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Abstract

The ketone body D-3-hydroxybutyrate (3OHB) is ateralative energy substrate for the brain
during hypoglycemia. The capacity and limitations 3WHB to compensate for cerebral glucose
depletion in developing brain is insufficiently werdtood.

We studied the effect of 30HB treatment in a nediweloped infant rat model of insulin
induced, sustained, and EEG-controlled hypoglyceriantinuous treatment with 3OHB during
hypoglycemia resulted in increased 30HB plasmaldeire hypoglycemic animals and delayed the
onset of clinical coma and of EEG burst-suppreséomst-suppression coma). 30HB treated animals
did not survive after resuscitation with glucosempared to 80% survival of untreated hypoglycemic
pups. Cleaved-caspase-3 immunohistochemistry andledabelling studies demonstrated a 20-fold
increase of apoptotic mature oligodendrocytes iitevimatter of 30OHB treated animals, indicating a
limited protective effect of 30OHB treatment.

In contrast to glucose, D-3-hydroxybutyrate is antanaplerotic substrate. Anaplerosis plays in
important role in cerebral glutamate glutamine rneliam. Combination of D-3-hydroxybutyrate with
the anaplerotic substrate propionate could enhigmpeotective effect during hypoglycemia.

We compared the effectiveness of treatment witlingles dose D-3-hydroxybutyrate alone or
combined with propionate at the time of EEG butgipgession coma. Both treatments resulted in a
reversion of EEG activity from burst suppressiomraatinuity, but only combined treatment resulted i
clincal improvement of the comatose state. 30HBaltargely corrected pathometabolic changes of
glutamate metabolism but not of glycolytic and pset phosphate pathway intermediates or of long
chain acylcarnitines. Combined treatment was neb@ated with biochemical corrections over and
above those achieved by 30HB alone for the metaisaiheasured.

30HB treatment has a limited effectiveness on @dhiand neuropathology outcome after
hypoglycemia in infant rats. The limited effectiems of 30HB treatment may be related to its ingbili
to support glycolysis with associated pentose phatgppathway and anaplerotic activity. Combined
treatment with propionate enhances 30HB'’s protect¥fect during hypoglycemic coma. Future

protective treatment should be based on complememtatabolic substrates.
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Chapter 1: Introduction

1. Introduction, Literature Review, and

Research Aims

1.1 Hypoglycemia in infancy and alternative substra  tes

Hypoglycemia, or low blood glucose levels, in hunaonates and infants has long been
recognised as a medical condition and carriesisheof permanent neurological damage. The precise
nature of determinants for permanent damage arexaatly known. The concentration of glucose in
plasma and the duration of pathologically low valae important parameters, but insufficient to
predict the actual consequences in neonates arahtsnf Another factor contributing to the
susceptibility for brain injury is the infant’s diby to mount a protective metabolic response duyrin
hypoglycemia. Evidence suggests that the develdmiam in particular is capable of utilizing ketone
bodies (acetoacetate and D-3-hydroxybutyrate) esnaltive substrates beside its main substrate
glucose (Cremer, 1982, Kraus, et al., 1974, Perstal., 1972). In addition, glucose consumption i
the brain increases during postnatal developmeiningda, et al., 1996), suggesting that an additiona
contribution from alternative substrates may havpr@portionately larger effect during the early
postnatal period.

Neonates and infants differ in their ability to gooe ketone bodies in response to
hypoglycemia according to their health state. Hgalappropriate-for-gestational-age babies born at
term have typically high ketone levels during hylyogmia (ketotic hypoglycemia), which may
occur for instance during the first days of liferidg the adaptation to extra uterine conditionggHi
ketone levels are probably protective for theirisa(Hawdon, et al., 1992). On the other hand,
babies and infants born preterm, suffering fronnaterine growth restriction (Hawdon and Ward
Platt, 1993), presenting with hypersecretion ofilims(hyperinsulinism) or certain inborn errors of
energy metabolism, fail to increase circulatingoket bodies during hypoglycemia (hypoketotic
hypoglycemia). These infants are perceived to lirecatased risk for neurological sequelae.

Outcome studies in children affected by recurrempolietotic hypoglycemia caused by
hypersecretion of insulin due to Persistent Hymeriinemic Hypoglycemia of Infancy showed that
20-40% of these children incur considerable psyatonor mental retardation despite state of the art

treatment, which includes medication to block iitsgkcretion or surgical removal of a large part of
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the pancreas (Meissner, et al., 2003, Menni, eP@01). Patients affected with disorders of faitid
oxidation, a genetically caused impairment of fagtabolism, are at risk of hypoglycemic episodes
without compensatory ketone production, and thdoubtedly contributes to long term morbidity in
this disease group.

The exogenous provision of ketone bodies in caseb as these has been advocated as an
additional treatment strategy (Olpin, 2004) andichl case studies of oral administration of D,L-3-
hydroxybutyrate have been undertaken with promisasylts (Plecko, et al., 2002, Van Hove, et al.,
2003). The key advantage of using ketone bodieaddgtional supplements is that ketone plasma
levels may be more stable than glucose levels seting of impaired glucose homeostasis, which
underlies most conditions predisposing to recurtfgygoglycemias. They might thus represent a
valuable adjunct to the therapeutic management lolidren at risk of recurrent hypoketotic
hypoglycemia.

There is, however, only scarce experimental evidemt the effectiveness and limitations of
ketone bodies to protect the developing brain dufiypoglycemia, apart from general clinical
experience. It has been demonstrated that D-3-Rydutyrate prevents degenerative neuronal
changes in brain slices from rats at various agemg aglycemic incubation (Izumi, et al., 1998),
that the injection of D,L-3-hydroxybutyrate revesseerebral hypoglycemic symptoms in weanling
mice (Thurston, et al., 1986), that mice on a ketag diet (a high fat diet that causes increased
circulating ketone bodies) have less cerebral hiypegiic symptoms after low and medium insulin
doses (Johnson and Weiner, 1978), and that 21 fhyats which have been weaned on to a
ketogenic diet show less neurodegeneration duriBdhaur episode of moderate hypoglycemia than
animals on a normal diet (Yamada, et al., 2005)er@V these results show that ketone bodies
influence the effect of hypoglycemia on brain fuoctand neuronal survival. However, these results
are of limited value only as a basis for future nopuotective strategies based on ketone therapy for
the following reasons. Firstly, results from braiice studies on hypoglycemic neurodegeneration
cannot be extrapolated to the brain in vivo becarsrgy metabolism in brain slices differs with
respect to the intact brain in two fundamental eesp A) Substrate supply to the brain in vivo is
regulated by the blood brain barrier formed by e¢helial cells of the brain capillaries. This barrie
not functional in brain slice experiments. B) Thajon determinant of energy requirements in the
brain is the intensity of neurophysiologic activifgonduction and transmission of electrical
signals)(Erecinska, et al., 2004). The densityigria transmission in isolated brain slices is relty
much reduced compared to the intact brain. Pagficdbenergy shortage is always the result of a

mismatch between supply and demand. The pathologmasequences of hypoglycemia in brain
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slices may thus differ from those in vivo, and putive effects in brain slice experiments can only
serve as an indication of what to expect in thaagnanimal.

