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Abstract

The gray matter of the higher brain undergoes spreading depolarization in response to ischemia,
whichincreagsmetabolic demand argb promoesacute neuronal injury. The molecular mechanism
linking ischemic failure of the N&K™ pump to the subsequent onset of a large inward current in neurons
has remained a mystery because blockade of any conventidtagjesor ligand gated channel does not
prevent ischemic or fianoxicd depolarization (AD)
laboratory became aware of a marine poison whose molecular action is well characterized but has escaped
scrutiny by neuwscientists.We hypothesized thatis toxin could provide insight as to how ischemia
acutelydamageseuronsat the moleculalevel.

Palytoxin (PTX) specifically binds the K& * ATPase molecule atanomolaiconcentrations,
converting it from an ATRequiring transporter to an open cationic channel. The result is sudden
neuronal Nainflux and K’ efflux. The double jeopardy of pump failure with the induction of a strong
inward current should induce dramatic Ake activity. Using light transmittance (LT) imaging,enshow
that bah application ofLlOnM PTX to live coronal brain slices induces a propagating depolarization
246114 dn the neocortexsimilar to AD induced by oxygen/glucose deprivation (O@D289+1(s. In
the neocortexa distinct negative DC shift was recordegithe elevated LT front induced by OGD
(4.2£1.0mV) or PTX(4.1+0.8 mV) passed by arxéracellular recording pipetténdicating strong
depolarizaion of cells at the electrodBoth treatments indudestrong spreading depolarization in the
same higher brain regions and weaker events in lower brain gray métalso testethedrugs
dibucaine and carbetapentandich potently delay AD onset induced by OGDnepuM dibucaine
pretreatment increaseldpolarizationlatencyinduced byOGD by 44+11 % and PTX by 61+20 % while
30 UM carbetapentaretreatmenincreased depolarization lateniogluced byOGD by 51+16 % and
PTX by 129+29 %All of the above findingsupport our proposal that, éknostbiological poisons,
palytoxin mimics (and takes advantage of) a natuadgss. In this case the process is ischemia itself

where low ATP conditionmight open the N&K™ pump to evoke AD and the brain damage that ensues.
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Chapter 1

Introduction

1.1 Brain Ischemia and Stroke

Ischemia refers to a decreasélood flow to tissue whichesults inalteredlevels of
cellular function (Woodrufet al, 2011). Global ischemia &serious reduction iplood flow to
the entire brain, most often caused by sudden cardiac arrest. Stroke is the diagnostic term for the
brain dysfunction caused by ischemic neuramairy and deattiBretén and Rodriguez, 2012).
Stroke is the wor |l doralityswittcan estimatecelitetime risgofc a u s e
8-10% (Seshadet al., 2006). It has roughly a 30% mortality rate (Dirnefgal, 1999) resulting
in 10% of deaths worldwide (Murray and Lopez, 1997). Stroke encompasses a heterogeneous
group of conditions incidinglarge artery ischemig@rom vessel occlusion), intracerebraban
subarachnoid hemorrhageerebral venous sinus thromboargl global brain ischemia from
cardiac arregtBreton and Rodriguez, 201gloustafa and Baron, 200Brown et al, 2006).
Ischamic stroke accounts for 85% of all strokes (Woodatfél, 2011), over half of which are
attributed to largartery ischemia (Moustafa and Baron, 2008)e remaining 15% are

hemorrhagidBretén and Rodriguez, 20112

Focal ischemic stroke results in adient of hypeperfusion surrounding the areas
supplied by thalysfunctionalvessels). T h e i s ¢ Hescntesthedgionwithesaverely
low cerebral blood flow (CBF)20% of normal levels or lower) (Hossmann, 1994) and low
cerebral blood volume (CBWyith resulting low rates of oxygen and glucose turnover (Marchal
et al.,1999). In the ischemic cqraffectedtissue undergoes irreversible damage in the absence of
prompttreatment. Without adequate reperfusion, acute neungjogy follows within minutes

(Singhalet al, 2011).



Surrownding the ischemic core is tipenumbra, a rim of moderately ischemic tisaith
20-40% CBF (Ginsberg, 1998)pported by collaterairculation. In this regionall damage
progresses slowlselative to the ischemic cor@nd cell death may take hours to days following
stroke onset, depending on the severity and duration of ischemia (DetredglL999; Jonest
al., 1981; Woodrufkt al, 2011). The penumbra is the pritaeget of stroke thepgutics because
it is potentially salvageable after the onset of stroke @dgjret al, 1999. This may be achieved

following timely reperfusion within @ hours (Kaufmanet al.,1999).

The brain injury and neurological deficit associated with strok¢éhareesult of a
complex sequence of pathophysiological events upon the onset of ischemia, called the ischemi
cascadeWithin this cascade, two of the major initial pathogenic events were thought to be
excitotoxicity and perinfarct depolarizations (PIO(Dirnagl et al, 1999). Excitotoxicity, defined
as the cell injury and death arising from prolonged intense exposure to accumulating extracellular
glutamate and its associated cellular ionic imbalance (Bretén and Rodriguez, 2012), was thought
to be resposible for the initiation of ischemic damage (Jaeti®l, 2001). However, studies
have found that acute neocortical damage occurs independent of glut@imaieolitch 200Q
Obrenovitch and Urenjak, 1997; Jareisal, 2001; Obeidagt al, 200Q Murphy et al,, 2008).
PIDs are recurrent spreading depolarizatiorthe penumbréhatexpand the core (Hartings
al., 2003; Singhatt al, 2011). Inhibition of PIBcould be an effective and valuable
neuroprotective strateggiven the window of opportunitof up to 48 hours to suppress them

poststroke (Harting®t al., 2003).

1.2 Spreading Depolarizations

Spreading depolarizatios & general term that includes spreading depression PHDy
andanoxic depolarizatiomAD). It is observedn vivoin gray matter under metabolic stress,

including various typesef stroke global ischemigBrissonet al, 2014)and traumatic brain



injury (Dreier, 2011). It can also be evoked by hygsmnolality, hyperthermia, sodium pump

inhibiters, hypoglycemia, hypoaiorischemia (Hossmann, 1994; Leao, 1947; Somjen, 2004).

1.2.1Spreading Depression

Spreading depression (SD) or cortical spreading depression (CSD) was originally
described by Leao in 1944 as a marchingevaf electrical silence across rabbit neocortex
evokedby local application of KCIThe depressed electroencephalografy@) activity was
observed to recovavithin 5 minutegLeao, 1944 It was later shown that SD is a moving
wavefront of sustained depolarization of neurons and glial cells, characteyiimu gradient
breakdown, severe decrease of membrane resistance and a rapid negative shift in extracellular
potential resulting from the sudden cellular depolarization (Marshall, 1959; Setrgél992)
caused by temporary failure of the W& pump(Figures 1,2). In the presence of normal
metabolicsubstrates, the tissue repolagzn 12 minuteswithout permanent effects on the tissue
(Marshall, 1959; Somijeet al.,1992). The sustained depolarization®b inactivates N’
channels within secondbl(enjak and Obrenovitch, 1996yhich stopsaction potential firing
thereby silencing brain electrical activity. SD typically propagat@st mm/min (Lauritzen,

1994) as a concentric wave from its initiation (&j¢hrough grey mattehalting at the baer of
white matter (Somjeet al.,1992). ExperimentallsD can be provoked by focal mechanical,
electrical or elevated [K, stimuli. SD is generally accepted as ffahophysiologicabrocess
accounting for the marching ssary symptoms of migraine aupaior to pain onset in patients
(Hadjikhaniet al.,2001).Thus stopping SD is of therapeutic interest in that the pain may arise

from the SD.

