inter-operative recovery interval

Acute PID incidence after stroke, monitored under continuous isoflurane anesthesia, is 

profoundly diminished if rats experienced prior surgery under the same anesthetic (Zhao and 

Nowak, 2015). Current results confirm that PID attenuation is reproduced by prior 

anesthesia exposure alone and that it can persist for up to 1 week (Fig. 3A). This is longer 

than the 1 day interval typically reported for brain protection by anesthetic preconditioning 

(Kapinya et al., 2002; Kitano et al., 2007), although efficacy was noted 3 days after 

sevoflurane exposure in one study (Adamczyk et al., 2010). Since anesthetic preconditioning 

is associated with increased penumbral CBF (Chi et al., 2010; Zhao and Nowak, 2015), the 

SHR may be particularly sensitive to such effects. The impact on PIDs is much less 

prominent during subsequent awake recording (Fig. 3B), but its relevance is confirmed by 

the parallel reduction in infarct volume (Fig. 7A). Halothane also exerts preconditioning 

(Kapinya et al., 2002), so this agent may have had a similar subtle influence on PID 

incidence in the previous awake recording study (Hartings et al., 2003). These results 

establish 2 weeks as a requisite post-surgical interval to avoid confounding effects of prior 

anesthesia. This could differ after invasive surgical procedures involving penetration of skull 

and dura, which can result in more persistent inflammatory and microvascular responses 

(Polikov et al., 2005; Hammer et al., 2014).

PID incidence and time course

As observed in Sprague-Dawley rats (Hartings et al., 2003), more PIDs occurred in awake 

SHR than seen under anesthesia (Fig. 3B). Given the potential for cyclic propagation of 

depolarizations around an evolving infarct, trains of multiple PIDs recorded at a given site 

can arise from a single triggering event (Nakamura et al., 2010). This is undoubtedly 
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sensitive to the attenuating effect of volatile anesthetics (Saito et al., 1995; Saito et al., 1997; 

Kitahara et al., 2001; Luckl et al., 2008; Nakamura et al., 2010; Takagaki et al., 2014), 

whereas awake PID incidence is better approximated under α-chloralose anesthesia (Takeda 

et al., 2011; Zhao and Nowak, 2015). The short 4 hour window during which PIDs occur 

after permanent occlusions (Fig. 4) differs markedly from results obtained after filament 

occlusions in Sprague-Dawley rats, which showed a biphasic pattern of PID incidence 

during 24 hours (Hartings et al., 2003). The abbreviated PID time course in the SHR is 

consistent with the short temporal threshold for infarction characteristic of this strain 

(Jacewicz et al., 1992). Total PID number was also several-fold greater in the prior study, 

largely due to a delayed secondary component (Hartings et al., 2003). Since persistent 

hyperthermia characteristic of filament occlusions was also noted in that study, the larger 

depolarization number may in part reflect the temperature dependence of PID incidence 

reported in such models (Chen et al., 1993).

Prolonged anesthesia is often required in experimental stroke studies for purposes of 

electrophysiological or perfusion monitoring, but profoundly impacts the endpoints under 

study. Maintaining isoflurane for several hours not only reduced PID number, but in most 

animals prolonged their time course (Fig. 5), consistent with the slower infarct progression 

observed under volatile anesthetics (Saito et al., 1997; Takeda et al., 2011; Zhao and Nowak, 

2015). This suppressive effect appears to decay rapidly after anesthesia termination, since 

the slight lag in PID incidence in awake animals (Fig. 4) is in part attributable to an initial 

delay in data acquisition.

In agreement with the previous filament occlusion study (Hartings et al., 2003), PIDs after 

transient occlusions showed a more protracted and apparently biphasic time course (Fig. 6). 

The 36 hours during which PIDs occurred correlates with the temporal course of infarct 

evolution in the model, in which detectable lesion expansion can continue after 24 hours 

(Kurasako et al., 2007). The similarly prolonged time course seen after permanent 

occlusions in Sprague-Dawley rats (Hartings et al., 2003) suggests that better collateral 

perfusion in that strain may provide the functional equivalent of partial reperfusion with 

respect to its impact on PID incidence and infarct progression.

PID number and infarct size

As in many studies, PID numbers after permanent occlusions in the awake SHR increase 

with infarct size (Fig. 7A). The previous study in Sprague-Dawley rats found a strong 

relationship between infarct volume and PID incidence in the delayed secondary phase 

(Hartings et al., 2003), which did not occur after permanent occlusions in the SHR. 