Second, in vivo experiments involving the ketogediet do not differentiate between effects
due to elevated plasma D-3-hydroxybutyrate leval$ effects due to other changes induced by the
diet. These include changes in lipid metabolismll(Det al., 2001), changed endocrine patterns
(Schwartz, et al., 1989), and changes in protepression patterns (Sullivan, et al., 2004). Morepve
these experiments did not control for the actuaklie of ketone bodies in circulation during the
hypoglycemic episode. Since insulin was used tadechypoglycemia in these experiments and since
insulin curbs production rates of ketone bodiemay be expected that levels were inconstant.

Third, clinical experience and brain slice expemtseon the capacity of ketone bodies to
sustain neurotransmission (Arakawa, et al., 199hday et al., 1997) indicate that there are
limitations to their effectiveness. The nature béde limitations has not been explored so far.
Knowledge of these limitations will be essential floe development of ketone based neuroprotective
strategies.

Given the therapeutic promise of alternative enengystrates in paediatric medicine and the
insufficient knowledge about their actual effectiges and limitations, we perceive a need for

research directed at closing this gap.

1.2 Research rationale

Our research aims at improving the experimentaisbfzs the use of D-3-hydroxybutyrate
supplementation alone, or in combination with othebstrates, as protective strategy in conditions
with a risk of recurrent hypoglycemia, or of cemdlglucose depletion of other causes, in newborns
and infants. Since brain slice or cell culture msdriggest a certain effectiveness but have limited
applicability, anin vivo model of the effects of hypoglycemia on the biiaiinfancy should be used
for further studies. The animal model must be desigso that high rates of cerebral ketone

metabolism can be achieved.

1.3 Animal models of hypoglycemic neurodegeneration

The first systematic animal studies of hypoglycemire based on insulin injection in adult
rats under halothane anaesthesia with electrograpioinitoring of cerebral activity (EEG), and
control of blood gases and circulatory parametarsngd the hypoglycemic episode. After the

hypoglycemic episode, animals survived for 1 weskallow brain injury to evolve (Auer, et al.,

3
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1984b). During hypoglycemia, the EEG shows a pregjom from normal cortical background
activity via slowing and burst suppression pattéonan isoelectric recording (flat line). In thiodel,
brain injury manifests as selective neurodegermrasind is caused only during isoelectric EEG
tracings. Moreover, the density of neuronal deatlthe brain is proportional to the length of the
isoelectric stage. Recent investigations of theharisms of hypoglycemia induced neuronal death
and neuroprotective strategies against it weredoasethis model (Ferrand-Drake, et al., 2003, Suh,
et al., 2003).

During the last few years concern about moderap@dlycemic episodes in paediatric diabetes
patients has led to some studies of moderate hypeugjiia in infancy. Results from suckling mice
and pigs suggest that clinically asymptomatic epgso of moderate hypoglycemia may cause
neurodegeneration in the infant brain (Kim, et 2005, McGowan, et al., 2005). In these studies,
animals were injected with insulin and remained erndbservation over 2 hrs (piglets) or 4 hrs
(mice). During this time their behaviour remainethitered, but neurodegeneration was found upon
subsequent analysis. These studies did not maggtebral activity by EEG. In an early investigation
repeatedly induced severe hypoglycemia in 6-10 adyrats with subsequent motionless episodes
resulted in histological signs of irreversible rmleggeneration 4 days after the last insult (Jonds a
Thomas Smith, 1971). The functional state of tteerbduring these episodes was not reported.

A more recent study in young adult animals has édokt the neuropathological outcome from
repeat moderate hypoglycemia in 21 to 26 day dklpast weaning (Yamada, et al., 2004). Animals
were not anesthetised and remained moderately hygaygic over 2.5hrs. The investigators found
that some animals became symptomatic (loss of pystlonic limb jerks), but apparently none
developed isoelectric EEG tracings. Upon neuropatfical analysis, selective neurodegeneration
was found in the cortex.

This study by Yamada et al. (2004) suggests thperéod of isoelectric EEG may not be
necessary for neurodegeneration to evolve in Tdiis. contrasts with previous studies using thetadul
rat model reported by Auer et al. (1984b). The @sitmight be due to the effect of anaesthesia.
Volatile anaesthetics are used in the adult ratehethereas Yamada et al. (2004) did not use
anaesthesia. Volatile anaesthetics are nhow knowhai@® a neuroprotective effect, probably by
reducing the damaging influence of excitotxicityafiaguchi, et al., 2005). Excitotoxicity is one of
the causes of neuronal death during hypoglycemize(fand Siesjo, 1993). Considering also the
recent reports from mice and piglets it appears tiina association of hypoglycemic brain damage
with an isoelectric EEG may not always hold, bunheayal conclusions are made difficult by

interspecies differences, age differences, anddhecity of data. We will, therefore, assume that t
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state of cortical activity is a major determinaftneurodegeneration during severe hypoglycemia,
being aware that isoelectricity may not be the @nlgh state in an unanaesthetized animal.
In summary, animal models to date have shown #natre hypoglycemia inducing isoelectric

EEG recordings causes neurodegeneration in thé edubrain. The EEG is a central technique to
monitor the severity of the effect of hypoglycermiathe brain. Moderate hypoglycemia over a longer
time causes less well-defined neurodegeneratidheirdeveloping brain of mice and pigs. When this
thesis research was commenced, we were awareEEGocontrolled models of the effects of severe
hypoglycemia on the developing brain. The develaginod such a model was prerequisite for this

project (Project Objective A).

1.4 Hypoglycemia: Pathobiochemistry and pathogenesi s of brain
injury

The brain reacts to insufficient plasma glucoselewith a progressive reduction in the state
of consciousness (from awake, via lethargic anggastws, to comatose), sometimes with seizure
activity. Underlying these signs of dysfunctiontire central nervous system is an altered cerebral
metabolism accompanied by changes in electroptogiml activity. Hypoglycemia also causes the
selective degeneration of neurons in animal moaepecially in the cortex and hippocampus. The
correlation between cerebral symptoms (clinicalGEEnetabolic aberrations, and neurodegeneration
are not entirely understood and may depend to sxtemt on the model used.

Studies with existing animal models have shown liyabglycemic animals progress gradually
from a state of full alertness to deep coma and E&gpression. The progression can stretch over a
period of 1-2 hours. The gradual nature of thisgpession is explained by the utilization of
endogenous cerebral energy substrates. Major endogesubstrate reserves are astroglial glycogen
and cerebral amino acids. Once these reserves sa@ wp, depletion of cerebral ATP levels
(bioenergetic failure) may result and trigger nealocell death pathways. In the adult rat model,
bioenergetic failure occurs at the onset of EEGosegsion (Behar, et al., 1985, Lewis, et al., 1974b

Cerebral glycogen as reserve substrate during hypemia has recently been reviewed
(Brown and Ransom, 2007, Gruetter, 2003). Undenglyeemic conditions total brain glycogen is
gradually used up supporting brain function in #fsence of an external glucose supply in adult rat
and human brain (Choi, et al., 2003, Oz, et alQ920EEG suppression in the rat model indicates
glycogen depletion. Degradation of glycogen gemsraglycosyl-units that are metabolically
equivalent to glucose. Glycogen reserves are oberrdimant of the time span between onset of

hypoglycemia and the development of cerebral symptin particular of EEG suppression. An 80%
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increase of cerebral glycogen reserves resultsdalay of coma by about 90 minutes in adult rats
(Suh, et al., 2007a).