1.2.2 Anoxic (Ischemic) Depolarization

Anoxic depolarization (ADJ)s evoked by severe pyxia or ischemia in thENSgray
matter, initiating within a minute or so of blood flow loss (Dreier, 2011). It was first described by

Leao (1947) as an ischemic version of. 8Raracterized as a moving wavefront of electrical
3



depolarization, loss of memdme ion resistancelectrical silence and bragwelling, AD
resembles SD in many walscause it also results from Wa" pump failure(Figures 1,2).
Without prompt reversal to normoxic conditions, the depolarized nepamy recover and can
be permanently damagediD and SD possess similar mechanisms of initiatiath caused by a
local ionic imbalance across the membrane coupled with a metabolic o & toagenet al,

1992; Dreier, 2011 The deleterious effects of Al. the lack thereof folloimg SD are
determined by the levels ofugose and oxygen that enable tedl to repolarizeOne aspect
where AD and SD differ is the role of glutamate in SD and AD gener&latamate receptor
antagonists are effective in inhibiting SD but not AD (flebn and Moskowitz, 2014; Anderson
et al, 2005) This difference is likely attributable to synaptic failure that occurs prior to AD onset
induced by oxygefglucose deprivatiorLikely due to synaptic failurprecedingAD, glutamate
accumulation does not occur prdicgy AD and rather has been found to accumudéter AD

(Obrenovitch and Urenjak, 1997; Obrenovitch, 199artin et al, 1999.

During SD andAD, theneuronaimembrane potentisl n d er goes a afiodl ow dep
before a ff awithin@%tedskcands, wita'KNa and €4 ions rapidly flowing
down their concentration gradients (Tanakal, 1997 Somjenet al, 1993. Within several
minutes ofAD, pyramidal cell dendrites lose theirsgramdfo m di sti nct dil ati on:
(Davieset al.,2007; Jarvist al.,2001). This dendritic beading is minimal followi&d and is a
key indicator of permanent damaigdive brain slicegJarviset al.,2001). Although AD is
difficult to treat beause the onset of ischemia cannot be predicted ahead of time, understanding
AD is still important as it may provide insight on how to inhibit pefarct depolarizations
(PIDs). As noted earlier, PID is an Alike event in the penumbra, but unlike AD, n@us may
recoverbecause therig a supply of glucose and oxygen from collatetabt vessels. PIDs often

recur over many hours whigxpand the ischemic core (Hartingfsal, 2003; Dreier, 2011).



1.3 Anoxic Depolarization in the Brainstem

The br aispoage oiméhamiarisemore resilient thanfthe i g, meae rastral
structures of neocortex, thalamus, striatum and hippocampus. The most obvious clinical evidence
comes from the thousands of patients whose brains are globally deprived of blood flow and enter
a persistent vegetative state where only theiothglamus and brainstem are adequately
functioning. The hypothalamus and brainstem demonstrate a striking degree of resilience to
ischemia while other higher brain structures show signs of injury in several brain imaging studies
of patients following globlaischemia (Luigettiet al.,2012; Faliniet al.,1998; Wytrzest al.,
1989). Also in animal studies there is a general pattern of increased resistance to ischemic stress

as one descends along the neuraxis (Bures and Buresova, 1981; Beaaktd984)

Inlivebr ai n sl i ce st ud graysnatterrokthe hypathslaniusiandi| ower 0
brainstem demonstrate only a weak AD. That is, there is a slow depolarization in response to 10
minutes of OGD, with repolarization upon return of normoxic aCSF (Brissahy 2014; Brisson
et al.,2013; Brisson and Andrew, 2012). For example, neurons in the locus ceruleus and
mesencephalic neurons of the brainstem recover betwef®®0 of their membrane potential,
input resistance and action potential amplitude (Brigst al, 2014). They proposed that this
striking difference in response to ischemia may be tied to regionally differét¢ Naump
isoforms. The more ischemiae si | i ent 1U2 and 103 isoforms are
hypothalamus and braingtewhilethelU1 i sof orm i s proportionally o

structures (Dobretsov and Stimers, 20BEBnco, 2005).

1.4 The Search for the Mechanism Generating Spreading Depolarization

In aneffort to understand how AD arises, ion channels, altereddooentrations and
neurotransmitters have been studied. No individual neurotransmitter agonist or antagonist
(including those involving glutamate receptors) blocks or delays AD onset in most brain regions

(Andersoret al.,2005; Murphyet al.,2008 with the exception ofdelayingAD onset in the
5



cerebellum (Brissost al.,2014). In fat synapses fail before AD onsatd glutamate receptor
inactivation does not delay AD (Andersenal, 2005). Although a popular theory for over 20
years, excessive glutateaelease (excitotoxicitygs the cause of ischemic damage has not been
supported in either rodent brain slicesrovivo (Andersoret al.,2005;Jarviset al.,2001;
Obeidatet al.,2000; Lipton 1999; Murphet al.,2008; Muller and Somjen, 2000). Stadi
examining K, Na" and C&'ion concentrationsTanakeaet al.,1997;Rossiet al.,200Q Jarviset

al., 2001; Obeidaet al.,2000; Obrenovith et al.,2000)and various types of NaK* and Ca
channel blockers (Xiet al.,1994; Xieet al.,1995; Yamamotet al, 1997) collectively reveatl
that noone channel typdrives AD in brain slices (Andersat al, 2005). Studies hawaso
foundevidencethat blockers of N K" and C4&" channels individually only delay AD (Xiet al.,
1995; Somjeret al, 1992), siggestinghatnoneof these channels are esserftialthe movement
of these ions down their concentration gradients during depolarizstae.recent research has
therefore shifted to search fonanspecificchannel that might open tmnductmore than one

ion under ischemic conditions. For instanitee mitochondrial permeability transition pore
(mPTP) isa megachannel that opens in stressful ¢ to mediate apoptosis andhidivatel
during AD (Liu and Murphy, 2009Rannexin § a hemichannel gap junction present in neurons
that is normally closed, but opens during AD (Thompsbal.,2006). Pannexin in its open state
allows ions and small molecules <2000 daltons to passively diffuse throédfhduighit does

not appear regmsible for AD intiation (Madryet al.,2010),the concepimakes the possibility of

another channel opening to generate AD in response to ischemia more plausible.

Two studies have reported that a cocktail of channel blockers and transmitter antagonists
block AD in immature rodent hippocampal slices (Res$sil.,2000; Madryet al.,2010).
However, such treatment renders neurons functionally unrespaasiveomparable clinical
application would be lethal (Andersehal, 2005). Another study usedacktail of Nd and

Cd"* current inhibitors containing DNQX (an AMPA and kainate receptor antagonist), CPP (an

6



NMDA antagonist), TTX (Nachannel blocker) and Ri(a C&" channéinhibitor) to prevent
hypoxiainduced SD in rat hippocampslices (Muller ad Somjen, 1998 Simply decreasing

oxygen to simulate depolarization does not adequately simulate an ischemic environment. Yet
even in the metabolically less stressful state of hypoxia, any three of the four drugs combination
was unable to block hypoxiaduced depolarizatiofMuller and Somjen, 2000; Jireg al.,1994).
Theconclusion is that AD is extremely difficult &top by simply blocking channels that drive

normal neuronal function.

1.5Drugs that Inhibit AD Onset

The time from ischemic onset to AD gaation (AD latencyfan be used as an indicator
of tissue resistance auteischenia (Bures and Buresova, 1957nre drugs found to be
beneficial in the treatment of cerebral ischemia in rodents are able to delay ABaisstrino
and Somjen, 198@eshpande and Wieloch, 1986; Holral.,1986; Xieet al.,1995)but none
have yet provero beclinically neuroprotective after stroke. Two types of drugs diffgctively

delayAD are theficainedf a mi | y a ratepmrdiganda.i n

Na' channel blokers are not able to block AD generation outright but sdordelay AD
onset (Weber and Tayldt994; Taylor and Meldrup 995; Xieet al.,1995) and the length of
delay is correlated with the Nahannel binding strength (Douglasal, 2011). The cainfamily
of Na" channel blockers in particular significantly delay AD on¥khite et al, 2012;Douglaset

al., 2011 Weber and Taylor, 1994

Like the caine family of drugs, certalireceptor ligandslelay AD onset in rodent
cortical slices (Andersoet d., 2005). Although initially thought to be a type gfioid receptor,
G-receptors havaon-opiate and nophencyclidine (PCP) binding sites that are distinct from
other neurotransmitter, neuropeptated steroid receptors (Qigin et al.,1992; Leonard2004).

