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  Abstract   Optical imaging methods have been widely used to investigate the function 
of complex brain tissue. Depending on the approach used, activity can be readily 
monitored with relatively high temporal resolution throughout large areas of the 
cortex, or alternatively from individual neurons or sub-cellular compartments. The 
aim of this chapter is to illustrate the application of optical approaches to provide 
information about changes in brain metabolism that follow coordinated neuronal 
fi ring. The phenomenon of spreading depression (SD) is used to illustrate some of 
the advantages and challenges of different approaches. SD involves a slowly-
propagating coordinated depolarization of neurons and astrocytes and is thought to 
underlie migraine aura and contribute to enlargement of brain injuries. The stereo-
typed progression of this event across the cortical surface, coupled with the substan-
tial increase in metabolic demand, has made this response particularly amenable to 
optical imaging. The discussion will emphasize signals due to changes in mitochon-
drial redox state, as assessed by changes in levels of NADH autofl uorescence. 
Optical signals associated with changes in blood fl ow and oxygenation will also be 
described, since these can signifi cantly impact autofl uorescence studies and because 
the integration of hemodynamic and mitochondrial signals should be valuable for 
understanding metabolic defi cits and neuronal injury that can accompany SD. It is 
expected that many of the principles discussed here will also apply to less severe 
metabolic disturbances that accompany refl ex activation of discrete neuronal 
populations.  
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    12.1   Introduction 

 Optical imaging approaches have a long history of use for the study of brain func-
tion and the range of methods employed includes detection of multiple intrinsic 
optical signals and responses of many different fl uorescent indicators. The power 
and diversity of optical approaches is well-illustrated by studies of fi ring behavior 
within large populations of neurons, which is essential to understanding the func-
tion of neuronal circuits. Microelectrodes can be used to record activity of single 
neurons, but the technical complexity of such recordings makes it diffi cult to 
simultaneously measure responses from more than a small number of cells. A 
number of optical approaches allow indirect assessment of activity in very large 
populations of neurons. It was recognized in the late 1960s that neuronal depolar-
ization changes the light scattering properties of individual neurons, and this per-
mits measurement of neuronal fi ring  in vitro  and  in vivo  (Cohen et al.  1968 ; 
Tasaki et al.  1968 ; Wininger et al.  2009  ) . Although such signals are quite small 
and averaging of repetitive trials is usually required, these types of intrinsic sig-
nals can be very useful. The development of fl uorescent probes sensitive to mem-
brane voltage changes provided signifi cant increases in signal-noise characteristics 
(Cohen et al.  1978  )  and have been used widely into assess circuit activity and 
changes in excitability with pathophysiological conditions. While voltage-sensitive 
indicator signals are directly related to neuronal fi ring, they can be technically 
challenging because of the rapid time course of membrane voltage changes and 
spatial resolution is usually compromised by the high acquisition rates that are 
needed. Partly because of this problem, complementary optical methods that 
track longer-lasting intracellular consequences of neuronal depolarization (usu-
ally Ca 2+  accumulation) have been very widely used, including recent work with 
two photon excitation in relatively deep brain structures (Cossart et al.  2005  ) . 
Thus a range of optical approaches are widely used to assess fundamental changes 
in CNS activity. 

 The emphasis of this chapter is on optical imaging of different signals that pro-
vide more direct information about changes in brain metabolism that follow coordi-
nated neuronal fi ring. To provide a framework for discussion of the advantages and 
challenges of different optical approaches, the chapter will focus on the phenome-
non of spreading depression (SD). There are a number of reasons why SD is particu-
larly well-suited for this purpose. As discussed below (Sect.  12.4 ), SD involves a 
coordinated depolarization of neurons and astrocytes, that propagates slowly in 
across the brain and is associated with transient suppression of ongoing synaptic 
activity. The fact that SD can be used experimentally to deliver a dramatic increase 
in metabolic demand with high temporal precision has made it very attractive as a 
test stimulus for development and evaluation of optical methods for at least 40 years. 
In addition, recent work has provided a new impetus to the study of SD in a range 
of neurological disorders, suggesting that future work with optical methods could 
be valuable for development of interventions and evaluation of mechanisms under-
lying deleterious and possibly protective effects of these events. 
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 Optical methods have long been used to assess changes in tissue mitochondrial 
function that accompany SD, and these will be emphasized here. Because optical 
signals associated with changes in blood fl ow and oxygenation can signifi cantly 
impact autofl uorescence studies of mitochondrial redox potential, optical imaging 
of hemodynamic signals will also be briefl y considered. Recent work has advanced 
mitochondrial imaging studies to include cellular and subcellular origins of auto-
fl uorescence signals, and the integration of these signals with assessment of regional 
cerebral blood fl ow is likely to be helpful for understanding the metabolic defi cits 
and neuronal injury that can accompany SD. While SD is an unusually strong stimu-
lus that involves activation of large populations of cells, it is expected that many of 
the principles discussed here will also apply, albeit with different signal/noise char-
acteristics, to less severe metabolic disturbances that accompany refl ex activation of 
discrete neuronal populations.  

    12.2   Spreading Depression and Related Events 

    12.2.1   Basic Mechanisms 

 Spreading depression (SD) was originally described by Leao as a wave of profound 
depression of electrical activity that progressed slowly in a wave-like manner across 
the rabbit cortex (Leao  1944a,   1947 ; Leao and Morison  1945  ) . Many excellent 
reviews have discussed the history of Leao’s initial discoveries and summarized 
subsequent studies of SD mechanisms (Marshall  1959 ; Bures et al.  1984 ; Martins-
Ferreira et al.  2000 ; Gorji  2001 ; Somjen  2001,   2005 ; Teive et al.  2005  ) , however 
some of the key points will be reiterated here to emphasize why optical methods 
have been used for a number of decades to examine SD in a range of experimental 
and clinical settings. 

 Leao’s original discovery came while making recordings from the exposed corti-
cal surface with arrangements of recording electrodes placed on the pia-mater. The 
original intention of the work was to study mechanisms underlying epileptiform 
activity, but he found that electrical or mechanical stimulation could result in a 
“marked, enduring reduction of the spontaneous electrical activity of the cortex”. 
From recordings made from arrangements of multiple electrodes arranged over the 
cortical surface, it was shown that the depression of electrocorticographic (ECoG) 
activity propagated slowly in all directions (Fig.  12.1 ). Leao coined the term “spread-
ing depression” (SD) and, in addition to blocking spontaneous electrical activity, 
evoked cortical responses were abolished during the depression phase (Leao  1944a  ) . 
Early studies showed that SD could be generated by both electrical and mechanical 
stimuli (such as light touch with a glass rod), and also by K +  or Ca 2+  applications. In 
particular, a piece of fi lter paper soaked in elevated K +  solutions placed on the brain 
surface produced a repetitive series of SDs, with a new process commencing even 
before the surface electrical activity had fully recovered (Leao and Morison  1945  ) . 
A small plug of fi lter paper (or similar material) soaked in KCl and placed onto the 
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cortical surface via a small burr hole in the skull is still widely used as a method of 
generating SD in animal models.  

 Leao showed that SD can also be described as a slow shift in direct current (DC) 
potential (Leao  1947  ) , recognized now to be due to sudden opening of ion channels 
allowing extensive redistribution of ions across the plasma membranes of both neu-
rons and astrocytes. Na +  and Ca 2+  accumulation is accompanied by a conspicuous 
extracellular K +  elevation, as recorded with ion-sensitive electrodes and Ca 2+  indica-
tors (Martins-Ferreira et al.  2000 ; Somjen  2001  ) . Release of glutamate and K +  
together are thought to be responsible for feed-forward nature of the response. 
Extracellular K +  concentration increases above about 12 mM are suffi cient to initi-
ate SD, and blockers of NMDA-type glutamate receptors are able to prevent propa-
gation of some forms of SD (Somjen  2001  ) .  

    12.2.2   Metabolic Consequences of SD 

 The extraordinary ionic shifts that accompany SD provide a trigger for substantial 
metabolic changes that occur with high temporal precision relative to the progres-
sion of SD. In early studies, a signifi cant drop in the partial pressure of oxygen 

  Fig. 12.1     Leao’s spreading depression . This fi gure from Leao’s original description of SD (Leao    
1944) shows electrocorticographic activity recorded between pairs of electrodes arranged across the 
rabbit cortex. Electrical stimulation (tetanizing frequency for 3-5 s) applied at the most frontal loca-
tion (S) induced a slowly-propagating suppression of ECoG activity. By approximately 4 min after 
the stimulus, the entire cortical region appeared electrically silent, but activity subsequently recov-
ered throughout the region as ionic gradients were restored (From Leao  1944a  ) , with permission)        
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(PO 
2
 ) was reported during the progression of SD (Van Harreveld and Stamm  1952  ) , 

and decreases in glucose and glycogen content coupled with increased lactate pro-
duction were also noted (Bures  1956 ; Krivanek  1958,   1961  ) . Robust increases in 
glucose utilization (CMR 

glc
 ) were subsequently recorded throughout the cerebral 

cortex after SD (Shinohara et al.  1979  ) , and glucose decreases were accompanied 
by reductions in ATP levels by ~50% following a single SD event in rat cortex (Mies 
and Paschen  1984  ) . 

 Because of the well-appreciated extracellular lactate increase following SD, this 
event has been used for studies of brain lactate release and uptake mechanisms, 
including efforts to understand the important question of metabolic coupling 
between neurons and astrocytes (Kocher  1990 ; Scheller et al.  1992 ; Cruz et al. 
 1999  ) . For example, in  14 Cglucose studies of SD in rat, it was concluded that SD 
results in signifi cant effl ux of lactate into venous blood, as well as diffusion through-
out other brain regions (Cruz et al.  1999  ) . 