Cerebral amino acids can play a role as substfateexidative energy metabolism during
hypoglycemia (Agardh, et al., 1981, Honegger, et 2002, Lewis, et al., 1974a). In particular
glutamate can be channelled into the citric acidleeCAC) for partial or complete degradation
(Hertz and Hertz, 2003, Sutherland, et al., 20QBijization of glutamate as substrate for the CAC
requires prior removal of the amino group, whichyreéher occur as transamination by exchange or
as deamination producing free ammonia. Overall¢salt of ongoing large scale oxidative glutamate
utilization in the absence of glucose as sourcacetyl-CoA results in the accumulation of aspartate
and ammonia, and a depletion of glutamate and miat (Figure 1.1). Accumulation of ammonia
may eventually limit the oxidative utilization oéebral glutamate during hypoglycemia, especially
because the normal pathway for ammonia detoxificaiin the brain via formation of glutamine is
impossible during hypoglycemia because glutamirsgiighesized from glucose.

Once endogenous glycogen and glutamate reservesexrausted during the gradual
progression to the loss of cerebral function (EE(psession), glucose deprivation results in a
reduced supply of glycolytic intermediates and We€bA. The insufficient supply of acetyl-CoA
may eventually cause depletion of ATP and phosmaticre (bioenergetic failure) (Behar, et al.,
1985, Gorell, et al., 1976, Lewis, et al., 1974Db).

Hypoglycemic brain injury evolves as a result otal®lic changes and is mediated by several
cellular mechanisms. The best understood type pbdlycemic injury is selective neuronal death,
which has been studied in the adult rat model. &we for hypoglycemic white matter injury is
beginning to emerge only now from MRI studies inmfam patients, with few experimental studies
published to date.

Hypoglycemic neuronal death is not a direct consege of ATP depletion but it is mediated
by several mechanisms (Suh, et al., 2007d). Thedade an increase in extracellular excitotoxic
amino acids combined with a compromised bioenargtite of cells, NMDA-receptor activation, the
effect of reactive oxygen species, and activatibpaly(ADP-ribose)polymerase 1 and caspase 3,
ultimately resulting in neuronal apoptosis. Moreemt studies have demonstrated a role of zinc
release from presynaptic terminals during hypogtyiee glucose reperfusion and subsequent
NADPH oxidase activation in the pathogenesis ofroeal death (Haces, et al., 2009, Suh, et al.,
2003, Suh, et al., 2007c). ROS production and PARf/ation take place to a significant extent
during glucose reperfusion. This may have importhetapeutic implicationdn developing brain,
Al adenosine receptor activation may contributeearonal death (Kim, et al., 2005). Little other
evidence has been published on hypoglycemic neligjoay in immature brain and its mechanisms.
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Figure 1.1: Pathometabolism during hypoglycemia

Energy metabolism during hypoglycemia — schemagicablycolysis serves
several metabolic functions, including the generatf acetyl-CoA for oxidation,
the generation of NADPH for redox defences, andgineeration of oxaloacetate
for anaplerosis. 30HB catabolism can provide ae@oA for oxidation only.
During hypoglycemia a lack of pyruvate results @éduced rates for oxaloacetate
and acetyl-CoA generation. Insufficient acetyl-Coan block citrate production
in the citric acid cycle, resulting in a block. @&mate can be utlized as
endogenous energy substrate (dashed lines). Faljodé- or transamination to
alpha ketoglutarate, it enters the citric acid eyahd is converted to oxaloacetate.
A shortage of acetyl-CoA blocks citric acid synikefsom oxaloacetate. Instead,
oxaloacetate is aminated to aspartate, so thatithe acid cycle appears to be
only partially active (Sutherland, et al., 2008)urldg severe hypoglycemia
cerebral tissue glutamate concentrations are reldudereas aspartate and free
ammonia are elevated. Biochemically, aspartate inigltonsidered a reservoir of
oxaloacetate and ammonia.
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Figure 1.2: Levelsof the pathogenesis of hypoglycemic brain injury

The pathogenesis of hypoglycemic brain injury cdsg® two aspects or levels:
metabolic changes (glycogen depletion, acetyl-Cogpletion, aspartate and
ammonia accumulation) and the subsequent activatbncellular death

mechanisms and pathways (NMDA receptor activati®®QS production,

apoptosis induction). Overlying these disturbansesdisruption of brain function
(loss of alertness). 30HB has effects on both tevef pathogenesis.
Metabolically, it is a source of acetyl-CoA. Ondllalar level it has anti-oxidant
effects and appears to have a role in the regulatfoanti apoptotic protein

expression (section 1.6.3). Since changes in tiigopeetabolism may also alter
the kind of cell death mechanisms triggered, arerpmetation of any

neuroprotective effect 30OHB might have during hylpogmia can be expected to
be complex.
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In summary, during the hypoglycemic progressiomfréull alertness to coma and EEG
suppression, the pathobiochemical situation inbifagn changes gradually from a state of metabolic
compensation by utilizing endogenous glycogen anish@ acids to a state of glycolytic and oxidative
failure combined with glutamate depletion and cemebmmonia accumulation. Metabolic failure is
indicated by EEG suppression. These primary patiobieimical changes and subsequent changes
during glucose reperfusion eventually trigger addlath processes (excitotoxic NMDA receptor
activation, zinc release, NADPH oxidase activati®DS production, mitochondrial permeability
transition, PARP-1 activation, caspase activatia@gulting in neuronal death and apoptosis. The
pathogenesis of hypoglycemic brain injury has tiwe levels, firstly a pathobiochemical and

secondly a resulting activation of cellular pathe/ayediating cell death (Figure 1.2).

1.5 Cerebral ketone metabolism and its animal model S

Ketone bodies (D-3-hydroxybutyrate (30OHB), acettaieg are produced in the liver as a result
of fatty acidp-oxidation. They enter the circulation and are thglized by other organs, in particular
the heart and brain. The production rate and pldew®s of ketones depends on the nutritional state
of the organism, with high production during pedgaaf starvation or on a high fat diet. The rate of
utilization depends linearly on the arterial plasommcentration. Insulin reduces the rate of ketone
production in the liver.

The brain relies mainly on glucose as metabolid, foet under some circumstances it also
metabolizes ketone bodies to a considerable exthitization of ketone bodies in the brain is briad
determined by two steps. First, their supply isticaled by transport processes across the blodd bra
barrier. Ketone bodies are transported acrosshriger by the monocarboxylate transporter 1 (MCT-
1). The density of this transporter in the bloodibrbarrier varies with developmental age and
nutritional state. Second, ketone bodies are métaltly activated in the brain by an enzymatically
catalyzed process called ketolysis. Ketolysis oHBQakes place in the mitochondrial matrix and is
mediated by D-3-hydroxybutyrate dehydrogenase (BHBonversion to AcAc with NADH
production), succinyl-CoA:3-oxoacid-CoA transferag8COT; activation of acetoacetate to
acetoacetyl-CoA by exchange transfer from sucdBgh) and mitochondrial acetoacetyl-CoA
thiolase (T2; transfer of one acetyl unit from aeeetyl-CoA to another CoA forming two acetyl-
CoA). Activation of one molecule 30OHB yields twoesg-CoA which are oxidatively metabolized in

the citric acid cycle.
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The rate of D-3-hydroxybutyrate utilization in theain is generally proportional to the arterial
D-3-hydroxybutyrate concentration. The slope of ttiependence is determined by the capacity for
D-3-hydroxybutyrate transport across the bloodrbbairrier.