There are two subcl asses of receptor s, a 1



(Guitartet al, 2004).01 receptors are found in the plasma membrane and subcellular membranes
such as the endoplasmic reticulum and translocateitularly toactasir ecept or chaper
that modulate recepto(€oboset al.,2008 Ishikawa and Hashimoto, 201@&lthough the

specific biological function of sigma receptensd the identification of their endogenous ligands

is still unclear, the m&t prominent action ai Teceptors is the regulation of various voltage

gated and ligandated ion channels including €aK*, Na', CI and NMDA receptors (Maurice

and Su, 2009%hrough proteirprotein interactionsot alwaysnvolving G proteingMaurice and

Su, 2009fontanillaet al, 2009) Of the ion channels affected By rdceptorsfi Rlagonists

inhibit the voltagegated channels and potentiate the liggated channels (Maurice and Su,
2009).Presentthro g h o ut t teaeptdosrexhibitnajde range of actions within the CNS
(Kumeet al.,2002)and are implicated in a variety of neurological functions and disorders,
including learning and memory (Senelaal.,1996), drug addictionatsumotcet al, 20032,
schizophrenia, movement disord€@iitart et al,, 2004), Alzheimes and stroke (Maurice and

Su 2009).However, theactualbiological function of the receptor is still unclear.

1.5.1Dibucaine

Dibucaine is a local anesthetic and’dhannel blocker of the caine familyidtone of
the mosfpotentin its ability to block Nachannels and delay AD onset induced by simulated
ischemia in rodent brain slices (Dougktsal.,2011; Yamadat al.,2004 and human cortical
slices (Risheet al.,2011). Bathapplied dibucaine acts like the other ear{Crevelinget al.,
1983) creating a usgependent block by enterimgurons through briefly opened Nzhannels
and then binding to the channel on the intracellular side (Véhié,2012).But if AD initiates,

dibucaine has no effect on AD propagatm the damage following AD (Douglasal.,2011).

Both ouabainand OGDinduced ADareblocked or delayed by dibucaine in rodent brain
slices. Our laboratory has proposed that dibucaine protects néuitmth casedy inhibiting

AD-associated currengtivated by NEK* pump failure (Andersoet al.,2005; Whiteet al,
8



2012). Although to date the specific channeilfsplved in ADremain unidentified, a component
of the depolarization during ADwolvesNa' channel opening. Correspondingly, one @& kietter
understood effects of dibucaine is its ability to block voliggeed Nachannels (Kurodat al.,

2000; Ragsdalet al.,1994), although the specific Nehannel sultypes inhibited by dibucaine
have not yet been identified. Intracellular recogsi of CA1 hippocampaleurons after 30

minutes of 10 M dibucaine pretreatment shahat bothorthodromicandantidromic action
potentialsareblocked and the evoked EPSP amplitisdggnificantly decreased (Whit al.,

2012). Dibucaine likely inhibitsAD onset at least partly through the same mechanism that
suppresses AP firing, by blocking both sustained and sloveiteents (y.9 (Whiteet al.,

2012). Furthermore, of the caine family drugs that have been studied, the order of potency for
blocking Na" channels was similar to the order of potency of AD delay (Dowglak,2011;
Yamadaet al.,2004). Therefore, the neuroprotective effects of dibucaine through AD delay likely

involves an interaction with Nahannels.

Lidocaine is another member thie caine family that effectively delays ADatbw
concentratiorof 10 pM (Yamadaet al.,2004).Lidocaine antagonizes the persistent sodium
current, bubased on the lgvalues for presynaptic volley inhibitiothis concentratioshould
notadequatelpuppress Nachanneldo provide protection against A(Stafstrom et al., 1985
Yamada et al., 2004Yamadaet al.(2004) proposed that the caines may act neuroprotectively
through another unknown mechanighstudy that looked at five caine family druthat were
reasonably potent AD inhibitors (including dibucaine) found that lidocaine had the highest order
of affinity for i 1.R'herefore, it is possible that lidocaine acts on bothddannels and 1<Ro

delay AD.

1.5.2Carbetapentane (CP)
Of t he fndswhatlaffect AD anset, the antitussive carbetapentane (CP) is the

most effective. It is a U1R ligand that del ays

9



neurons (Andersoet al.,2005; Whiteet al.,2012) but its mechanism of action during ischeemi

is still unknown (Katniket al.,2006).Thel 1 Rfound throughout the CNS, particularly on

neuronal celbodies and dendrites, but hast been detected on axons and axon terminals
(Alonsoetal.,2000) . Based on these findings, -CP and o
dendritic region to cause AP delay. Previous studiam@xng neurons exposed to 100 jof

GR l|igands dext retand8hoo ®PE24489 (Isiinaretralg1999)found no

change in CA1 membran®tential, cell input resistanae AP threshold during 50 min of drug

exposure.

Similarly CP dereases CA1 neuron excitabilibyt rather than increase the AP
threshold, it increases the slow afterhyperpolarization (sAél®wing an AP train, which likely
decreases the firing raf@/hite et al,, 2012). Carbetapentane showed no effect on antidromically
stimulated APs, which corresponds withtthe | ac
al., 2012). In additionhe evoked responsiveness of CAl and neocortical layers were not altered
by 30 minute exposure to -BD UM CP (Andersoret al, 2005), although these concentrations
were effective in blocking or delayingedAD. The
may mean that the currents driving AD act beyond the standard channels and neurotransmitter
receptors required for normal neuronal physiological functioning. Rather, an abcbanatl

conductance could drive AD.

H o wreceptors delay AD hasnotyete en el uci dat ed. l't-is 1ike
related action, because seviadumdADIOR A ggminsiss hlalv
been found to inhibit voltage activated &urrents (Wilkeet al.,1999; Zhang and Cuevas, 2005)
and attenuatimtracellular Caincreases during ischemia (Hayashal.,2000; Katniket al,

2006), which may contribute t&D inhibition.

1.5.3Comparing Dibucaine and CP

10



Current literature point to different mechanisms of action in AD delay between the caines
and GOufsRAltllough there is a correlation between the strength ‘ofiNmnel binding by
caines and AD onset del ay, there is no correla
ability to delay AD onset (Douglast al.,2011). Furthermore, althoughthadrug classes delay or
block AD without affecting the baselirgopertief neurons, dibucaine increases AP threshold
while CP increases the sAHP (Whétkal.,2012. A common mechanism behind these two drugs
delaying AD could be the inhibition of afséstent Nacurrent, which would reduce excitability
(Chenget al.,2008) Similarly, both drugs might affect the neuron through other mechanisms to
inhibit AD (Yamadaet al.,2004 Taylor and Meldrum, 1995, Douglas al.,2011). For instance,
both drugshave subtle effects on calcium and potassium movements (ldirata1997; Odaet
al., 1992; Whiteet al.,2012), although how these specific interactions affect AD onset in neurons
is not well studied. A possible mechanism could be that both drugupgegulate the NaK™

pump, thereby delaying AD (Brissat al.,2014), although this is speculation.

1.6 The Na'/K* Pump

1.6.1Structure and Function of Na'/K* ATPase

The sodiurpotassiunmactivated adenosine triphosphatase’(KIAATPase or NaK”*
pump) is a protein enzyme complex tepans the plasma membrafé(re 2). It consists of a
catalytic al pha ( &ndbetgud3a0resitues) sulbufifbse rared aldés) e s )
1994; Toyoshimat al.,2011) The beta subunit acts as a molacehaperonandstabilizes the
alpha subunit conformation as well as modulating pump fun¢sioch as cation binding affinity)
(Toyoshimeet al.,2011) There is also a tisstgpecific auxiliary regulatgrsubunit known as the
FXYD protein (/0-180 residies), which modulagg h e p ungtip g@rapertledy adjusting the
cation affinities based on the specific demands of the tissue (Toyoshah#011). In each

cycle, the enzyme transports sodium and potassium ions across the membrane against their
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respectiveconcentration gradients using the energy released from the hydrolysis of adenosine

triphosphateKigure 1).