 While the metabolic demands of SD are large, healthy brain tissue has the capac-
ity to recover quite quickly. This recovery was part of Leao’s original description of 
the transient nature of ECoG suppression, as spontaneous electrical activity was 
recovered within a few minutes  in vivo  (Leao  1944a  ) . Furthermore, when SD is 
generated by placement of KCl on the brain surface, repetitive events can be gener-
ated for hours without apparent injury, despite complete cessation of electrical 
activity during propagation of each event. Consistent with these observations, large 
decreases in phosphocreatine levels that occur in the fi rst minutes of a SD event 
recover to normal levels relatively quickly, together with restoration of extracellular 
pH (Csiba et al.  1985 ; Lauritzen et al.  1990 ; Gault et al.  1994  ) . The lack of neuronal 
damage produced by repetitive SD events in otherwise healthy brain, has also been 
demonstrated in detail (Nedergaard and Hansen  1988  ) . As discussed below 
(Sect.  12.5 ), signifi cant increases in blood fl ow accompany SD and the rapid provi-
sion of increased oxygen and glucose provides fuel for ATP-dependent pumps 
involved in restoration of membrane potential. However when SD occurs in condi-
tions where metabolic substrates are limiting, irrecoverable injury can occur 
(Sect.  12.2.3.2 ).  

    12.2.3   Pathophysiological Consequences 

    12.2.3.1   Migraine 

 Passage of SD across the visual cortex likely underlies visual aura symptoms that 
accompany some migraines. Migraine aura comprises a region of visual fi eld loss 
that moves at about 3 mm/min across the visual fi eld. After a description of aura by 
Lashley in 1941, Leao discussed the similarity between progression of migraine 
aura and the propagation rate of SD, and proposed that a progressive depression of 
activity in visual cortex might underlie aura (Leao and Morison  1945  ) . The scintil-
lating border around the scotoma as aura progresses could be explained by a brief 
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period of increased excitability prior to arrival of a SD wave. There has since been 
much work to support this idea (Lauritzen  1994 ; Pietrobon and Striessnig  2003 ; 
Eikermann-Haerter and Ayata  2010  ) , with supporting evidence including propagat-
ing changes in blood fl ow and fMRI signals during migraine in human subjects 
(Olesen et al.  1981 ; Hadjikhani et al.  2001  )  and signals corresponding to the slow 
DC shift being recorded with magnetoencephalography during migraine attacks 
(Bowyer et al.  2001  ) . While there is accumulating evidence that aura is a conse-
quence of SD, whether or not other symptoms of migraine are due to SD is not clear 
cut. It is possible that SD is one of a set of downstream consequences of some other 
initiating stimulus, but it is also possible that SD generates migraine headache. 
These issues are currently being debated (Ayata  2010 ; Charles  2010  ) . 

 Recent work has identifi ed multiple mutations that infl uence susceptibility to 
migraine in a disorder termed familial hemiplegic migraine (FHM). Mutations that 
lead to increased conductance of voltage-dependent calcium or sodium channels 
have been identifi ed, as well as mutations that lead to decreased Na + /K + /ATPase 
activity. All of these types of mutation can increase cortical excitability and impor-
tantly, in cases where these mutations are expressed in mice, there is a signifi cantly 
decreased seizure threshold (van den Maagdenberg et al.  2004 ; Eikermann-Haerter 
et al.  2009  ) . This evidence suggests that increased susceptibility to SD can explain 
the symptoms of FHM, and raises the possibility that targeting SD could be useful 
for treatment and prophylaxis.  

    12.2.3.2   Brain Injury 

 While the metabolic demands of SD can be adequately handled by healthy brain, 
there is considerable evidence to suggest that energy depletion caused by SD can be 
harmful if tissue metabolism is already partially compromised. A large body of lit-
erature has characterized an “anoxic depolarization” that occurs when neurons 
undergo a large and rapid depolarization following interruption of blood supply, and 
the injury that rapidly follows if measures are not taken to immediately restore 
blood supply (Hansen  1985  ) . In clinical situations, it is often diffi cult to restore 
perfusion quickly enough to prevent establishment of a core ischemic lesion, but 
surrounding tissue may still be viable despite a signifi cant perfusion defi cit. Such 
regions have been termed “ischemic penumbra”, and the propagation of SD events 
through penumbral tissue has been implicated in the enlargement of ischemic 
injuries. 

 Events that are very similar to SD are generated following focal ischemia, and 
since they usually originate from edge of the ischemic core, these have been termed 
peri-infarct depolarizations (PIDs) (see Hossmann  1996  ) . PIDs have been recorded 
in the hours following stroke injuries and the number of events correlates with the 
infarct size in animal models (Strong et al.  1983b ; Nedergaard and Astrup  1986 ; 
Hartings et al.  2003  ) . These events appear to play a role in the enlargement of injury, 
rather than simply being a secondary consequence of the pathology. Treatments that 
decrease PID incidence are neuroprotective (Gill et al.  1992 ; Iijima et al.  1992 ; 



33712 Optical Signals in Spreading Depression

Chen et al.  1993 ; Mies et al.  1993 ; Mies et al.  1994 ; Rawanduzy et al.  1997 ; 
Tatlisumak et al.  2000  )  and experimentally generating SD (which is normally non-
injurious) in the context of stroke substantially increases infarct size (Busch et al. 
 1996 ; Takano et al.  1996  ) . Depletion of energy substrates by the combination of 
partial ischemia with the metabolic burden of SD is likely responsible for the 
increase in injury size (Selman et al.  2004  ) . 

 An important concept that has emerged is that SD leads to impaired neurovascu-
lar coupling. This is based in part on the fact that long-lasting oligemia described 
following SD is not matched by a long-lasting decrease in regional cortical glucose 
metabolism following SD (Lauritzen and Diemer  1986  )  suggesting that the fl ow 
decrease is unlikely to be due to decreased tissue metabolic activity. In the vicinity 
of injured tissue, perfusion decreases (rather than increases) are conspicuous fol-
lowing SD (Back et al.  1994  ) , and this defi ciency is likely central to injury produced 
by SD under a range of conditions. 

 Results from these and other animal studies provided an additional impetus to 
test whether SDs are generated in humans following brain injury, and contribute to 
the enlargement of infarctions. A recent series of reports has appeared from a con-
sortium (Cooperative Study on Brain Injury Depolarisations; COSBID) which has 
used strip electrodes to make ECoG recordings similar to those originally performed 
by Leao. Electrodes have been placed after craniotomy, and have led to recordings 
of SDs for hours and days following large ischemic strokes (Dohmen et al.  2008  ) , 
subarachnoid hemorrhage (Fabricius et al.  2008 ; Dreier et al.  2009  ) , and traumatic 
brain injury (Hartings et al.  2008 ; Hartings et al.  2009 ; Sakowitz et al.  2009  ) . In 
some cases, the passage of SD has been demonstrated to coincide closely with 
enlargement of the ischemic penumbra, supporting conclusions from animal studies 
that repetitive SDs are deleterious in the injured brain (Dohmen et al.  2008  ) . 

 Based on these and other studies, there is strengthened interest in determining 
the metabolic consequences of SD events  in vivo . Identifying the relationship 
between cellular metabolism and vascular coupling is a central part of this goal, and 
optical imaging approaches can be of signifi cant utility.  

    12.2.3.3   Terminology 

 The term “cortical spreading depression” (CSD) has been used to refer specifi cally 
to the phenomenon originally described by Leao that propagates across normally-
perfused cerebral cortex. The mechanisms underlying wave-like depolarizations 
triggered by ischemia and by a variety of experimental conditions are very similar 
in many respects (or possibly identical) to classical spreading depression described 
by Leao. However since the causes and consequences of the events can be very dif-
ferent, a range of different terminologies have been introduced for post-ischemic 
depolarizations. The term “spreading depolarization” (also abbreviated as SD) has 
recently been adopted in the clinical literature to emphasize (1) the similar cellular 
events involved in propagation and (2) the central aspect of neuronal and glial depo-
larization that occur in both classical cortical spreading depression, and similar 
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events observed following ischemia (Dreier et al.  2006 ; Dahlem et al.  2008 ; Dohmen 
et al.  2008 ; Petzold et al.  2008 ; Hartings et al.  2009  ) . In the following discussion, 
the term “SD” will be used as a general term for cortical spreading depression and 
related events occurring in ischemia.    

    12.3   Autofl uorescence Studies 

    12.3.1   Introduction 

 In the 1950s and 1960s, Britton Chance and colleagues were largely responsible for 
demonstrating that changes in mitochondrial function could be assessed in complex 
tissues, using relatively straightforward optical methods. The term “autofl uores-
cence” simply refers to fl uorescence signals that are derived from endogenous fl uo-
rophores, rather than from indicators that are experimentally loaded into tissues. 
While many tissue components can contribute to autofl uorescence, nicotinamide 
adenine dinucleotide and fl avoprotein fl uorescence emission changes signifi cantly 
depending on mitochondrial redox state. In the last fi ve decades, many studies have 
exploited measures of these endogenous fl uorophores to assess metabolic conse-
quences of neuronal activation. The reader is referred to a number of excellent 
reviews that cover the history and range of applications for both NADH (Anderson 
and Meyer  2002 ; Chance  2004 ; Mayevsky and Rogatsky  2007  )  and fl avoprotein 
signals (Reinert et al.  2007 ; Shibuki et al.  2007 ; Tohmi et al.  2009  )  in studies of 
nervous system function and dysfunction. 

 It is not surprising that there is long history utilizing autofl uorescence methods 
to study SD. SD results in a profound metabolic disturbance that can be quite rigor-
ously controlled and, since the event propagates across the brain surface, the event 
can be accessible with optical methods. NADH autofl uorescence has historically 
been much more widely used than fl avoprotein signals to study SD, and the follow-
ing discussion will therefore concentrate on the NADH signals.  

