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ABSTRACT

The high sensitivity of the mammalian brain and the insensitivity of the turtle brain to O
deprivation led to the use of cortical slice preparations in both species being utilized for a
comparative study of anoxia tolerance. To assess anoxic survival, intracellular recording
techniques were employed. Turtle neurons survived both anoxia (aCSF equilibrated with
95% N2 / 5 % CO2) and pharmacological anoxia (anoxia + ImM NaCN) for 180 min. with
no measurable degradation. Rat pyramidal neurons responded with a decrease in whole cell
resistance followed by transient hyperpolarization and a subsequent depolarization to a zero
membrane potential (41.3 + 6.5 min., anoxia; 25.8 + 12.6 min., pharmacological anoxia).
Pharmacological ischemia (pharmacological anoxia + iodoacetate 10 mM) caused a rapid
decrease in whole cell resistance, transient hyperpolarization, and a rapid depolarization in
both turtle (4.6 + 1.1 min.) and rat (3.1 + 0.5 min.) neurons. Ouabain perfusion caused a
rapid depolarization in the rat cortical neuron (8.6 + 1.1 min.), but no initial decrease in
whole cell resistance or a hyperpolarization.

Calorimetric measures converted to ATP utilization rate indicated that the turtle cortical
slice has an initial ATP utilization of 1.72 ymoles ATP/g/min. which agrees closely to in
vivo whole brain metabolic measures. This value supports a 9 fold lower metabolic rate
compared to analogous guinea pig cortical slice preparations. Based on heat depression
measures, resulting ATP utilization estimates indicated a metabolic depression of 30 %
(nitrogen) and 42% (pharmacological anoxia). Heat flux changes over pharmacological
anoxia, support a large initial Pasteur effect which gradually declines over the 120 min. insult
interval. Activities of hexokinase and lactate dehydrogenase were similar between the rat
and turtle cortical slice (25 OC), but the turtle cortex only expressed 80 % of the activity of
the rat cortex for citrate synthase. Surprisingly, the turtle cortical slice did not exhibit a
change in any measured adenylate parameter up to 120 min. of anoxia or pharmacological
anoxia. Significant changes did occur in [ADP], ATP/ADP ratio, and energy charge at 240

min.
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In order to assess difference in ion leakage in both the turtle and rat pyramidal neurons,
intracellular recording techniques for short term anoxia (120 min.) and whole cell patch
clamp techniques (on cell populations) for long term anoxia (6 - 9 hrs.) were utilized. Both
techniques indicated that turtle cortical pyramidal cells did not change in conductance (whole
cell conductance or specific membrane conductance ) with anoxia. Whole cell patch clamp
techniques supported a 4.2 fold higher specific membrane conductance in rat pyramidal
neurons compared to turtle neurons at the same temperature (25 ©C) which was accentuated
by temperature so that rat pyramidal neurons at 37 ©C were 22 times more conductive than
turtle neurons at 15 °C. A conductance Q10 of 1.9 was measured for both turtle (15 - 25 ©C)
and rat (25 - 35 ©C) pyramidal neurons. To asses pumping activity capacity, Nat-K+-
ATPase activity was measured in cortical slices of both species. At the same temperature (25
OC) a 2.3 fold higher activity was measured in the rat cortex compared to the turtle
supporting the patch clamp results of a lower normoxic specific membrane conductance in
the turtle cortex.

Taken together these results support that the turtle brain is able to survive anoxia through
an enhanced glycolytic capability, a low normoxic brain metabolism with the ability to
further depress metabolism during anoxia. Electrophysiological techniques support reduced
ion pumping through reduced ion leakage as one mechanism for a depressed normoxic
metabolic rate in the turtle cortical slice but do not support further down regulation of

channel activity with anoxia.
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CHAPTER 1: ANIMAL ANOXIA TOLERANCE - AN INTRODUCTION
Preface

This chapter is intended to give the reader an overview and orientation to the subject of
anoxia in vertebrates, and how, based on this information, the focus of this thesis evolved.
Parts of this chapter were excerpted form C. J. Doll (In Surviving Hypoxia, CRC Press, pgs.
389-400, 1993).

A Species Overview

The graceful glide of a marine mammal beneath the ocean surface is a reflection of the
extreme evolutionary morphological change which has occurred to this group of mammals.
Though not sharing a common ancestor with whales, seals have also forgone a terrestrial
mode of life in exchange for the sea. Whales and dolphins abandoned terrestrial life about
45 m.y.a. (Gingerich and Russell, 1991) compared to seals who abandoned the land about 23
m.y.a. (Berta et al., 1989). Both groups have undergone considerable morphological
change; yet, with respect to cellular adaptations to anoxia these animals are remarkably
similar to nondiving mammals of today (Castellini et al., 1980).

Both terrestrial and marine mammals ha?e tissues such as skeletal muscle which are
tolerant to both anoxia and ischemia, however, they both also possess oxygen sensitive
tissues such as the brain. Mammalian skeletal muscle is known to survive ischemia for
several hours (Beyersdorf er al., 1991) while the brain function is noted to fail within a
minute for a similar insult (Hansen, 1985). In terms of asphyxia duration, the champion
vertebrate homeotherm is the elephant seals reported to dive to depths of 1.5 Km. (DeLong,
1991) and for times up to 120 min. (Hindell et al., 1991). Yet, no diving mammal or bird
has been recorded with a zero blood Po, (Kooyman, 1989). Rather, these animals rely on
mechanisms which conserve and carry more oxygen to their tissues. These adaptations
include: (i) a large body size to minimize oxygen consumption ; (ii) the diving reflex to
conserve oxygen for critical tissues; (iii) increased hematocrit/volume of blood, as well as

more hemoglobin/cell to increase blood oxygen stores; (iv) large stores of myoglobin in the



skeletal muscle to increase cellular oxygen stores; and (v) the release of oxygenated red
blood cells from the spleen during a dive to provide additional oxygen to critical areas, [for
reviews see (Elsner and Gooden, 1983; Hochachka, 1980; Kooyman, 1989)].

That brain is considered the most sensitive tissue to hypoxia and anoxia in the vertebrate
has been the topic of investigation for a considerable time (Boyle, 1670). Even though
marine mammals live the majority of their lives in an anoxic environment experiencing
hypoxia daily, their central nervous system (CNS) appears to be only slightly better adapted
to living without oxygen as compared to the canine brain. Studies have shown CNS failure
occurring at a Po, of 10 torr (Kerem and Elsner, 1973b) for the seal brain compared to 14
torr for the canine brain (Kerem and Elsner, 1973a). This difference is not very significant
when considering: (i) the scaling effect of brain size vs. metabolic rate which gives the larger
seal brain a lower metabolism (Mink et al., 1981) and (ii) the increased capillary density of
the seal brain allowing a greater extraction of oxygen from the blood (Elsner and Gooden,
1983). Through millions of years of selective pressure for hypoxia tolerance, marine
mammals do not appear to be significantly better adapted to cerebral anoxia tolerance than a
typical terrestrial counter part. This observation suggests that the CNS of homeotherms may
operate under certain limitations which disallow anoxic tolerance.

The CNS in most vertebrates is highly sensitive to oxygen deprivation. The only notable
exceptions are the crucian carp (Carassius carassius), the goldfish (Carassius auratus), and
a few reptiles of which the most notable is the painted turtle (Chrysemys picta) (Ultsch,
1985). This species can survive 6 months in anoxic water at 3 9C (Ultsch, 1985) and 48
hours at 25 OC (Musacchia, 1959). In the fall, C. picta submerges into the anoxic sediments
of ponds and river bottoms and overwinters until spring (Ultsch, 1989). The turtle’s anoxic
resistance has presumably evolved as a survival mechanism to overwintering in anoxic water
and mud. This hypothesis is supported by the observation that long hibemators (northern

species) exhibit greater tolerances to anoxia compared to southern species (Ultsch, 1985).



Turtle Whole Body Anoxic Adaptations

Perhaps the most striking adaptation of the turtle is its ability to control whole body
metabolism. As indicated above, the turtle is an excellent oxygen conformer suggesting that
it has the ability to regulate metabolism during hypoxia. Jackson (1968) demonstrated that
the turtle was able to depress its metabolism (heat production) during anoxia to 1/5 its
normoxic rate within a few hours of submergence (Jackson, 1968). Regulation of whole
body metabolism aids the survival of the turtle in several ways: i) it allows the stores of on
board fuel (glucose and glycogen) to last longer; ii) it lessens the cellular energy (ATP)
demand allowing glycolytic machinery to match cellular demand; and iii) it decreases the
build-up of harmful toxic products.

With decreasing metabolism, the second problem facing the anoxic organism is supplying
critical tissues like the brain with enough substrate (glucose). Adaptations in this category
can be broadly defined into two areas. First, the shunting of blood to critical areas (diving
reflex), and second, the regulation of substrate utilization.

Blood flow studies have indicated that the turtle (C. scripta) increases blood flow up to
250% (compared to normoxia) to the brain during an anoxic insult while other organs such as
liver, intestines, pancreas, and kidneys all receive large (50 - 100%) reductions (Bickler,
1992b; Daves, 1989). This shunting to the brain clearly demonstrates the importance of
maintaining a large glucose supply to this critical organ.

Another adaptation in conjunction with blood shunting is the ability to regulate blood
[glucose] through the mobilization of liver glycogen. Studies have shown that turtles are able
to increase blood [glucose] by up to 11 fold (compared to control) during anoxia (Clark and
Miller, 1973; Daw et al., 1967; Keiver et al., 1992; Penney, 1974). This increase is reflected
by a dramatic drop in liver glycogen (Clark and Rothman, 1987; Penney, 1974). The glucose
rise can be prevented by the administration of propranolol (a B-adrenergic receptor

antagonist) supporting the role of hepatic mobilization of glycogen in this increase (Keiver



and Hochachka, 1991). Turtles also appear to have large reserves of liver glycogen
compared to non-anoxia tolerant species (Hochachka and Somero, 1984).

One of the most detrimental effects of anoxia on the turtle is the accumulation of harmful
end products. Numerous studies have documented a decrease in blood pH and subsequent
rise in [lactate] (up to 200 mM) occurring during anaerobiosis in the turtle (Gatten, 1981;
Herbert and Jackson, 1985; Robin et al., 1981; Ultsch and Jackson, 1982). Additionally,
studies have shown that if blood pH drops below 1 pH unit of resting, the animal is not likely
to fully recover (Herbert and Jackson, 1985). Long term anoxic survival necessitates the
need for the accumulation of lactate, but the organism can only tolerate limited amounts of
either lactate or the accompanying drop in pH. One solution as discussed above is to
minimize metabolism, and thus minimize the accumulation of these end products. In part,
the turtle can remove some protons and lactate through the urine (Ultsch, 1989). However,
this is a wasteful strategy since upon recovery, the turtle could no longer utilize the large
remaining energy reserve of lactate for re-establishment of glycogen stores or further
oxidation. Another mechanism would be to increase buffering capacity of both blood and
intracellular fluid, but the evidence does not support enhanced buffering capacity in either
compartment (Ultsch, 1989; Ultsch and Jackson, 1982). What the turtle does appear to
utilize is the mobilization of counter positive strong ions (Ca*2 and Mg*2) to ionically
balance the formation of lactate anions (Herbert and Jackson, 1985; Jackson, 1982b). This
balance depresses the drop in pH of the blood significantly (Herbert and Jackson, 1985). The
concentrations of both of these ions increase greatly with submergence, with calcium
reaching 100 mequiv/l (3X control) and magnesium about 30 mequiv/l (2X control).(Jackson,
1982a) The close correlation in the rise of these two ions with lactate suggests that this is a
controlled response (Ultsch, 1989). The unphysiologicially high blood [Ca*+2] appears to be
achievable through the formation of Ca*+2-lactate complexes which are believed to bind 2/3
of the Ca*2 formed (Jackson, 1982b). High blood [Cat+2] has been observed in several

reptiles. The highest recorded concentrations are in the ovulating snake (Thamnophis



sauritus) which can achieve a 90 mM blood [Cat2] (Dessauer and Fox, 1959). The high
blood Ca*2 solubility is achieved through the use of phosphoprotein (Dessauer, 1970). Thus,

the turtle may use a similar mechanisms along with lactate complexes to aid in dissolving

blood Ca*2 (Jackson, 1982a).
Tissue Hypoxic Response

Both animals and individual organs can be classified broadly into two groups with respect
to their response to varying oxygen tension (PQ,) (oxygen conformers or oxygen

regulators). Oxygen conformers decrease their oxygen consumption (Voz) as the oxygen

partial pressure (PQ,) is decreased where as oxygen regulators retain a relatively constant
V02 with decreasing PO, (Prosser, 1986; Schmidt-Nielsen, 1979; Fig. 1). Mammalian
skeletal muscle which survives long term anoxia and ischemia is classified as an oxygen
conformer (Whalen et al., 1973), but the mammalian brain (including the seal brain), which
has little or no tolerance to oxygen deprivation is a stringent oxygen regulator (Jones and
Trystman, 1984; Kerem and Elsner, 1973a; Kerem and Elsner, 1973b; Kitner ez al., 1984).
Interestingly, anoxia tolerant invertebrates (Herreid, 1980; Mangum and Van Winkle,
1973)and vertebrates (Fry and Hart, 1948; Glass et al., 1983; Jackson and Schmidt-Neilsen,
1966; Processer et al., 1957) tend to exhibit oxygen conformity suggesting that anoxia
tolerance, in part, is related to the ability to regulate metabolic rate (Hochachka, 1980;
Hochachka, 1986). Regulation of brain metabolic rate will be discussed in further detail in
Chapters 4 and 5.
Energy And Anaerobiosis

Under normal aerobic circumstances, brain tissue consumes exogenous glucose as an
energy supply (Hawkins, 1985; Macmillan and Siesjo, 1972), and the turtle brain appears to
be no exception (Pérez-Pinzo6n et al., 1992b; Robin et al., 1979). Aerobically catabolized

glucose (per mole) yields approximately 36 moles of ATP: .
Glucose +36 Pj +36 ADP+6 O —————p» 6CO) +36 ATP + 44H,0
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Figure 1. Theoretical response of an oxygen conformer and an oxygen regulator to varying
oxygen partial pressures.
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However, when a tissue becomes anoxic, it no longer has oxygen as an electron acceptor and
therefore can no longer use the Krebs cycle and electron transport system and still maintain
mitochondna redox balance (Hochachka, 1980). However, glycolysis can still function
because cytosolic redox balance can be maintained through the lactate dehydrogenase (LDH)

reaction:
NAD*  NADH

Pyruvate < Ewercweag Lactate

However, various invertebrates (helminths and bivalves being particularly inventive) have
developed several different fermentative reactions allowing for increased yields of ATP (Fig.
2) (Hochachka and Guppy, 1987). Surprisingly, the only two pathways which appear to be
utilized by vertebrates to any extent is the ethanol pathway (found in carp) (Shoubridge and
Hochachka, 1981) and the lactate pathway (found in all vertebrates), both yielding a net of 2
ATP (Fig. 2). Turtles do not appear to use any of the other fermentative pathways besides
lactate (Buck and Hochachka, In Press; Hochachka et al., 1975; Robin, et al., 1979). The
advantage of these fermentative pathways is that despite oxygen lack the cytosol can remain
in redox balance, a small amount of ATP can be produced (Fig. 2), and relatively nontoxic
end products are formed. However, the tissue has gone from a condition of producing 36

ATPi/glucose to 2 ATP/glucose (in the case of glycogen, there are 3 ATP/glucosyl unit):
ADP ATP

Glycogen T——\Pb’n/m\—» G1P—— G6P (into the glycolytic pathway)

The turtle brain appears to use glycogen only as a last resort (Clark and Miller, 1973). The
loss of significant ATP production suggests two possibilities for the turtle brain if ATP
supply is to meet anoxic demands: (i) glycolytic flux must increase (Pasteur effect), (ii) the
ATP tissue demand must be decreased (metabolic arrest).
Pasteur Effect
The Pasteur effect was named after its discoverer (Louis Pasteur) who first noticed an

inhibition of carbohydrate (glucose) consumption when oxygen concentrations were high and



an increase in glucose consumption when oxygen concentrations were low (Pasteur, 1861).
Given that the ATP production from 1 mole of glucose under anoxic conditions is 1/18 that
of normoxic conditions, one would expect that glycolysis would be increased 18 fold if ATP
supply is to meet demand (12 fold if glycogen were used). However, this does not appear to
be the case with most tissues (specifics for brain tissue will be discussed in chapter 3). One
of the largest observed Pasteur effects (15 fold) is found in bull sperm (Hammerstedt and
Lardy, 1983). There are two basic reasons that a tissue may not exhibit a full Pasteur effect
and yet still maintain energy (ATP) balance. First, the tissue may depress its metabolic rate
as it enters into the anoxic state, thus ATP demand has diminished and a lower glycolytic
flux will meet cellular ATP consumption. Secondly, the assumption that all of the glucose
under normoxic conditions is fully oxidized may not be correct (Lynch and Paul, 1983)
which may result in a substantial overestimation of energy utilization.