The enzyme functions lgyclingbetve en open conf or mattatens and
where both gates are closed which momentarily traps thédeng transported. The occluded
stateensures tha channelike shortcircuit where both gates are open (which has less tH# a
probability) cannot occuiGadshyet al.,2009. With one complete conformational cycle required
to transport 2 Kin and 3 Naions out of the cellRigure 1), thepump is limited to the

transporting approximately 100 iongGadsbyet al., 2009)

1.6.2The Na'/K* Pump and Ouabain

The human brain expends rougbly%s of its available energy maintaining the ¥a
ATPase pump (Gottron and Lo, 2009). Within 3 minutes of cardiac arrest, the ATP concentration
in brain tissue decreases to 10% of normoxic values (Metrtih,1994). Without oxygen and
glucose, the pumis unable to maintain the voltage and chemicadligints between neurons and
extracellular space (Balestrino, 1995; Masgtral.,1994. Ouabaina cardiac glycosid¢hat binds
and inhibitsthe N&d/K* ATPase, provides waluable clue t&AD generationWhen applied to
brain slices, ouabain causeprapagating depolarization winsuing damage similar to AD as
measured by extracellular voltage recordings (Balestrino, 1995) and light transmittance (LT)
imaging (Jarvist al.,2001). The extracellular Kchangesluring ouabairinduced depolarization
are also similar to AD (Balestrino, 199But low AD arises as the pump fails is unkno®ao.
while failure of the N&K* pumpleads to the large inward current comprising AD (i.e. rapitl Na
influx and K efflux) (Brisson and Andrew, 2012; Martat al.,1994; Tanakat al.,1997),it is
not known how the two events are linked nor the channel(s) conducting the formidable inward
current. We argue below that AD generation must involve the opening of a previously

unidentifiedchannel or the formation @ores or membrane perforations.
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1.6.3Palytoxin (PTX)

Originally isolated in 1961 frorpalythoa toxicecorals found in HawaiiMoore and
Scheuer, 1971) , PTX i s toxins(®eedsft alt201é4)lthasbeend 6 s mo st
found in several species palythoazoanthids (corals) and up the food chain in ceda®mones,
fishes, crabs, sea urchismay originate further down the food chairdinoflagellatesvhich
are planktor{Riob6 and Franco, 2011; Tostes@600) PTX is a large nonpeptide with both
lipophilic and hydrophilic areas. An extremdbyv lethal dose raresfrom 0.03 to 0.45 g/kg in

mice, rats, rabbits, dogs, and monkéy®bd and Franco, 2011)

In early experiments of toxicity, PTiXduced neuromuscular symptoms leading to
follow-up studies on PTXds abil i {RpssihiandBigianis26)1 me mbr a
whichwasminimally affected by voltaggated sodium channel blockers (i.e., tetrodotoxin and
saxitotoxin) The involvement of other monovalent cations in the depolarization made it unlikely
t hat sodium channel s wactioe(sedRossim antl Bigian20hly ol ved i n
Subsequent investigations using erythrocytes showed that ouabain inhibited the effieetd ind
by PTX and vice versa, which suggested competitive inhibition for the same receptor
(Habermann and Chhatwal, 1982hese workers proped that palytoxin converts the Ma&*
pump into a pore that allows the passive diffusion of ca(iGhbatwalet d., 1983) A series of
studies, first using yeast cells which naturally lack/KAATPase(ScheinerBobiset al.,1994)
and later usingell-free conditiongHirsh and Wu, 1997provided compelling evidendbat PTX
specifically and reversiblinduces theformation of single channetonverted from théla’/K*

ATPasetransportefRossini and Bigiani, 2011)

PTX acts by binding tightly to each NK* ATPase transporter, transforming it into a
passive, nonselective cation chanffetigas and Gadsby, 2004; Gadsyal, 2009) thereby
allowing passage of monovalent ions and molecules smaller than 180 Da, in the ordémNa'K
> choline >> inositol > sucrog€hatwalet al.,1983) An openPTX fipump-channeb conducts
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evenlargerorganic cations such amethytD-glucamine (NMDA)but 50-fold more slowly

thanNa' ions (Artigas and Gadsby, 2004; Gadgityal, 2009)

At a saturating concentration ofily 100 nM,PTX transformghousands of pump

molecules into channels the plasmanembrane o& single cell (Gadsbgt al.,2009). Despite its
powerfuleffect at low concentration, the purapannel doesot stay perranently open while
PTX is bound. Rather, #@lternaésbetween open and closed positionstighout the bound
period(Gaddy et al.,2009). The duration of time@ump-channel remains open (i.e., the open
probability) is affected by ATP and other ion concentrations. For instance, the open probability is
five to sixfold higher in the presence of cytoplasmic ATP than witliGatdsbyet al.,2009)
The effect of palytoxin transforming a single'M&@ ATPase molecule into a channel cause a
10°-fold gain in dissipative cation floMlhus,in contrast to the N&* ATPasewhich transports
about DO ions/s an openpump conveyperhaps a milliomNa" and K ions per secahat resting
membrane potential hereforejt is estimated thagven a singl®penpumpchannekould

overwhelm a single blood cell to the point of de@ldsbyet al.,2009)

1.7 Background of Experimental Techniques Utilized

1.7.1Brain Slice Technique

The use othein vitro brain slice peparation for electrophysiological recordinas
grown dramatically since its developméneyler, 1980)n 1966, when Yamamoto and Mcllwain
(1966)first recorded electrical activity from cortical slices comparabtéabfrom an intact
preparationBy 1980, spontaneous or evoked electrical activity had been demonstrated in slices
prepared from human and animal neocortex, olfactory bulb, spinaltbatdmus and

hypothalamus.

In vitro live brain slices offer numerous experimental advantages over intact preparation

(Teyler, 1980) 1. Brain slices maintaiimtimateneuronglia associatioa(Andrew and Macvicar,

14



1994). 2. Brain slices displagsual lardmarksof different bran structures and allow expansive

areas of theodentbrain to be examined simultaneously. 3. In comparisam¥o/o and intact

preparation, live slices allow more control and consistency over the chemical and physical
environmenof the slice. 4Movementsxperiencedn vivofrom heart beat anespiratiorare

reducedand differential blood flow to various areiasabsent. 50ne byain can yield numerous

slices, allowingconsistency n t erms of t he ani maFinmal, geneti cs ¢

anaesthetics may not be required in brain tissue preparations

1.7.2 Light Transmittance Imaging

Light transmittance (LT) imaging measudgnges in tissue translucence, one
component of intrinsic optical signals, in real tifibe swelling of nerons and/or glial cells
(from excitatory synaptic inpugction poteritill discharge or hyposmolality) is detected as a
localincrease in light transmittan¢andrew and Macvicar, 1994ecause swollecells scatter
less light as membranes becomere phnar and light refraction is reduced. During a
depolarization caused by OGD or ouabain (to be discussed below), the neurons and glia that
depolarizeswell as water follows the influaf ions intracellularly which isdetected as an
increase in LTA decrase in LT may bebservedvithin minutesin dendritic regiongObeidatet
al., 2000)because the dendritic beatiatform arethe ideal diameter of-3 um to scatter the

light (Jarviset al, 2001; Malm, 1999; Obeidat al, 2000)

As a reaftime signal that can detect neuronal activation and damage, LT imaging can
also be recorded simultaneously with other techniques such as patch clamping or extracellular
recording. Brain slices are particularly useful when used in LT imaging, as muljpesean

be monitored simultaneoud(Brissonet al.,2014)

1.7.3Recording theNegative Shift
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One of the key characteristicsggreading depolarizatias thenegative voltage shift
recorded irthe extracellulaspace The shift anges from 1885 mVin magntudein vivoand is
generated by the simultaneous depolarization of nearly all cells near the recording electrode
(Somjenet al.,1992) As thedepolarizingwvave front passes the recording electrdde collective
intracellular depolarization of the nemand astrocytes generates a negaforeg shift in the
extracellular potentialAlthough the sHt may drift back to baseline, unlike in SBe evoked field
potential is permanently lost following AlD slices as the result of damage to the neufdamsis

et al.,2001)

1.7.4Fluorescence Microscopy and 2PLSM

Live tissue strongly scatters light at visible wavelengths, making it challenging to image
with traditional optical microscopes (Denk and Svoboda, 1997; Svoboda and Yasudaln2006).
conventional fluoresence microscopyight shines evenlyo excite the entire specimefhe
objective collects the fluorescence, which is passed through dichroic and emission filters before it
forms an image that can be viewed through an eyepiece or a camera (Nwanesiu@012;

White and Errington, 2005). The scattering caused by neural tissue under conventional
fluorescence microscopy degrades the resolution and contrast of the image (Denk and Svoboda,
1997) and limits the imaging depth that can be achié@edket d., 1994).Also, because the

entire specimen is exposed to the excitation light, the tissue is at risk of photobleaching and
phototoxicity (Denk and Svoboda, 1997; Svoboda and Yasuda, 2006). Photobleaching is the
photochemicatlestruction of the fluorophemand primarily occurs when excited electrons in the
fluorophore react with dissolved oxygen instead of emitting energy as fluorescence. This
produces a highly reactive oxygen species (R@8§)onsible for causing damage to the aed

renders the flarophore irreversibly bleachggFischeret al.,2011).