    12.3.2   NADH Autofl uorescence 

 Mitochondrial ATP generation occurs as protons fl ux across the inner mitochondrial 
membrane, via ATP synthetase. A large electrochemical gradient across the mito-
chondrial inner membrane is required to power this synthesis, and the gradient is 
maintained by activity of the electron transport chain. NADH is a principal electron 
donor that supplies this process. NADH generated within mitochondria by the tri-
carboxylic acid (TCA) cycle is oxidized to NAD +  at complex I, and subsequent 
electron transfer through the electron transport chain culminates in consumption of 
molecular oxygen at complex IV (cytochrome oxidase) (Fig.  12.2 ). Thus NADH 
oxidation is required to maintain the proton gradient during periods of ATP demand, 
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  Fig. 12.2     Sources of NADH signals associated with metabolism . When excited at UV wave-
lengths, NADH is fl uorescencent but the oxidized form (NAD + ) is non-fl uorescent. NADH fl uores-
cence is also enhanced in the mitochondrial compartment, likely as a consequence of binding to 
complex I. Decreases in tissue NADH fl uorescence can occur as a consequence of increased 
demand for mitochondrial ATP synthesis and accelerated electron transport. In contrast, when 
oxygen levels are limiting, mitochondrial NADH fl uorescence increases as inhibition of complex 
IV activity decreases fl ux through the electron transport chain. In addition to mitochondrial TCA 
cycle activity, NADH is generated in the cytosol by the glycolytic enzyme glyceraldehyde phos-
phate dehydrogenase and oxidized to NAD +  by lactate dehydrogenase. Mitochondrial NADH/
NAD +  transitions appear to dominate NADH autofl uorescence transients following synaptic stimu-
lation and SD       
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and cellular O 
2
  consumption is normally tightly coupled to NADH/NAD +  transitions 

(Nicholls and Ferguson  2002  ) .  
 NADH is fl uorescent, with relatively broad excitation and emission spectra (peak 

   excitation ~340–360 nm and peak emission in the blue range ~430–450 nm; Chance 
et al.  1962,   1979 ; Harbig et al.  1976 ; Aubin  1979  ) . Importantly, early studies con-
fi rmed that pure reduced NADH had nearly identical optical characteristics as auto-
fl uorescence generated by the same wavelengths in neuronal tissues (including 
single neurons, axons and intact brain), with the exception of a small wavelength 
shift due to enzyme binding in some studies (Chance et al.  1962 ; Terzuolo et al. 
 1966 ; Doane  1967 ; Galeotti et al.  1970 ; Harbig et al.  1976  ) . While NADH is strongly 
fl uorescent (particularly in mitochondrial compartments, see below), NAD +  is non-
fl uorescent and this difference makes it possible to measure changes in the total 
NADH/NAD +  ratio in brain tissue relatively easily (Chance et al.  1962  ) . 

 The fl uorescence properties of reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) are very similar to that of NADH, and therefore it is reasonable to 
expect that NADPH should contribute to total tissue autofl uorescence. To acknowl-
edge the possible contribution of NADPH to compound signals, some groups refer 
to “NAD(P)H” signals in studies of CNS tissues (Schuchmann et al.  2001 ; 
Shuttleworth et al.  2003 ; Kahraman and Fiskum  2007  ) . However as discussed previ-
ously, NADPH levels have long been recognized to be much lower than NADH in 
brain tissue and since NADPH is not involved in electron transfer in the electron 
transport chain, it is expected to normally make little contribution to mitochondrial 
autofl uorescence transients (see discussion in Mayevsky and Rogatsky  2007 ; 
Shuttleworth  2010  ) .  

    12.3.3   Technical Considerations for Autofl uorescence 
Imaging of SD 

    12.3.3.1   Single Photon Penetration and Toxicity 

 Because no complex loading procedures are required to deliver a fl uorescent reporter 
into target cells, imaging autofl uorescence has a fundamental advantage over most 
other fl uorescence methods. However a tradeoff for this convenience is that it can be 
diffi cult to detect signal changes from a small number of active cells, if the target 
cells are surrounded by tissue with high levels of unchanging fl uorescence. For this 
reason, CNS autofl uorescence studies are often most effective when populations of 
synchronously-fi ring cells are studied. The highly coordinated waves of neuronal 
depolarization and metabolic increases that occur during SD make this event very 
well suited for autofl uorescence methods, even with imaging systems with quite low 
spatial resolution. 

 Optical approaches can be signifi cantly limited by scattering of excitation pho-
tons by brain tissue and overlying structures. Scattering is highly dependent on 
wavelength, and the short wavelengths required for NADH excitation penetrate the 
intact skull very poorly. For this reason most  in vivo  NADH studies have been done 
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by visualization through open cranial windows with the dura removed. This approach 
usually limits longitudinal studies, but it is possible to create a stable cranial win-
dow using a fi xed coverglass that can be used for repeated imaging sessions in the 
same animal (Holtmaat et al.  2009  ) . Such an approach should be suitable for 
repeated NADH studies of SD in animal models. 

 NADH imaging via cranial windows is very effective for many types of SD stud-
ies, but even with the skull and dura removed, effective NADH excitation by UV 
light is limited to superfi cial layers of the cortex. The effective excitation depth in 
rat cortex was originally speculated to be restricted to superfi cial cortical layers 
(Jobsis et al.  1971  )  and the degree of attenuation with depth has been modeled 
recently with Monte Carlo simulations (L’Heureux et al.  2009  ) . Increasing the 
intensity of UV illumination can increase the effective excitation of deeper layers, 
but it is important to note that if this is done using conventional optics, superfi cial 
tissue will be very strongly excited and complicate the analysis of signals from 
deeper structures. The large proportion of fl uorescence emission derived from shal-
low structures that do not participate in a response will reduce the signal-noise ratio 
of responses from deeper structures, and the response may be also impaired by pho-
totoxicity caused by excessive UV absorption in superfi cial tissues.  

    12.3.3.2   Two Photon Excitation 

 Partly because of penetration problems with short wavelength light, multi-photon 
excitation methods have emerged as useful for NADH imaging studies  in vitro  and 
 in vivo  (Huang et al.  2002 ; Zipfel et al.  2003 ; Rocheleau et al.  2004  ) . Multi-photon 
excitation is based on the principle that a fl uorophore requires an appropriate quan-
tum of energy to become excited to a higher energy state. Excitation energy can be 
delivered either by a single photon, or by multiple photons of lower energy (i.e. 
longer wavelengths). Multi-photon excitation is most commonly achieved with pairs 
of photons of approximately double the wavelength used for single photon excita-
tion (two photon excitation). For NADH excitation, pairs of photons (720–740 nm) 
are often used, and because these wavelengths are much less scattered than UV 
illumination, penetration into brain is greatly increased. In addition, because pairs of 
photons must be absorbed by the fl uorophore at very nearly exactly the same time, 
a very high photon density is achieved at the objective focal point by using a high 
frequency infrared laser source, and effective two photon excitation falls very steeply 
as a function of distance from the focal point. As a consequence, only a very small 
focal plane is effectively excited and this limits photobleaching of fl uorophore out-
side the region of interest. In addition to allowing for substantially improved pene-
tration into the brain, two photon excitation results in much higher spatial resolution, 
and allows NADH signals to be resolved from individual cells within complex brain 
tissue (Huang et al.  2002 ; Zipfel et al.  2003 ; Kasischke et al.  2004  ) . 

 Because infrared light is much less attenuated by bone than UV wavelengths, 
effective two photon excitation of NADH can be achieved without complete removal 
of a section of skull to form a cranial window. A number of investigators have 
developed approaches to thin a region of the rodent skull down to a few tens of 
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microns (Yang et al.  2010  ) . This needs to be done without excessive heating of the 
underlying brain, but can provide a region that is nearly transparent with two photon 
imaging, suitable for repetitive NADH imaging sessions over a period of days or 
weeks. It should be noted that while two photon approaches give a considerable 
advantage in excitation depth, the maximally effective depth of NADH imaging is 
still limited by scattering and absorption of the NADH emission photons (~450 nm). 
Thus two photon NADH imaging is still restricted to the order of hundreds of 
microns below the brain surface, and many interesting deep structures remain out of 
reach. Surgical approaches to remove overlying tissues, or light guides (fi bers or 
lenses) should be useful to assess NADH dynamics in deeper structures  in vivo  
(Jung et al.  2004 ; Levene et al.  2004 ; Barretto et al.  2009  ) . 

 Confocal microscopy using single photon excitation can improve spatial resolu-
tion by excluding emission light that is out of the focal plane and has been very effec-
tively used for NADH imaging in a range of settings (e.g. Combs and Balaban  2001 ; 
Duchen et al.  2003  ) . However, the excitation of large volumes of tissue with confocal 
microscopy can lead to signifi cantly more photobleaching of thick preparations than 
with two photon methods, and furthermore since confocal methods for NADH still 
rely on UV excitation, penetration through skull and brain tissue remains very lim-
ited. For these reasons, single photon confocal approaches have been largely sur-
passed by multiphoton methods for imaging of NADH in brain slices and  in vivo .  

    12.3.3.3   Correction of NADH Signals for Optical Artifacts 

      Interference from Hemodynamic Responses 

 It was Leao who fi rst described a dramatic change in cerebral blood fl ow associated 
with SD (Leao  1944b  ) . He reported that SD was associated with a wave of vasodila-
tion and increased fl ow in arteries of all sizes, and concluded that the increase in 
vessel diameter (in the order of 50–100% increase) was signifi cantly larger than that 
produced by hypercapnia. Leao also noted that fl ow in veins was increased, and that 
they rapidly became red. Leao concluded that the vascular response was secondary 
to local change in activity neuronal tissue and speculated that the increase in fl ow 
probably infl uenced the activity of the neurons (Leao  1944b  ) . The temporal rela-
tionship between pial vessel changes and SD was examined in more detail by Van 
Harreveld and Stamm  (  1952  )  who concluded a wave of vasoconstriction occurs 
together with the slow potential change and decreased PO 

2
 , and proposed an asphyx-

ial mechanism for the propagation of suppression of surface electrocorticographic 
activity. The relationship between blood fl ow and neuronal activity or injury has 
since been examined in considerable detail using a range of methods, including 
laser dopper fl ow and autoradiographic measures. Although there can be signifi cant 
species differences in responses, experimental SD is often accompanied by a tran-
sient increase in cortical blood fl ow, and a subsequent longer-lasting fl ow decrease 
(Lauritzen et al.  1982 ; Wahl et al.  1987 ; Piper et al.  1991 ; Dreier et al.  1998 ; Busija 
et al.  2008  ) . In mice, a signifi cant early hypoperfusion has also been noted that 
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coincides with the duration of the DC shift (Ayata et al.  2004 ; Brennan et al.  2007b  ) . 
Prominent vascular responses that occur during the progression of SD have been 
exploited to track (with fMRI and PET approaches) SD events that occur in human 
subjects during migraine attacks (Woods et al.  1994 ; Hadjikhani et al.  2001  ) . 