Insights into Brain Anoxia Tolerance

Based on the above information three mechanisms can be hypothesized to play a central
role in turtle neuronal anoxia tolerance: (i) a Pasteur effect; (ii) a low normoxic metabolic
rate; (iii) further down regulation of metabolism with anoxia (metabolic arrest).

The presence of a Pasteur effect would appear to be crucial if energy balance is to remain
constant. Maintenance of energy balance is most critical in the transition phase where the
cell must switch from a highly aerobic state to anaerobiosis. This rapid transition causes a
nonequilibrium with regards to cellular function and energy balance (especially with respect
to pharmacological anoxia, see Appendix B). Thus, the Pasteur effect would serve as a
temporary buffer allowing the neuron to make necessary metabolic adjustments. As
discussed above, if metabolism can be lowered significantly (12 - 18 fold depending on the
anoxic substrate), then the presence of a Pasteur effect may be transitory. The initial Pasteur
effect may be subsequently down regulated to allow normal or reversed glycolytic flux (a
reversed Pasteur effect).



With regards to a reduced metabolic rate, several critical points can be made for anoxic
survival: (i) a low ATP demand would aid the cell in maintaining cellular energy supply for a
given glycolytic flux; (ii) a low metabolism would decrease the build-up of toxic endproducts
such as lactate anions and protons; (iii) a low ATP demand would allow a given amount of
on board substrate (glucose or glycogen) to last longer; and (iv) since the turtle brain relies on
exogenous glucose for its substrate (Clark and Miller, 1973; Pérez-Pinzén, et al., 1992b), a
lower metabolic demand would better enable membrane glucose transporters to meet the
glycolytic demand. Membrane glucose transport rate has been proposed as a rate limiting
step in the catabolism of glucose in the rat brain (Furler et al., 1991).

Anoxic Membrane Coupled Function

The mechanisms proposed above all share one common goal: the coupling of energy
production to meet energy demand. If supply can meet demand, then an energy deficit will
be avoided and normal neuronal function can continue. However, not all systems maintain
energy balance during anoxia. Both Artemia embryos and locusts are known to lose energy
balance during anoxia (Hand and Gniager, 1988; Wegener, 1987; Wegener et al., 1987), and
thus, completely shut down their systems. The turtle, on the other hand, maintains some
degree of alertness during anoxia (Ultsch, 1989) and thus, must maintain some degree of
brain function.

The neuron is an electrical cell. Thus, the maintenance of ion gradients is crucial if
electrical function is to continue throughout an anoxic bout. The disadvantage to
maintenance of ion gradients is the energy cost. It has been estimated that in the normal
conscious mammalian brain, maintenance of ion gradients may consume as much as 50 -
60% of metabolism (Hawkins, 1985). Ion homeostasis is maintained through the use of ATP
utilizing ion pumps (Na+-K+-ATPase and the Ca*2 -ATPase). One possible scenario is the
down regulation of ion channels during anoxia 'channel arrest' (Hochachka, 1986;
Hochachka, 1987; Hochachka and Guppy, 1987; Lutz et al., 1985). Down regulation of ion

channels (leakage or voltage-gated channels) would indirectly conserve energy through the
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reduction of ion pumping. This mechanism of energy reduction would allow anoxic brain
function and still conserve energy. Such a channel arrest hypothesis will be explored in
Chapter 4.

Thesis Overview

The extreme anoxia tolerance exhibited by C. picta and the high sensitivity of the
mammalian brain to O depletion led to the use of the turtle and rat as comparative models.
The lack of literature in regards to anoxia and hypoxia in the cortex and the easy dissection of
these tissues in both species suggested an ideal model for comparative studies. Earlier
studies (Connors and Kreigstein, 1986) had identified similar neurons (pyramidal and
stellate) in both the turtle and rat cortex again suggesting the appropriateness of this tissue for
a comparative study. As a result, this thesis will focus on turtle and rat cortical tissue in
order to understand some of the mechanisms which C picta utilizes to cope with both energy
and oxygen depletion.

Chapter 2 examines turtle and rat neuronal function during anoxia. Prior to the
publication of this study, nothing was known with respect to how individual turtle neurons
were responding to anoxia. This study was made possible through the use of intracellular
recording techniques (see Appendix A) which allows the measurement of individual neuronal
parameters such as membrane potential, cell resistance, and action potential parameters.

Chapter 3 focuses on the brain biochemistry (energy balance and glycolytic enzymes) and
the metabolism of the turtle cortical slice preparation. This chapter will examine whether the
cortical slice possesses a low resting metabolic rate and whether this metabolic rate is further
reduced with anoxia.

Chapter 4 will investigate the role of 'channel arrest' in the turtle slice again using
electrophysiological techniques, intracellular recording and patch clamping techniques (see
Appendix A) to measure whether the turtle pyramidal neuron exhibits a lower resting ion
leakage compared to the rat counter part and whether this leakage is further down regulated

with anoxia as a possible explanation for metabolic arrest.
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The thesis concludes in Chapter 5. This chapter presents two hypotheses. First, a unified
theory is presented which explains how the turtle neuron maintains membrane integrity
during anoxia in contrast to the rat neuron. This theory, in part, is based on the observed
differences in brain metabolic rates of the turtle and the rat. A second hypothesis is then

presented which explains why there is a metabolic difference between these two species brain

preparations.
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CHAPTER 2: EFFECTS OF ANOXIA AND PHARMACOLOGICAL ISCHEMIA ON
TURTLE AND RAT CORTICAL NEURONS
Preface

This chapter is excerpted (in part) from a paper published by C. J. Doll, P. W.
Hochachka, and P. B. Reiner (Am. J. Physiol. 260: R747-R755, 1991). This chapter
examines how the cortical pyramidal cell responds to anoxia and similar insults using
intracellular recording techniques. Prior to the publication of this paper, no intracellular
recording had been done on the anoxic turtle brain. The results obtained in this study were
the foundation for the chapters to follow.

Introduction

Mammalian brains are very sensitive to lack of O2. When blood Pg, reaches critical
levels, brain function ceases (Hansen, 1985). Of particular interest is the mechanism by
which this rapid failure occurs because of the brain's importance to survival. Due to the
considerable amount of literature in this field, this chapter will begin with a review of some
of the relevant observations that have been made in this area. This broad overview will aid in
the interpretation of the results and discussion to follow.
Mammalian CNS Response

When mammalian brain tissue becomes ischemic/anoxic, it typically responds with a
large Pasteur effect (Drewes and Gilboe, 1973; Kauppinen and Nichols, 1986; Lowry et al.,
1964). Unfortunately, energy supply does not appear to meet demand resulting in [ATP]
declining to = 25% of control within the first minute in the rat brain (Lowry, et al., 1964;
Ridge, 1972). The initial response of the mammalian brain appears to be a flat EEG followed
by changes in the extracellular environment beginning with a slight increase in [K+]o
followed by a massive decrease of [Nat]o and [Cat2] and increases in [K+]o (Hansen,
1978; Hansen, 1982; Hansen, 1985; Sick et al., 1987, Suzuki et al., 1985). These events
occur within the first minute of the ischemic insult and cause brain dysfunction ultimately

leading to the death of the neuron. These initial events resemble those observed in spreading
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depression which is brought about when the brain receives a severe trauma (Hansen and
Zeuthen, 1981; Kraig and Nicholson, 1978). Accompanying these changes in the
intracellular and extracellular environment is the sudden loss of neuronal membrane
resistance (R,) and membrane potential (M.P.) (Hansen, 1982).

With regards to anoxia/hypoxia, there has been considerable work done with the
hippocampus. Interestingly, anoxia/hypoxia appears to cause similar changes in the neuron
that ischemia does, but over a much longer time frame (Fujiwara et al., 1987; Higashi et al.,
1988). The slower time frame to complete membrane depolarization of the neuron during
this insult has allowed the study of individual events taking part in the cell depolarization.
Currently clamp methods have revealed 3 basic conductance and current changes when a
hippocampal cell is held at -70 mV with KCl electrodes. An initial inward current flow
corresponding to a slight or no depolarization of the neuron (phase 1) followed by a much
larger outward flow of current and increase in membrane conductance (G,,,) (phase 2)
corresponding to a hyperpolarization, and (phase 3) a variable net inward flow corresponding
to the final depolarization of the membrane to a 0 mV resting potential (Kmjevic and
Leblond, 1989; Leblond and Kmjevic, 1989). Efforts to try and unravel this complexity of
currents is still being sought. Current evidence suggests that in the CA1 region of the
hippocampus, the second phase (the outward flow corresponding to a hyperpolarization), is
most likely carried by Ca+2 dependent K+ current (I AHP) due to its blockade by carbachol

and CsCl (Cummins et al., 1991; Kmjevic, 1993; Kmjevic and Xu, 1990). However,
whether the 15 yp is fully responsible for the hyperpolarization in all neurons is still
speculative. Recently, glibenclamide was shown to prevent the anoxic hyperpolarization in
the CA3 region. However, this blockage of the hypoxic hyperpolarization by glibenclamide
appears to be an indirect action related to the suppression of hypoxic glutamate release (Ben-
Ari, 1990). Recent unpublished data suggests that talbutamide but not glibenclamide may
suppress the outward current in CA1 (J. M. Godfraind and K. Krnjevic, unpublished). Thus,

no definitive conclusions can be made at this time.
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Phases one and three correspond to a net inward flow of current leading to neuronal
depolarization. Phase 2 can also be identified with this inward flow if the outward current
flow (Ix+) is blocked with CsCl or carbachol (Kmjevic and Leblond, 1989). The reversal
potential of this current is around -40 - 0 mV suggesting the contribution of a nonselective
cation channel (Partridge and Swandulla, 1988; Yellen, 1982). However, phase 3 has been
associated with complex events such as neurotoxicity (Benveniste et al., 1984; Choi, 1988a;
Clark and Rothman, 1987) and uncoupling of the Nat-K+-ATPase pump (Fujiwara, et al.,
1987; Kmjevic, 1993) making this phase exceptionally complex and far from understood at
this time
Turtle CNS Anoxic Response

In marked contrast to the rat brain, the turtle brain responds to anoxia with only a slight
increase in [K*]o with concentrations rising less than 2.5 fold over a 48 hour period in vivo
(Lutz, et al., 1985; Sick et al., 1982) In addition, there is evidence for an initial Pasteur
effect possible decreasing with time (Kelly and Storey, 1988). With ischemia(Sick et al.,
1985) or the addition of iodoacetic acid (Pérez-Pinz6n, et al., 1992b) (glycolytic inhibitor),
the turtle brain responds with an increase in extracellular [K*]o similar to the anoxic/hypoxic
rat brain. Most importantly, the turtle brain retains the ability to maintain [ATP]. Both
cerebellum (Pérez-Pinzén, et al., 1992b), cortex (Bickler, 1992b) and whole brain (Lutz et
al., 1984) in vivo have been shown to maintain {[ATP] during anoxic insults.

The goals of this chapter are two fold. First, to examine the response of the rat cortical
pyramidal neurons to the anoxic / ischemic insult. Secondly, to examine intracellularly, the
changes which occur to the turtle pyramidal neuron during anoxia and ischemia.

Methods
Tissue Preparation

Young male Wistar rats 50-100 g were anesthetized with halothane, decapitated, the

brain rapidly dissected free and immersed in precooled oxygenated artificial cerebrospinal

fluid (aCSF). After a few minutes precooling, the brain was bisected along the midline. A
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block containing frontal - parietal cortex was dissected free, glued with cyanoacrylate to a
mounting block and sliced (400 ym thickness) on a vibratome. Slices were stored at room
temperature = 22 OC in a holding chamber for at least 1 hr. until their use in the recording
chamber at 25 OC or 35°C. The recording chamber was a modification of a previous design
(Haas et al., 1979) (refer to appendix A for more detail) in which slices were continuously
superfused with aCSF at a flow rate of 1.5 to 2.0 ml/min. Turtles (Chrysemys picta) ranged
in weight from 250 to 600g. The dissection has been previously discussed in (Connors and
Kreigstein, 1986). In brief, turtles were cold anesthetized prior to decapitation. The brain
was dissected free and immediately placed in precooled aCSF . After cooling (= 2 min.) the
turtle brain was bisected along the midline. The cortex (whole) was then dissected free in an
intact sheet. The cortical sheet was then used whole or divided in half depending on the size.
Subsequent storage of slices was identical to that discussed above for the rat brain.

Data Acquisition

For a more general discussion of intracellular recording techniques, the reader is referred
to Appendix A and B). Intracellular recordings were carried out using 1.2 mm o.d.
micropipettes filled with 2 M-KCl! with resistance ranging from 40 - 90 MQ connected to an
Axoclamp 2A amplifier. Data were acquired using the Pclamp suite of programs and an
Axolab 1100 interface, which also served to generate current commands. Data were also
independently digitized at 49 kHz and stored on videotape for off-line analysis.

Pyramidal neurons in the turtle were identified by location, action potential size and
duration, as well as input resistance and time constant as previously discussed (Connors and
Kreigstein, 1986). Pyramidal neurons in the rat were identified by location as well as action
potential duration and size as discussed elsewhere (McCormick et al., 1985). Criteria for a
healthy neuron included positive going action potentials, a minimum of 40 MQ resistance for
rat neurons and 100 M resistance for turtle neurons, and stable membrane potential for 15

minutes.
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Fluid Composition

The rat aCSF consisted of NaCl 126 mM, KCl 2.5 mM, MgCly 1.2 mM, CaClz 2.5 mM,
NaHpPO4 1.2 mM, Glucose 2 mM, NaHCO3 25 mM and phenol red .03 mM as a pH
indicator. The aCSF for the turtle was a modification of (Connors and Kreigstein, 1986) and
consisted of NaCl 96.5 mM, KCl 2.6 mM, CaCl2 2.5 mM, MgCl> 2.0 mM, NaH2P04 2.0
mM, Glucose 10 mM, NaHCO3 26.5 mM, and phenol red .03 mM as a pH indicator. Final
pH of both solutions was 7.4 when saturated with 95% 02/5% CO2. To mimic anoxia, the
solution was switched to a presaturated aCSF solution of 95%N2/5%CO2. For
pharmacological anoxia, the aCSF solution was the same as anoxia and contained 1 mM
NaCN. For pharmacological ischemia, the solution was the same as pharmacological anoxia
and also contained 10 mM iodoacetic acid (IAA) titrated to a pH of 7.4 with concentrated
NaOH. For the ouabain and IAA experiments the aCSF contained 100 #M ouabain and 10
mM iodoacetic acid respectively, equilibrated with 95% 02/5%CO2

Results

The results for various pharmacological treatments are illustrated in Fig. 3. This figure
represents the mean times for cell survivability which for the purpose of this paper is the time
it takes for a cell to depolarize from its resting membrane potential to O mV once a drug was
applied. These measurements are corrected for the lag time for the drug to reach the slice and
equilibrate in the slice chamber (= 30 sec). All turtle cells were recorded at 25 ©C due to
problems associated with survivability of ectothermic cells at unphysiologicially high
temperatures. All treatments were significantly different (P < 0.05; Newman-Keuls multiple
comparison test) from each other except IAA vs. ouabain. All values within a group were
significantly different (P< 0.05; independent ¢ test), except rat pharmacological anoxia 35 vs.
25 OC and rat vs. turtle pharmacological ischemia 25 ©C . Rat neurons were recorded at 25
OC as a comparison to the turtle. In addition, some insults were repeated at 35 ©C in the rat
in order to demonstrate the repeatability of the low temperature results at a more

physiological temperature. The average whole cell resistance were as follows: turtle 25 0C

17



§ § Turtle 25°C

2120‘ % % O Rat250C

% 7 % % B Rat350C
ou | \ PR PR
oo NN

N N L

IAA 0

Time (min.)
.
///

Pharmacological Ischemia

Figure 3. Time to depolarization for turtle and rat pyramidal cortical neurons in response to
various pharmacological treatments: pharmacological anoxia (NaCN), anoxia (N2),
iodoacetate (IAA), and ouabain (O), (A) and pharmacological ischemia, (B). All treatments
have an n of 6 except rat 35 OC (n = 3), turtle 25 ©C NaCN (n = 5), and turtle N2 (n = 5).
Data are presented + SE bars. Treatments without SE bars do not represent survival times.
Note different time scales on ordinate.
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Figure 4. Effect of 180 mins. of anoxia on a continuously impaled turtle cortical pyramidal
cell. Cell initially was impaled and recorded from using oxygenated aCSF (A and B) and
then was subjected to 180 mins.. of anoxia while measurements were repeated (C and D).
Membrane potential in both cases was -65 mV. Current steps were from -0.5 nA by 50 pA in
A and C. A stimulating pulse of 0.5 nA was used in B and D.
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Table 1. Effect of anoxia and pharmacological anoxia on membrane potential and action
potentials of turtle neurons

——— |

Treatment Parameter n Control 180 min
Membrane parameter

N2 MP, mV 4 -678 + 38 -700 + 64

NaCN MP, mV 4 -740 £ 4.2 -745 = 3.6

Action potential parameters

N2 Spike Rise, mV/mS 4 926 = 4.7 919 + 55
Spike fall, mV/mS 4 284 + 09 339 + 3.7
Threshold, mV 4 360 = 1.5 430 = 25
Spike amplitude, mV 4 627 = 11 634 + 16
Spike width, mS 4 48 + 04 47 + 04

Values are means + SE; n, no. of turtles at 25°C. Values given are an average from a
set of continuously impaled cells. There were no statistical differences between any data

sets (P > 0.05; paired t test). N2, anoxia; NaCN pharmacological anoxia; MP, membrane

potential.
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Figure 5. Response of rat and turtle pyramidal cortical neurons to pharmacological ischemia
(Ph. Ischemia). Treatment was applied to a rat cortical cell at 25 (A) and 35 ©C (B).
Treatment was applied to a turtle cortical pyramidal neuron at 25 OC and iodoacetate was

applied after cell had been subjected to pharmacological anoxia for 180 mins. at 25 ©C (D).
Time scale in (A) is representative for (A - D)
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Figure 6. Effect of perfusing solutions of anoxia and pharmacological anoxia on rat
pyramidal neurons. In (A), the perfusing solution was anoxic (25 °C) compared to
pharmacological anoxia in (B) and pharmacological anoxia at 35 ©C in (C).
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Figure 7. Effect of perfusing iodoacetate on turtle and rat pyramidal cells (rat, A; turtle, B) at
2590C.
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Figure 8. Effect of perfusing ouabain on rat pyramidal neurons (100 #M at 25 ©C).
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151 + 12 MQ (n = 23), rat 25 °C 86 + 5 MQ (n = 30), and rat 350C 66 + 13 MQ (n=6).
These values are similar to those reported for both turtle and rat using whole cell patch
clamping (Blanton et al., 1989).