Importantly, the relationship between PID incidence and infarct volume can be uncoupled in 

this model. PID number is reduced by hyperglycemia (Nedergaard and Astrup, 1986; Strong 

et al., 2000; Hopwood et al., 2005), but modest glucose elevation attenuates PID incidence 

in the SHR without impacting infarct size (Zhao and Nowak, 2015). Likewise, prolonged 

isoflurane anesthesia during the initial hours of occlusion reduces total PID number, but is 

not protective in the absence of reperfusion (Fig. 7A). Similar dissociations have been 

reported following pharmacological interventions in other models (Patel et al., 1998; 

Christensen et al., 2003; Lu et al., 2005). PIDs only rarely lead to infarct expansion in the 
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SHR (Higuchi et al., 2002; Takeda et al., 2011), so selectively reducing PID number might 

have little impact on infarct size. As noted previously (von Bornstädt et al., 2015; Zhao and 

Nowak, 2015), a larger ischemic territory has more extensive penumbra with an increased 

probability of generating PIDs, potentially reversing the causal relationship. Although each 

depolarization can contribute to local histopathology and functional deficit (Risher et al., 

2010), the temporal intervals during which PID initiation persists appears to be more 

informative about the status of infarct progression than the absolute number of propagating 

events.

Transient occlusions were more variable, and the smallest infarcts were found in animals 

that exhibited no PIDs following release of occlusion (Fig. 7B). Since increasing PID 

number was associated with their earlier occurrence following reperfusion, infarct volume 

was inversely related to the delay in PID onset. This replicates observations after filament 

occlusions that found infarct size correlated with the time of PID onset (Hartings et al., 

2003), and again places emphasis on the temporal component of PID incidence.

Implications for stroke modeling and clinical relevance

PIDs can occur in patients over many days (Dohmen et al., 2008), and such intervals are 

inaccessible to experimental observation in anesthetized animal models. Acute studies under 

α-chloralose may approximate the awake condition in models with rapidly evolving infarcts 

(Fig. 3B) (Zhao and Nowak, 2015), but long term monitoring in the awake state is essential 

if experimental studies are to have broad clinical relevance (Hartings et al., 2003). The 

current study adds the further requirement for adequate recovery intervals to avoid 

confounding effects of the anesthesia used during prior surgical preparation.

Differences in anesthesia and analgesia management also impact PID occurrence in human 

brain. Specifically, N-methyl-D-aspartate antagonists such as ketamine reduce PID incidence 

(Sakowitz et al., 2009; Hertle et al., 2012). However, although blocking PIDs seems almost 

certainly beneficial with respect to limiting the functional impact of propagated 

depolarization, experimental evidence indicates that effects on infarct size should not be 

expected in the absence of adequate collateral circulation or timely reperfusion (e.g., Fig. 

7A). Finally, many interventions documented to reduce PID incidence can also increase CBF 

(Saito et al., 1997; Kamiya et al., 2005; Takagaki et al., 2014; Zeiler et al., 2015; Zhao and 

Nowak, 2015). The extent to which such synergy contributes to protection in experimental 

stroke has yet to be fully defined, and its potential clinical relevance is unknown.

CONCLUSIONS

PID time course varies systematically among stroke models, correlating with recognized 

variations in the time course of infarct progression, and supporting the suggestion that PID 

persistence is indicative of ongoing pathophysiology. To date, clinical observations related to 

PIDs after stroke and other brain injuries have been made in the intensive care setting, but 

most stroke patients may be assumed to experience unrecognized PIDs. Experimental 

models exhibiting prolonged intervals of PID occurrence monitored in the awake state are 

required to evaluate potential interventions targeting their attenuation following stroke.
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HIGHLIGHTS

Peri-infarct depolarizations (PIDs) were recorded in awake rats during stroke.

Recovery for 2 weeks after electrode placement avoided anesthetic preconditioning.

PIDs ceased within 4 or 36 h after permanent or transient occlusions, respectively.

PID suppression by sustained anesthesia was not protective without reperfusion.

PID time course coincides with infarct progression under varied model conditions.
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Fig. 1. 
Study design. Time lines indicate the sequence of procedures experienced by an animal in 

each of the several experiments. Bold regions illustrate the relative durations of isoflurane 

anesthesia associated with MCA occlusion in each study. Study 1, in which PIDs were 

detected by acute perfusion imaging under anesthesia, determined the duration of 

preconditioning effects induced by prior anesthesia, either alone or in association with a 

sham surgery. All other studies involved initial surgery for electrode placement, followed by 

a second surgery for MCA occlusion and prolonged electrophysiological monitoring. Study 
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2 characterized PID time course after permanent MCA occlusion, and examined whether the 

recovery interval after electrode placement impacted PID incidence during awake recording. 

Study 3 assessed the impact of maintained isoflurane anesthesia (4 hours) on PID incidence 

after permanent occlusions. Study 4 assessed PID incidence after transient occlusions. 