 As discussed in more detail below (Sect   . 12.4.2), the absorption of light by 
hemoglobin is dependent on the degree of oxygen binding, and occurs over wave-
lengths that overlap with the NADH emission fl uorescence spectrum. Thus hemo-
dynamic changes have the potential to decrease the amount of autofl uorescence 
emission that is detected, even if there are no changes in NADH redox state.  

      Interference from Cell Swelling 

 In addition to hemodynamic effects, a substantial tissue swelling response has long 
been recognized during SD, and this can also be a signifi cant confound to small 
autofl uorescence optical signals. 

 Van Harreveld fi rst clearly demonstrated a swelling of neurons following SD-like 
events associated with ischemia in rabbit cortex (Van Harreveld  1957  )  and subse-
quently showed that apical dendrites of neurons swelled following SD generated by 
electrical stimulation in the same preparation (Van Harreveld  1958  ) . The swelling 
response produces a reliable change in light scattering, and this is of suffi cient mag-
nitude that the progression of SD can be seen by the naked eye in some preparations 
(e.g. Martins-Ferreira and de Castro  1966  ) . The transmission of white (or fi ltered 
red light) through thin preparations is also dramatically modifi ed by cellular swell-
ing during SD, and intrinsic optical signals generated by transmitted light have been 
widely used to track SD in brain slices (Aitken et al.  1999 ; Jarvis et al.  1999 ; 
Anderson and Andrew  2002  ) . 

 Recent studies have utilized two photon imaging to examine in more detail the 
optical signals generated by swelling of neurons and astrocytes during SD. In addi-
tion to showing a rapid neuronal swelling coincident with SD, a transient loss of 
dendritic spines was also noted that could contribute to the temporary silencing of 
electrical activity following SD (Takano et al.  2007  ) . Two photon studies of murine 
cortical brain slices have demonstrated that astrocytes swell following hyposmotic 
stress and K +  exposures (Risher et al.  2009  ) , however when the relative contribu-
tions of neurons and astrocytes were specifi cally studied in relation to SD onset in 
rat hippocampal slices, it was shown that neurons undergo a rapid and transient 
swelling, while astrocytes undergo a passive swelling in response to K +  elevations 
(Zhou et al.  2010  ) . 

 In addition to reversible swelling responses due to water movement, stereotypical 
changes in light transmission can occur as a consequence of neuronal injury. Ischemia 
or exposure to high concentrations of glutamate receptor agonists can generate a 
stereotypical pattern of dendrite swelling punctuated by severely constricted regions. 
This gives the dendrite the appearance of “beads on a string” and is associated with 
signifi cant rearrangement of structural proteins and irreversible injury (Swann et al. 
 2000 ; Hoskison and Shuttleworth  2006 ; Greenwood et al.  2007  ) . Dendritic beading 
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is prominent when SD occurs in metabolically compromised conditions, and it has 
been concluded that the extreme structural rearrangement can underlie persistent 
increases in light scattering (Obeidat and Andrew  1998 ; Andrew et al.  1999  ) .  

      Correction from Refl ectance Changes 

 A refl ectance subtraction method has been widely used to correct for the impact of 
swelling and hemodynamic changes on NADH responses. Tissues are illuminated 
with UV light to excite NADH fl uorescence, and the intensity of UV light refl ected 
from the cortical surface is collected together with the NADH fl uorescence emis-
sion. Subtraction of the refl ectance signal generates a corrected NADH fl uorescence 
signal, which was fi rst validated by Jobsis and colleagues for studies of epliptiform 
activity in perfused cat cortex (Jobsis et al.  1971  ) . A similar correction approach was 
utilized soon thereafter in cortical slices  in vitro  by Lipton, to report corrected bipha-
sic changes in NADH fl uorescence following sustained electrical stimulation (Lipton 
 1973a,   b  ) . The work of Mayevsky and Chance  (  1974  )  provided a detailed justifi ca-
tion of the subtraction method for SD studies  in vivo , and showed that simple 1:1 
subtraction provides appropriate compensation for vascular effects during SD. The 
initial subtraction method was later extended by methods to include measurement of 
fl uorescence at the isobestic wavelength of hemoglobin-oxygemoglobin transitions 
(445 nm) in cat cortex (Harbig et al.  1976  ) . These subtraction methods and their 
limitations have been discussed in detail relatively recently (Bradley and Thorniley 
 2006 ; Mayevsky and Rogatsky  2007  ) . While there are some limitations, correction 
for refl ectance changes have been very important for assessment of NADH responses 
during SD, since the initial oxidation phase of NADH responses during SD  in vivo  
might be completely missed without this correction (see Mayevsky et al.  1974  ) . 

 The refl ectance correction method has been used routinely in NADH studies that 
utilize fl uoremeters to record averaged fl uorescence signals from a region of interest 
on the cortical surface. However, the same approach is not usually applied in CCD-
based imaging studies of SD progression across the brain. It has been noted that 
CCDs lack sensitivity to UV light, making it very diffi cult to measure meaningful 
refl ectance signals together with the blue light fl uorescence emission of NADH 
(Strong et al.  1996  ) . This limitation requires that hemodynamic and swelling responses 
are carefully considered in the interpretation of uncorrected NADH signals  in vivo .  

      Comparison with Flavoprotein Autofl uorescence 

 Comparison with fl avoprotein (FP) autofl uorescence signals can be an additional 
useful test for contamination of NADH autofl uorescence signals by changes in tissue 
swelling or light absorption. Mitochondrial FP fl uorescence changes are directly 
coupled to NADH responses, however the redox sensitivity of the two signals 
are inverted with respect to each other. Thus mitochondrial oxidation leads to FP 
fl uorescence increases, coincident with NADH fl uorescence decreases. Conversely, 
FP fl uorescence decreases and NADH increases occur during transitions to more 
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reduced mitochondrial redox states (see discussion in Shuttleworth  2010  ) . Thus if 
NADH and FP signals have similar kinetics but are of opposite sign, then it is likely 
that the responses are both of mitochondrial origin. Conversely, if the fl uorescence of 
both signals change in parallel, it is likely that changes in light absorption and scat-
tering make a major contribution to the signals (Shuttleworth  2010  ) . 

 The development of a dual-wavelength fl uorometer permitted simultaneous 
NADH/FP measurements to be made (Chance et al.  1971  )  and scanning measure-
ments of mitochondrial redox ratio have also been achieved (Chance et al.  1979  ) . 
For CCD-based recording, near-simultaneous imaging can be done by alternating 
fi lter sets (Duchen  1992 ; Mironov and Richter  2001 ; Shuttleworth et al.  2003 ; 
Brennan et al.  2004 ; Brennan et al.  2007a  ) . However the broad emission spectra of 
NADH means that it is also possible to using a single fi lter set (e.g. 505 nm beam-
splitter and a single 510/40 nm bandpass fi lter) to make virtually simultaneous mea-
surements of both fl uorphores, if the excitation wavelength is switched quickly with 
an excitation fi lter changer of monochromator. This arrangement leads to loss of a 
great deal of the NADH fl uorescence signal, but still allows enough transmission to 
measure inverted NADH/FP signals (Hepp et al.  2005 ; Gerich et al.  2006  ) . 

 In comparison to NADH signals, there have been few reports of FP autofl uores-
cence dynamics during SD  in vivo . However FP signals have been utilized together 
with NADH to characterize mechanisms underlying energy depletion in response to 
spreading depression in the gerbil (Haselgrove et al.  1990  ) , and to track the propa-
gation of a related propagating depolarization in mouse cerebellar cortex (Chen 
et al.  2005  ) .    

    12.3.4   NADH Autofl uorescence Signals During Normoxic SD 

    12.3.4.1   Single Site Recordings 

 In the early 1970s, Jobsis and colleagues utilized a fl uorimeter system to make 
simultaneous fl uorescence and refl ectance measurements from a region of cat cor-
tex and reported NADH fl uorescence dynamics corrected for changes in hemody-
namic and/or swelling changes. They reported NADH transients during a range of 
stimuli, including evoked seizure activity (Jobsis et al.  1971  )  and graded electrical 
stimulation (Rosenthal and Jobsis  1971  ) . The same system was soon used by 
Rosenthal and Somjen for study of mitochondrial activity during SD, elicited by 
electrical stimulation or elevated K +  in normoxic cat brain (Rosenthal and Somjen 
 1973  ) . A signifi cant question at the time was whether brain metabolism was defi -
cient prior to SD, and was responsible for the initiation and propagation of the 
event. However it was clearly found that there was no NADH fl uorescence 
decrease prior to SD, but a substantial decrease occurred following SD. (Fig.  12.3 ). 
This early observation was consistent with the accumulating evidence that SD 
involved a profound metabolic challenge to brain tissue (see Sect.  12.2.2  above), 
and the authors discussed possible roles for both astrocytes and neurons in the meta-
bolic signals generated (Rosenthal and Somjen  1973  ) .  
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 At around the same time (Mayevsky and Chance  1974  )  reported similar large 
NADH fl uorescence decreases during SD, using a newly-developed dual fl uorom-
eter coupled to the recording site by a fl exible light pipe. The use of small light 
guides also allowed positioning of NADH and refl ectance measurements close to a 
double-barreled K +  sensitive microelectrode, and EEG electrodes. From these stud-
ies it was confi rmed that the durations of NADH decreases were very closely 
matched with extracellular K +  increases that occurred during the spread of SD 
(Mayevsky et al.  1974  ) . NADH oxidation signals were interpreted to be triggered by 
ATP decreases that occurred after strong activation of plasma membrane 
Na + K + ATPase pumps, and increased O 

2
  consumption that accompanied increased 

blood fl ow (Mayevsky et al.  1974  ) . When the relationship between NADH oxida-
tion and K +  elevations was examined further, a linear relationship was observed 
with moderate electrical stimulation in cat cortex, but the NADH oxidation response 
was much larger for SD than would be expected from that relationship. It was sug-
gested that this might be due to recruitment of an auxiliary source of ADP (i.e. a 
reserve ATP pool) that is called upon during SD, or possibly a failure of metabolic 
regulation following SD (Lothman et al.  1975  ) . 