In confocal scanning microscopypinhole aperture igaced in front of theidght detector

to remove the offocus light, and thereby increase the resolution and contrast (Denk and
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Svoboda, 1997). Inontrast to conventional microscopy where the esfigcimen is exposed to
light, in confocal scanning microscofight is focused on a single point in the sample. The

pinhole aperture is scanned across the field in tyep¥ane,allowing horizontal optal

sectioning of the specimen (Yuste, 2005; Nwaneshaidu.,2012).Unfortunately, onfocal
microscopy is still subject to several shortcomjraggh as its limited imagirdepth (<2QuM)
(Lichtmanet al, 1987)and excitation of the tissuwbove and élow the image plane. Also, the
pinhole aperture jects potentially useful light that hagen scattered from the tissue.
Compensating for lost light by increasing illumination is limited by the corresponding increase in

phototoxicity(Mainenet al.,1999 Denk and Svoboda, 1997; Svoboda and Yasuda, 2006).

A serious limitation oboth conventional and confocal microscopy is that the tissue must
usuallybe fixed. Conventional microscopy requires that the specimen is thinly cut and fixed with
antibleachingagents anat immunofluorescence labelifywaneshiudiet al, 2012; Bacallaet

al., 1995. Two photonlaser scanning microscopy (2PLSM)agingaddresses these limitations.

Inventediwenty-five yearsago (Denket al, 1990), 2PLSM combines advantages of
conventional and confocal fluorescence microscopy without the disadvantages single photon
excitation. 2PLSM useshigh frequency pulsing (~100 Mland scanning laser toibg two
long- wavelengtiphotons together in space and time to excite a fluorofbayeyellow
fluorescent protein, YFP) that emits a photon in the visible spectrum. The objective collects the
emi tted (Afl uor e dicearnetationshipbkteeerotme excitttior rate anchlight
intensity as well as the longer wavelengthsdiim 2PLSM have advantagé@srst, the excitation
is localized to the tiny focal volume being observed, with the intensity decreasing quadratically in
the volume surrounding the focus, producing thdieeensional, diffractiodimited resolution
and sectining, even deep in tiss8voboda and Yasuda, 2006). Thisalization of the
excitatory photons has benefits. Firstettissue outside of the focal slice will not be subject to

photodamagelfenket al, 1990, Denlket al, 1994 Stelzeret al 1994. Second, due to the nature
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of nonlinear excitation, the scattered excitation photons are too dilute to exefteoff

(Svoboda and Yasuda, 2006). Third, the longer wavelengths used in 2PLSM penetrate tissue
further (in comparison to the shorter wavegjths used in 1 photon microscopy). Finally, to
compensate for the signal lost from scattering, the laser intensity can be increased without
phototoxicity occurring outside of the plane being imaged (2, 1994).These advantages
make 2PLSM an attréige method to use with live tissue, in tifegse studies and durilig vivo
experiments.Thus, in addition to increased resolution and optical sectioning abilities of 2PLSM
relative to traditional fluorescent microscopes, a greater depth in imagitg eaieved (up to

1 mm) in live tissuéBeaurepairet al, 2001; Theeet al 2003).

In summary, two photon imaging enables higholution and higltontrast fluorescence
imaging, even deep within tissu&/ith the ability to visualize dendritic spinesmmsa swelling and
dendritic beading of individual neurons (Svobedal, 1997; Svobodat al. 1998),it canbe
used to quantifghe extent of damage in tissue at a subcellular level as it develops in real time
(Douglaset al, 2011).Similar to confocallfiorescence microscopy, it can image optical sections
of a specimen (a stack), providing the option of stackinfjiple scanned optical planaad
thereby generating a threimensional reconstruction of the specimen (Denk and Svoboda,
1997). 2PLSM can beseful in various experiments, from observing catcdynamics in

dendritic spine$o in vivo functional imaging (Denk and Svoboda, 19®8urphyet al.,2008.

1.8 Objectives

The molecular mechanism linking ischemic failure of H&/K* pumpto theonset ofa
largeinward current in neuroris still unknown. @nventional voltageand ligandgated channel
blockersdin ot prevent i schemic o,butthearapaxonicnioovechentp ol ar i
characterizing the onset of AD points towards a channel erler structure facilitating this
event. Furthermore, sondrugs are effective in blocking or delaying AD without affecting

baseline excitability, whichmay mean that the currents driving AD act beyond the standard
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channels and neurainsmitter receptorgenerating the normgbhysiology of neurons The
possibility of a pathological channel or pore forming to drive AD is plausible with the discovery

of the mitochondrial permeability transition pore (mPTP) and pannexins that open during AD.

Thus, we asked mether AD initiation may involve the formation & pore or
pathological channethat enable ions to rapidly flow down their gradients, and whether the
Na'/K* ATPaseis responsible. Ithe poisonpalytoxin causesapid depolarization in cellby
acting onthe Nd/K* pump then exposing brain slices to palytoxin should recapitulate the effects
of OGD on slices. We also investigatiepalytoxin's effect is delayed by the same druugt t
delay OGDinduced AD as indirect suppofor the idea that AD during idtemia cold be
generated by the conversion of tNa’/K* ATPaseinto a nonselectivecationicchannel.ln the

present study, we set out to answer the following questions:

I Does PTX induce a spreading depolarization similar to that imaged during AD?

Il. Does PTXinduce a negative shift similar to that recorded during AD?

M. Using 2PLSM, des PTX induce pyramidal neuron injury similar to that imaged post
AD?

V. Is the onset of the PTXnduced depolarization delayed by drugs that delay AD
onset?

V. Is PTX-induceddepolarization weaker in lower brain gray matter vs. higher brain

gray matter, as we have reported with fissonet al., 2014y
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Figures
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Figure 1. Alternative-access model of the N& * pump. In each cycle, using the energy

released from the hydrolysis of adenosine triphosphate, the enzyme transports sodium and

potassium ions across the membrane against their respective concentration gradients. Access to

the binding sites is cont r olnhorzahtallark barsyone forg at e s 0
the extracellular side and one for the cytoplasmic side. Conformations with the two gates closed
correspond to states inwhichNaK'i ons are foccluded. 0 We propo
this cycle caused by lack of ATd® of inorganic phosphate (both the result of ischemia) could

lead to one or both gates undergoing delayed closing or early opening. With both gates

momentarily open, the pump would essentially act as a channel. Modified from Horisberger

(2004).
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Na'/K'-AT Pase isoform constituents affect the pumping rate

A) B-subunit
a-subunit /

Ouabain
v-subunit ‘ . Other cardiotonic steroids

Subunits of the Na'/K' ATPase Pump. The enzyme is shown from the side (top) and from above in B.
The a-subunit is the catalytic component responsible for ion transport (*) and is also the binding site
for pump inhibitors, which bind to the extracellular region. The [-subunitis essential for pump
activation and is responsible for membrane transport, insertion and folding . Increased affinity for

ATP by the y-subunit may allow the al 1 isozyme in neurons to function more efficiently in an energy
compromised environment.

B) oot _Q' ‘3
e

transport pore

-4 a-subunits : a1 is throughout the CNS, a2 is primarily glial and a3 is primarily neuronal.