The turtle neurons maintained a healthy whole cell resistance throughout the anoxic and
pharmacological anoxic insults, and were able to fire action potentials for the duration of the
experiment (180 minutes) (Fig. 4). Individual turtle cells impaled under normoxic conditions
were held up to five hours under anoxia. In addition, slices were held in a holding chamber
bathed with nitrogen equilibrated aCSF for up to 18 hours. These cells qualitatively showed
no effect of the treatment. In order to quantitatively study the effect of anoxia on certain
cellular parameters, turtle neurons were impaled under control conditions (oxygenated aCSF)
and held for 180 minutes under anoxic conditions (Table 1). Cells were tested for changes in
resting membrane potential (M.P.), action potential rate of rise and fall, threshold, spike
amplitude and width following various treatments. Spike amplitudes were measured from
threshold, and the rates of spike rise and fall were measured at the maximum slopes. The
results indicate that there were no significant changes in any of the measured parameters.

When the turtle cells were exposed to pﬁannacological ischemia, the neurons quickly
depolarized (4.6 + 1.1 min.) (Fig. 3). This experiment was carried out under oxygenated
conditions (Fig. 5c) as well as anoxic conditions (Fig. 5d). In both instances, the turtle
cortical neurons exhibited a slight hyperpolarization (4.6 + 1.8 mV) preceded by or
concurrent with a loss in whole cell input resistance followed by a rapid depolarization to a
zero membrane potential.

Rat cortical neurons responded to pharmacological ischemia similarly to the turtle, also
exhibiting a slight hyperpolarization (8.0 + 2.7 mV, 25 °C; 1.0 + 0.6 mV, 35 ©C) preceded by
or concurrent with a loss in apparent whole cell input resistance leading again to a rapid

depolarization (3.1 £+ 0.5 min., 259C; 1.8 + 0.2 min., 35 9C) (Figs. 3 & 5a,b). There was a
significant temperature effect for both the loss of membrane potential (Q;), 0.56) and

hyperpolarization (Qj(, 0.13) (P < 0.05; independent -test).
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The results of anoxia and pharmacological anoxia show that in both instances the rat
responded with slight hyperpolarization (anoxia 3.2 + 0.1 mV, 25 OC; pharmacological
anoxia 5.5+ 1.7mV, 25 9C; 1.3 + 0.3 mV, 35 OC) preceded by or concurrent with a loss in
whole cell input resistance and a slow and gradual depolarization (anoxia 41.8 + 6.6 min., 25
OC; pharmacological anoxia 25.8 + 12.6 min., 25 ©C, 9.3 + 1.8 min., 35 °C) (Figs. 3 & 6).
Again, there was a significant effect of temperature on both the loss of the membrane
potential (Q10, 0.36) and the hyperpolarization (Q10, 0.24) for pharmacological anoxia (P <
0.05; independent #test).

The addition of IAA by itself was applied in order to test the cell's ability to rely on other
sources of substrate besides glucose from intracellular reserves. Since IAA blocks the
glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase, the cell can no longer utilize
glucose and glycogen as a glycolytic substrate. Under these conditions, rat cells depolarized
to O mV in an average of 6.5 + 0.8 min. compared to 53.5 + 4.6 min. for turtle cells (Figs. 3
& 7). This treatment also caused a hyperpolarization (3.0 £ 1.2 mV, turtle; 4.0 £ 1.7 mV,
rat).

To test whether pharmacological ischemia or anoxia may simply reflect an inability of the
Nat-K+-ATPase to function, ouabain (100 uM) was perfused onto the rat cortical slice at 25
OC. The average time to depolarization was 8.7 + 1.1 min. (Fig. 8). The cells never showed
a hyperpolarization, and there was no loss in membrane resistance until there was a loss in
membrane potential. The time to depolarization was faster than anoxia or pharmacological
anoxia, but less than total metabolic inhibition
Additional Statistics

In addition to testing the significance of these pharmacological treatments to each other,
each treatment was individually tested (Pearson Correlation Matrix) to see if there were any
correlations within treatments corresponding to membrane potential, whole cell resistance,
degree of hyperpolarization, and the time to depolarization. Although there were a few

correlations, there were no consistent trends throughout all of the treatments. The most



consistent correlation was with the membrane potential versus the time to depolarization with
the treatments of nitrogen and pharmacological anoxia in the rat, and with IAA in the turtle
(P <0.05).

Discussion

The evidence presented in this chapter strongly supports the supposition that the
mechanism responsible for the rapid failure of the brain during anoxia (rat brain) and
ischemia (rat and turtle brain) involves the breakdown of ion gradients across the neuron.
This observation is not surprising in view of the evidence discussed earlier. However, the
question further explored here is why cortical neurons lose apparent input resistance under
these treatments.

One hypothesis for the loss of membrane resistance observed here and elsewhere
concemns the loss of metabolism, and hence, the energy state of the cell (Hansen, 1982;
Hochachka, 1986; Lipton and Whittingham, 1982). This hypothesis centers around the idea
that high energy phosphates are directly or indirectly responsible for maintaining ion
gradients through pumping and regulation of ion channels. Brain tissue is metabolically very
active compared to other tissues. A reliance on the low ATP producing glycolytic pathway
during anoxia/ischemia results in the inability to maintain intracellular [ATP] as discussed in
the Introduction. The loss of [ATP] would cause energy consuming processes to cease,
including the ion pumping action of Na+ K+-ATPase and Ca+2-ATPase. The increasing
[Cat2]; and decreasing [ATP] could potentially activate a host of ion channels sensitive to
low [ATP] and Ca*+2 including non selective ion channels (Ashford et al., 1988; Partridge
and Swandulla, 1988) as well as voltage gated ion channels (Hille, 1992). The ultimate apex
of these events would be the observed anoxic/ischemic massive release of neurotransmitters
(Beal, 1992; Benveniste, et al., 1984; Choi, 1988a; Choi, 1988b; Globus et al., 1988;
Sdnchez-Prieto and Gonzélez, 1988) which would only serve to perpetuate the membrane and
cell degeneration. This hypothesis will be discussed in further detail in chapter 5.
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Current support for this '"ATP' hypothesis is indirect, but includes such observations as
bathing the slice with creatine leading to prolonged anoxic and ischemic survival (Leblond
and Kmjevic, 1989), the extracellular addition of high energy compounds to neurons after
cyanide exposure leading to a partial re-establishment of the membrane ion gradient
(Caldwell ez al., 1960), hypothermia protecting the neuron (Okada et al., 1988b), and
correlating low [ATP] concentration with the loss of electrical activity (Lipton and
Whittingham, 1982).

Our data support the concept that metabolic inhibition, and hence, limiting ATP, plays a
major role in the loss of neuronal membrane resistance. First, the cell's ability to maintain
resistance and membrane potential is inversely related to the degree of metabolic inhibition.
Thus, the use of nitrogen gave the longest degree of survival followed by pharmacological
anoxia, IAA, and finally, the most inhibitory regime used, pharmacological ischemia (Fig. 3).
The use of nitrogen presumably allows the cell to exist longer due to the fact that the
cytochrome system is not immediately inhibited; in contrast, sodium cyanide leads to an
almost immediate and total inhibition of the system aided by the fact that the aCSF was
equilibrated with nitrogen. The use of IAA alone is the most severe single drug treatment.
The inhibition of glycolysis by IAA leaves only the low levels of endogenous fatty acids,
lactate, Krebs cycle intermediates, and the reserves of high energy phosphates to fuel
metabolism. The most severe was the use of pharmacological ischemia which inhibited all
energy production and allowed the cell to use only its reserve of high energy phosphates.

Secondly, the observation that the turtle lasted 10 times longer during treatment of IAA
compared to the rat also supports this statement. In an earlier paper (Suarez et al., 1989), we
showed that in the turtle brain resting metabolic rates were approximately 1/10 to 1/20
resting metabolic rate in a rat brain in vivo. Assuming a Qg of 2 for turtle metabolism
(Funk and Milsom, 1987), the expected difference between the turtle and the rat neuronal
depolarization would be 5 - 10 fold since in the turtle ATP would be consumed 5 - 10 times



more slowly assuming usable energy stores were similar between the two tissues (McDougal
et al., 1968).

Although there have been some suggestions that cyanide does not provide a good mimic
of anoxia (Aw and Jones, 1989), our data suggest the opposite. Pharmacological anoxia and
anoxia provided qualitatively similar results (Figs. 3 & 6). The turtle responded well with the
treatment and illustrated no difference to either treatment suggesting that pharmacological
anoxia is not alternately inhibiting other processes which are necessary for survival under
these circumstances.

The pharmacological mimic of ischemia appears to reflect the observed extracellular
observations well (Hansen, 1982; Reiner et al., 1990). The initial slow gradual rise in [K*],
as observed in the extracellular space, could be caused by an evoked K* current resulting in
the initial loss of membrane resistance and concurrent neuronal hyperpolarization (Kmjevic
and Xu, 1989). The sequential sudden and massive loss in membrane resistance resulting in
the depolarization of the neuron would correspond to the sudden drop of [Na*] and [Ca*+2]
in the extracellular compartment since these ions would be entering the neuron flowing down
their electrochemical gradient. Further confirmation that pharmacological ischemia provides
a plausible in vitro mimic of the in vivo response awaits simultaneous recording of changes in
membrane potential and extracellular ion concentrations.

There is currently considerable evidence that one mechanism which aids the turtle brain
in surviving anoxia is the ability to depress brain metabolic rate (Kelly and Storey, 1988;
Lutz, et al., 1984; Robin, et al., 1979). Two biochemical mechanisms are actively being
studied for the mechanism of this depression. The first involves the down regulation of ion
channels responsible for the normal ion fluxes in a resting state and is termed 'channel arrest'.
The metabolic depression is the result of reduced ion pump activity due to the reduced ion
leakage. The prediction which is forwarded is that anoxia tolerant species will have cell
membranes which are less conductive than non anoxia tolerant species. This hypothésis will

be discussed in detail in chapter 4. The second hypothesis for the reduction of turtle brain
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metabolic rate is a reduction in brain electrical activity (Lutz, et al., 1985; Suarez, 1987) aptly
termed 'spike arrest' (Sick et al., 1993). Three general mechanisms could alter brain
electrical activity in the turtle brain during anoxia: i) increasing the release of inhibitory
neurotransmitters such as y-aminobutyric acid (GABA) and decreasing the release of
excitatory neurotransmitters such as glutamate; ii) altering the physical properties of neurons
such as the membrane potential (hyperpolarize) or a resistance (decrease) to make the
neurons less excitable; and iii) directly regulating ion channels such as voltage gated Cat2
and Nat channels.

With regards to the first proposed mechanism, studies support that the anoxic turtle brain
increases substantially in [glycine], [taurine], and [GABA] inhibitory neurotransmitters
(Hitzig et al., 1985; Lutz and McMahon, 1985; Nilsson et al., 1990). Additionally, there is
evidence for the increased release of these neurotransmitters during anoxia while the release
of the excitatory neurotransmitter glutamate remains relatively constant (Nilsson and Lutz,
1991). However, increase in brain concentrations as well as release does not occur until
about 120 minutes into the anoxic insult (Lutz and McMahon, 1985; Nilsson, et al., 1990;
Nilsson and Lutz, 1991) where as reduction in electrical activity has been implicated to occur
very rapidly (< 30 mins) (Feng et al., 1988; Feng et al., 1990; Feng et al., 1988; Sick, et al.,
1982). Additionally, increases in these neurotransmitters occur to both reptiles and mammals
during anoxia (Nilsson et al., 1991) suggesting that this may not be an adaptation but a
byproduct of the insult. These data suggest that at least on the short term basis, we must
examine different mechanisms. The data reported here can neither support nor refute this
mechanism as playing a role during anoxia in the cortex.

With regards to changes in physical properties of the neuron, we have tested threshold,
MP, and resistance (discussed in chapter 4). There were no significant changes in any of
these parameters (Table 1). Interestingly, studies from the cerebellum of the anoxic turtle

suggest that anoxic cells in this area of the brain lose resistance, and MP during anoxia. In
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addition, spike thresholds appear more depolarized(Pérez-Pinzén et al., 1992a) suggesting
that the cerebellum may have different anoxic control mechanisms compared to the cortex.

The third set of alterations involves the direct regulation of ion channels which are
voltage gated. Ey removing or blocking these channels, action potential generation would
be inhibited. Evidence in the anoxic turtle cerebellum suggests that voltage gated sodium
channels are inhibited or possibly even physically removed from the membrane as reported
from binding studies(Pérez-Pinz6n et al., 1992c). However, our evidences in the cortex
shows no change in the threshold or the rate of spike rise which would be expected if there
were fewer active voltage gated Na* channels in this area of the brain. This observation
again suggests that regulation in the cerebellum may be different than in the cortex. One side
mechanism to this hypothesis would be to make receptors less sensitive to excitatory
neurotransmitters, (such as glutamate activation of Ca*2 channels on the postsynaptic
membrane). Cortical studies using fura-2 suggest that the Ca*2 influx is 75% reduced for a
given application of glutamate during anoxia compared to normoxia (Bickler and Gallego,
1993). However, the turtle brain increases its [Ca+2]o by 6 fold during an anoxic bout (Cserr
et al., 1988). Under these conditions, if Cat2 channels were not down regulated in response
to neurotransmitter application, there would be a state of hyperexcitivity. Thus, whether this
down regulation is simple a response to the 6 fold increase in the cerebral spinal fluid [Ca*+2]
or an attempt to decrease electrical activity is unknown.