Overall time lines are not to scale.
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Fig. 2. 
Infarct distribution, electrode placement and representative recordings. A) Electrode 

positions and infarct distribution. Rostral (r) and caudal (c) sites were chosen to overlie 

positions outside the expected cortical infarct distribution characteristic of the SHR model, 

shown at 2 mm intervals through the extent of MCA territory in a series of hematoxylin-

eosin stained frozen sections from a rat subjected to permanent occlusion. B) Typical paired 

events. Traces illustrate a series of depolarizations propagating past the two electrode 

positions during the initial hours after permanent occlusion. C) Atypical dissociated 
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depolarizations. Paired traces are illustrated as in panel B. Prominent PIDs detected at the 

rostral electrode during the initial hours after transient occlusion were poorly detected at a 

caudal position overlying the eventual infarct margin. Such events recorded only at the 

rostral electrode were included in the quantitative assessment. In contrast, depolarizations of 

variable magnitude and duration restricted to the caudal peri-infarct site at later intervals 

were not counted in the tally of propagated events.
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Fig. 3. 
Prior isoflurane anesthesia and preconditioning effects. A) PIDs under anesthesia. 

Propagated hyperemic CBF transients monitored by perfusion imaging during 4 hours under 

isoflurane anesthesia were markedly attenuated when MCA occlusion occurred 1 day after a 

previous anesthesia exposure, and this effect persisted in some animals at 1 week. Open 

circles, anesthesia accompanied by sham surgery; circled dots, anesthesia only; shaded bar, 

mean ± SD for the Naïve group. * P ≤ 0.05 vs. Naïve and ≥ 2week groups. B) PIDs in awake 

animals. PIDs were recorded from electrode arrays placed at the indicated intervals prior to 
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MCA occlusion, with subsequent monitoring for up to 3 days. PID incidence was reduced at 

1 day and 1 week relative to longer recovery intervals after electrode placement. Shaded 

bars, mean ± SD for historical results obtained from naïve animals under anesthesia with α-

chloralose (Zhao and Nowak, 2015), or isoflurane (from panel A). * P ≤ 0.05 for pooled 1 

day and 1 week groups vs. ≥ 2 week group.
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Fig. 4. 
PID time course after permanent MCA occlusion. Upper panel represents a histogram of 

data shown in the lower panel, in which each row represents an individual animal and each 

point a PID. Animals recorded in the awake state following brief anesthesia for occlusion 

surgery exhibited a rapid time course of PID evolution, essentially all events occurring 

within 4 hours after the onset of ischemia. The interval between electrode placement and 

occlusion surgery did not impact PID time course (lower panel).

Kudo et al. Page 22

Neuroscience. Author manuscript; available in PMC 2017 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Effect of prolonged isoflurane anesthesia. Upper panel represents a histogram of data shown 

in the lower panel, in which each row represents an individual animal and each point a PID. 

Maintaining rats under isoflurane anesthesia during the first 4 hours of permanent occlusion 

reduced overall PID incidence several fold relative to the awake condition (Fig. 4), and in 

most animals extended the interval of PID occurrence through several hours after anesthesia 

termination.
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Fig. 6. 
Prolonged PID time course after transient ischemia. Upper panel represents a histogram of 

data shown in the lower panel, in which each row represents an individual animal and each 

point a PID. Rats were subjected to MCA occlusion for 2 hours under isoflurane anesthesia 

followed by up to 3 days of awake monitoring. PIDs were observed following release of 

occlusion in 5 of 8 animals. No events were seen beyond 48 hours. Procedural constraints 

precluded recording during the occlusion period, so the open bar represents expected PID 

incidence based on data obtained from other animals during the initial 2 hours of permanent 
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occlusion under anesthesia (Fig. 5). * In one animal recording terminated at 24 hours; for 

simplicity the histogram was not adjusted for this attrition, and also excluded the 3 rats with 

no recorded events. However the stated total incidence during the reperfusion period 

includes all animals.
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Fig. 7. 
Relationship between PID incidence and infarct volume. A) Permanent occlusions. The 

number of observed PIDs correlated with infarct volume for those animals in which 

anesthesia was immediately terminated following occlusion. Open and solid circles 

represent MCA occlusions at ≤1 and ≥2 weeks after electrode placement, respectively; 

regression line indicates best fit for the combined two groups (r2 = 0.55, P < 0.0001). The 

marked reduction in total PID incidence observed in animals subjected to prolonged 

anesthesia (triangles) was not associated with a corresponding reduction in final infarct size. 
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B) Transient occlusions. Infarct volume correlated well with total PID incidence, obtained 

by summing the number recorded after reperfusion for each animal (Fig. 6) and the mean 

event number (5) recorded from other animals (Fig. 5) during 2 hours occlusion under 

anesthesia (r2 = 0.75, P = 0.005). Since increasing PID number was associated with earlier 

PID onset, infarct volume was inversely related to the delay in initial PID occurrence. The 

absence of depolarization within a 24 hour recording in some animals precluded defining a 

specific delay interval, so dotted line is provided for purposes of illustration only.
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