- 3 B-subunits : p1 is neuronal and B2 and p3 are glial.

- Common functional isozymes in neurons are a1/31, a3/p1.

- The 7 y-subunits are still poorly understood but modulate pump efficiency in neurons when ATP is
low.

Figure 2. The subunits of the N&¥K ™ pump.

A) Sideview of the pump embedded in plasma membrane.
B) Faceon view of the pum showing potential channel (figure modified from
Dobretsov and Stimers, 2005).

21



Chapter 2

Methods

2.1Live Brain Slice Prepaation

All procedures were carried out under protocols submitted by Dr. David Andrew and
approved by the Queends Uni ver s-Dawky (dge3dlma | Car e
weeks; Charles River, St. Constant, PQ) or C57B mice of either sex (Chadesvirive housed
in a controlled environment (25°C, 12 h light/dark cycle) and fed Purina lab chow ancdater
libitum. Each animal was placed in a plastic rodent restrainer (DecapiCone; Braintree Scientific,
Braintree, MA) and decapitated using a guitteti The brain was excised and immersed in ice
cold high sucrose artificial cerebrospinal fluid (aCSF) gassed with 9888«3CG. The
composition is described below. Coronal slices (400 uM) of neocortex with underlying striatum
or hippocampus, or of brairsh were cut using a Leica 1800vibratome. The slices were
incubated in regular aCSF (equimolar NaCl replacing sucrose) at room temperatubehfours
before being transferred to the recording chamber where they were submerged in flowing

oxygenated adS (3 ml/min) at 3234°C.

For 2PLSM experiments, slices (350 um thick) were prepared as above from >30 day old
C57 black mice of the BG.Cfg (Thy:YFP) 16Jr s/ J strain. A portior
projectionneurons express yellow fluorescent prot&iRR) driven by thehylgenepromoter
(Fenget al, 2000), which can be visualized using the 2PLSM. There is also a proportion of
strongly fluorescent neurons in the mesencephalic nucleus of the midbrain (Btissp2014).

The slices were preparedtime same manner as the rat slices but using mouse aCSF.
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2.2 Experimental Solutions

High sucrose aCSF for dissection and slicing was composed of (in mM) 240 sucrose, 3.3
KCI, 26 NaHCQ, 1.3 MgSQ.7H,0, 1.23 NaHP(Q,, 11 D-glucose and 1.8 CafRegular rat
aC3 was composed of 120 NacCl, 3.3 KClI, 26 NaHCID3 MgSQ.7H,0, 1.23 NaHPQ,, 11 D
glucose and 1.8 CaCMouse aCSF was rat aCSF with the addition of 20 mM mannitol.
Oxygen/glucose deprivation (OGD) aCSF which simulates ischemi&rto was made by
decreasing aCSF glucose from 11 to 1 mM and gassing the aCSF with,#8% Q0.
Palytoxin (WakoChemicals USA, Richmond, VA)jlilicaine (Sigma&Aldrich, St. Louis, MO)
and carbetapentane (SigiAldrich) were added to aCSF as required. All §ohs were made

using distilled water supplied by Botterel Hal

23l magi ng Changes in Light Transmittance (a
Imaging was used to detect the changes in light transmittance caused by alterations in

scattering or absorbance within litissue in real timeRigure 3). A cerebral or brainstem slice

was placed in an imaging chamber with a glass coverslip base and held down with small pieces of

silver wire at the slice edges. The slice was superfused with aCSF (3 ml/min) beforimgecord

andwas maintained at 324°C. The solution superfusing the slice was switched to OGD or

palytoxin (PTX) aCSF at the start of each recording session. The slice was illuminated using light

from a broadband halogen light source (Carl Zeiss SNT 12V 100W) gorigihtumicroscope

(Axioscope 2FS plus, ZEISS; Examiner D1, ZEISS). The images were visualized using a 2.5 X

objective and the video frames were captured with-bitl@igital camera (Hamamatsu C4742

52) at 30 Hz using Imaging Workbench 6 software (INDEGSBstems, Sanata Clara, CA).

The transmittance valu@) of the first imageT.on) Was subtracted from each subsequent
image (Texp) Of the series, so the difference imadig- Tcon) revealed areas where LT changed
over time. To account for intriftsregional differences ifn (€.9. White vs grey matter), the

difference signal was normalized by dividing hy,.and converted to a percentage to represent
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the digital intensity of the control (fexpage. Th
-Tcon)/ Tcont] x 100 = [T/ T] %. The oLT was depicted
Changes in LT through the tissue was measured from baseline, with increased LT represented by
blue-greenyellow-red pseudocolouring and decreased tranantt indicated by magenta

pseudocolouring. Latency to depolarization was determined as the lapsed time between the aCSF
change and the firsisually detectedocal increase in LTelative totheLT in surrounding tissue

thatproceeds t@ropagag into adpcent gray matter.

Increased LT primarily indicates tissue swelling and decreased LT indicates primarily
dendritic beading (which scatters light reaching the detector) (Datveds 2007). Thus as a
depolarization propagates through gray matter it isalised as a propagating increase in LT

which may be followed by a decrease in LT over the ensuifithIiinutes.

2.4 Recording the Negative Shift

The negative DC shift is the electrical signature of the sudden depolarization of cells near
the recording electrode. As the cells go positive intracellularly, the extracellular space goes
negative with respect to a distant ground electrode. The glasspipiette recording electrode
was pulled from thirwalled capillary glass and was filled with aCSF before it was mounted on a
3-D micromanipulator. As described for LT imaging, each slice was placed in the recording
chamber and superfused with aCSF aB3Z. The ground electrode was placed in the bath and
the recording micropipette was placedBID UM deep in layer II/11l of the cortex or in layer
CAL1 of the hippocampus. Following exposure to OGD or PTX aCSF, a negative DC shift in the
extracellular potetial was usually recorded as the front of elevated LT passed by the recording
micropipette. The digitized data were acquired and plotted using Axon Imaging Workbench

software (Axon Instruments).
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2.5 Two-Photon Laser Scanning Microscopy (2PLSM)

Transgenic mie expressing YFP in nheurons were imaged in 2PLSM experiments. A slice
was placed in the imaging chamber, held down with netting and superfused with flowing aCSF at
32-34°C. The imaging chamber was mounted on a fixed stage of an upright Axioscope Il FS
microscope (Carl Zeiss, Jena, Germany). YR€uUrons were imaged using a Zeiss x40 or x63
waterimmersion objective with appropriate filter sets and a Zeiss LSM 710 NLO meta
multiphoton system coupled to a Coherent Ti:sapphire laser (Brisson and Andrew,T20&&).
dimensional image stacks were taken usually at 3um increments, allowing optical sectioning of
each neuronal cell body at several depths. The section with the largest area was determined
visually and the cell body periphery outlined using Zeiss L8Mware which then calculated the

crosssectional area.

2.6 Pretreatment of Slices with Dibucaine and Carbetapentane

Slices were placed on netting in a beaker bubbled with 98%40CG, at room
temperature. Dibucaine (DIB) experiments consisted of pretresliosg with 10 uM or 1 uM
DIB for 35-45 minutes. Carbetapentane (CP) experiments consisted of pretreating slices with 30
UM CP for 4015 minutes. Slices were pretreated at concentrations and pretreatment times based

on previous studies (Whitt al, 2012;Douglaset al, 2011; Andersoet al, 2005).