 While single-site studies of SD  in vivo  have often reported monophasic NADH 
decreases, this is not always the case. Some studies report that initial the oxidation 
phase is followed by a large and longer-lasting NAD +  reduction phase following 
passage of SD (e.g. Rex et al.  1999  ) . This may be due to differences in measurement 
methods, but as discussed below (Sect. 12.7.2) differences in oxygen availability 
between experimental models can also strongly infl uence the polarity of NADH 
signals after SD.  

  Fig. 12.3     NADH oxidation during SD . This fi gure is taken from one of the initial descriptions of 
NADH decreases in cortex during SD (Rosenthal and Somjen  1973  ) . The top trace (FL) is the fl uo-
rescence emission from the cortical surface, generated by UV excitation. This record was corrected 
for changes in UV absorption during SD by subtracting the refl ectance signal (Ref) to generate the 
characteristic signal attributed to NADH oxidation (F-R). The lower three traces are simultaneous 
electrical recordings of SD, including slow potential changes at two depths under the corticla 
 surface (0.5 and 2.4 mm) and surface EEG activity (From Rosenthal and Somjen  1973   , with 
permission)       
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    12.3.4.2   Full Field Imaging 

 The application of CCD-based imaging and two photon imaging has been very use-
ful to assess propagation of SD events across the brain surface and cellular mecha-
nisms that contribute to recovery. One of the early studies involved measurement of 
waves of NADH fl uorescence during SD triggered by localized K +  application onto 
the surface of the gerbil cortex (Hashimoto et al.  2000  ) . The CCD was placed over 
a cranial window (2 × 3 mm), and K +  was applied at a burr hole some distance away 
to initiate SD events that would spread through the recording fi eld. Images were 
taken relatively slow frame rate (every 5 s), but it was possible to visualize the 
propagation of a long-lasting NADH increase across the fi eld of view at a rate con-
sistent with SD. It was curious that an initial NADH oxidation phase was not 
observed during SD, and it is possible that without adequate correction for refl ec-
tance changes (see above), the oxidation phase was obscured by optical interference 
from hemodynamic changes. 

 Two photon imaging has recently been employed to examine the spatial distribu-
tion of NADH changes following SD evoked by localized injection of KCl under 
the cortical surface of anesthetized mice (Takano et al.  2007  ) . The high resolution 
of the images revealed a very interesting heterogeneity of signals that suggested 
regional differences in oxygen availability (Fig.  12.4 ). Initial fl uorescence decreases 
were observed throughout the imaging fi eld during SD, but fl uorescence increases 
after SD occurred in an organized pattern that was defi ned by the vascular architec-
ture. The signals were not corrected for possible heterogeneity in swelling or 
increased absorption of NADH fl uorescence emission, but if these heterogeneity is 
indeed due to differences in NADH fl uorescence, it can be taken to imply that 
NADH oxidation was limited in tissue where O 

2
  availability was more limited due 

to longer diffusion distances from vessels (Takano et al.  2007  ) . This high resolution 
study also directly demonstrated that if responses were averaged over a whole 
region imaging, regional heterogeneity was lost. It was also concluded that the 
NADH transitions following SD do not involve a cellular pattern, and are thus 
unlikely not to involve neurons and/or astrocytes specifi cally, but may be a meta-
bolic response that is common to all cell types as a consequence of metabolic 
demands placed by the SD event (Takano et al.  2007  ) .    

    12.3.5   Mechanisms Underlying NADH Signals 

    12.3.5.1   Change in Mitochondrial Redox Potential 

 Since early studies of NADH and SD, there has been a strong consensus that the 
signals are due to changes in mitochondrial redox state. Although NADH is involved 
in cytosolic as well as mitochondrial metabolism, the fl uorescence of NADH in 
mitochondrial compartments appears to dominate fl uorescence recordings under 
most synaptic stimulation conditions (see discussion in Shuttleworth  2010  ) . Thus in 
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early studies of surface NADH recordings from cat cortex, it was concluded that 
mitochondrial dehydrogenase activity, rather than cytosolic NADH transitions, was 
the prominent source of NADH signals following epileptiform activation (Jobsis 
et al.  1971  ) . 

 The classical NADH oxidation observed during normoxic SD was described as 
a “state 4-3-4 metabolic transition at the mitochondrial level” (Mayevsky et al. 
 1974  ) . These states refer to different mitochondrial redox potentials described by 
Chance and Williams, where state 4 is a resting state with mainly reduced NADH, 
and state 3 is an activation state where ADP levels rise and NADH is oxidized as 
electron transport is accelerated (Chance and Williams  1955a,   b,   c  ) . Lothman and 
co-workers reemphasized that “labile” component of NADH signals is derived 
almost exclusively from intramitochondrial NADH, and that changes in redox level 

  Fig. 12.4     Regional heterogeneity of NADH signals during SD . The recent application of two 
photon imaging to SD  in vivo  revealed a distinct pattern of NADH dynamics during SD that was 
determined by proximity of tissue to blood vessels. The fi gure is modifi ed from Takano et al .  
 (  2007  ) , and  left hand panels  show autofl uorescence attributed to NADH at the peak of the DC 
potential shift of SD ( top ), vascular distribution identifi ed following FITC-dextran injection ( mid-
dle ). The  merged image  ( bottom ) shows that autofl uorescence decreases are concentrated around 
vessels, while fl uorescence increases are prominent at greater distances from the vessels. The lon-
ger diffusion distance for O 

2
  and consequent hypoxia could explain fl uorescence increases at sites 

more distant from vessels during SD. The traces show the DC potential shift ( black ) and the differ-
ent fl uorescence decreases adjacent to the recording electrode, in regions close ( green ) and more 
distant from a vessel ( brown ) (From Takano et al.  2007  )        
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of NADH measured with fl uorescence methods report relative rates of oxidative 
metabolism (Lothman et al.  1975  ) . Much subsequent work was done to characterize 
the infl uence of levels of ischemia, anesthesia, drugs on mitochondrial function 
using NADH signals during SD signals, and has been reviewed previously 
(Mayevsky and Rogatsky  2007  ) . 

 In many studies where tissue NADH simply recovered back to pre-stimulus lev-
els after SD, it could be concluded that mitochondria recovered from state 3 back to 
state 4 as plasma membrane ionic gradients were restored. However in cases where 
NADH levels signifi cantly increased after SD, additional explanations are required. 
As noted above, the availability of oxygen to support mitochondrial metabolism is 
likely a central issue, as limitations will lead to increased NADH fl uorescence and 
this may be easier to detect with higher resolution measurements (e.g. Takano et al. 
 2007  ) . However it is also possible that cation accumulation itself leads to increased 
TCA cycle activity and increased mitochondrial NADH. 

 SD is associated with very large Ca 2+  increases (Kunkler and Kraig  2004 ; Dietz 
et al.  2008  ) , which are suffi cient to cause mitochondrial depolarization (Bahar et al. 
 2000  ) . Much work has characterized stimulation of mitochondrial dehydrogenases 
by Ca 2+ , and led to the suggestion that Ca 2+  accumulation couples neuronal activity 
to metabolism increases. In an important study of mechanisms underlying NADH 
dynamics in isolated neurons, it was concluded that mitochondrial Ca 2+  accumula-
tion and consequent stimulation of dehydrogenases was responsible for the promi-
nent NADH increases that persist after transient depolarization (Duchen  1992  ) . It is 
not yet known whether the very large increases in neuronal Ca 2+  can contribute to 
NADH increases after SD. 

 From studies in brain slices, it was also found that NADH increases (“over-
shoots”) could occur following transient neuronal depolarization in the absence of 
Ca 2+  (Shuttleworth et al.  2003  ) . The mechanism(s) underlying these responses it not 
yet known, but on the basis of Na +  replacement experiments, it was speculated that 
metabolic consequences of Na +  accumulation could contribute to increased TCA 
cycle activity. It has also been suggested that large NADH increases after stimula-
tion could occur partly because of inadequate supply of O 

2
  in the brain slice (Turner 

et al.  2007  ) . However, this seems unlikely from the responses seen during repetitive 
challenge with synaptic stimulation at various time points during the “overshoot” 
phase. If overshoots were due to O 

2
  depletion, then it should be more diffi cult to 

generate a state 4 to state 3 transition, when synaptic stimulation is applied at the 
peak of NADH overshoots, yet initial NADH oxidation responses are virtually 
unchanged (Brennan et al.  2007a  ) . The relative contributions of localized O 

2
  deple-

tion and metabolic consequences of cation loading to NADH increases after the 
extraordinary metabolic challenges of SD are yet to be determined.  

    12.3.5.2   Possible Contributions from Astrocyte Metabolism 

 Astrocyte function is likely and important regulator of initiation and propagation of 
SD (Somjen  2001  ) , presumably because of the central roles of these cells in buffer-
ing extracellular glutamate and K +  concentrations (   Danbolt  2001 ; Kofuji and 



350 C.W. Shuttleworth

Newman  2004 ). Consistent with this assumption, selective inhibition of astrocytic 
mitochondrial metabolism with the toxin fl uorocitrate accelerates the onset of, and 
consequences of SD (Largo et al.  1997 ; Lian & Stringer  2004 ) and prolonged expo-
sures to glial toxins alone can initiate SD accompanied by irreversible neuronal 
injury (Canals et al.,  2008 ). These fi ndings imply that mitochondrial function in 
astrocytes is important for the regulation of SD, but the extent to which astrocyte 
mitochondrial function contributes to NADH autofl uorescence signals following 
SD is currently unclear. 