In humans, the capacity of the brain to utilizeoket bodies is higher in infancy than in
adulthood, with about fourfold higher extractiortesain infants than in adults. After 9 hours of
starvation, ketone utilization accounts for aboBitpkrcent of total energy generation in the brdin o
human infants, after a couple of days’ starvatiossibly for up to 30 percent (Kraus, et al., 1974).
addition, infants develop higher ketone plasma eotrations after the same time of starvation than
adults (Bonnefont, et al., 1990).

This developmental pattern of ketone utilizationthia brain has been studied extensively in the
rat (Nehlig, 2004, Nehlig and Pereira de Vascorgel®93). Suckling rats have high circulating
ketone levels, which are sustained by the highcéattent of rat milk. Their brains have a high
capacity to extract ketone bodies from the ciréoitgtwhich is reflected in higher expression of the
MCT-1 transporter in the blood brain barrier as paned to adult animals, and they have higher
enzyme levels for ketolysis as compared to adBlb¢h transporter and enzyme levels are reduced to
adult levels at the end of the suckling period (Mgand Pereira de Vasconcelos, 1993, Vannucci and
Simpson, 2003). During starvation, ketone bodiey swpply about 30% of energy in the brain of
infant rats (Dahlquist and Persson, 1976). Thertaus a similar developmental pattern in humans
and rats concerning the cerebral utilization obketbodies for energy production.

Other species are much less studied with respetheodevelopmental pattern of cerebral
ketone metabolism. Many species appear to be leisgdénic than rodents and humans. Pigs, for
instance, do not produce ketone bodies beforeghefabout nine days, and thereafter peak plasma
D-3-hydroxybutyrate levels remain below 0.4 mM (B&sson, et al., 1969, Gentz, et al., 1970), as
compared to 1-1.5mM in human infants and aroundn@\b in rats. No in vivo studies have been
published on the cerebral capacity for ketonezatiion in swine, to our knowledge. Dogs and sheep
are not ketogenic species and appear to be utjliztone bodies only if infused and then to a small
extent, so they are physiologically dissimilar tanfans and rats in this respect (Erecinska, et al.,
2004).

1.6 Effects of 30OHB during hypoglycemia

Ketone bodies have effects at the two levels ofpthogenesis of hypoglycemic brain injury,
aberrant metabolism and activation of cell deatthways (Figure 1.2). They have an effect on

pathometabolic changes induced by glucose demivdiecause they are an alternative substrate for
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energy metabolism. Functional studies give an mttha of 30HB’s capacity to support cerebral
intermediary metabolism. They also have an efféectly on the susceptibility of neurons to cell
death by influencing intracellular signalling patiws and ROS production. Published evidence for

both types of effects is briefly reviewed.

1.6.1 Metabolic effects and functional studies

30HB is oxidatively metabolized by the three maéti types of the brain: neurons, astrocytes,
and oligodendrocytes (Edmond, et al., 1987). 30HHRjsacity to support a full range of functions in
these cells in the absence of glucose has beestigated in brain slice and optic nerve preparation
Hippocampal synaptic activity in brain slices hasei used to study the capacity of 30HB to
maintain electrophysiological activity in grey neatiith discrepant results. While two studies found
that 30HB can maintain tissue ATP levels but fadlsnaintain synaptic activity in rat and guinea pig
(Arakawa, et al., 1991, Wada, et al., 1997), onelysffound a good capacity to maintain electric
activity in rat brain slices (Izumi, et al., 199&vidence also indicates a higher capacity to suppo
synaptic function in slices from pre-weaning radspared to adult rats (Izumi, et al., 1998, Wada, e
al., 1997). Rat optic nerve preparations were teestudy the capacity of 30OHB to maintain signal
conduction in white matter in the absence of glec(®Brown, et al., 2001). 30HB had very little
capacity to maintain signal conduction but led ®rall delay in conduction failure. This was inrkta
contrast to results for lactate which was able sontain conduction over a period of 120 minutes in
this study. These in vitro results suggest that BOhhy have a capacity to maintain synaptic grey
matter activity, whereas it is a poor substrate&ntain white matter function.

In vivo evidence suggests that 30OHB can sustain globah fuaction in the absence of
glucose in weaning mice. Mice in insulin inducegbglycemic coma were injected with 30HB and
this treatment resulted in the reversion to a domscstate (Thurston, et al., 1986). However, the
study was not EEG controlled. The timing of 30HBmamistration during the hypoglycemic
progression to coma and the exact staging of tluigrpssion is important to define any effect 30OHB
may have, because the availability of endogenocsmrve substrates varies during the progression to
EEG suppression and the effects of 30HB can beotxgppeto be biochemically different in the
presence or absence of additional endogenous giycogserves. Glycogen reserves are generally
depleted at the onset of EEG suppression.

After the injection of insulin, mice on a ketogenigsigh fat diet develop hypoglycemic
symptoms later than mice not on such a diet (Johasa Weiner, 1978). In the latter study, ketone
levels were not controlled. Insulin inhibits ketogseis and therefore it is unclear whether ketone
levels were continually elevated during hypoglycgnor were lowered. Overall studies on the
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capacity of ketone bodies to sustain brain functiaring glucose deprivation demonstrate a certain
effectiveness but are insufficient to assess tliephtential and limitations of 30HB as metabolic
substrate for the brain. For this, studies withE&G controlled animal model of hypoglycemia that

allows monitoring of 30HB concentrations are neags§Project Objective B).

1.6.2 Neuroprotective effects

Ketone bodies have neuroprotective effects in aewsaof cerebral injury types, including
hypoxia ischemia (Suzuki, et al., 2002, Suzuki,akt 2001), glutamate toxicity with glycolytic
inhibition (Massieu, et al., 2003), and MPP toxidiKashiwaya, et al., 2000, Tieu, et al., 2003), a
model of Parkinson Disease. These studies of 30HBigoprotective potential in several disease
models were partly motivated by the finding that #uddition of ketone bodies to glucose as energy
substrate improves mitochondrial oxidative phosplation and ATP generation in heart muscle, and
was associated with increased cardiac output (Memsta, et al.,, 1994, Sato, et al., 1995). This
suggested that 30OHB could also improve ATP produactin neurons and thus reduce their
susceptibility to excitotoxic cell death. Sincernhibe evidence clearly shows some neuroprotective
effects, but also suggests that other mechanisamsithproved ATP production may be responsible
for the effect. These include in particular the ugttbn of oxidative injury and an increased
expression of anti apoptotic proteins, as discussétk next section.