The emphasis throughout this chapter has been on the importance of supplying cells with
an adequate amount of energy (ATP) in order to maintain ion homeostasis during anoxia. If
this theory is correct, then the turtle cell in the absence of any energy production should
rapidly lose its membrane potential. The results of pharmacological ischemia on the turtle
neuron are illustrated in Fig. 5c,d. Although this is the first study to observe turtle neuronal
response directly to total metabolic inhibition, an extracellular rise in [K*] has been reported
with both the addition of IAA plus nitrogen (Sick, et al., 1982) as well as with clamping the
arterial supply to the turtle brain (Sick, et al., 1985). The results in all cases clearly

31



demonstrate the importance of glycolysis for maintaining ion homeostasis across the
neuronal membrane. Statistically, the turtle neuron maintains a membrane potential no
longer than the rat neuron which suggests that the turtle cell is not designed to survive on low
amounts of ATP but is designed to maintain ATP concentrations during anoxia. This
hypothesis is further strengthened by the observation of the turtle brain has been shown to
exhibit a Pasteur effect (Kelly and Storey, 1988) as well as the comparatively large amounts
of key glycolytic control enzymes compared to the rat at physiological temperatures (see
chapter 3)

Our data support metabolism playing a direct role in the maintenance of ion homeostasis,
but it is unclear if the rapid failure of the neuron which accompanies anoxia and ischemia and
their pharmacological mimics is due to a lack of energy dependent pumping, channel
opening, or the release of excitatory neurotransmitters. It is conceivable that the mechanisms
of failure between the two insults may not be the same. To look at one facet of this model,
ouabain was used to block Nat-K+-ATPase and observe the resulting time to depolarization.
The results indicate that the ouabain treatment (Figs. 3 & 8) did not adequately mimic any of
the previous times of survival. In addition, there was no initial hyperpolarization in any of
the cortical cells. This observation is in contrast to hippocampus in which a slight
hyperpolarization has been observed using lower concentrations of ouabain (Fujiwara, et al.,
1987). In addition, there was no initial loss in whole cell resistance until there was a change
in the membrane potential of the cell. This data suggests that although the anoxic failure
could be explained by the inhibition of the pump system, it seems unlikely that the rapid
membrane degeneration observed in pharmacological ischemia could be explained fully by

ion pump inhibition.
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CHAPTER 3: A BIOCHEMICAL AND MICROCALORMETRIC STUDY OF THE
TURTLE CORTEX
Preface

This chapter explores metabolic and biochemical mechanisms which allow the turtle
brain to survive extended bouts of anoxia. This chapter is excerpted (in part) from C. J..
Doll, P. W. Hochachka, and S. H. Hand (submitted, J.E.B.). The enzymatic measures were
adapted from R. K. Suarez, C. J. Doll, A. E. Buie, T. G. West, G. D. Funk, and P. W.
Hochachka (Am. J. Physiol. 257: R1083-R1088, 1991).

Introduction

Long term anoxic survival of the freshwater turtle (Chrysemys picta) is well documented
in the literature with individuals having survived forced submergence for up to 6 months at 3
OC (Ultsch, 1985). The high sensitivity of the mammalian brain to anoxia and ischemia
(Hansen, 1985), has lead to the turtle brain being used as a comparative model for anoxic
studies. However, only recently have healthy in vitro preparations of turtle brain become
available. Three such preparations are the turtle brain stem slice preparation (Jiang et al.,
1992), whole cerebellum preparation (Pérez-Pinzon, et al., 1992b), and the cortical slice
preparation (Connors and Kreigstein, 1986; Chapter 2).

In the previous chapter, we demonstrated that the turtle cortical neurons can survive
anoxia and still maintain a healthy membrane resistance, potential, and ability to fire action
potentials. Several biochemical mechanisms are currently believed to aid the turtle brain in
surviving anoxia, [for review see (Lutz, 1992)]. However, we believe that two adaptations
are central to helping maintain energy stability in the turtle brain: (i) an enhanced ability to
produce ATP (glycolytic capacity) coupled with the ability to increase glycolytic flux during
anoxia (Pasteur effect); (ii) a low metabolic rate with the ability to further depress
metabolism with anoxia.

As discussed in Chapter 1, the Pasteur effect serves to replace some of the lost ATP

production ( 2 vs. 36 ATP for glucose) resulting form the exclusive use of glycolysis during
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anoxia. However, the Pasteur effect appears to be only temporary and never achieves the
predicted 18 fold increase which is necessary to replace all of the lost ATP production.
Mammalian brain studies (in vivo and in vitro) have indicated glycolytic activation between 2
and 10 fold during hypoxia/anoxia/ischemia or simulated conditions (Borgstrom et al., 1976;
Drewes and Gilboe, 1973; Kauppinen and Nicholls, 1986; Kauppinen and Nichols, 1986;
Ksiezak and Gibson, 1981; Lowry, et al., 1964; Rolleston and Newsholme, 1967a) which (in
part) could explain the inability of the rat brain to maintain [ATP] (Lowry, et al., 1964,
Ridge, 1972)during these insults (maintenance of energy balance will be discussed in further
detail in Chapter 5). Although in vivo turtle brain studies indicate glycolytic activation with
anoxia (Kelly and Storey, 1988; Lutz, et al., 1984), none have indicated a full 18 fold
activation, and the one study which examined turtle brain slices in detail for glycolytic
activation failed to measure any Pasteur effect (Robin, et al., 1979). The ability of the turtle
brain to maintain [ATP] during anoxia (Kelly and Storey, 1988; Lutz, et al., 1984) combined
with the low or non existent Pasteur effects suggests that the turtle brain is experiencing some
degree of metabolic depression with anoxia.

Metabolic depression was first measured in the turtle using calorimetry. The initial
experiments indicated that turtle whole body heat dissipation decreased 85% (Jackson, 1968).
Whole body calorimetry has also been used to measure metabolic depression in other anoxia
tolerant vertebrates with similar results. For ectotherms, for example, the goldfish (Carassius
auratus) depresses heat production 70% (van Waversveld et al., 1988), and the marine toad
(Bufo bufo) has also been observed to reduce heat production by 80% with submersion
(Leivestad, 1960). Currentin vivo studies on the turtle brain based on lactate accumulation
over the duration of anoxic insult suggests a severe (> 80%) metabolic depression with
anoxia (Kelly and Storey, 1988; Lutz, et al., 1984). However, these numbers may be
misleading due to lactate not being trapped in the brain tissue compartment (Drewes and

Gilboe, 1973; Hawkins, 1985; Schurr et al., 1988). As a result, the lactate pool measured
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may not include the lactate washed out of the tissue compartment and therefore, may not
reflect the anoxic metabolic rate.

In vitro turtle brain preparations are able to survive extended periods of anoxia compared
to rat counterparts as observed in Chapter 2 and other studies (Jiang, et al., 1992; Pérez-
Pinz6n, et al., 1992b). However, whether metabolic depression occurs in the in vitro
preparation as suggested by the above the in vivo studies has not been established. In this
chapter, three areas of metabolic adaptation in the turtle cortical slice will be explored with
respect to anoxia: (i) metabolic rate, (ii) changes in adenylates and energy balance, (iii)
glycolytic capability and activation.

Methods
Slice Preparation

Turtles (C. picta), 150 - 300 g were cold anesthetized before decapitation. The brain was
rapidly dissected free and immersed in artificial cerebrospinal fluid (aCSF) which had been
precooled and equilibrated with 95% O2 /5% CO2. The cortical tissue was then dissected
free as previously described (Connors and Kreigstein, 1986). Blocks of whole cortex (= 500
4M thickness) were stored at room temperature 22 °C in a recirculating holding chamber
until their use in the calorimeter or incubation chamber.

For the enzymatic assays, the brains (turtle and rat) were rapidly dissected free after
cervical dislocation or decapitation. The brains were dissected over ice and the cortex was
removed. The cortex was then placed in 9 Volumes of 50 mM tris (hydroxmethyl)
aminomethane (Tris)-Cl (pH 7.4 at 4 0C), 2 mM EDTA and 0.5% Triton X-100. Rat cortex
was homogenized with and UltraTurrax homogenizer 3 times 10 sec. each time. Turtle
brains were homogenized with a hand glass homogenizer and sonicated for 10 sec twice.
Homogenates were the spun at 12,000 g for 5 mins. The resulting supernatant was then used

for enzyme assays.
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Artificial Cerebrospinal Fluid

The aCSF for the turtle was a modification(Connors and Kreigstein, 1986) which
consisted of (in mM) 96.5 NaCl, 2.6 KCl, 2.5 CaCl3, 2.0 MgCl2, 2.0 NaH2POy4, 10 glucose,
26.5 NaHCO3, and 0.03 phenol red as a pH indicator. Final pH of the solution was 7.4 when
saturated with 95% 02 / 5% CO2. To mimic anoxia, the aCSF was equilibrated with 95% N>
/ 5% C(0p. Pharmacological anoxia was the same solution as anoxia, but in addition
contained 1 mM NaCN.
Adenylates

Slices used in the adenylate measurements were incubated (in a recirculating slice
chamber) for two hours in oxygenated aCSF before the experiment was commenced. This
incubation period allowed slices to stabilize after dissection and was done for all experiments
including the calorimetry studies. After incubation, the slices were transferred to 60 ml
recirculating semiclosed chambers. The chambers were sealed at the top with an O ring and
bolted shut. All gases flowed through gas impermeable Viton tubing. Gas at positive
pressure inside the chamber was allowed to escape via a variable flow escape valve. By
adjusting the opening of the valve, a slight but constant positive pressure could be maintained
on the liquid above the slice maximizing saturation of the gas used and minimizing
contamination from the atmosphere. For anoxic experiments, chambers were tested for
oxygen contamination using a Radiometer gas analyzer and O electrode. No O2
contamination was detected compared to a sodium dithionate solution. Upon completion of
the experiment, the tissue was removed from the chamber with a pair of forceps and blotted
dry. Slices were immediately immersed in precooled (-5 ©C), preweighed vials of 5%
perchlorate acid (PCA) and weighed. The procedure from removal to PCA immersion took
less than 20 seconds. The tissue was then sonicated 3 times (10 sec. duration) with 30
seconds in between each burst. The vials were kept on a rock salt/ice slurry (= -5 °C). The

homogenate was then spun at 15000 rpm for 20 minutes (-5 °C). The resulting supernatant
was removed and adjusted to a pH of = 2.5 with 3M K,CO3 (potassium bicarbonate). The
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partially neutralized supernatant was respun at 15000 rpm for 20 minutes (-5 °C) to remove
precipitated perchlorate salts. The resulting supernatant was removed and frozen in liquid

N2. Samples were stored at -70 °C until analysis (within one week).

Chromatography

All adenylates in this paper were measured using high performance liquid
chromatography (HPLC) on an LKB 2152 HPLC controller and 2150 titanium pump coupled
to a 2220 recording integrator as previously described (Schulte et al., 1992). In brief, sample
separation was performed on an Aquapore AX-300 7 ym weak anion exchanger (Brownlee
labs). Elution off the column was performed by running an isocratic solution of 60 mmol/l
KH2PO4 (pH 3.2) for the first five minutes followed by a linear increasing concentration to
750 mmol/l KH2PO4 (pH 3.5) for the next 10 min. This concentration and pH was
maintained for the next 12 min. The column was re-equilibrated for 5 min with the starting
buffer for the next run. Adenylates were detected using a BIO-RAD flow through UV
detector at 254 nm. Standard curves were done for all adenylates to assure linearity over
relevant concentrations. Analytical reagent grade KH,PO, was purified before use in the
HPLC by .running a stock 1M solution throﬁgh a BIO RAD Econo column packed with anion
exchange resin (AG1 X8, chloride form, a cation exchanger (chelex 100, sodium form) and
activated charcoal (14-60 mesh). The solution was kept at 4 °C and constantly recirculated
through the column by a peristaltic pump (= 3 ml/min) for 24 hrs. Before use, the stock 1M
buffer was diluted, pH adjusted, and vacuum filtered (0.22 um filter).
Microcalorimetry

Calorimetry was used in this study because it allowed the continuous measurement of
heat dissipation over reversible bouts of oxygen limitation with tissue from a single turtle.
The only other method giving this advantage is NMR spectroscopy. However, preliminary
experiments with NMR indicated that sufficient cortical tissue was not attainable from a
single turtle to permit adenylate concentrations to be measured during a reasonable time

frame. Additionally, the low normoxic metabolic rate of the turtle brain gave an extremely
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slow spin-lattice relaxation time (T 1)) making saturation transfer measurements impossible
(Shoubridge et al., 1982).

Heat dissipation measurements on turtle cortical slices were performed with an LKB
2277 thermal activity monitor equipped with a 3.5 ml perfusion chamber. The perfusion
aCSF was identical to that described above for normoxia, anoxia, and pharmacological
anoxia. Perfusion aCSF was held in semiclosed glass bottles that were kept at 25 °C with a
circulating water bath. Flow lines for gases and aqueous media were made of Viton and
stainless steel, respectively. Flow rate of the perfusion media through the slice and chamber
was set at 15.0 ml/hr, and the temperature was maintained at 25 ©C for all experiments. Heat
dissipation in microwatts was time corrected by the calibration unit of the calorimeter; typical
time constants were t; = 600s and t, = 17100s. Heat measurements were taken every 60 s
and stored on an IBM XT personal computer. For all experiments, blanks (no slices) were
run in parallel and subtracted from the measurements obtained with slices.

Two cortical slices from a single turtle were prepared as described above. After
calibration of the instrument, the slices were placed in the perfusion chamber and lowered
into the calorimeter. Heat dissipation was then monitored for a minimum of 1 hr before data
collection was begun. Total time from dissection to collection of data was approximately 2
hrs. The normoxic solution was switched over to nitrogen perfusion or pharmacological
anoxia once heat dissipation of the slices had stabilized to less than 0.2 yW/min change.
During perfusion with nitrogen saturated medium, previous measurements indicated a period
of 60 - 90 min. was needed at similar flow rates to reduce oxygen content below 0.5% air
saturation in the excurrent flow (Hand and Gniager, 1988). For nitrogen perfusion
experiments, nitrogen equilibrated aCSF was switched to normoxic aCSF to monitor
recovery. The experiment was terminated once heat dissipation had returned to predicted

levels of heat dissipation or stabilized.
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Enzymatic Methods

For hexokinase, the following recipe was used: 5 mM glucose (omitted for control), 5
mM ATP, 5 mM MgClI2, 0.5 mM NADPt, 5 mM dithiothreitol (DTT), and 50 mM
imidazole-Cl (pH 7.5). For lactate dehydrogenase, the recipe was as follows: 1 mM pyruvate
(omitted for control), 0.15 mM NADH, 5 mM DTT, and 50 mM imidazole-Cl (pH 7.0). For
Citrate Synthase the recipe contained 0.5 mM oxaloacetate (omitted for control), 0.3 acetyl-
CoA, 0.1 mM dithiobisnitrobenzoic acid, and SO mM Tris-Cl (pH 8.0). Total volume of
assay was 1.0 ml. Measurements were done at 25 OC turtle, and 37 ©OC rat and started by the
addition of 10 - 20 ul of crude supernatant. All Enzymatic assays were done using a Pye-
Unicam SP-1800 spectrophotometer with water jacketed cuvette holders and a chart recorder
for data acquisition.

Calorimetric Data Analysis

Data collected with IBM XT was imported into CA-Cricket Graph III for the Macintosh.
Based on blank runs after the removal of slices, any baseline drift or signal from bacterial
contamination (due to high glucose in the aCSF) was apportioned linearly over the entire
experiment using CA - Cricket Graph III.

The heat depression data was then graphed similar to Fig. 9a and b. These data were then
curve fit by hand to estimate aerobic values over the nitrogen perfusion period. Data (control
and treatment) over the anoxic period were then digitized using Sigmascan. Percentage heat
depression was then calculated. ATP turnover estimates were derived by a conversion factor
of .76 ymoles ATP/g/min/mW for aerobic heat dissipation and .86 ymoles ATP/g/min/mW
for anaerobic heat dissipation with the following assumptions and conversion factors:
Aerobic Conditions

1) The turtle slice is using only (glucose or glycogen) as a fuel (Clark and Miller, 1973;

Pérez-Pinz6n, et al., 1992b).
2) The aerobic catabolism of glucose to CO, and H»O yields -469 - 476 kJ/mole O;

(Gnaiger and Kemp, 1990).
3) For glucose, 6 moles of ATP are produced for every mole of Oy consumed.
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Anaerobic Conditions

1) The turtle slice is using only glucose as a fuel (see ref. to 1 above).

2) Lactate is the only anaerobic end product produced (Robin, et al., 1979)

3) The catabolism of glucose to lactate yields -70 kJ/mole lactate (Gnaiger and Kemp,
1990).

4) Production of one mole of lactate from glucose provides one mole of ATP.

Results
Calorimetry

Typical calorimetry recordings are illustrated in Figs. 9a,b. Results demonstrated that
cortical cells depress heat flow under both treatments (Fig. 10a,b). Both nitrogen perfusion
and pharmacological anoxia produced rapid declines in heat dissipation, but pharmacological
anoxia produced a significantly (P < 0.05) more rapid effect (32.8 + 1.856% vs. 8.6 +
1.8%E9, by 20 minutes; Fig 14a), due to the slow washout of oxygen. By 60 minutes into the
insult, treatments had decreased the rate of change to 6.3 + 0.85F %/hr (nitrogen perfusion)
vs.3.1+0.8%E (pharmacological anoxia). Nitrogen perfusion followed by normoxia
reestablishes heat flow to predicted control level in all trials similar to Fig. 9a. Average heat
depression (percentage of control) by the termination of the insult was significantly less in
the nitrogen perfusion group compared to the pharmacological group (36.3 + 2.65F vs. 493 +
1.6%E; Fig. 11b).