 Although mitochondrial inhibitors impair astrocyte function in SD, astrocytes 
are usually considered to rely heavily on glycolysis for ATP synthesis. Glycolysis 
depends on cytosolic NAD +  as a cofactor for activity of glyceraldehyde phosphate 
dehydrogenase. Conversion of pyruvate to lactate serves to reoxidize NADH to pro-
vide the NAD +  that is required to maintain glycolysis during O 

2
  depletion. Thus 

strong activation of glycolysis could potentially contribute to NADH increases if O 
2
  

is available, but signifi cant cytosolic NADH accumulation would not be expected if 
there were tight coupling between glycolysis and lactate formation. 

 Glycolysis has been suggested as a candidate for large NADH increases that 
occur following prolonged periods of electrical stimulation of guinea-pig cortical 
slices (Lipton  1973b  ) . A more recent two photon imaging study suggested that 
NADH increases following synaptic stimulation of rat hippocampal slices were 
restricted to astrocytes (rather than neurons), and that this was in turn due to stimu-
lation of glycolysis by astrocytic glutamate uptake (Kasischke et al.  2004  ) . The 
latter suggestion was based on spatial and temporal segregation of NADH signals 
between neurons and astrocytes, and was suggested to be due to stimulation of 
glycolysis by astrocytic glutamate uptake. This interesting possibility is diffi cult to 
test pharmacologically, since the key experiments require block of glycolysis with 
procedures that maintain substrate for oxidative metabolism. However from subse-
quent studies in murine hippocampal slices, it was concluded that either glycolytic 
inhibition or inhibition of astrocytic glutamate uptake did not reduce overshooting 
NADH increases, over a range of synaptic stimulation durations (Brennan et al. 
 2006  ) . These results suggested that glycolysis was not necessary to generate robust 
NADH overshoots, but it was acknowledged that supply of low pyruave concentra-
tions to support oxidative metabolism could artifi cially shift metabolism from gly-
colytic to oxidative processes. For this reason, it was useful to note that comparison 
of NADH and FP responses under the same stimulation conditions (without supple-
mental pyruvate) supported the conclusion that both components of NADH 
responses were unlikely to involve glycolysis in murine brain slices (Brennan et al. 
 2006,   2007a  ) . 

 These fi ndings are in agreement with the general assumption that mitochondrial 
metabolism predominates in optical measures of NADH metabolism following acti-
vation of brain tissue, and this topic has been reviewed in more detail recently 
(Shuttleworth  2010  ) . However it may be useful to emphasize that the ability to mea-
sure robust mitochondrial NADH transients with fl uorimeter and CCD-based imaging 
systems does not provide evidence that signifi cant accumulation of NADH in the 
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cytosol due to activation of glycolysis does not occur. What these results do suggest is 
that if such accumulation occurs, it may be too small to detect in comparison to much 
larger signals generated by NADH/NAD +  transitions that occur in an environment 
(mitochondria) that leads to much brighter fl uorescence (Shuttleworth  2010  ) . 
Additional high resolution studies, coupled with pharmacological tests for metabolic 
pathways involved, are needed to directly test whether glycolytic NADH signals can 
be clearly demonstrated in the cytosol of astrocytes. Discrimination between mito-
chondrial and cytosolic signals will be of particular interest during SD, when lactate 
production accelerates.  

    12.3.5.3   Contributions of Neuronal Compartments to NADH Transients 

 An important early study of mechanisms underlying NADH transients was under-
taken using isolated dorsal root ganglion neurons, and showed that brief depolariza-
tion resulted in initial NAD(P)H fl uorescence decreases, followed by a longer-lasting 
overshooting NADH. The fact that these signals were generated by direct depolar-
ization of isolated neurons provided clear evidence that neurons alone could be 
suffi cient to explain both phases of biphasic NAD(P)H transients observed in brain 
slices or  in vivo  (Duchen  1992  ) . Relatively few studies have dissected the relative 
contributions of different neuronal compartments to brain autofl uorescence tran-
sients in complex brain tissue, however it is possible that both presynaptic and post-
synaptic neuronal elements could contribute to NADH signals during SD. 
Mitochondria are densely accumulated in perinuclear regions in nerve cell bodies, 
but are also found in distributed throughout dendrites and axons (see Kann and 
Kovacs  2007  for review) and recent work has demonstrated signifi cant traffi cking of 
mitochondria through these processes (Chang and Reynolds  2006 ; Mironov  2006  ) . 
Consistent with the idea that dendritic processes can contribute to NADH signals, 
two photon imaging has shown that localized high K +  produces biphasic NADH 
transients in single dendritic processes of isolated Purkinje neurons (Hayakawa 
et al.  2005  ) . 

 Ionic loading is also expected to place signifi cant metabolic demands on presyn-
aptic compartments following SD presynaptic mitochondrial function may also be 
expected to contribute to compound NADH transients during these responses. 
Concentrations of mitochondria have been localized to some presynaptic terminals 
(Rowland et al.  2000  )  and pharmacological evidence has implied that mitochondrial 
Ca 2+  uptake can modulate presynaptic Ca 2+  transients (Tang and Zucker  1997 ; 
Zucker  1999  ) . Consistent with a role in presynaptic metabolism, NADH transients 
have recently been documented in a preparation of neurosecretory terminals 
(Kosterin et al.  2005  ) , and NADH fl uorescence decreases in nerve terminals at the 
neuromuscular junction following extended electrical stimulation (Talbot et al. 
 2007  ) . Within the CNS, parallel fi ber stimulation also leads to some pre-synaptic 
NADH transients (Diez-Garcia et al.  2005  ) , however it does appear that these are 
relatively small, and signals are dominated by postsynaptic responses.    
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    12.4   Optical Imaging of Intrinsic Optical 
and Hemodynamic Signals During SD 

    12.4.1   Introduction 

 As discussed above, vascular changes during SD can interfere signifi cantly with 
autofl uorescence measurements, but it has long been appreciated that intrinsic opti-
cal signals attributed to vascular dynamics can provide valuable insights into oxy-
gen delivery and recovery following SD (Rosenthal and Somjen  1973  ) . A range of 
optical methods has been used to assess blood fl ow and hemoglobin desaturation 
during SD in diverse experimental settings, and this large body of work will not be 
reviewed in detail here. The following section will instead introduce some of the 
main approaches that can provide high resolution imaging of spreading changes in 
hemoglobin oxygen saturation and blood fl ow related to SD.  

    12.4.2   Optical Detection of Vascular Changes 

 The optical spectra of oxygenated and deoxygenated hemoglobin (Hb) that underlie 
differences in the color of blood are plotted in Fig.  12.5 . Light refl ected from 

  Fig. 12.5     Absorbance spectra of oxyg-hemoglobin and deoxy-hemoglobin . A clear separation in 
the spectra occurs above 600 nm, so that changes in the amount of refl ected red light can be used to 
assess changes in deoxyhemoglobin levels. Conversely, at green wavelengths (~530–570 nm), the 
absorption of the two species overlaps to such an extent that changes in refl ectance of green light can 
provide information on changes in local cerebral blood volume, independent of changes in blood 
oxygen saturation. Since absorption of both species is very low above ~800 nm, changes in infrared 
signals can be used to assess light scattering changes. Data were obtained from   http://omlc.ogi.edu/
spectra/hemoglobin/    , by S. Prahl, Oregon Medical Laser Center. Replotted with permission       
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well-oxygenated vessels has a more intense red appearance because deoxygenated 
Hb continues to absorb light through red wavelengths (>~590 nm), while there is 
almost no absorption in this range by oxygenated Hb. Based on this difference, 
imaging at wavelengths above 600 nm has commonly been used to assess blood 
oxygenation supplying brain tissue. From Fig.  12.5 , discrimination between oxy 
and deoxyHb could also theoretically be achieved at shorter wavelengths but longer 
wavelengths are favored partly because of good penetration into the brain tissue, 
including through thinned skull windows. Figure  12.5  also shows that the absorp-
tion of oxy and deoxy Hb is identical at some wavelengths (e.g. ~500 nm) and if a 
range of green wavelengths is assessed (~530–570 nm) absorption of the two spe-
cies overlaps to such an extent that changes in refl ectance of green light can provide 
information on changes in local cerebral blood volume, independent of changes in 
blood oxygen saturation (Fujita et al.  2000 ; Dunn et al.  2005 ; Vanzetta et al.  2005  ) . 
Imaging changes in blood oxygenation and volume using red and green light  in vivo  
is usually termed intrinsic optical imaging, and has had very wide application for 
monitoring the regional activation and plasticity of cortical structures (Frostig et al. 
 1990 ; Nemoto et al.  1999 ; Hillman  2007 ; Prakash et al.  2009  ) .  

 High resolution optical imaging of brain hemodynamic signals has usually been 
achieved by using fi lter-based systems and CCD cameras, but alternative approaches 
include laser illumination and near-infrared spectroscopic analysis of oxy and deoxy 
Hb shifts. A more recent development in optical imaging of SD has been the appli-
cation of laser speckle contrast analysis (LSCA). LSCA was originally developed 
for studies of fl ow in retina (reviewed in Briers  2001  )  but has since become widely 
used for studies of cerebral blood fl ow. The method is an extension of single-point 
laser Doppler fl ow (LDF) measurements, and is based on changes in the speckled 
appearance of brain under laser illumination. The speckling is due to a random 
interference effect, and the image contrast is highest when particles within the image 
are stationary, or at least moving slowly. When red blood cells move more quickly 
in an image fi eld, image contrast is reduced. The interference effect requires laser 
illumination and, like standard laser dopper fl ow analysis, there remains diffi culty 
in measuring absolute changes in CBF, although a calibration method has been vali-
dated in a study of SDs generated by ischemia in cat cortex (Strong et al.  2006  ) . 
Many studies have utilized open skull preparations, but recent work has begun to 
utilize LCSA for imaging through thinned skull windows (Parthasarathy et al. 
 2008  ) , which should be useful for longitudinal studies of SD in rodents.  