Depolarization latency of the slices pretreated with DIB or CP under OGD or PTX aCSF
was captured using LT imaging (as outlined above). The onset time of anoxic depolarization
(AD) or palytoxininduced depolazation (PD) in each drugeated slice was calculated as a
percentage of the onset time of the subsequent untreated (control) slice in order to accommodate
for the hourly variation in AD onset time. In general, the latency to AD and PD onset increased

throughout each day which is typically observed in our laboratory.
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2.7 Statistical Analysis

Recordings were terminated if slices appeared visibly damaged from dissection or if
slices from the same animal consistently did not display AD under OGD exposureawithin
window of AD onset times ranging from 4 to 8 minutes. To analyze statistical significance,
unpaired #tests and onway repeateine asur es ANOVA f ol l owed by Tuke
were employed using SPSS Statistics. Data were dkstatstically signitant at p<0.05.All

data are presented as meastandard error.
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Figures
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Figure 3. A schematic of the equipment used to image changes in light transmittance.

broadband halogen light source is shone through the brain slice. When the light reaches the tissue
it is scattered, absorbed or transmitted. The transmitted light is collected and digitized by a
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chargecoupled device (CCD). Each digitized image is preedswith a frame grabber board
controlled by imaging software. Image modified from Anderson and Andrew (2002). Note that an

infrared filter was not used in the study.
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Chapter 3

Results

3.1Light Transmittance (LT) Imaging of Anoxic and Palytoxin-induced
Depolarization

We initially carried out experiments exposing cerebral slices to OGD to induce AD, first
to replicate previous laboratory results and second to provide a basis for comparison with PTX
exposureLight transmittance (LT) imaging reveal AD induced by 10 minutes of OGDAt AD
onset,one or mordocal increases(3)f elevated LT{representing cell swelling@ppeared and
spread through neocortical gray matter as front(s) of increasdddving damage iits wake
which was imaged as a nection in LT (Figure 4). The OGDinduced neocortical AD onset time

was289+10 s (n=48).

To conserve expensive PTX and initially estimate a concentration that would induce a
similar front of spreading depolarization, we first applied a small bolus of civatshdrug into
the imaging chamber where each neocortical slice was placed with the aCSF flow stopped.
Imagingwasstarted immediately after PTX application to the static bath to a final concentration
of 100 or 10 nM. As PTX slowly diffused around thies) spreading depolarization was reliably
induced initiating as ore or more focal increases in LT wiglach proceeding to spread across the
neocortexas a front of elevated LT. The onset of palytexiduced depolarization (PD) was
significantly earlieusing 100 nM PTX vs 10 nM PTX (F(2,29)=47.45, p=0.00%ble 1).
Often during or subsequent to PD in the neocortex, elevated LT fronts were generated in the
thalamus, striatum and/or hippocamptalfle 2). To ensure that the static bath itself did not
induce anoxia that might trigger AD, several slices were imaged for 10 minutes in the static bath
containing only aCSF. In a few slices Alas induced (usually in neocortéable 2) but it was

significantly later than in slices where the front was induceBBY (p<0.001)(Table 1).
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To determinealow but effective concentration of PThat evoked PD using a
superfusiorapplication, 10 or 1 nM PTX in aCSF flowed over slices for 10 mini@eats) At
10 nM PTX theneocorticalPD onset timavas246+14 n=45)(Figure 5). Compared to 10 nM
PTX, 1 nM PTX time was significantly later and more variable at 402+49 s (n=16;
F(2,119)=14.36, p<0.001Figures 6, 7) . Basedn these results we used 10 nM PTX in a
flowing bathfor the rest of the study. In additioto theneocortex (and like OGD), PTX
superfusion inducedepolarizatiofs) in the hippocampysstriatum and thalamu3#ble 3). The
neocortex was depolarized in the highest proportion of slices in response to OGD or to PTX as
measured by LT imaging. In aeortex superfusion of 10 nM PTX induced depolarization earlier
and in a higher proportion of slices compared to 1 nM PTX which demonstrated a dose effect
(Figure 4). Latency to depolarization in the hippocampus was significantly shorter with 10 nM
PTX conpared to 1 nM PTXK(2,40)=13.59p=0.04). No significant difference in the latency to
depolarization between 10 nM and 1 nM PTX was found in the strigd(2w1)=6.20, p=0.9)
and thalamug¢F(2,33)=1.42, p=0.89Y 0 compare with PD, we also superfused OGIDLO
minutes onto sliced={gure 4). The OGDinduced AD latency in the neocortex (289+10s) was
significantly shorter than the 1 nM PD latency in neocortex (p<0.@&p-induced AD latency
was longer than the latency to 10 nM neocortical PD but thivamety significant (p=0.09he
OGD-induced latencies to depolarization in the hippocampus and striatum were significantly
longer than the 10 nM PD latencieslirted in the same regions (p8@1; p=0.004), while there
was no significant difference betwe®GD and 10 nM PTX in the latency to depolarization in
the thalamugp=0.23) Meanwhile, the latency to depolarization in the hippocanips@.16)
thalamugqp=0.7)and striatur{p=0.442)were not significantly different between OGD and 1 nM

PTX.

The LTimagingcharacteristics dPDin theneacortexand subcortical region(§igures

5, 6) were strikingly similar tAD induced by OGIFigure 4). Both OGD andPD generated
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focal depolarization(s) in the neocortex and often in the surroufidng g braénrdractures

including the thalamus, striatum, and hippocampus. These focal depolarizations propagated into
adjacent gray matter. A decrease in LT was then ofteat in these regions wheregfront

had passed through. THecreaseleveloped slowly ovahe ensuing 145 minutesThe

maxi mum &LT was similar between -@GpP=083=8) and
although PTX displ ayedOGD FHgure& t(le)=24mp=0.8)mum sL T t
Like AD, when PD was observedthne striatum, hipppampus othalamus, these areas also

dispayed decreased LT following the front of spreading depolarizafiguies 5, 6).

3.2LT Imaging of OGD- and Palytoxin-Induced Depolarization in the Brainstem

Our imaging of AD induced by 10 minutes of O@Dthe branstem extends a
preliminary study in our labxaminingthe acute effects of OGID brainstem Swelling, often
followed by AD (the dramatic spreading increase in LT) was observed in the superficial regions
of superior colliculus and inferior colliculus, periaqueductal gray and in substantia nigra
reticulata.The medial geniculate nucleus (the most caudal part of the thalamus) also usually
displayed AD as expected. Similarly, brainstem slices superfused @it PTX for 10 mintes
exhibited swelling ofte accompanied by PD in the same brainstem regions affected by OGD

(Table 4).

The red nucleus in midbrain did not show increased LT under OGD or PTX. Also, the
substantia nigra compacta displayed no notable increase in LT before exhibiting decreased light
transmittance in response to OGD or PTX exposure. In contrast, the substaatiticulata
displayed only an increase but no decrease in LT when imag&6-4@r minutesafter exposure
to 10 minutes of OGD or PT.Xhese observationsuggested minimal damage in tieel nucleus

and nigraalthough this requires electrophysiolodicanfirmationand additional imaging.
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3.3 Extracellular Recording of Anoxic- and Palytoxin-Induced Depolarization

To confirm thatthe moving front of elevated LT representggional depolarization of
neuronsduring OGDwe measured thehange in thextra@llular voltagewithin the CAl
hippocampal regiowhile simultaneouslymagingLT changes in the same regidfe first
obtained a baseline recording before switchtin@GD-aCSF. During the first few minutes of
OGD there was no change in the baseline piadet the moment the AD front reached the
recording electrode, there was a distimegjativegoing shift in the field potentiaF{gure 9). The
sudden drop in the voltage displayed a mean amplitude of 4.2 + 1.0 mV (n=9) for OGD. With
superfusion of PTXthe results using this simultaneous recording technique were siRigarég
9). The mean voltage amplitude was 4.1+0.8 (n¥14) during PTX exposuré&igure 10) which
was not significantlyifferent from OGD (1(21)=0.06, p=0.9). The key finding for OGOPF X
exposure was the coincidence of the negative shifet ashe LT front reachedhe micropipette

tip. Both parameters areell establishedhdicators of spreading depolarization.