Observations of heat flow depression indicated highly significant differences between the
control heat dissipation and both treatment groups by 120 mins (Fig. 12a). Similarly, the
ATP utilization rates based on these heat dissipation values indicated large differences
between control and treatment groups by the end of the insult (nitrogen perfusion control,
1.36 + 0.055P vs. 120 min., 0.97 + 0.095P; pharmacological anoxia control, 1.42 + 0.05°C vs.
120 min., 0.82 + 0.075P pmoles ATP/g/min; Fig 12b). The ATP metabolism was based on a
conversion factor of .76 ymoles ATP/g/min./mW for normoxia and .86 ymoles

ATP/g/min./mW for anoxia (see Methods). Because heat output under aerobic conditions
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pharmacological anoxia (B) for turtle cortical slices (25 °C). Vertical lines across chart
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Table 2. Enzyme activities in the cortex of the rat and turtle

Enzymes Rat (37 °C)3 Turtle (25 °C)2 Turtle (37 °C)P
Hexokinase 257+ 19 217+ 1.2 434
Lactate Dehydrogenase 217.1 + 146 1772 £ 75 3544
Citrate Synthase 609 + 2.8 172 + 04 344

aValues are means + SE expressed in units of activity;n=6. -

bvalues are mathmatically obtained from turtle (25 ©C) values, assuming a Q10 of 2.




tended to drop slowly over the experiment, an initial control ATP turnover rate (1.72 +
0.065E umoles ATP/g/min; n = 7) was calculated for comparison to other experimental
preparations.

Adenylates were measured in this experiment for two reasons. First, although some
studies have been done on the whole turtle brain with respect to these metabolites, very little
is known on individual tissue compartments in the brain and their changes with anoxia.
Secondly, one assumption made in calculating ATP turnover directly from heat dissipation
was that energy intermediates remain in steady state (Shick et al., 1983). This information is
important not only for the metabolic rate determination, but also as an indicator of the health
of the tissue. ATP, ADP, and AMP showed no significant changes over the control data
points (P < 0.05; Fig. 13a,b,c). The 240 minute [ADP] levels for both treatment groups were
significantly higher compared to the corresponding control time point (P < 0.05; Fig 13b).
IMP did not change significantly under control or treatment conditions (P > 0.05; Fig. 13d).
Differences among adenylates exhibited higher statistical significance when expressed as
energy charge (E.C.) or adenylate (ATP/ADP) ratios. Both anoxia and pharmacological
anoxia produced significant differences in E.C. and ATP/ADP ratios at time 240 minutes
compared to equivalent control values (P < 0.05 Fig. 13e,f).

Enzymatic Analysis

The results of the enzymatic study of turtle and rat cortical slices are illustrated in Table
2. At physiological temperatures, turtle (25 ©C) and rat (37 ©C), both species expressed
approximately the same amount of enzyme activity for lactate dehydrogenase and
hexokinase, but the turtle cortex expressed approximately 30% of the acitivity of the 1;c1t
cortex for Citrate Synthase. When the results were normalized for temperature (Q10 = 2) the
turtle brain expressed twice the activity of hexokinase and lactate dehydrogenase and only

about 60 % of the activity for citrate synthase found in the rat cortex.
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Discussion

There were four goals to this study: i) to measure adenylate pools during anoxia, ii) to
establish a metabolic rate for the turtle cortical slice, iii) to establish whether the turtle
cortical slice further depresses metabolism with simulated anoxia, and iv) to examine turtle
cortical slices using both enzymology and calorimetry for evidence and capacity of a Pasteur
effect.
Adenylates

The control concentrations reported here for all adenylates are similar to those reported in
slices and whole brain in vivo (Kelly and Storey, 1988; Lutz, et al., 1984). Kelly and Storey
(1988) reported that ATP tended to rise in the whole brain with anoxia, but our results in the
cortical slice are similar to those of Bickler which reported no increase (Bickler, 1992a).
Significant differences with anoxia did occur with respect to [ADP], adenylate ratios, and
energy charge compared to the corresponding control time; however, these changes do not
occur until 240 min. into the insult which is beyond the time course of the calorimetry
experiments.
Normoxic Metabolic Rates

The higher metabolic rate for cortical slices (1.72 ymoles ATP/g/min; Fig. 12b),
calculated from heat values of normoxic controls, was obtained at the beginning of each run,
because heat dissipation tended to drop over the course of the experiment (Fig. 9a,b). The
reason for this decrease is unknown, but presumable is due to degeneration of unhealthy
cells. Interestingly, our initial value is very close to the turtle whole brain ATP utilization
(assuming 36 ATP/glucose catabolized) of 1.9 ymoles ATP/g/min (Suarez, et al., 1989)
based on deoxyglucose measures. The close agreement between the two independent studies
suggests that the initial ATP utilization is an accurate assessment. Glucose consumption
(initial) in guinea - pig cortex slices (37 °C) yields a value of 16 ymoles ATP/g/min when
glucose consumption values are corrected for glycogen breakdown and lactate production

(Rolleston and Newsholme, 1967b). This estimate indicates a 9.3 fold difference in



metabolic rate between the turtle and mammalian slice preparation consistent with our earlier
whole brain deoxyglucose observation of a 12 fold difference (Suarez, et al., 1989).
Additional support for the difference in metabolic rates between the turtle and the rat cortex
can be seen in the measurement of citrate synthase (Table 2). The rat cortex (37 ©C)
expressed 3.5 times the activity compared to the turtle cortex (25 ©C) supporting a larger
aerobic flux rate in the rat cortex.

Anoxic Metabolic Rates

The nitrogen perfusion experiments indicate a reduction in heat dissipation in the turtle
cortex during O2 deprivation. The resulting ATP utilization estimates indicate that the turtle
cortex depresses metabolism between 30% (nitrogen) and 42% (pharmacological anoxia)
during O, limitations. Estimates from lactate accumulation studies with whole brain as well
as whole brain slices suggest a larger ( > 80%) metabolic depression (Kelly and Storey, 1988;
Lutz, et al., 1984; Robin, et al., 1979). While our estimates do not support this degree of
depression in the cortex, the data clearly show a significant metabolic reduction.

The discrepancies between previous in s_itu studies aﬁd the current in vitro study may be
partially explained by the absence of spontaneous electrical activity in the bran slice
preparation. Current evidence suggests that one mechanism for turtle brain metabolic
depression in the in vitro is reduction of spontaneous electrical activity (Lutz, 1992). Brain
slices consume approximately 50% less oxygen than the intact tissue (Lipton and
Whittingham, 1984). This discrepancy has been attributed to the loss of spontaneous
electrical activity in the tissue slice (Mcllwain and Bachelard, 1971). This hypothesis is
supported by the observations that tetrodotoxin (voltage-gated Na+*- channel blocker) causes
only a 5% reduction in oxygen consumption in vitro(Okamoto and Quastel, 1972), but
barbiturate anesthetics (electrical activity depressants) do inhibit oxygen consumption by
50% in the intact brain (Siesjo, 1978). The absence of significant amounts of spontaneous
electrical activity in the turtle cortical slice may cause a reduced metabolic depression

compared to the in vivo. The lack of electrical activity in the slice combined with the large
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metabolic depression observed in the present study would suggest that other metabolic
processes are being depressed besides electrical activity.
Anoxic Gap

In some organisms, the anoxic heat dissipation does not match indirect measures of
metabolism (heat dissipation can exceed measured end product formation by as much as
50%) (Gnaiger, 1980; Shick, etal., 1983). Several reasons suggest a negligible “anoxic gap”
for our turtle cortical slice preparation (Hardewig et al., 1991; Shick, et al., 1983): 1)
adenylate levels were fairly constant, ii) all experiments were short duration, iii) use of
cyanide + N2 minimized any oxidative metabolism, and iv) the 1:2 matching of glucose
consumption and lactate production in whole brain slices of anoxic turtles indicating no other
glucose catabolic pathways during anoxia (Robin, et al., 1979). Based on glucose
consumption and lactate production, turtle whole brain slices yield an anoxic ATP utilization
rate of 0.88 ymoles ATP/g/min (Robin, et al., 1979) which is almost identical to the .82
pmoles ATP/g/min reported in this study suggesting that our estimation of the anaerobic
cortical slice metabolic rate is accurate assessment. It is important to note, however, that if
such a gap does exists in our preparation, this discrepancy would increase the difference
between control and anoxic ATP utilization.
Glycolysis

In the calculation of ATP turnover, we have assumed that the slices are fully aerobic or
fully anaerobic. Aerobic brain tissue generally has an anaerobic component (Robin, et al.,
1979; Rolleston and Newsholme, 1967b). Additionally, as a tissue enters an anoxic
transition, there is a shift from aerobic to anaerobic metabolism making metabolic
calculations difficult (Gnaiger and Kemp, 1990). However, for our tissue, because the
theoretical amount of heat dissipated per mole of ATP consumed is similar between aerobic
and anoxic conditions (0.76 and 0.86, respectively; see methods), the error associated with

assuming the tissue is totally aerobic or anaerobic is small (= 12%). Consequently, we



conclude that heat dissipation along the experimental curves (Fig 9a or b) approximates
changes in ATP tumover fairly closely.

Under conditions of pharmacological anoxia, the insult is rapid. The mixture of N3 +
cyanide minimizes any oxidative metabolism in the transition phase giving an accurate
anaerobic metabolic picture. As a result, the percent depression by 20 minutes for
pharmacological anoxia is significantly greater than for nitrogen perfusion (Fig 11a).
Because adenylates through pharmacological anoxia are reasonably constant (indicating
glycolytic ATP supply is matching cellular ATP demands; Fig 13) and because the total
inhibition of oxidative metabolism, the heat dissipation curve reflects both metabolic rate
changes and glycolytic changes. Hence, changes in heat flux during pharmacological anoxia
represent changes in both the metabolic rate and the glycolytic rate. Four possible anoxic
transition scenarios are illustrated in Fig. 14. A 12% drop in heat dissipation with the insult
would be indicative of no metabolic depression in the slice due to the difference between
aerobic and anaerobic ATP/mW heat production (see methods), and also would be indicative
of a large Pasteur effect (Fig. 14a). Note that this 12% would be a theoretical maximum and
assumes that the control heat measure is 100% oxidative. A more likely scenario is the
gradual decline of heat dissipation, and thus, metabolic rate indicating a gradually declining
Pasteur effect (Fig 14b). A biphasic transition into pharmacological anoxia would be an
indicator of both a sustained, but depressed metabolic rate and Pasteur effect during the
biphasic plateau of the curve (Fig. 14c). A rapid transition into a large heat flux depression
would be indicative of a large metabolic depression which is most likely accompanied by a
slight or reversed Pasteur effect. Note that due to the catabolic heat production from glucose
(140 kJ/mole, anoxia vs. 2820 kJ/mole, aerobic), heat flux would have to drop to =~ 5% of
control measures before a reversed Pasteur effect would occur. However, this measure again
represents a theoretical value which assumes that the control heat production is 100%
aerobic. Kelly and Storey have suggested that the turtle brain goes through a biphasic

transition into anoxia (Kelly and Storey, 1988). In the first phase, the glycolytic activation
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Figure 14. Four possible scenarios for the response of cortical brain slices to
pharmacological anoxia(see text for further details).
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occurs to maintain ATP concentrations. As the brain reduces its metabolism, glycolysis can
return to normal or reduced rate (reversed Pasteur effect). All pharmacological cases appear
to conform to a combination of 3 of these scenarios. There is initially a very rapid drop in
heat dissipation similar to Fig. 14d which plateaus for = 10 minutes similar to Fig. 14c. At
this plateau point, the average heat dissipation for all three cells was = 77% of control
indicating a 15.5 fold Pasteur effect which gradually dropped similar to Fig. 14b. Based on
the final heat dissipation measures for all three pharmacological anoxia cases (49 % of
control) the final Pasteur effect would be 10.3 fold at 120 minutes of anoxia. Thus, the
anoxic data support an initial large Pasteur effect which is gradually declining over the
insult..
Enzymatic Analysis

The correlation of both hexokinase and lactate dehydrogenase with glycolytic flux rates
has been documented (Hochachka and Somero, 1984). One reason why maximal enzyme
activity can be compared usefully in vitro is because there is a potent conservation of
catalytic turnover of substrate for homologous enzymes in vertebrates (Hochachka and
Somero, 1984). The enzyme activities reported in Table 2 indicates that the turtle cortex at
25 OC has an equal activity as the rat cortex at 37 ©C. When activities are corrected for
temperature (Q10 = 2), the turtle brain exhibits twice the glycolytic capacity which supports
a relatively enhanced glycolytic capacity in the turtle cortex compared to the rat cortex.

Two additional mechanisms deserve mention with regards to glycolytic capacity in the
turtle. Recent studies have indicated covalent modification of glycolytic enzymes during
anoxia through reversible incorporation of phosphate into proteins. This modiﬁcation. can
produce rapid changes in the expressed activity of cellular enzymes and possible influence
there association with certain cellular or subcellular components (Brooks and Storey, 1989).
Glycogen phosphorylase, phosphofructokinase, and pyruvate kinase were shown to be
modulated during anoxia in the turtle such as to increase activity. Additionally, in bl;ain,

hexokinase, phosphofructokinase, and phosphoglycerate kinase were all shown to bind to
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subcellular components(Duncan and Storey, 1992). The resulting positioning is believed to
channel ATP to critical areas such as ion pumps.
Conclusion

Data presented give strong evidence for the maintenance of adenylates during anoxia in
the turtle brain. The low metabolic rate combined with the ability to further suppress
metabolism during anoxia undoubtedly plays a critical role in allowing the cell to maintain
energy balance during anoxia. However, at least on the short interim, the ability to increase
glycolytic flux (Pasteur effect) combined with increased glycolytic machinery appears also to
play an important role. The end result of all of these adaptations is that cellular ATP supply
can meet demands even when ATP production is substantially inhibited by an anoxic
episode. The reader is refereed to chapter 5 where a more complete discussion of these

issues are presented.



CHAPTER 4: A CRITICAL TEST OF CHANNEL ARREST
Preface

In the previous chapter, calorimetric measures supported both a low normoxic metabolic
rate and the ability to further depress metabolism during anoxia in the turtle cortical slice.
This chapter explores the concept of reduced ion leakage as a mechanism for metabolic
depression in the turtle cortex during both normoxia and anoxia. This chapter is excerpted
(in part) from the papers C. J. Doll, P. W. Hochachka, and P. B. Reiner (Am. J. Physiol. 261:
R1321-R1324, 1991) and C. J. Doll, P. W. Hochachka, and P. B. Reiner (Am. J. Physiol., In
Press). The enzymatic measures were adapted from R. K. Suarez, C. J. Doll, A. E. Buie, T.
G. West, G. D. Funk, and P. W. Hochachka (Am. J. Physiol. 257: R1083-R1088, 1989).

Introduction

If energy status is to be sustained in the turtle brain during anoxia, supply must meet
demand. Three basic mechanisms in principle could aid in the maintenance of energy
balance during anoxia assuming the tissue is not substrate limited: (i) enhanced glycolytic
capability to aid in the supply of ATP to the cell, (ii) low normoxic metabolic rate to lessen
the initial ATP demand of the brain (Chapter 3), (iii) metabolic depression during anoxia to
further accentuate a low normoxic metabolic rate.

With respect to (i) and (ii) above, we have demonstrated that the turtle brain expresses
twice the glycolytic capability of the rat brain while consuming only 1/9 to 1/12 the glucose
under control (normoxic) conditions (Suarez, et al., 1989; Chapter 3). Additionally, earlier
indirect estimates implied that the metabolic rate of the turtle brain appears low compared to
other ectotherms (McDougal, et al., 1968). With regards to (iii), significant anoxic metabolic
depression has been estimated in both whole brain preparations (Kelly and Storey, 1988;
Lutz, et al., 1984), as well as in slices (Robin, et al., 1979; Chapter 3).

Two of the three protective mechanisms outlined above concern a reduced cellular
metabolic rate. However, the question remains as to what ATP requiring processes are being

suppressed in both normoxia and anoxia to account for lowered ATP turnover. It has been
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hypothesized that one mechanism which could reduce energy expenditure in turtle brain
would be to decrease ATP-dependent ion pump activity by reducing ion leakage (Hochachka,
1986).