    12.4.3   Signals During Normoxic SD 

 Figure  12.6  provides an example from a study that examined intrinsic optical 
responses in rat cortex, using a thinned skull preparation (Ba et al.  2002  ) . SD was 
initiated by a pin prick, using a 32 gauge needle inserted briefl y through a burr hole 
drilled a few millimeters distant from the imaging site. This is a useful example, 
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because the brain surface was illuminated with white light and refl ected light were 
fi ltered at three wavelength bands centered at 550 (530–570 nm), 610 (605–615 nm) 
and 850 (845–855 nm), and signals from an intravascular fl uorescent dye (Texas 
Red dextran) are also shown (Ba et al.  2002  ) . As discussed above, 550 nm refl ection 
was used to assess changes in total hemoglobin concentration, 610 nm for oxy-
deoxy Hb shifts, and 850 nm signals for light scattering effects that are not signifi -
cantly contaminated by Hb absorption. In this report, the authors concluded that a 
decrease in deoxyhemoglobin occurred soon after SD, as blood volume and fl ow 
increase to such a degree that O 

2
  supply exceeds demand of the tissue, and conclude 

that these early signals are similar to the normal neurovascular coupling seen fol-
lowing physiological stimulation of somatosensory cortex (Ba et al.  2002  ) . However 
at later time points post-SD, an increase in 610 nm signals is interpreted as increased 
O 

2
  demand being larger than supply (Ba et al.  2002  ) . These and other intrinsic opti-

cal imaging studies in a range of preparations are currently being used to investigate 
regulation of SD propagation and neurovascular coupling (e.g. Chang et al.  2010  ) , 

  Fig. 12.6     Intrinsic optical signals during SD . This fi gure is taken from Ba et al.  (  2002  )  and 
illustrates a number of different optical signals recorded from the rat cortical surface, following 
initiation of SD with a pinprick As noted in the text, intrinsic signals were centered at 550 ( blue 
trace ), 610 ( purple trace ) and 850 nm ( green trace ) to assess blood volume, deoxgyhemoglobin 
and light scattering changes, respectively. The red trace is from intravascular injection of an indica-
tor dye Texas Red dextran and plots from different trials have been aligned to form this composite 
fi gure. Soon after SD (~40 s on trace) a signifi cant increase in 550 and 850 nm absorption (plotted 
as refl ectance decrease) is seen, and the increase in blood fl ow at this time point is also visualized 
as an increase in the intravascular dye signal. The decreased deoxyhemablobin signal (610 nm) at 
this time point suggests a normal neurovascular coupling response, similar to that observed with 
refl ex stimulation. However at later time points (>60 s on trace), decreased blood fl ow signals and 
increased deoxyhemoglobin absorption implies inadequate neurovascular coupling (From Ba et al. 
 2002 , with permission )        
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and also the propagation of vascular reactivity changes. For example, (Brennan 
et al.  2007b  )  recently examined in detail the relationship between the diameter of 
surface arterioles and intrinsic optical signals recorded from the parenchyma. 
Interestingly, they found that a dilation response propagated throughout the vascular 
network signifi cantly faster than the DC shift or parencymal change accompanying 
SD, and suggested that specifi c vascular conduction pathways are activated prior to 
SD (Brennan et al.  2007b  ) .  

 LSCA of fl ow changes has emerged as a very useful complementary approach 
for tracking SD. In an early application, LSCA measurements was used to monitor 
SD evoked by K +  in mouse cortex, and provided reliable detection of an initial 
hypoperfusion phase that coincided with the shift in DC potential (Ayata et al. 
 2004  ) . LSCA has been successfully combined with simultaneous measurements of 
intrinsic optical signals following SD in rat cortex (Dunn et al.  2003  ) , and a combi-
nation of LSCA and glucose microdialysis was used to characterize the temporal 
relationship between SD progression and the substantial depletion of extracellular 
glucose concentration that ensues (Hashemi et al.  2008  ) .   

    12.5   Optical Imaging of Metabolism During SD 
in the Context of Brain Ischemia 

    12.5.1   Introduction 

 As part of his early descriptions of SD in rabbit cortex, Leao reported the effects of 
transient common carotid occlusion. The basilar artery was clipped in these ani-
mals, so that bilateral carotid artery occlusion would produce a rapid and profound 
cerebral ischemia without compensation from vertebral artery supply. After about 
2–5 min of ischemia, a slow potential shift underlying SD was recorded. Recordings 
were made from arrangements of fi ve electrodes placed across the cortical surface, 
and although a propagation rate was not reported, the asynchrony of the responses 
was consistent with a spreading response over the brain surface (Leao  1947  ) . Leao 
also described the effects of brief ischemia (1 min) applied to tissue that was under-
going SD generated by electrical stimulation. Ischemia caused a marked prolonga-
tion and enlargement of the voltage shift associated with SD (Leao  1947  ) . These 
observations fi rst raised the idea that ischemia can prolong ionic disruptions of SD, 
and that ischemia itself can trigger propagating depolarizing events. As noted above 
in Sect.  12.2 , a signifi cant body of work has concentrated on the contributions of SD 
to ischemic brain injury in animal models, and recent studies have greatly strength-
ened the suggestion that SD contributes to the evolution of ischemic infarction in 
human subjects. 

 Electrophysiological recordings of DC shifts and ECoG activity have been cen-
tral to efforts to identify the SD events that accompany ischemia (Strong et al. 
 1983a ; Nedergaard and Astrup  1986  ) . From such studies, a relationship between the 
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number of events and infarct volume has been established, and the effectiveness of 
non-specifi c inhibitors of SD on reduction of lesion volume has been demonstrated 
(see Hossmann  1996  )  However optical imaging has also contributed signifi cantly to 
understanding of how repetitive SDs contribute to the expansion of injury, partly 
because of the ability to examine the relationship between regional changes in 
metabolism and blood fl ow. As described in Sect.  12.4.1 , a substantial increase in 
blood fl ow accompanies normoxic SD, and this helps meet increased energy 
demands. However the ability to increase fl ow in peri-infarct areas can be greatly 
reduced. From a variety of experimental approaches, it has been demonstrated that 
SD events in peri-infarct regions do not elicit appropriate fl ow increases, and that 
PO 

2
  changes are opposite that which is observed in healthy tissue (Back et al.  1994  ) . 

It is widely presumed that the inappropriate neurovascular coupling that accompa-
nies SD in these regions is a central cause of brain injury (Back  1998  ) . 
Autofl uorescence imaging of NADH has provided a way of assessing regional met-
abolic status during these events, and when coupled with hemodynamic measures, 
provides a powerful way of interrogating tissue surrounding infarcts, to predict 
whether brain tissue will survive or succumb to the repetitive challenges of SD after 
ischemia.  

    12.5.2   Infl uence on NADH Autofl uorescence Signals 

 The relationship between oxygen tension and NADH responses during SD has been 
extensively investigated by Mayvesky and others, and has provided important sup-
port for the idea that NADH autofl uorescence can identify vulnerable brain tissue 
after SD. A large body of work has been summarized elsewhere (Mayevsky and 
Rogatsky  2007  ) , but one example (Sonn and Mayevsky  2000  )  will be used to illus-
trate some key points (Fig.  12.7 ). NADH autofl uorescence was measured from a 
small region of interest on the rat cortex, together with a laser Doppler fl ow mea-
surement of blood fl ow, and electrode recordings of DC potential and extracellular 
K +  concentration. These multiple recording probes were embedded in a single rect-
angular cannula and SD was initiated by KCl delivered from a burr hole a few mil-
limeters away. In normal tissue, the expected NADH decrease was observed during 
SD (as described in Sect.  12.3.4 ) which coincided with local fl ow increases, and this 
was followed by a longer-lasting fl uorescence increase. In contrast, under condi-
tions of hypoxia (inhaled 12% O 

2
 , 88% N 

2
 ; decreasing arterial PO 

2
  from 107 to 

57 mmHg), or partial ischemia (permanent bilateral carotid artery occlusion), a 
quite different NADH response was observed. NADH increases (rather than 
decreases) were observed, and this switch to a “reduction cycle” coincided with 
initial local fl ow decreases (Sonn and Mayevsky  2000  ) . These NADH recordings 
supported the conclusion that local fl ow did not compensate for the lack of O 

2
  dur-

ing hypoxia and the lack of increased fl ow was considered to arise either due to lack 
of capacity for further dilation after ischemia, or release of vasoconstrictor factors 
(including K + ) during SD (Sonn and Mayevsky  2000  ) .   
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    12.5.3   Imaging the Spread of SD Events in Relation 
to Ischemic Infarcts 

 The application of CCD-based imaging of brain surface NADH autofl uorescence 
signals has proven very useful for the evaluation of site of origin and pattern of 
spread of SD events in relation to an ischemic infarct. Neuronal injury at an isch-
emic core is expected to release large amounts of glutamate and K +  into the extracel-
lular space, and it was proposed that accumulation of these mediators could be 

  Fig. 12.7     Effects of hypoxia on NADH responses to SD . This composite fi gure is modifi ed from 
Sonn and Mayevsky  (  2000  ) , and shows the recording arrangement for simultaneous NADH fl uo-
rescence with laser Doppler fl ow, extracellular K+, and DC potential recordings from the rat cortex 
( a ). Panel  b  shows the typical responses to SD initiated by topical application of KCl. The raw 
366 nm refl ectance trace (R) is shown together with the corrected NADH fl uorescence signal, and 
emphasizes the importance of this correction to reveal the initial NADH oxidation during SD. 
Panel  c  shows that the initial NADH oxidation was completely lost and replaced by an initial 
NADH fl uorescence increase when the same stimulus is applied to hypoxic brain (arterial PO 

2
  

reduced from 107 to 57 mmHg). Note that the DC potential shift and extracellular K +  elevations 
are also significantly prolonged in the hypoxic condition (From Sonn and Mayevsky  2000 , 
with permission )        
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suffi cient to trigger SDs. Alternatively, SD initiation sites could be determined by a 
pattern of regional blood fl ow defi ciencies, rather than by neuronal injury. Imaging 
NADH levels from a relatively large fi eld of view that includes the ischemic region 
has made it possible to address this question. 