3.4 Two-Photon Laser Scanning Microscopy (2PLSM)

To confirm that like OGD, PTX causedellular swelling and dendritic beading as
implicated by oulLT imaging findingswe used PLSM to image pyramidal and mesencephalic
neurons in cortical and brainstermronal slices, respectively. Slices were imalgefbreand
immediately after exposure i® minutes o©DGD or PTX In theneaortexOGD caused
pyramidal cell bodies to swell by 53 #3n=68), calculated by measuring tlergestcross
sectional area afachsoma (Figure 11). Similarly, PTXexposurecausedyramicdal cell bodies
to swellby 47+3% (n=106)Kigures 12, 13. The somata swelling caused by OGD and PTX
were not significantly different (t(172).45, p=0.1). Both PTX and OGD caugsbd
disappearance of dendritic spines anbdsequent swelling of dendritehich oftenformedchains

of di | deadsons or fi
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We did not image the effect of OGD on brainstem mesencephalic (MES) neurons
because Brisson et al. (2014) previously detected no significant swelling of MES cell bodies after
exposure to 15 minutes of OGDhey noted only minor swelling of the primary processes. In the
current study 10 minutes of PTX caused MES somata to swi#f 1y13% (n=13cells from 2
mice) Figures 14, 15, 1§. This is significantly less than the 47% observed with pyramidal
neuronsoted above (1(31)=7.45, p<0.001). Mesencephalic neurons are pseudounipolar, with
secondary and tertiary dendrites located far from the cell body. Thus we could not observe if
dendritic spines disappear or form beads; however the primary processes vodnanaly
dysmorphic Figure 14). So while theemidbrain neurons showed some Riduced swelling
it was minimal compared to the neocortical neurons. 3imiall effect on brainstem neurons

compared to neocortical neurons was similaD@D treatment.

3.5LT Imaging of AD and PD in Slices Pretreated with Dibucaine and
Carbetapentane

To further explore similarities between OGD and PTX we tested two drugsr¢hat
known todelay AD to observe whetheitherof these drugs alsdelay PD Table 5, Figure 17).
Pretreatment of slices with dibucaine at 1 omM or carbetapentane at &M caused a
significantly longelAD and PDl at ency compared to no pretreat me
|l atencyo amducopmtert x| depol | at enTapled.t value, p
Pretreatment with 16M dibucaine caused a more prolonged delay of AD thadwl Hibucaine
but the delay in PD by 18M dibucaine and &M dibucaine was similait 30 nM,
carbetapentane was more than twice as effective in delayinigdPDAD (t@6)=-2.36, p=0.02k

Thus carbetapentane and dibucaine are individually effective in delaying both AD and PD onset
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Tables

# of slices # of slices mean
displaying no displaying depolarization
depolarization depolarization latency (s)
100 nM PTX 2 16 60 + 18
10 nM PTX 4 8 205 + 48
control aCSF (static bath’ 14 8 473 £ 36

Table 1. Latency of spreading depolarization induced in slices using a static bath and

measured by LT imaging.100 nM PTX induced depolarizati@arliest and with more

consistency. The latency delay for 10 nM PTX was shorter and depolarization was less likely,
demonstrating a dose effect. The static bath condition itself could induce spreading depolarization

in a few cases, but only after a proledgperiod of no flow.
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Neocortex Striatum Hippocampus Thalamus

100 nM PTX 16/18 12/15 5/6 6/11
10 nM PTX 8/12 4/10 1/6 4/6
control 8/14 2/19 0/11 0/13

Table 2. Regional frequency of spreading depolarization induced in slices using a static

bath. Induction of spreading depolarization was monitored with LT imaging in four higher brain
regions. 100 nM PTX consistently induced depolarization in the neocortexyrataad
hippocampus. 10 nM PTX application also reliably induced depolarization in the neocortex but

less reliably in the striatum and hippocampus.
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OGD PTX 10 nM PTX1nM

Depol Depol. Depol
Depol Latency DND | Depol Latency DND | Depol Latency DND

(n) (s) (n | () (s) (n | (n) (s) (n)

Neocortex 48 289 +10 0 45 246 + 14 0 16 402 + 49 2
Striatum 27 237 16 2 15 158 £ 10 5 2 173+3 5
Hippocampus 14 352 + 27 6 20 175+ 17 1 9 274 + 44 2
Thalamus 17 296 +17 3 14 241 + 24 5 5 263 + 64 5

Table 3. Regional generation of OGD or palytoxin-induced spreading depolarization in

higher brain gray matter using LT imaging of superfused slicesThe neocortex depolarized in
the highest proportion of slices in response to OGD or to PTX as measured by LT imaging. 10
nM PTX induced depolarization earlier (in neocortex) and in a higtogortion of slices

compared to 1 nM PTX. DND-=slices that did not display a spreading depolarization.
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OGD PTX

n Spread Depol Swelling n Spread Depol Sweling
Medial Geniculate Nucleus (Thalam 6 5 1 7 4 3
Substantia Nigra Pars Reticulate 7 4 3 7 0 7
Superior Coliculus 11 11 0 10 7 3
Periagueductal Gray 18 13 5 12 6 6
Inferior Colliculus 8 8 0 4 3 1
Red nucleus 4 0 0 4 0 0

Table 4. Regional generation of 10 nM palytoxirinduced spreading depolarization in
brainstem gray matter. The mediaeniculate nucleus of the thalamus (belonging to the higher
brain) and various brainstem structures displayed either a propagating signal or swelling alone in

response to OGD or PTX. The red nucleus was the only structure examined that did not show any

regponse.
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control vs
drug drug mean drug pretx mean % delay
pretreat-| no. of |treatment depol |depol latency: | mean % (by pretx drug of
ment | slices | duration latency tvalue, p delay | ADvs PD: t
(UM) (n) (m) treatment| (s) value (%) value, p value
- + - _
o control 10 0GD 190 + 14| t(18)= -3.023, 44+ 11
2 Q| 1Db | 10 | 455 | . 26721 p=0007 | (17)=-0.721,
- 3 - - =0.481
£ cont_rol 12 prx |246£37|1(22)=-1.935,| o, , o9 P
1 Dib 12 45+5 342+ 33| p=0.066
I 1 - 200+ 1 =.
< o contro 6 OGD 00 £ 13| (31)= -6.303, 72+ 19
=g | 10Db ) 17 | 355 | . 31513 p<00Ol | . ((42)= 0.395,
o 2 - + — =0.695
S contr_ol 28 prx |2HE17|1(56)=-3.417, | o, 44 P
10 Dib 29 3545 286+ 11| p=0.001
L I 14 - 206 + 2 =-
N oD |200*201t(24)=-280L, | 5 , 14
S § @[ 30CP | 12 | 40s5 | |288+20| p=001 | __ . (26)= -2.360,
o 2 8 ; + - =0.026
® 2 control 21 PTX 207 £21 | t(38)= -6.402, 129 + 29 p
© 30 CP 19 405 398+ 21| p<0.001

Table 5. Spreading depolarization latency in slices pretreated with dibucaine or

carbetapentane.Slices were pretreated with either dibucaine or carbetapentane4ér 35

minutes before superfusion with OGD or PTX treatin€he latency to depolarization was

compared to a subsequent untreated control slice superfused with the OGD or PTX to determine
the % delay caused by the pretreatment drug. All drug pretreatment conditions caused significant

delay in AD and in PD. Depotiepolarization, pretx=pretreatment.
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Figures
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Figure 4. Light transmittance (LT) imaging reveals damage in higher gray matter following

AD induced by 10 minutes obbxygenglucose deprivation OGD). A) and B)depicttwo
separateeocortical slicethat weresuperfused with OGRACSF solutionThe front of elevated

LT (representing cell swelling during AD onset) arises and propagates as distinct waves coursing
through neocortical gray matter (arrows), leaving damageshaiiged as light scatter (purple
pseudocolouring) in their wake. In both A and B, AD does not involve the striatum (Str) which

remains swollen but not terminally injured as is the neocortical gray by 24 minutes.
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10 nM Palytoxin
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Figure 5. Palytoxin at 10 nM induces an OGDlike sequence of LT changeArrows show

fronts of highly elevated LT (red pseudocolouring) arising focally and coursing independently
through the neocortical and striatal gray (Str). The PTaished off after 10 minutehes

regions are subsequently damaged as shown by the reduced light transmittance at 33 minutes.
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Figure 6. Palytoxin at 1 nM superfusion induces an OGBHike sequence of LT change.

Arrows show fronts of elevated LT arising focadligyd coursing first through the neocortical gray

and then hippocampus (Hipp). Note the spread of the signal through the CA1 cell body layer (red
pseudocolouring). The PTX is washed off after 10 minutes. These regions are subsequently

damaged over the enagi 20 minutes.
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