All cell membranes leak ions. Leakage is the result of both intracellular and extracellular
ions flowing down their electrochemical gradients. Several cellular processes contribute to
this phenomena in neurons including activation of voltage- and ligand- gated channels,
neurotransmitter release and uptake, co- and counter- transport systems, and leakage channels
(voltage independent ion channels) (Hille, 1992). Maintenance of a homeostatic intracellular
environment requires the redistribution of these ions through the use of energy demanding
pumping systems such as the Na*-K*-ATPase which may consume as much as 50% of the
cell's resting metabolic rate (McBride and Milligan, 1985). One mechanism by which the
turtle brain could reduce its metabolism would be to reduce ion leakage (Hochachka, 1986;
Lutz, et al., 1985), which could conceivable occur through the reduction of any of the above
leakage processes.

The concept of regulating cell metabolism through regulation of ATP-dependent ion
pump activity is not new (Whittam and Blond, 1964) and has been forwarded as a possible
mechanism for the action of thyroid hormone in controlling thermogenesis (Ismail-Beigi and
Edelman, 1970). This idea was later expanded as a mechanism contributing to the origin of
endothermy (Edelman, 1976). The hypothesis predicts that endotherms have leakier
membranes, and thus increased ATP dependent ion pump activity serving as an indirect
mechanism of heat production. A similar concept involving regulation of ion pumping by the
Ca*2 -ATPase is believed to account for thermogenesis in marlin heater tissue, a modified
muscle which displays an expanded sarcoplasmic reticulum but has little contractile protein
(Block, 1987). Taken together, this evidence provides strong support for the idea that
regulation of leakiness, and hence, ion pump activity, could regulate ATP turnover in the

cell.



This paper tests two predictions of such a 'channel arrest' hypothesis (Hochachka, 1986;
Hochachka, 1987). First, do turtle cortical pyramidal neurons display lower passive ion
leakage (conductance) compared to the rat cortical pyramidal neurons during normoxia, and
second, are leakage channels in the turtle pyramidal neuron further down regulated during
both long and short term anoxia as a potential survival strategy.

Methods
General

Methods for data acquisition, tissue preparation, and fluid composition for intracellular
recording techniques were identical to those described in chapter 2, pgs. 34. Notable
exceptions of patch clamping techniques and data analysis in general are described below.
The reader is referred to Appendix A and B for a more general discussion of these techniques
and terminology.

Patch Clamp Tissue Preparation .

Young Wistar rats (25 - 40 g) were anesthetized with halothane decapitated and the brain
rapidly removed and immersed in precooled oxygenated aCSF. After a few minutes of
precooling, a block containing frontal - parietal cortex was dissected free, glued with
cyanoacrylate to a mounting block and sliced (400 uM thickness) on a vibratome. Slices
were stored at = 22 OC for at least 60 min. prior to use.

Patch Clamping Techniques

Methods for the formation of whole cell seals in slices of both turtles and rats have been
described in detail elsewhere (Blanton, et al., 1989). A general discussion can be found in
appendix A. In brief, whole cell patch recordings were carried out using sutter 1.5 0.D. X
1.10 L.D. boro silicate non filament glass. Electrodes were pulled on Sutter model P-15
horizontal puller. Patch solution contained (in mM) 15 NaCl, 110 KOH (pHed to 7.4 ,

titrated with Methanesulphonic Acid), 10 Na* Hepes, 11 EGTA (dissolved in 29 mM KOH),
1 CaCly, 2Mg-ATP, 0.3 GTP, final pH = 7.4, for the rat. Turtle patch solution was the rat



patch solution diluted by 10%. The osmolarity of the patch solution was 320 - 330 mosmol /
Kg rat; 290 - 300 mosmol / Kg turtle.

Data were acquired using an Axoclamp 2A amplifier connected to an Axolab 1100
interface, which also served to generate current commands using the Pclamp suite of
programs. Data were also independently digitized at 49 kHz and stored on videotape for off-
line analysis. Criteria for using a patched cell included the GQ seal, positive going action
potentials, and electrode impedance < 45 MQ2 (most were less than 20 MQ) at the completion
of the experiment. Although some cells were held for up to 3 hours, changes in cell
conductance generally occurred within 30 to 45 minutes after breaking into the cell. All
measurements were made within 10 minutes of obtaining the whole cell configuration.

Data analysis

Whole cell conductance (Gw) and time constant (T¢) were calculated using depolarizing
current pulses of 500 mS duration (turtle) or 200 mS duration (rat) sufficient to elicit 6.2 +
0.9GE)mV change in membrane potential from the resting potential of the cell. All measures
were done on cells in a quiescent state to minimize leakage due to electrical activity. In brief,
Gw was calculated from Ohm’s law:

Vm=1/Gw
where Vpy is the change in membrane potential and I is the current. T¢ was calculated by
fitting the membrane charging curve to the equation:
Y=Ao+Aget/Te
where Y is the voltage at any given time t, Ag is the offset, and A ] is the maximum voltage,
using the Clampfit feature of Pclamp. Specific membrane conductance (G, ) was calculated
from the equation:
Te=Cm/Gm
where Cp, is the capacitance of the membrane per unit area which is assumed to be 1 uF/
cm2. All computer fits of membrane charging curves showed a 0.9900 least squares residual

(R) value or they were rejected.



The term Q10 is used to refer to the effect of a 10 OC temperature change on the values

being measured, and for the purpose of this paper, it is defined as:
Qo = Value (x + 10 0C) / Value (x °C)

where x is the variable being tested.

Nat-K+-ATPase Activity

Methods for tissue dissection were identical to those described in Chapter 3 for the
enzymatic analysis. Once the brain was dissected free, the cortex was removed and placed in
9 volumes of 50 mM Tris-Cl (pH 7.4 at 4 ©C) which contained 0.1 mM
phenylmethylsulfonylfluoride. Tissue was homogenized 3 times, 10 sec. each interval with
30 sec. in between each interval. Crude homogenates were then assayed for Nat-K+-ATPase
activity without further processing.

In brief, Kt dependent p nitrophenylphosphate hydrolysis is an expression of Nat-K+-
ATPase activity (Swann and Albers, 1975). This indicator is used to circumvent problems
associated with competition of ATP utilization characteristic of crude tissue homogenates
containing mitochondria. Final incubation mixture contained 0.05 M Tris-HCI, pH 7.5, 5
mM MgCl2 10 mM Tris-p-nitrophenylphosphate, about 20 ug of brain homogenate.
Reactions were conducted in duplicate in a final volume of 0.2 ml at 25 OC. Assays were
done in the presence of either 25 mM KCl or 1 mM ouabain (control). Reactions were
terminated by the addition of 0.8 ml of 0.1 N NaOH. Final concentration (p-nitrophenol)
after incubation period (10 min.) was determined spectrophotometrically by absorption at
410 nm.

Results

Data presented (intracellular and patch clamp methods) are based upon recordings of (n =
38) turtle and (7 = 20) rat pyramidal neurons resulting in a total of 58 cells being tested.
Each patch clamp group represents an # of 10 recordings and the intracellular group

represents an n of 8 repeatedly measured cells. No neurons were repeatedly used for any
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Figure 15. Examples of membrane charging curves for turtle and rat pyramidal neurons.
Turtle neurons (25 9C)are represented in (A), intracellular recording techniques and (B),
patch clamp techniques. A rat pyramidal neruon (25 OC)is represented in (C) using patch

clamping techniques. Refer to methods for a complete discussion of the fitting procedures
and analysis.



1157 1 e =Tc(mS)

100 - —a— =MP.(-mV)
N —v— =G, (uS/cm?)

72j T —e— =G, (nS)

A
12
8 ¥— —— -
1o % ~
4_ -IL 1 v 1
0 60 120

Time of Anoxia (min.)

Figure 16. Conductance and membrane potential changes with anoxic exposure. Whole cell
conductante (Gw) was calculated from Fig. 17 while specific membrane conductance was
calculated from the time constant (T¢) of the membrane charging cureve. Membrane
potential (M.P.) was also recorded for the duration of the experiments. See text for further
figure details. Data illustrated are means of n = 8 pyramidal cortical neurons from turtle.
Data are illustrated with SE bars.
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Figure 17. Current (I)-voltage (V) plotfor 8 repeatedly measured turtle pyramidal neurons
over a time course of 120 min. of anoxia (0.1 to -0.5 by 0.05 nA steps). Numbers in
parentheses are n of cells for that point set. Data are illustrated with SE bars. The axies cross
at the cell's resting potential (R.P.)
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Table 3. Turtle cortical pyramidal cell patch clamp values

Normoxia Normoxia Anoxiad
n 150C + SE n 250C + SE n 250C + SE
Parameter
M.P. (mV) 10 750 + 10d 10 728 + 054 9 740 + 25d
Gw (nS) 10 184 + 021bc 10 273 + 0366 10 235 1 021¢
Tc (mS) 10 4235 + 28.4bc 10 2007 + 193¢ 10 2093 + 23.5C

GmS/cm2)¢ 10 246 + 0176c 10 556 1+ 067¢ 10 537 + 061€

4 Turtle cortical slices were held in an anoxic chamber at = 22 ©C for 6 - 9 hrs. prior to
recording

bsj gnificantly different (P< 0.05; Newman - Keuls test) from the control (25 ©C ) measure.

C Significantly different (P < 0.05; Newman - Keuls test) from rat (35 and 25 ©C) cortical
values (Table 2).

d Significantly different (P < 0.05; Tukey HSD test) from rat (35 and 25 °C) cortical values
(Table 2).

€ Assuming a 1 yF / cm2 capacitance.

Refer to text or Table of Abbreviations for an explanation of table abbreviations.




Table 4. Rat cortical pyramidal cell values

i

n 250C + SE n 350C+ SE
Parameter
M.P. (mV) 8 575 + 2.9d 10 554 + 13d
Gw (nS) 10 408 + 0.57° 10 7.56 + 1.00b¢
Tc (mS) 10 465 + 44 10 250 + 20bc
Gm (S / cm?2 10 235 + 24€ 10 424 + 35bc

2 Assuming a 1 ¥F / cm2 capacitance

b Significantly different (P < 0.05; independent t test) from the 25 OC value

C Significantly different (P < 0.05; Newman - Keuls test) from turtle (15 and 25 C)

cortical values (Table 1)

dsj gnificantly different (P < 0.05; Tukey HSD test) from turtle (15 and 25 ©C) cortical

values (Table 1)

Please refer to Table of Abbreviations or text for an explanation of table abbreviations




Table 5. Elffect of temperature on membrane ion leakage

Turtle Rat
15 -250C 25-350C
Measured Q10
Gm 23 1.8
Gw 1.5 1.9
Average 1.9 1.9

Values obtained from Tables 3 and 4

Refer to Table of Abbreviations or text for an explanation of table abbreviations
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Figure 18. Conductance ratios (Gm) for rat cortical pyramidal neurons vs. turtle cortical
pyramidal neurons. Values are obtained from Tables 3 and 4 except for the rat 37 OC value
which is calculated fro the rate 35 OC assuming a Q10 of 1.9 (Table 5).
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Table 6. Nat-K*-ATPase activity in Turtle and Rat Cortex

Turtle Rat Magnitude

pmoles/g/min pmoles/g/min Difference
Temperature
250C 3.52+0.12 8.03+0.54 2.32
370C. ememeeemee- 19.3¢ 5.5b
4 Rat 250°C / Turtle 25 ©C
b Rat 37 0C / Turtle 25 °C
C Assuming a Q0 of 2
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patch clamp group. Examples of raw data traces (of which both Gy, and Gw were derived)
are illustrated by Fig. 15a,b,c.
Intracellular Recording

We tested whether ion channels were down regulated with anoxia (< 120 min.) using
intracellular recording methods. This method allowed the continuous monitoring of Gy , Te
» and Gw. Results demonstrated that the turtle pyramidal neuron did not significantly change
in any measured parameter (T¢c, Gm, Gw, M.P.) with anoxia (P > 0.05; repeated measures
design over time, tested for linear or quadratic fit). Two separate measures of conductance
were performed, Gw and Gy (Fig. 16). Gw indicates the conductance of the whole cell. If
the area of the cell were known, conductance per unit area could be calculated (Gp,). Surface
area of the cell is unknown, but Gy can be derived through a simple equation (see methods).
The calculation is based on a 1 yF/cm?2 capacitance of the membrane.

A third observation of anoxic changes in resistance is obtained through the current -
voltage plot (Fig. 17). The slope of the line represents voltage - dependent changes in Ry
(whole cell resistance; 1/Rw = Gw ). As can be seen in Fig. 17, the voltage dependence of
Gw does not significantly change over the course of 120 min. of anoxia (P > 0.05, repeated
measures design over time, tested for linear or quadratic fits). Thus, neither steady state nor
voltage - dependent Gy change during anoxia.

Patch Clamp Results

Intracellular recording methods were used for short term anoxia studies because it
allowed the continuous impalement of a cell, and thus, continuous monitoring of Gy or Gy .
However, based on previous experiments, we have found that continuous impalement' will
not yield accurate results after several hours due to eventual electrode clogging or
degeneration of the cell. Thus, the use of whole cell patch clamp methods to compare
populations was used. The relevant electrophysiological properties of these populations are
detailed in Tables 3 and 4. To assess differences in ion leakage between turtle and rat

cortical neurons, Gy, was calculated for both species at 25 OC. Conductance values indicate



a 4.2 fold higher Gy, in the rat neuron compared to the turtle. Comparison of conductance at
more physiological temperatures (35 O©C, rat; 15 OC, turtle) indicated a 17 fold increase in
G for rat pyramidal neurons. Although not directly measured, Gy, for the rat neurons at
physiological temperature (37 ©C) was inferred from the measured conductance Q10 of 1.9
(25 -359C, Table 5). The calculated Gm at 37 OC for the rat neuron was 53.58 uS / cm?2
indicating a 22 fold more conductive membrane for the rat pyramidal neurons compared to
turtle pyramidal neurons (15 ©C). The conductance ratios between turtle and rat pyramidal
neurons are summarized in Fig. 18.

To assess whether ion leakage further decreases with prolonged anoxia, turtle slices were
incubated in anoxic aCSF for 6 - 9 hours. Two separate and independent measures of
conductance were done (Gw and Gm) for reasons discussed above. The results reported in
Table 3 indicate no significant change in Gw or Gm with 6 - 9 hrs. of anoxia supporting and
extending intracellular recording results.

Current evidence indicates that anoxic survival of the turtle is highly temperature
dependent (Ultsch, 1985). One question which remains unanswered is whether turtle neurons
express a large Q10 value for ion conductance at lower temperatures. Table 5 summarizes the
Q10 values for conductance in turtle and rat cortical neurons. Surprisingly, an average Q10
of 1.9 was measured for both turtle (15 - 25 ©C) and rat (25 - 35 ©C). These results indicate
that Q10 for leakage channels may be conserved across various temperature regimes as well
as species.

Interestingly, temperature did not significantly change membrane potential in either the
rat or turtle cortical cell populations even though conductance of these cells is changed
(Table 1 and 2). Additionally, one might suspect a change in membrane potential if ion
channels were down regulated during anoxia. However, there were no significant changes in
membrane potential with anoxia, in turtle cortical neurons supporting the findings of no
change in either G or Gy with anoxia.

Nat-K*-ATPase Activity
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In order to differently address the concept of lower resting ion leakage in the turtle brain
compared to the rat during normoxia, Na*-K+-ATPase maximal activity was measured.
Because this method uses an artificial substrate (p-nitrophenylphosphate), the results should
be interpreted not as absolute values, but values relative to each other. Table 6 illustrates the
Nat-K*-ATPase activity in cortical homogenates of both the turtle and the rat. The results
suggested that there is about a 2.3 fold lower activity in the turtle brain compared to the rat at
25 OC. When corrected for temperature (Q10 of 2) for the rat brain (37 ©C), the data
indicated a difference of 5.5 fold compared to the turtle cortex (25 ©C). These results further
support the patch clamp recordings of lower ion leakage, and hence, ion pumping
requirements in the turtle cortex.

Discussion

The channel arrest hypothesis is based on the premise that as the conductance of a cell
(Gm) increases so must the rate of ion pumping if ion homeostasis and membrane potential
are to be maintained. This prediction is experimentally supported (Pastuszko et al., 1981;
Scott and Nicholls, 1980). The concept can be applied not only to anoxia, but also to
normoxia. If one cell is more conductive than another during normoxia, then ion pumping
due to this increased conductance may be increased to maintain ion homeostasis (Hochachka
and Guppy, 1987). Based on Gy (Fig. 18) and Nat-K*-ATPase activity (Table 6), these
results support reduced passive ion leakage during normoxia as one mechanism utilized by
the turtle neuron to reduce ATP expenditure. The enzymatic Vmax measures, although
supporting a reduced ion leakage in the turtle brain, only support 60% of the observed 4.2
fold difference from G ratios suggesting that further down regulation of ion pumping
activity may occur in vivo in the turtle brain (Fig. 18).