 After an initial report of NADH dynamics from single locations using a fl uorim-
eter (Strong et al.  1988  ) , Strong and co-workers applied a CCD-based approach to 
image responses following middle cerebral artery occlusion in cats (Strong et al. 
 1996  )  (Fig.  12.8 ). A large cortical area was imaged at a frame rate high enough to 
capture the spread of a series of complex spreading events in each animal. NADH 
decreases and increases were both observed, and since these CCD measurements 
could not be corrected for UV refl ectance measures, it was acknowledged that fl uo-
rescence decreases were likely a combination of NADH oxidation as well as 
increases in blood volume as would be expected for SD propagation through healthy 
tissue (see Sect.  12.4 ). In addition, these investigators showed that in some regions, 
clear NADH increases were observed. Again, uncorrected fl uorescence increases 
could be due to decreased blood volume, as well as conversion of NAD +  to NADH, 
however in regions where these fl uorescence increases were observed, the authors 
concluded that this represented a conversion to pathologic or “core conditions” 
(Strong et al.  1996  ) . In addition, the imaging provided evidence that SD events initi-
ated at the edge of ischemic infarcts.  

  Fig. 12.8     Imaging autofl uorescence signals associated with focal ischemic infarction . This fi g-
ure is taken from a study that demonstrated that waves of autofl uorescence increase originated at 
the site of focal ischemic infarcts and propagated through surrounding tissue. Surface autofl uores-
cence recordings that included NADH (UV excitation, 445–465 nm emission) were made approxi-
mately 3 h after generating a middle cerebral artery occlusion in a squirrel monkey. Panel  a  shows 
a bright-fi eld image of the recording site (scale bar = 5 mm), and  b  shows a small central region of 
sustained fl uorescence increase that appears to correspond to a region of irrecoverably injured tis-
sue. Subsequent frames ( c–e , 32–34 min from onset of recording) show progression of events 
around that focal region. The last three frames ( f–h , 54–56 min after onset of recording) show a 
larger wave that invades the entire region, including the initial core site (From Strong et al.  2000 , 
with permission )        
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 These conclusions were extended in studies of squirrel monkey cortex after 
 middle cerebral artery occlusion. It was concluded that the sign of NADH fl uores-
cence responses could be used to distinguish between periinfarct depolarizations 
(with risk of promoting damage) and responses in normally perfused cortex (Strong 
et al.  2000  ) . The demonstration that the propagation of such events could be dem-
onstrated in the gyrencephalic cortex of a primate was also important in strengthen-
ing the idea that SDs could occur in higher mammals, in addition to the relatively 
smooth cortical surface of rodents and cats (Strong et al.  2000  ) . Another important 
advance has been the demonstration that NADH imaging could be used to clearly 
evaluate the enlargement of areas of ischemic infarction associated with repetitive 
SD events (Higuchi et al.  2002  ) . In studies of middle cerebral artery occlusion in 
rats, sustained NADH fl uorescence increases identifi ed the ischemic core, and then 
propagating NADH increases were observed to originate at the edge of the core. 
Bands of fl uorescence increases (~2–4 mm across) propagated along the margin of 
the core, and some cases were observed to completely circle the injured region. In 
about half the cases, areas involved in propagating NADH increases merged with, 
and could be seen to increase the size of the ischemic core (Higuchi et al.  2002  ) . 

 The ability to reliably monitor the propagation of periinfarct SDs with NADH is 
now beginning to be exploited to assess the mechanism of action of drugs and treat-
ments designed to reduce ischemic infarction. For example, CCD-based NADH 
imaging was recently used suggest that lack of effectiveness of hypothermia against 
injury produced by permanent vascular occlusion may be a consequence of lack of 
effect on SD mechanisms (Sasaki et al.  2009  ) . 

 While the studies above have usually acknowledged the complications of hemo-
dynamic changes for interpretation of NADH signals, it is also possible that patho-
logic swelling responses modify autofl uorescence signals in peri-infarct regions. 
Recent two photon imaging of neurons has shown dramatic and transient loss of 
dendritic spines associated with bilateral common carotid artery occlusion in mice 
(Brown et al.  2008 ; Murphy et al.  2008  )  and it is not yet clear whether these changes 
contribute signifi cantly to NADH signals during ischemia. 

 Laser speckle contrast imaging (LSCA) has recently been applied to monitor SD 
events triggered by middle cerebral artery occlusion in cats (Strong et al.  2006  ) . 
Imaging was performed over a large cortical region, and following the initial drop 
due to MCAO, fl ow decreases were observed to propagate in a wave-like manner at 
a rate (~2–4 mm/min) consistent with progression of peri-infarct depolarizations. 
DC potential shifts were recorded simultaneously with surface electrodes, and 
revealed that LSCA measurements failed to detect all electrical events, but it is 
likely that the detection limit could be improved with higher image acquisition fre-
quency (Strong et al.  2006  ) . It is also noteworthy that some events detected with 
LSCA did not propagate to the recording electrode, suggesting that a combination 
of the electrical and optical methods will be useful for comprehensive detection of 
SDs associated with focal ischemia (Strong et al.  2006  ) . Because this imaging 
approach can be stable for hours following ischemia surgery, it is likely that LSCA 
will be of great value for evaluating therapeutic interventions to reduce SD fre-
quency or propagation after ischemia   



360 C.W. Shuttleworth

    12.6   Conclusions and Perspectives 

 Much of the important development of autofl uorescence imaging for studies of 
brain metabolism has relied on spreading depression (SD) as an excellent test 
response. The stimulus evokes a very strong metabolic challenge and NADH sig-
nals that can be detected with good signal-noise characteristics in a variety of exper-
imental settings. In addition, the slow and well-organized propagation of SD makes 
NADH signals quite easy to capture with conventional CCD cameras, and also by 
high resolution imaging with two photon excitation methods. The validation of 
autofl uorescence methods in SD studies has provided an important foundation for 
application of similar optical approaches to other questions of brain pathophysiol-
ogy. Historically, most such applications have involved NADH imaging, but the 
complementary fl avoprotein autofl uorescence signals have recently been applied 
successfully to  in vivo  studies of plasticity in the rodent cortex, including through 
thinned skull preparations (Shibuki et al.  2007 ; Tohmi et al.  2009  ) . It may be useful 
if more studies can combine NADH and fl avoprotein imaging, to assess the relative 
contributions of mitochondrial and cytosolic metabolism  in vivo . Such studies could 
be helpful for addressing questions of metabolic coupling including, if done at suf-
fi ciently high resolution, the important questions of compartmentalization of astro-
cytic and neuronal signals. A useful complement to such studies could be the 
application of fl uorescent analogues of glucose, which have recently been used in 
brain slice studies to assess differences in glucose uptake between neurons and 
astrocytes (Barros et al.  2009  ) . Such methods have not yet been applied to synaptic 
activation  in vivo.  

 As a consequence of the large number of SD studies associated with develop-
ment of NADH methods, much has been learned about the temporal and spatial 
spread of mitochondrial metabolism after SD. This has provided valuable insights 
about the spread of the events in relation to ischemic infarcts and, when this has 
been combined with information about regional blood fl ow, it has been possible to 
distinguish tissue that is likely to die following repetitive SDs, and tissue which has 
suffi cient coupling to survive. Much of this work has been done in experimental 
animal models, but recent evidence that SD events are likely a prominent contribu-
tor to some types of human brain injury and it is likely that optical approaches to 
assess tissue viability could be utilized in clinical settings. As noted above, penetra-
tion of light through the skull is a limitation for optical studies, but illumination of 
relatively large brain areas may be possible in a small number of clinical settings 
where segments of skull have been removed for decompression after injury. Recent 
work has demonstrated the effectiveness of small optical probes for recording tissue 
partial pressure of oxygen, together with electrocorticographic and laser dopper 
fl ow probes, all arranged together on strip electrodes and placed under the dura in 
injured human brain (Dreier et al.  2009  ) . It is possible that other optical signals that 
have been well-validated for distinguishing at-risk tissue in animal models could 
also be incorporated into subdural strip arrangements, to identify vulnerable regions 
in human studies. 
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 The relationship of mitochondrial and hemodynamic signals to other cellular 
consequences of SD  in vivo  is an important next step. Ca 2+  overload has long been 
appreciated as a major contributor to neuronal injury after SD in brain slices (Somjen 
 2001  ) , but very little is known about the patterns of Ca 2+  deregulation following 
repetitive SD  in vivo . High resolution fl uorescence imaging of Ca 2+  indicators would 
be helpful to determine whether dendrites serve as initiation sites for neuronal injury 
after SD, as has been concluded for excitotoxic injury in brain slices (Shuttleworth 
and Connor  2001  ) . Pathologic accumulations of Zn 2+  have also recently been con-
sidered as a contributor to the initiation and pathologic consequences of SD in brain 
slices (Dietz et al.  2008,   2009  ) , and it will be of interest to determine whether Zn 2+  
increases are prominent following under similar conditions  in vivo . As discussed 
above for NADH autofl uorescence (Sect.  12.5.3 ), such efforts may be most effec-
tive with two photon excitation in via open cranial windows or thinned skull prepa-
rations. In contrast to autofl uorescence methods (which rely no indicator loading 
procedures), a challenge for fl uorescence measurements of any ion indictor is effec-
tive loading of organic indicators into the preparations. The use of mice with sen-
sors genetically encoded into subsets of neurons or astrocytes could be very useful 
in this context. 

 Recent work has begun to evaluate optical imaging of voltage-sensitive indica-
tors to assess SD propagation in the rat cortex (Obrenovitch et al.  2009 ; Farkas et al. 
 2010  ) . These signals have some advantages over metabolic or vascular signals 
related to SD, since they can be directly related to the initial wave of depolarization 
associated with SD, rather than downstream consequences. It will be of signifi cant 
interest to see whether these signals can be used for relatively long-term recordings 
during focal ischemia, or other injury models, since they could provide valuable 
high-resolution information about the progression of electrical silencing that is dif-
fi cult to achieve with conventional electrical recordings. 

 It is becoming increasingly appreciated that many neurodegenerative diseases 
are associated with regional or global metabolic dysfunction, and optical imaging 
methods in animal models can provide valuable insights into mechanisms underly-
ing injury progression. Transfer of these approaches into human subjects is diffi cult, 
but may be feasible in some settings, particularly with the development of small 
optical probes suitable for the types of long-term monitoring that may be needed.      
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