There is little direct experimental evidence fourgprotective effects of ketone bodies during
hypoglycemia. Neuronal degeneration after glucageidation was reduced by 30OHB in brain slices
from PND 15 and 30 rats, but not from PND 120 (lzughal., 1998). Rats weaned onto a ketogenic
diet showed less injury in a model of moderate lgjypmemia than rats weaned on to a carbohydrate
rich diet (Yamada, et al., 2005). Although 30HBgpie levels are elevated on a ketogenic diet, it is
important to realize that neuroprotective mechasishne to a ketogenic diet may differ from the
effects of 30HB alone because of differing avallgband kind of plasma unesterified fatty acids in
a ketogenic state (Maalouf, et al., 2009). Ovdtadte is some consistent experimental evidence that
30HB promotes survival of neurons during hypoglyiestates. The extent and determinants of this
effect remain unknown. A well-controlled animal nebdf hypoglycemia in immature brain that
allows 30HB treatment could provide the basis totHfer studies (Project Objective B).

The interpretation of effects of 3OHB treatment bypoglycemic neurodegeneration is
complicated by issues of standardization of theesgvof a hypoglycemic insult. To study effects of
30OHB on the susceptibility to hypoglycemic neurodahth presupposes a comparison of cell death
rates in a similar pathometabolic environment. Hesve the presence of 30OHB changes the
intermediary metabolism in cells during hypoglycansind may thus change the pathometabolic
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situation and resulting triggers of cell death psses involved, in addition to making cells pogsibl
more resistant to cell death mechanisms. Investiggitin other disease models allows certain

conclusions as to protective mechanisms indeperalemty metabolic effects during hypoglycemia.

1.6.3 Neuroprotective mechanisms

Ketone bodies have shown neuroprotective poteintiadeveral types of injury suggesting
mechanisms which target cell death pathways comimdahese injury types. Recent studies suggest
antioxidant effects (Beskow, et al., 2008, Haceésle 2008, Kim do, et al., 2007, Maalouf, et al.,
2007, Mejia-Toiber, et al., 2006). Antioxidant effe can be exerted at several levels, including the
neutralization of existing reactive oxygen spedB©®S) by direct chemical interactions, and the
reduction of the production of ROS in mitochondri@ane study describes a hydroxyl-radical
scavenging capacity of both D and L isomers of 3QHRBces, et al., 2008). Evidence also exists that
30OHB reduces mitochondrial ROS production in nesrionresponse to glutamate toxicityvitro,
possibly by increasing the rate of NADH oxidatioda@alouf, et al., 2007). These results were
obtained from cells utilizing glucose and 30HB, ahds unclear whether these results could be
extrapolated to glucose deprivation. A benefici&a during hypoglycemian vivo is suggested by
the observation that 30HB reduces hippocampal épmypdation after hypoglycemia in adult rats
(Haces, et al., 2008). The mechanisms involved hmtebeen fully elucidated. Combining these
indications that 30OHB has anti oxidant activity wthe pathogenetic role of oxidative injury during
hypoglycemia, especially in immature brain (Bakess, et al., 2003, McGowan, et al., 2006),
confirms that 30OHB could be a promising neuropriatecduring hypoglycemia.

Effects of ketone bodies on cerebral protein exgiosscan also reduce susceptibility to
neuronal death. Treatment with 30OHB prior to ansepe of focal ischemia increases hypoxia
inducible factor & (HIF-1a) expression via metabolic regulation of intradeliu succinate
concentrations (Puchowicz, et al., 2008). Cytossliccinate levels prevent the degradation of HIF-
1o and increase with cerebral 30OHB utilization beeatl®e activation of 30OHB requires succinyl-
CoA. In addition 30HB treatment increases the esgiom of the anti-apoptotic protein bcl-2. This
has been suggested to explain a reduced lesiomneohfter focal ischemia in rats treated with a
ketogenic diet or intraventricular 30OHB administmat(Puchowicz, et al., 2008). The treatment effect
based on this mechanism may not necessarily reti@availability of ketone bodies during an acute
injury, but on prior ketone induced changes in g@rotexpression. Since neuronal injury after
hypoglycemia is largely apoptotic, one might exptuwt these effects could also contribute to

neuroprotection after hypoglycemia.
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1.7 Biochemical limitations of ketone bodies as ar  eplacement of

glucose

Although both 30OHB and glucose are a source ofy&€A, they differ metabolically in
many other respects. Glucose is metabolized in aytesol and glucose derived carbons are
metabolized in the mitochondrial matrix. Glucoseves cytosolic NADH and generates ATP
glycolytically, it provides substrates for the pms# phosphate pathway and anaplerosis (pyruvate
carboxylation to oxaloacetate). These metabolicgsees support amongst others, neurotransmitter
homeostasis, redox equilibrium (Banhegyi, et @08, and oxidative defences. 30OHB is not an
anaplerotic substrate, nor is it metabolized tocglytic intermediates. It is a singular source of
acetyl-CoA.

The metabolic comparison suggests that a repladenfigiucose with 30OHB may result in an
ongoing oxidative energy metabolism with concontitanppression of glycolysis and associated
pathways. The functional and pathogenetic consampsef a failure of metabolic support for
glycolysis and its associated functions in therbeae unknown, but could contribute to imbalandes o
citric acid cycle intermediates, neurotransmittemieostasis, and susceptibility to oxidative injury.

Glutamate is the major excitatory neurotransmittelrain. Its metabolism is partitioned into
an astroglial and a neuronal compartments. Thispeotmentalization forms the basis of the
glutamate glutamine cycle. Glutamate is synthesidednovo from glucose in astrocytes via
anaplerotic pathways (pyruvate carboxylase) anusémaination with branched chain amino acids as
nitrogen source. Glutamate converted to glutamire subsequently transported to neurons through
the extracellular space. Neurons reconvert glutantio glutamate. During neurotransmission,
glutamate is released from synaptic vesicles inéosynaptic cleft. Uptake from the synaptic cleft i
mainly into astrocytes, where glutamate is againveded to glutamine. This is the glutamate
glutamine cycle that supports excitatory neurotraasion. Glutamate is lost from this cycle mainly
because of ammonia detoxification (Cooper and PIL®&87), oxidative metabolism of glutamate
(Hertz and Hertz, 2003), and drainage into therimégliary metabolism of amino acids in the brain.
Glutamate loss must be continually replenishedrapkerotic influx into the pool of citric acid cycl
intermediates to generate alpha ketoglutarate esupor, and an influx of nitrogen from branched
chain amino acids. Metabolic flux measurements vgitiope tracers have shown that about 30 % of
the glutamine flow from astrocytes to neurons immdeo and supported by anaplerosis, whereas the
remainder is supported by reuptake of glutamate fitee synaptic cleft (Oz, et al., 2004, Patel,let a
2005, Xu, et al., 2004).
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The main substrate for anaplerotic reactions innbia glucose, which is glycolytically
converted to pyruvate and transformed to oxaloéeeRates for anaplerosis have been shown to vary
with the degree of electroencephalographic activity the cortex, demands on ammonia
detoxification, and in response to cerebral tra{Batnik, et al., 2007, Sibson, et al., 1998, Sihsd
al., 2001). It has also been suggested that rétglsicose metabolism vary with electrophysiological
activation patterns because of the demands onngéuéametabolism. Glucose plays thus a key role as
anaplerotic substrate in supporting glutamate nodisah and for neurotransmitter homeostasis in the
brain.