Conductance ratios reported here (25 OC) between the turtle and the rat are slightly higher
than K+ conductance ratios reported for similar sized nondiving reptiles (Amphibolorus
vitticeps) vs. the rat (conductance done at 37 ©C) using tracer methods (4.2 vs. 3.6

respectively) (Else and Hulbert, 1987). Additionally, oxygen consumption ratios in the
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presence of ouabain under the same temperature conditions (37 OC) suggests ion pumping
differences of 4 fold between the rat and A. vitticeps (Else and Hulbert, 1987) compared to
the 2.3 fold difference reported here in maximal activities of Na*-K+-ATPase (25°C). Both
the K* conductance studies and the ouabain studies compare well with the G, ratios
reported here for the turtle vs. rat cortex at the same temperature (25 ©C; 4.2) suggesting that
the maximal activities of Na+-K*-ATPase may not accurately reflect absolute ion pumping
differences because of in vivo Nat-K+-ATPase regulation (Rossier et al., 1987). However,
the maximal activities of this enzyme do support large pumping capacity differences between
the two species.

It is tempting to estimate the energy (ATP) savings achievable based on the lower Gy, for
the turtle cortex; however, this is not yet possible. First, the specific passive ion
conductance contributing to this savings are not yet known. Second, the exact energy
expenditure due to ion leakage independent of electrical activity is not well understood.
Studies on canine brains in vivo suggest that ion pumping due to passive ion leakage

consumed more than 40 % of resting ATP turnover (Astrup et al., 1981) suggesting a
substantial energy savings. Further speculation on the metabolic energy savings will be
discussed in Chapter 5.

The calculations for Gy, are based on two assumptions. First, both biological membranes
display a 1 pF/ cm? capacitance. Careful studies of both ectotherms and endotherms from a
variety of cell types yield this value (Brown et al., 1981) suggesting that Cy, may be a
biophysical constant (Hille, 1992). Since Cyy, is a function of the membrane composition,
and since membrane structure and composition is conserved, it is reasonable that Cpy, would
also be conserved. Secondly, the assumption of a Q10 of 1.9 for the rat brain between 35 -
37 OC is made. We have measured the Q10 for membrane conductance in the turtle neuron
between the temperatures of 15 - 25 OC and for the rat neuron between 25 - 35 OC (Table 3),

and have extrapolated the latter values to 37 CC.
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The Q10 for both tissues is approximately the same (1.9) (Table 3) which is similar to the
whole body metabolic Q10 for both species for these temperature ranges (Funk and Milsom,
1987). The conservation of the conductance Q10 between animals and temperatures suggests
that the Q10 for ion channels may be conserved across channel types as well as animals.
Single channel studies from a variety of channel types from both ectotherms and endotherms
report Q10 values ranging from 1.0 to 2.5 with most values between 1.3 - 1.6, close to the
aqueous diffusion Q10 of 1.3 (Hille, 1992). However, conservation of the conductance Q10
may hold true only for leakage channels. The Q10 for this study is an average between G
and Gw. The average is used since these measures although calculated independently of each
other should change both qualitatively and quantitatively in parallel with temperature. This
parallelism appears to be true for the rat cortical neuron but quantitatively deviates for the
turtle neuron. Several reasons could possibly explain this deviation since these two measures
are calculated independently of each other. Changes in capacitance, cell size, soma to
dendritic conductance and bleb formation (Milton and Calswell, 1990) may all influence Gw
differently from Gy with respect to Q10.

In addition to large inherent leakage differences between rat and turtle membranes, the
channel arrest hypothesis predicts a decrease in Gw and G with anoxia. Results using
intracellular recording methods over short term anoxia indicated no change in Gy or Gw
(Fig. 16, 17). Data from Chih suggests that K¥ leakage in vivo was suppressed by anoxia
(Chih et al., 1989). Recent cortical slice data indicated that [Ca]j accumulation during long
term anoxia (180 mins) is slower compared to short term anoxia (5 mins.) after the addition
of iodoacetate (glycolytic inhibitor) (Bickler, 1992a). However, specific leakage processes
were not measured in either of these papers, and thus, the lowered leakage observed could be
caused from a reduction in any leakage process including electrical activity. Due to the
above observations as well as limitations of the microelectrode technique, we measured
whole cell conductance using patch clamping techniques. The advancement of whole cell

patch clamp methods in slices provides a way of easily comparing populations of cells while
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ensuring that membrane electrode seals are not significantly contributing to the apparent cell
conductance due to the G£2 seal formation between electrode and cell membrane. The values
obtained for T¢ and Gy were greater than those obtained with intracellular recording
techniques. Thus, ion leakage around the microelectrode may significantly contribute to the
values of T¢ and Gy, masking small conductance changes. However, the results reported
here for long term anoxia (6 - 9 hrs.) supported intracellular recording techniques.

Both turtle and rat pyramidal neurons have inwardly rectifying K* channel (Connors and
Kreigstein, 1986; McCormick, et al., 1985). Thus, one method for changing cell conductance
is to change membrane potential. As a result, channel arrest could be achieved by simply
depolarizing the cell. However, no noticeable change in membrane potential occurred during
anoxia in turtle neurons (Table 1) supporting earlier results with intracellular recording
techniques and short term anoxia (Chapter 1).

The energy conservation mechanism predicted by the channel arrest hypothesis is not
directly due to ion channels closing, but by a decrease in ATP-dependent ion pump activity
resulting from down regulation of ion channels. We have tested one leakage process (leak
channels). However, ion leakage can result from a variety of other processes. Current
evidence supports both a reduction in ion leakage (Bickler, 1992a; Chih, et al., 1989) and in
electrical activity (Feng, et al., 1988; Sick, et al., 1982) in the turtle brain with anoxia. Our
results support that the concept that the turtle brain maybe spending less energy on
maintaining ion homeostasis in the normoxic state compared to the rat, but that further down
regulation with anoxia is not measurable. Accumulating evidence supports down regulation

of electrical activity as a more likely scenario for metabolic depression in the turtle brain.
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CHAPTER §: A THEORETICAL APPROACH TO ANOXIA TOLERANCE- A
CONCLUSION
Preface

The goals for this final chapter are three fold. First, this chapter serves to unite all of the
preceding material into a unified theory of anoxia tolerance. Second, this chapter will serve
as a mini review of the preceding material especially that material which relates to this
unified theory. Finally, it is hoped, this chapter will serve to generate curiosity and insight
which may lead to a better fundamental understanding of the events surrounding both anoxia
tolerance and intolerance. Parts of this chapter were excerpted from C. J. Doll (In Surviving
Hypoxia, CRC Press, pgs. 389-400, 1993).

Introduction

The second law of thermodynamics states that natural processes move towards a state of
greater disorder (increasing entropy, AS > 0). Living organisms remain in an unchangiflg
state of entropy by consuming energy. In the case of a neuron, glucose is consumed and
energy is provided to maintain cellular homeostasis via ion pumping, molecular repair,
synthesis etc., thus, AS = O for the organism. However, if the cell cannot provide enough
energy to maintain integrity, AS will increase. The results may be catastrophic (Chapter 2).
Thus, the emphasis of this thesis (the importance in maintaining energy balance for the cell)
is really a restatement of the second law of thermodynamics. In this final chapter, two
questions will be explored in detail. First, how is the turtle cortical neuron able to maintain
membrane integrity during anoxia, and second, why is the rat cortical neuron (a cell which
performs similar functions as the turtle neuron) more vulnerable to these same insults?

An Interpretive Model

The results of this thesis in part can be summed up by Fig. 19. This figure represents a
unified theory of why the turtle brain is able to survive anoxia and in part why the
mammalian brain cannot. It is divided into two parts: the turtle brain (left side) and the

mammalian brain (right side).
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Figure 19. Possible scenario for the degeneration and survival of the turtle and rat neuron.

See text for further details.

75



Mammalian Brain

As discussed in Chapters 1 and 2, a major difference between the turtle and rat brain is in
their ability to maintain [ATP] during the anoxic/ischemic insult. I have hypothesized that
the declining [ATP] is the trigger which directly or indirectly causes the anoxic/ischemic
cascade of events observed in the mammalian brain. There are currently several lines of
indirect evidence supporting this position. First the cell's ability to maintain resistance and
membrane potential is inversely related to the degree of metabolic inhibition (Reiner, et al.,
1990; Chapter 2). Second, temperature plays a direct role in protecting ion gradients
suggesting that the lower the metabolic rate (the slower ATP is depleted) the longer ion
gradients are maintained (Morris et al., 1991; Okada et al., 1988a; Chapter 2 ). Third,
manipulation of the intracellular or extracellular environment to increase energy rich
compounds intracellularly, prolongs the maintenance of ion homeostasis (Caldwell, et al.,
1960; Hansen, 1978; Kass and Lipton, 1982; Lipton and Whittingham, 1982; Okada, et al.,
1988a). Fourth, there is a direct relationship between loss of electrical activity and [ATP]
(Lipton and Whittingham, 1982; Yamamoto and Kurokawa, 1970), as well, bathing
mammalian brain slices with creatine to increase intracellular [CrP] (thus, defending [ATPI;)
prolongs electrical transmission (Lipton and Whittingham, 1982). Although the fourth point
is controversial, with some studies showing changes in synaptic activity before changes in
[ATP]; are detectable (Duffy et al., 1972; Schmabhl et al., 1966; Siesjo and Nilsson, 1971),
studies in the hippocampus suggest that whole hippocampal slice [ATP] may show little
attenuation from control, but when the molecular layer (an area which contains the synapses
of the pathway)' is examined separately, changes in [ATP]; are measurable prior to changes in
electrical activity (Lipton and Whittingham, 1984 for review). These data would suggest
studies which do not detect a substantial fall in [ATP] before electrical changes may not be
measuring ATP in appropriate compartmentalized areas (synapses, dendrites, and axon

terminals).
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Initially, with an anoxic/ischemic insult, there is a large Pasteur effect observed for the
mammalian brain (discussed in Chapter 3). Unfortunately, due to the high metabolic rate (9 -
10 fold higher than the turtle brain at 25 OC; Chapter 3) and the comparatively low amount of
glycolytic enzymes (Chapter 3), the mammalian brain is unable to have cellular ATP
production meet demand resulting in a loss of [ATP]; (as discussed in Chapter 2). Fig. 19
depicts the importance of immediate defense mechanisms (see below) to maintain [ATP};. In
the mammalian brain an unsuccessful attempt is made to maintain energy balance despite a
large Pasteur effect. Unsuccessful, the mammalian brain enters a cascade of events which
leads ultimately to neuronal death (Fig. 19).

(For the next few sections I will refer the reader to review Chapter 2 Introduction where a
more complete description and references are given for the discussed material. Additionally,
I have referenced Chapter 2 material where the applicable data may be found.)

Both extracellular observations and the hippocampal slice studies (as discussed in
Chapter 2), as well as the results from Chapter 2 support the hypothesis that the first visible
reaction to anoxia/ischemia is a hyperpolarization and an increase in [K*]o. Two possible
pathways have been hypothesized for this observed increase in [K*]o (Kmjevic, 1993;
Chapter 2): (i) opening of KaTp channels, or (ii) opening of K¢, channels. With regards to
(ii), the activation of these channels by ATP would be indirect. As [ATP];j decreases,
[Ca+2]i homeostasis mechanisms (ion pumps) fail resulting in an increase in [Ca*2}; which,
in turn, causes activation K¢, channels (Fig. 19).

Talbutamide (K 1p channel blocker) does not inhibit the initial anoxic hyperpolarization
in the hippocampal CA1 region (Leblond and Krnjevic, 1989), and several lines of evidence
now support K¢, channels involvement in the hyperpolarization in the CA 1 region
(Kmjevic, 1993, also see Chapter 2). Interestingly, studies in the CA3 hippocampal region
where a higher concentration of glibenclamide receptors are found (thus, indicating a greater
concentration of K5tp channels) demonstrate that the slow phase of the initial

hyperpolarization is blocked by glibenclamide (Mourre et al., 1989); these results imply that
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a combination of events cause the anoxic hyperpolarization (as supported by Fig. 19) and that
events may vary depending on brain region.

As [Ca+2]i increases [ATP]; decreases, three mechanisms for further depolarization and
conductance increase are hypothesized. The mechanisms may be synergistic as indicated by
crossover arrows in Fig. 19. As previously discussed (Chapter 2), one possible hypothesis
for the massive and sudden diminishment of the ion gradients is neurotoxicity . This
hypothesis predicts a massive release of excitatory neurotransmitters like glutamate which
may cause the sudden diminishment of ion gradients similar to that observed in Fig. 5. This
hypothesis has gained support, in part, from observations that excessive application of
glutamate does give a similar response to that observed for ischemia and pharmacological
ischemia (Choi, 1988a; Rothman, 1985; Wood and Reiner, 1990), and from the observation
that there is a sudden release of neurotransmitters corresponding to the ischemic insult (see
Chapter 2 for a review). The mechanism for this release is consistent with the hypothesis
through an increase in [Ca*2]j. However, two other channel activations may individually or
synergistically aid in the anoxic/ischemic neuronal collapse: (i) Ca*2 - activated non -
selective cation channels (ii) ATP - dependent non - selective cation channels. Both channel
types have been identified in neuronal tissue (Ashford, et al., 1988; Partridge and Swandulla,
1988), and therefore, could play a role in the anoxic / ischemic depolarization. Recent
studies suggest that preincubation with glibenclamide (K4 1p channel antagonists)
significantly reduces the amplitude and rate of anoxic [K*]o in the hypoglossal nucleus in
adult rats. Preliminary observations in hippocampus suggest that glutamate antagonists also
reduce the rate of depolarization during pharmacological anoxia in the rat hippocampus, but
as in the glibenclamide study above, the neurons still depolarize (Wood and Reiner, 1990)
supporting a combination of events being involved in the anoxic/ischemic depolarization.
Verification of this hypothesis awaits further detailed studies. Once membrane potential falls
below threshold, the activation of voltage-gated ion channels (Na*, Cat2, and K+) can then

participate in the observed ion gradient diminishment.
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The specific cause of cell death is not well understood. In Fig. 19, I have suggested
membrane hydrolysis by the activation of phospholipases as the most likely scenario but
permanent damage could also be caused by free radicals (including nitric oxide), pH, cell
blebbing, or cytoskeletal destruction (Choi, 1988b; Haddad and Jiang, 1993; Hochachka,
1987 for reviews). Although the actual cause of cellular death is poorly understood, most
events up to and including the large conductance and ionic changes leading to the membrane
depolarization are reversible, and permanent cellular damage appears to occur after the loss
of intracellular ion homeostasis (Hansen et al., 1982; Kirino e al., 1985; Leblond and
Krmjevic, 1989; Siemkowicz and Hansen, 1981). It is important to note that an understanding
of neuronal functional collapse is considered central for this thesis because it is functional
collapse rather than neuronal death per se that is ultimately responsible for anoxic death of
the whole organism.

Turtle CNS Response

The left half of Fig. 19 is concerned with the turtle brain. There are two important
aspects to this figure. First, the ability of the turtle cortical slice to maintain [ATP]j with
anoxia, and second, an arrow linking the turtle to the mammalian side in the event that
[ATP]; is not maintained. However, the turtle cortical slice is capable of maintaining [ATP];
through a combination of 3 central mechanisms (discussed and supported by studies in
Chapter 3): (i) an enhanced glycolytic capacity, (ii) a low normoxic metabolic rate, (iii) the
ability to further depress metabolism with anoxia. Support for the linkage of the turtle side to
the mammalian side is based on the intracellular observations that the turtle cortical
pyramidal neuron could not significantly withstand pharmacological ischemia any better than
the rat pyramidal neuron (Fig. 3) with the turtle brain indicating similar conductance and
membrane potential changes with pharmacological ischemia (Fig. 5). Additional support for
this linkage comes from in vivo studies which demonstrate a very rapid rise in [K*+]o in the
turtle brain similar to that observed in the rat brain with ischemia and iodoacetic acid (Sick,

etal., 1982; Xia et al., 1992). There is very little information regarding channels, channel
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types or densities in the turtle brain; most emphasis is on voltage dependent channels which
appear to occur at a lower density in the turtle brain compared to the rat brain (Edwards ez al.,
1989; Pérez-Pinzén, et al., 1992c; Suarez, et al., 1989; Xia and Haddad, 1993). Identification
of Katp channels in the turtle brain has been confirmed (Jiang, et al., 1992; Xia and Haddad,
1993) with the highest concentration occurring in the turtle cortex. The presence of these
channels is consistent with the hypothesis that the mechanisms of pharmacological ischemia
depolarization occurs through similar mechanisms in both species.

Metabolic Rate

This thesis has presented the hypothesis that a low metabolic rate is critical for anoxia
tolerance. Interestingly, both the turtle and the rat neuron have similar physiological
functions (electrical activity, ion pumping, biosynthesis, cellular maintenance, etc.). Chapter
4 was an initial attempt to understand mechanisms which may be down regulated in the turtle
cortex during both normoxia and anoxia to conserve ATP utilization. In this section, a
theoretical examination of metabolic rate will be explored in an attempt to partially explain
the observed brain metabolic rate discrepancies between the turtle and the rat.

Chapter 3 demonstrated a 9 to 10 fold difference in metabolic rate between guinea pig
and the turtle cortical slice preparation (Table 7, no. 6 vs. 7). Additionally, deoxyglucose
studies have indicated approximately the same difference (Table 7, average of 1 and 2 vs. no.
3). Fig. 20 illustrates an explanation for the metabolic rate differences between the cortical
slice preparations of these two species. Because this argument is theoretical, the units on the
y axis are arbitrary, and thus, reflect the 10 fold metabolic difference between the tissues (Fig
20a,d).

Because the metabolic rate measures have been performed at physiological temperatures,
metabolism must be corrected for temperature. Two studies which examined the effect of
temperature on glucose utilization in the mammalian cortex (Table 7, no. 4 and 5) reported a

Q10 of 2.7 and 4.32 yielding an average Q10 of 3.5. Thus in (B) of Fig. 20 the metabolic



Table 7. Glucose consumption measures

?empemture Glucose

* Animal Preparation range (°C) pmoles/g/min Q10 Reference
1 Rat Whole Brain 37 0.452 (Hawkins et al., 1974)
(in vivo)
2 Rat Whole Brain 37 0.603 (Crane et al., 1978)
(in vivo)
3 Turtle Whole Brain 25 0.0532 (Suarez, et al., 1989)
(in vivo)
4 Rat Cortex 374 1.152 (McCulloch et al., 1982)
(in vivo) |
318 0.752 2.7
5 Mouse Cortex 358 0.932 dto et al., 1990)
(in vivo) |
27.7 0.27a 432
6 Guniea Pig Cortical 38 0.42bd —__ (Rolleston and
Slice Newsholme, 1967b)
7 Turtle Cortical 25 0.048¢ ____ Chapter3
Slice

2 Technique used was radio labeled glucose or glucose anologue.
b Technique used was direct measurement of glucose consumption.

€ Technique used was calorimetry and then converted to glucose consumption assuming
2820 kJ / mole glucose (Gnaiger and Kemp, 1990).

d Corrected for lactate production and glycogen catabolism.

* Numbers superscripted beside animals are for in-text reference
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rate of the rat cortical slice has been metabolically adjusted for this temperature based on a
Q10 of 3.5 yielding a value of 2.4 units (Fig. 20b).

For the rat cortical slice 40% (4 of the 10 units) of the metabolic rate has been allotted to
ion pumping (Fig 20a). Two independent studies have suggested this percentage of energy
metabolism for ion pumping independent of electrical activity in vitro (Whittam, 1962) and
in vivo (Astrup, et al., 1981). In Chapter 4, the change in conductance with temperature was
measured for the rat cortical neuron (Q10(35 —~2500)= 1.9; Table 5). When the rat neuron is
corrected for the 12 OC temperature change, the adjusted energy allotment for ion pumping is
1.8 units of the total 2.4 units (Fig. 20b). Because the Q10 for total energy metabolism (3.5)
is larger than the Q10 for ion leakage (1.9), the percentage of energy consumed by ion
pumping has increased from 40% to 75% of the total allotted energy utilization of the slice,
independent of electrical activity (Fig. 20c).

In Chapter 4, the difference in conductance between the turtle and the rat pyramidal
neuron at the same temperature (25 °C) was measured. The turtle neuron expressed 4.2
times less conductance than the rat pyramidal neuron (Fig. 18). Thus, the 1.8 units which has
been allotted to the rat neuron for ion pumping at 25 ©C can be divided by 4.2 ( = 0.4 units).
Thus, both the turtle and the rat now have the same energy allotment for ion pumping. When
the 0.4 unit for ion pumping is added to the 0.6 unit (other metabolic processes), the final
metabolic rate of the rat cortical slice is identical to the turtle cortical slice (1.0 unit). Since
both the total metabolic rate (1.0 unit) and the ion pumping energy allotment (0.4 unit) are
the same for both species, then the metabolic rate allotted to other metabolic processes must
be the same for both species (0.6 units). Thus, when the rat cortical slice is adjusted to have
the same degree of ion pumping as the turtle cortical slice at 25 ©C, the metabolic rate for the
two tissues is identical.

These results support four concepts for the turtle and the rat neuron in the absence of
electrical activity: (i) the rat neuron, when corrected for both temperature and ion leakage

consumes the same amount of ATP as the turtle neuron, (ii) the metabolic rate difference (at



25 OC) between the turtle and the rat cortical slice (2.4 vs. 1.0, Fig 20b vs. d) is due to the
amount of ion pumping rather than differences in other metabolic processes; and (iii) the
turtle neuron is spending approximately 0.4 of the 1.0 unit on ion pumping (40%) and 0.6 of
the 1.0 unit (60%) on other metabolic processes which is identical to the estimated metabolic

rate allotted to the rat cortical slice at its physiological temperature (37 ©C).
Ectothermy vs. Endothermy

Although the emphasis for anoxia tolerance in this thesis has centered on metabolism and
its regulation, a low metabolic rate is not the only component to anoxic survival as has been
discussed throughout this section. All three of the components, (i) low metabolic rate, (ii) the
ability to further suppress metabolism with anoxia, and (iii) a large glycolytic capacity, must
work synergistically. The requirement for such a integrative or collaborative effect may, in
part, explain the wide tolerance to anoxia observed among ectotherms, and why being an
ectotherm does not necessarily imply being anoxia tolerant. Tolerance among ectothermic
vertebrates is highly variable with some amphibians (Penney, 1987; Sick and Kreisman,
1981), and fish (Doudoroff and Shumway, 1970; Randall, 1982; Ultsch, 1989 for
reviews)having similar responses as the mammal to anoxia while others such as carp, turtle,
alligators, and snakes (Bennett and Dawson, 1969; Ultsch, 1989 for reviews) possess variable
anoxic windows. Even among turtle species anoxia tolerance varies (Ultsch, 1985).
Ectotherms have lower metabolic rates than similar sized mammals (Schmidt-Nielsen, 1984)
and presumable lower brain metabolic rates (Mink, et al., 1981), but a low metabolic rate
only in combination with metabolic and glycolytic regulation will provide anoxic protection.
Thus, ectothermic species not expressing anoxia tolerance may not fully exhibit one of the
three requisite adaptations. Confirmation of this hypothesis awaits further studies of brain
metabolism and glycolytic regulation in other ectotherms (anoxia intolerant vs. anoxia
tolerant). One study which did examine brain metabolic rates in different ectotherms
indicated that the turtle brain (Pseudemys scripta) expressed half the metabolic rate compared
to the fish (Carassius auratus) and frog (Rana pipiens) (McDougal, et al., 1968).



Unfortunately, this thesis is written at a time when very little is understood about energy
budgets of neurons. Although an attempt has been made at measuring one mechanism for
metabolic depression (reduced ion leakage; Chapter 4) we have not identified any metabolic
arrest processes in the cortical slice. Experiments with turtle hepatocytes indicate a marked
reduction in ion leakage with anoxia (Buck et al., In Press). As discussed in Chapter 4,
current evidence supports a marked reduction in electrical activity in the turtle brain.
However, studies have demonstrated that O2 consumption is reduced by only 5 % with the
inhibition of voltage dependent Nat channels in cortical slices (Okamoto and Quastel, 1972).
We have observed a substantial metabolic depression (30-40 %) in the anoxic turtle cortical
slice (see chapter 3). Thus, other metabolic process must be depressed in the turtle slice to
account for the measured metabolic depression. As a final note, this study focused on the in
vitro preparation. Changes which occur as a result of the intact tissue have not been
determined. It is possible that leakage channel down regulation may occur in vivo. Recent
studies have demonstrated a reduced Ca*2 influx in response to glutamate when the in vitro
cortex of both turtles and rats was exposed to anoxic turtle plasma in the aCSF (Bickler and
Gallego, 1993). Therefore, additional studies may be necessary to determine whether

leakage channels are down regulated in response to anoxia in the turtle cortex.
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APPENDIX A: TECHNIQUES

Because a large part of this thesis focuses on electrophysiological techniques which are
not familiar to a large portion of the scientific community, this section is devoted to
describing these methods in a more general detail. However, I refer the reader to the
methods of individual chapters for technique specifics.

The two most common methods of electrophysiological recording are the sharp electrode
(intracellular) recording technique and the patch clamp technique. The intracellular
recording technique uses a very fine piece of glass tubing which is pulled (simultaneously
heating) to a sharp point <.1 M in diameter. The electrode is then filled with a current
carrying solution usually KCl =~ 2M and connected to a headstage giving it direct hookup to
an amplifier. The electrode is then lowered on to the surface of the cell membrane.
Penetration of the electrode through the membrane is accomplished via a current pulse. Once
the electrode penetrates the cell membrane, a seal forms due to the attraction of the charged
lipids of the membrane and the glass (Fig. 21).

Two subcategories of intracellular recording technique are current clamping and voltage
clamping. Current clamping is a method in which the experimenter controls the current
which is injected into the cell and recording the resulting voltage deflection for that given
amount of current (I). Voltage clamping is a method in which the experimenter controls the
voltage potential (V) of a cell and records the resulting I. Both techniques are suited to
particular applications. For this thesis, current clamping methods are exclusively used.

The second major technique is patch clamping (Fig. 21). The setup for patch clamping is
similar to intracellular recording techniques. Instead of breaking through the cell membrane,
the electrode is lowered to the surface of the cell, where, through the use of negative
pressure, a high resistance seal (= 1G2) is created. This technique involves the use of a
much larger electrode tip (tip diameter =~ 1 - 5 uM). Once the seal has formed, several
configurations can be attained (Fig. 22). Note that with intracellular recording, the electrode

solution does not immediately equilibrate with the intracellular contents, but with the whole
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Figure 21. Electrophysiological recording techniques. (A) represents intracellular recording
techniques using sharp electrodes. A method commonly used with both voltage and current
clamp techniques. (B) represents patch clamping. Note that the electrode does not penetrate
the cell membrane, rather it is bonded to the outside membrane (see text for further details)
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Figure 22. The four configurations of patch clamping. All methods start with the on-cell
configuration and are subsequently modified by pulling or sucking once attached to the cell.
All configurations result in the formation of a G2 seal being formed between the electrode

and cell membrane.
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cell patch clamp configuration, the electrode content equilibrates rapidly with the cell
cytoplasm.

Both electrophysiological recording techniques used in this study involved a flow through
slice chamber (Fig. 23). This chamber was simple a Plexiglas box in which the top had a
channel cut. Fluid entered the chamber in the front via gravity. Excess fluid was suctioned
off at the opposite end drawing fluid across the slice. Slices were encapsulated in a mesh on
both the top and bottom which was weighted down with platinum wire. This configuration
allowed aCSF to flow both above and below the slice ensuring viability of the tissue.
Mixture bottles were switched via a low volume HPLC valve. Fluid flow across the slice

was approximately 1.5 ml/min.
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APPENDIX B: TERMONOLOGY

With regards to the techniques used, there are several common terms which are used in
the electrophysiology field, but are not well understood by the non-electrophysiologists. This
thesis focuses considerably on resistance and conductance of cells. Because electrical
currents in solution are carried by ions in that solution, solution electricity is really the study
of how ions move in solution. Thus, when the term resistance or conductance is used in
reference to a cell parameter, this is not in reference to how an electric current is moving per
se, but how ions are moving across the cell membrane. Perhaps the simplest term is whole
cell resistance (Rw). This term refers to the resistance of the whole cell (impedance to the
flow of ions across the cell membrane). It is generally determined by injecting a current
pulse across the cell membrane using either whole cell patch clamping or intracellular
recording techniques in the current clamp mode and measuring the resulting change
membrane potential (Vm). Since the current was preselected and the resulting Vi, is
measured, the resistance (Rw ) can be calculated by Ohms law:

Vm=IXRy

This simple equation will indicate the resistance that the ions in a solution encounter when
going from the current generating electrode to the bath ground. Since the electrode is in the
cell (or on the cell membrane in the case of patch clamping), and the resistance through the
solution is negligible, the resulting resistance measure is due primarily to the cell membrane.
Since the current can potentially leave the cell anywhere on the membrane, this term is an

average over the whole cell. The reverse is true when considering whole cell conductance
(Gw). Thatis:

Gw = 1/Rw
Conductance is a measure of how easily ions flow across the membrane. A cell with a high
resistance will have a low conductance and vise versa. Once again, this is in reference to the

whole cell which is attached to the electrode.
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This terminology is not to be confused with specific membrane resistance (Rpy) or
specific membrane conductance (Gmy). This terminology refers to the resistance or
conductance for a given area of membrane and is calculated totally independent of the whole
cell measures discussed above. Gy, is generally calculated from the membrane charging
curve of the cell. As a current is injected into a cell, part of the current goes to charge the
capacitance of the cell membrane, and part of the current escapes through the ion channels.
As the membrane reaches its maximum charging potential, more and more current escapes
through ion channels. The resulting curve is termed a membrane charging curve (for an
example see Fig. 15, Chapter 4). The time at which it takes a membrane to become 63%
charged of its maximum charging potential is termed the time constant (T¢). This term by
itself does not yield a considerable amount of information, but in conjunction with the
following equation, it yields the cell Gm:

Te=Cm/Gm
where Cpy, is equal to the specific capacitance of the membrane. Given that Cpy, is known,
this equation then allows the calculation of Gm or Rm. Specific limitations to this equation
will be discussed in Chapter 3. Also, one could calculate the Gm and Rm by dividing Gw or
Rw by the total cell membrane surface area respectively. However, this is a considerable
more difficult task since each cell area would have to be measured.

Specific membrane resistance/conductance and whole cell membrane resistance /
conductance may look similar, but the information which is provided is not interchangeable.
Because Ry and Gy are averaged over the whole cell, they are dependent on cell size as
well as G and Ry Thus, it is appropriate to compare the Ry and Gy from a single'cell
across an insult, it is not correct to compare Ry and Gy to different cells or species. In
contrast, Gy and Ry, can be used for both comparison from a single cell across an insult, or
between different cells in a group, or across species since it does not have the limitations of

being dependent on cell size. However, both of these parameters are easily measured, and in
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some cases the results appear redundant; however, because these measures are calculated
independently of each other, the provide a very useful validation of results.

Throughout this thesis, several terms are used in regards to various tissue insults. A basic
understanding of this terminology will aid the reader in better understanding these insuits.
The terms anoxia/hypoxia can refer to several different states. Anoxia indicates a situation of
no 02, and hypoxia indicates low oxygen tension. However these terms can be complicated
by such additives as pharmacological anoxia, environmental anoxia, and physiological
anoxia. Physiological anoxia refers to the blood Pg, of zero. For example, since a seal can
not extract oxygen from the water it encounters environmental anoxia, yet it does not
encounter physiological anoxia as discussed above. For the experiments in this thesis which
deal with anoxia, they will be considered physiological anoxia since the tissue is bathed in
aCSF equilibrated with 95% N2 /5% CO2. Anoxia is similar to pharmacological anoxia
which denotes a situation in which anoxia is present, but also NaCN (cytochrome P-450
inhibitor) to eliminate the possibility of any residual O2 metabolism.

The third term ischemia denotes a situation in which the tissue receives no blood flow.
In this case, the tissue is rapidly confronted with anoxia and once endogenous stores of
glucose and glycogen are used, a situation of no energy production occurs because
exogenous substrate (glucose) is not delivered. The experiments dealing with
electrophysiology utilize a flow through slice chamber (as discussed previously). The flow
through design of this chamber makes true ischemia impossible to mimic. However, the
development of a pharmacological mimic of this insult (pharmacological ischemia) allows a
reasonable facsimile of this insult (Reiner, et al., 1990). Pharmacological ischemia subjects
the cortiéal slice to a perfusing solution of pharmacological anoxia and iodoacetic acid
(IAA). Iodoacetic acid blocks glycolysis by inhibiting glyceraldehyde-3-phosphate
dehydrogenase (glycolytic enzyme). Pharmacological ischemia is considered more severe
compared to ischemia because of its rapid block of the glycolytic pathway.
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