Ketone bodies cannot substitute for glucose inrdspect because they are not an anaplerotic
substrate. During ketone supplemented hypoglycethi&lack of anaplerotic support could cause
disturbances in the glutamate glutamine cycle withsequences for neurotransmission and brain
function. Moreover, if insufficient anaplerosis hatbo an effect on the pool of citric acid cycle
intermediates, this could impair flux through thgcle and NADH generation even though ketone
bodies are available as a source of acetyl-CoA (Qweal., 2002). Possible consequences include
functional failure of neurotransmission and impdif€TP generation with associated cellular injury.
However, the relevance of these possible mechanidoming acute, ketone supplemented
hypoglycemia is unknown. If they are relevant, tecombined supplementation with ketone bodies
and a cerebral anaplerotic substrate could be uperits ability to maintain brain function and

integrity compared to ketone bodies alone (Prapgective C).

1.8 Project objectives

A) Develop an animal model of the effect of insuhuced hypoglycemia on immature brain
in which the effect of 30OHB supplementation cartdsted (chapter 2).

B) Study the clinical, electroencephalographic amliropathological differences between
30HB-treated and untreated hypoglycemic animalagtdr 3).

C) Study the effect of the additional provisionawf anaplerotic substrate on the effectiveness

of 30HB supplementation (chapter 4).

1.9 Experimental design

Ketone bodies and glucose are metabolically notvatpnt. Ketone bodies are an oxidative
substrate, glucose is an oxidative substrate agigcalytic substrate. Glycolysis supports cytosolic

NADH generation, the pentose phosphate pathway, araplerosis. In particular intact pentose
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phosphate pathway activity and anaplerosis cowdg pl important part in the maintenance of redox
and neurotransmitter homeostasis. Glycogen is gporitant cerebral reserve substrate during
hypoglycemia that feeds into glycolysis and oxmatmetabolism. In the absence of an external
glucose supply from the bloodstream, glycogen &dgally used up. Adding ketone bodies as
alternative energy substrate during hypoglycemig,nlaerefore, have differing metabolic effects
according to the status of cerebral glycogen reserWhen glycogen is abundant, ketones might
represent an additional oxidative substrate whildwa sparing of glycogen reserves for the pentose
phosphate pathway and anaplerosis by reducingatieof its degradation (glycogen sparing). When
glycogen is depleted, ketone bodies might onlylile 8o compensate for a deficit of oxidative ATP
generation and might not be able to compensatgltfeelytic deficit. The associated functional and
neuroprotective effects might also differ. It ibetefore, possible that 30OHB treatment during the
hypoglycemic progression to coma has a stage speuviftabolic effect. The experimental design has
to take this into account and careful clinical &G staging of the effects of hypoglycemia on the
brain will be important. EEG suppression indicagkausted glycogen reserves.

In anin vivo situation, a spectrum of different grades of meliatderangements and of grades
of glycogen depletion is to be expected. At theim@gg of a hypoglycemic episode animals are alert
and cerebral metabolic disturbances are probahiynmail despite low blood glucose levels, because
they can be largely compensated for by endogerenesves. At the other end of the spectrum, there
is severe coma and onset of EEG suppression. dnsttuation glycogen reserves are depleted and

metabolic aberrations are considerable. Therehai®tivo basic possibilities for stage specific 30HB

treatment:

1) 30HB can be supplemented from the start of a hypeghic episode. This might
result in a combination of glycogen sparing andghavision of additional oxidative
energy. It is unknown whether ongoing supplemesnatiuring hypoglycemia would
result in a complete prevention of coma and EEGmegsion or not. This design was
chosen for the study in chapter 3 (Project ObjecHy.

2) 30HB can be supplemented at the time when glycogeerves are exhausted i.e. at

the onset of EEG suppression. This might cause ptio@ision of an oxidative

substrate in a situation with very limited supply glycolytic substrates. This

experimental design can be expected to be suitabtest the additional effect of
anaplerotic substrates, because endogenous arsplieom glycogen reserves should
no longer be possible. This design was chosenhierstudy in chapter 4 (Project
Objective C).
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2. Model Development

The need for aimn vivo model of hypoglycemia in infancy has been outlitredhe previous
section. At the time the research in this thesis eanducted, there were no published studies df wel
controlled, sustained and severe hypoglycemiaweldping brain and there were only few studies of
the neuropathological effects of moderate hypogtyaeon infant brain (Grimaldi, et al., 2005, Kim,
et al., 2005, McGowan, et al., 2005). These studres however, not representative of the clinical
condition of aggressive hypoketotic hypoglycemi&aie Tmodel development project was based on
results from an adult rat model developed in the0sJAuer, et al., 1984a, Friberg, et al., 1998) O
objective was to induce sustained hypoglycemia dad monitor the clinical, EEG and
neuropathological consequences on the developiag.dduring hypoglycemia, plasma glucose and
30OHB levels must be monitored. Hypoglycemia shcwdterminated by glucose resuscitation and
animals should survive. In addition, manipulatidrBOHB plasma levels during hypoglycemia must
be possible. We chose insulin to induce hypoglyeerbecause this resembles persistent
hyperinsulinemic hypoglycemia of infancy, a comditi resulting in recurrent hypoketotic
hypoglycemia in affected infants. This chapter erngs the scientific rationale and results of sdvera
method development studies that finally contributecan EEG controlled model of hypoglycemic

coma in infant rats.

2.1 Choice of species and age

Rats are the only common laboratory species knowrave a developmental pattern of ketone
metabolism in brain similar to humans and we tleeethose rats as model species. A comparison of
maturation of cortical metabolic rates for glucékenala, et al., 1996, Nehlig, et al., 1988) arid o
the ontogeny of EEG patterns (electrical activisythe most important determinant for energy
expenditure in the brain) (Gramsbergen, 1976) betwkumans and rats suggests that rats on
postnatal day 13-14 (date of birth as PND 0) apeesentative of human infants around 2-3 months
of age in these respects. The details of this coisgaare outlined below.

The brain of rats at birth is immature comparethohuman brain at birth. Experiments should
therefore be performed at an age of the rat pupdiah brain development corresponds in important

and model specific respects to that of humansair first year. Widely used in experimental studies
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to model injury to the developing brain is PND helrationale for PND 7 is based on the observation
that the point of maximal absolute brain weighthgas a percentage of adult weight in humans is at
term while it occurs at PND 7 in rats (Hagbergakt 1997). Comparison of other parameters of
cerebral maturation (enzymatic, synaptic) suggdsis PND 12-13 can equally be considered as
equivalent of term humans (Romijn, et al., 1991¢kru, et al., 2009). To model hypoglycemic
encephalopathy in developing brain a similarityhwmiespect to energy requirement and glucose
metabolism is important. A major determinant oftiwal energy requirement and glucose metabolism
is electrophysiological activity, which can be ntonéd by EEG recording (de Graaf, et al., 2004,
Erecinska, et al., 2004, Sibson, et al., 1998).

Cortical rates for glucose metabolism and the pattd EEG traces follow a maturational
pattern in humans and rats (Figure 2.1). Glucodieation increases in an exponential-like pattefn
gradual changes, making a precise comparison géstdifficult (Kinnala, et al., 1996, Nehlig, et,al
1988). EEG maturation, on the other hand, showgndts/e milestones of maturation which have
been delineated in rats and humans. Initially, EfG is monotonous and shows no organisation
according to behavioural state (awake, quiet slegpive sleep). At around 32 weeks of post-
conceptional age in humans, quiet sleep acquiresacteristic discontinuous higher amplitude
characteristics, which gradually transform to comtius slow wave sleep. This transformation is
completed around 44 weeks of post-conceptional Bgénveen 45 and 46 weeks, sleep spindles
appear as a distinguishing characteristic of gsieep (Clancy, et al., 2003). In rats, quiet sleep
patterns differentiate around postnatal day 12nfcend Heller, 1997, Gramsbergen, 1976, Mirmiran
and Corner, 1982), and transform to a predominartlytinuous slow wave sleep within about 2
days. Sleep spindles appear around postnatal dgifrédk and Heller, 1997, Gramsbergen, 1976).
EEG maturation in the awake and active sleep statesess marked during this period, with a
continuous mid to low amplitude, mixed frequencyivaty in humans after 32 weeks of post-
conceptional age and in rats around postnatal d@r@mnsbergen, 1976). The developmental pattern
of quiet sleep thus lends itself to a comparisod also reflects the functional maturation of the
cortex with respect to the organisation of neursnaission patterns (Watanabe, et al., 1974).
According to this developmental comparison, posinday 13 to 14 in rats corresponds to around 45-
46 weeks of post-conceptional age or 1.5-2 montties &erm birth in infants. We chose PND 13 for

this project.
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Figure 2.1: Postnatal development of glucose metabolism in humansand rats

Maturation of the rate of glucose utilization iretbortex of rats and humans. The
gradual increase in rats between days 10 and 20 imndumans between
postconceptional weeks 38 and 55 makes a directpaoson difficult. The
appearance of continuous slow wave sleep and sf@agles marks a milestone in
EEG maturation that allows a direct comparison.aDadm (Frank and Heller,
1997, Gramsbergen, 1976, Kinnala, et al., 1996]ijledt al., 1988). LCMRgluc:
local cerebral metabolic rate for glucose.
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2.2 Technical requirements and method development

An in vivo model system of insulin-induced hypoglycemia witth pups can be divided in
various phases. The following may be distinguished:

* Induction phase: Injection of insulin until hypoglycemia (plasmhlugose < 1 mM)

* Hypoglycemic phase: beginning of hypoglycemia until resuscitation Igyucose
injection

* Resuscitation phase: glucose injection until return to dam (rightireflex intact)

* Recovery phase: high risk phase after return to dam (2-3 hrs)

* Survival phase: end of recovery phase to sacrifice of the ani@mal4 days post
procedures.

Monitoring and standardization of the hypoglycemiase in 13-day-old rats should include
electroencephalographic (EEG), biochemical (plasghacose and 3O0OHB levels) and clinical
(alertness level) techniques. Rats at PND 13 aoklisg. Weaning occurs only at day 20-21.
Therefore animal husbandry and survival of rat peestes additional technical challenges. Careful
clinical monitoring of the reacceptance of the pbysthe dam after hypoglycemia in addition to
monitoring of signs of recurrent hypoglycemia dgrthe recovery phase are important.

EEG recordings in experimental animals are usuddige with surgically implanted epi- or
subdural electrodes. To facilitate re-acceptancthefpups by the dam after the experiment and to
reduce animal stress we sought a nhon-invasive igaéror electrode placement. The development of
a method for non-invasive EEG recordings is outlimesection 2.3.

Biochemical monitoring in our model requires repglasma glucose and 30OHB measurements
from small blood samples. 30HB measurements arsilgesin small sample volumes with a
handheld meter (Precision Xtra, Abbott). No repertst about the validity of such an approach in
infant rats, and the procedure had to be validdtefdre experiments. Since lactate is another
potential alternative substrate for brain metalbol@snd a handheld lactate meter is available, we
included this technique in the validation studgéttion 2.4.

For clinical grading of the alertness state of pdpeng hypoglycemia, we devised a scoring
system based on the observed neurologic symptonmsgdaypoglycemia. For clinical monitoring of
pups and dam after their return to the nest weseeva set of standardized monitoring sheets. These
developments are presented in section 2.5.

The induction of hypoglycemia with insulin and npaulation of associated plasma 30OHB

levels needed to be tested before any experiméhesdosing of insulin and the pharmacokinetics of
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30HB administration in 13 day old rats were tesiad respective dosing schemes designed during
model development and are reported in section 2.6.

Two potential confounding factors in our model acbule a) changes in plasma lactate
concentrations during insulin induced hypoglyceraiag b) shifts in electrolyte (sodium, potassium)
concentrations in response to insulin injectiond ifections of sodium D-3-hydroxybutyrate. These
were looked at in an additional study in sectich 2.

Finally, initial trials demonstrated that plasma HE® levels showed a less than expected
reduction in response to insulin. The final parttioé model development project was to explore
potential pharmacological and nutritional stratedie achieve a greater reduction of ketone levels

during hypoglycemia, summarized in section 2.8.

2.3 Electroencephalographic monitoring

2.3.1 Development of a technique for non-invasive E  EG recordings

Background. To monitor cortical electrical activity during hyglgcemia in a research model for
hypoglycemic brain injury in the developing rathan-invasive method for EEG recordings from
infant rats is required. The least invasive elatgreystem are cutaneous electrodes, which are glued
to the skin. The next stage of invasiveness isessprted by subcutaneous electrodes, which are
inserted with a needle resembling a subcutaneqastion and hooked in the subcutaneous space.
There are no reports in the literature of recorsliwgh cutaneous electrodes from infant rats.
Aim. To establish the technical basis for short term3 (&s), non-invasive recording of the cortical
electrical activity in 13-17 day old rats.
Objectives
Sage 1. Compare EEG recordings from small cutaneous eldes with recordings from
subcutaneous electrodes in anaesthetised aninatisi€e and select best system.
Sage 2. Evaluate selected system in awake animals, inotustiability of recordings over time
and susceptibility to artefact.
Methods. Animal source, transfer, and maintenance. Timed pregnant Sprague Dawley rats were
obtained from Charles River Laboratories, Canadd, arived at the Animal Care Facility of the
Child and Family Research Institute (CFRI) 7-10 dédefore parturition to allow for antepartal
acclimatisation. Litters were culled to 8 animadtvireen postnatal days 2 and 5.
Electrode Systems and Placement. Cutaneous electrodes were small Ag/AgCI electr@gdesn
diameter, Slimtrode, IVM, Healdsburg, USA). Theyrevattached to the shaved and depilated (Nair

creme) head either with an adhesive conductivg g Gel, IVM, Healdsburg, USA), or after mild
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abrasion (Nuprep Gel, Weaver, USA) with conductjet (Ten20, Weaver, USA) and a ring of
collodion as glue (Collodion, Mavidon, USA). Collod was applied through a 22G needle to the rim
of the electrodes while they were held in placénhwiincers. In awake animals, cutaneous electrodes
were protected with a custom made rubber cap (fiogboratory glove with holes for the ears).

Subcutaneous electrodes were short subdermal lecea@des (SWE, Grass Telefactor, Astro-
Med, USA), consisting of 1cm long flexible insuldteires with a non insulated Ag/AgCl coated tip.
Placement procedure resembles a subcutaneousianjeestth applicator needles. Subcutaneous
electrodes were secured to the skin at their eniittpwith tissue glue (VetBond), medical tape, or
collodion glue (Collodion, Mavidon, USA).

Two recording electrodes were attached symmetyigallbiparietal location rostral to a line
joining the anterior ear margins, roughly over sie@sory motor cortex. The reference electrode was
attached in midline position anterior or postetthe these.

Amplification and Digitisation. Signals from the pair of biparietal electrodes #ralreference
were differentially amplified with Animal BioAmp fput impedance 1MOhm), digitised with
PowerLab 8/30, and recorded with Chart 5.4 Softw@atke ADInstruments, USA). Amplification
range was +10QV across a frequency range of 0.1-100 Hz. Digitisatate was at 1000 Hz.

Anaesthesia. Inhalant anaesthesia was induced with isofluranexiygen at a concentration of
4-5% and maintained at 1-2%. Depth of anaestheamwaried during EEG recordings to produce
characteristic EEG changes. Anaesthesia was meditpulse oximetrically (MouseOx, Starr
LifeSciences, USA).

Experimental protocol.

Stage 1 Selection of best electrode system, and resuitselectrode placement and its
mechanical stability. Selection criteria were sigiaality, ease of placement, and invasivenesss Pup
13-16 days of age were removed from the nest, #retesed, respective electrode systems placed,
signals monitored, and finally the depth of anassith was increased and EEG changes were
observed and compared to expectations (progrefgion continuous activity via burst suppression
pattern to isoelectricity with increasing anaestheéepth). This served to differentiate corticarsils
from noise and simulated to some extent the chaaxgescted during hypoglycemia.

Stage 2 Validation of recording technique selected irgstd. Rat pups 13-17 days of age were
removed from the nest, electrodes of the selegtst@is were placed with suitable restraint, EEG was
recorded continuously for 2 hours to obtain baselEG activity across different vigilance states,
test for electrode stability over time, and monit@currence of artefacts. During the recording, rat
pups were in a small cage and could move freelyratoConcomitant notes on behavioural states
were made.
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Analysis. Visual analysis of recordings was done with cormgive support from Dr Peter
Wong, Director, Diagnostic Neurophysiology, BC @nédn’s Hospital. His contribution is gratefully
acknowledged.

Results and Discussion
Stage 1

Cutaneous €electrodes. Tests of the various forms of electrode attachnséoived that 1) mild
abrasion of the skin under the electrodes is nacgs® reduce electromagnetic noise from
surroundings (reduction of impedance), and 2) tuwdtodion provides far better stabilisation than
TacGel. It also proved more convenient to attaah résference electrode in an occipital midline
position and not in frontal location (Figure 2.2)ith this technique, recordings were very
satisfactory and the expected electroencephaloigraaiterns across different depths of anaesthesia
could be clearly distinguished (Figure 2.3) (Akragtial., 1996).

A)

Figure 2.2: Electrodesin situ and protected with rubber cap

A) Cutaneous electrodes in biparietal position acimtal reference electrode
attached with collodion glue. Black marks indicatédline and line joining

anterior margin of the ears. B) Rubber cap made fghove finger to protect
electrodes mechanically in awake pups.

Subcutaneous electrodes. Signals were strong and little electromagnetidkbeaund noise was
apparent. However, it proved difficult to contrbetexact localisation of the tip of the wire elede.
Fixation of the wire to the skin for stabilisatianith VetBond and/or medical tape was problematic.
Collodion showed better stability. However, theaagement proved very susceptible to movement
artefacts, probably because the geometry of theretie arrangement in the subcutaneous space is
easily distorted (elasticity of tissue and bendin§ wires), and also very susceptible to

electrocardiographic artefacts (better subcutanemumsiuction). Considerable baseline drifts after
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about 30 minutes were apparent in one recordikglylidue to inflammatory reactions around the
short subcutaneous wire tunnels, with subsequeid thccumulation and changes in conductive
properties.

Selection of electrode system. Based on good signal quality from the cutaneoystem
compared to a high susceptibility to movement/@ardartefacts and distortions associated with

subcutaneous trauma with the short wire electrodleselected cutaneous electrodes as best system.
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Figure 2.3: Validation of non-invasive EEG recording - EEG traces during isoflurane anaesthesia

Validation of non-invasive EEG recording technicasross different anaesthetic
stages. Raw signals were digitally filtered offdiwith a band pass filter for 0.8-
50 Hz. EEG recordings from the same animal acros=etdifferent dosages of
isoflurane during anaesthesia. Isoflurane 0.7%: ticoaus activity with
intermittent slow waves. Isoflurane 1.5%: Burst @@ssion pattern. Isoflurane
3%: Isoelectricity with visible electrocardiograpfartefact.
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Stage 2
Placement, mechanical, and electrical stability of cutaneous electrode system on awake

animals. Placing small electrodes on the scalp and glugieq into place with collodion was done
during short anaesthesia of the animals. Aftervegg rat pups attempt to remove the electrodes by
scratching/grooming. A rubber cap proved essetdiglevent this (Figure 2.2). Recordings from four
animals were stable over two hours, after whichekgeriment was terminated. Small baseline drifts
were apparent after off-line analysis in one casssibly caused by a) movement of electrode leads
relative to each other, and/or b) sweating under rilbber cap. Bundling of leads and small
perforations in the cap may improve this.

Differentiation of behavioural states. Observation of the animals after awaking from
anaesthesia showed quick behavioural recoveryallgithe animals were alert and explored the new
surroundings (new cage). After this, various betwandl states could be observed during the
recording time. They fell roughly into four categp (Gramsbergen, et al., 1970): 1. Active
wakefulness (eyes open, gross bodily movements asajrooming or sniffing, no locomotion), 2.
Quiet wakefulness (eyes open, no gross bodily mewsn no locomotion), 3. Locomotion (eyes
open, walking around), 4. Quiet sleep (eyes clogmily posture maintained, no gross bodily
movements), 5. Active sleep (eyes closed, bodyupeshaintained, twitching of limbs or sniffing).
EEG during these phase agreed with published sefrlielectroencephalographic cortical activity of
15-17 day old rat pups in these states (Frank a1 1997, Gramsbergen, 1976, Jouvet-Mounier,
et al., 1970), in particular slow waves with high@itude during quiet sleep, high frequency waves
of lower amplitude during active sleep, mixed fremoy continuous activity during quiet
wakefulness, and an emphasis on higher frequensgsvand suppression of slow waves during
active wakefulness (Figure 2.4). These results wegpeducibly obtained from four animals.
Conclusion

Cutaneous electrodes attached to depilated, maloligded scalp in developing rats are a stable,
low noise system for short term electroencephafiycarecordings from the parietal cortex in
developing rats. For awake animals additional meicia stabilisation with a rubber cap is necessary
to protect electrodes from scratching/grooming. Timal SOP for electrode attachment without

anaesthesia can be found in the Appendix, sectit.7

25



Chapter 2: Model Development

Quiet Wakefulness

EEG filtered (microV)
808

-60 + T T T T 1

Time / Seconds

Active Wakefulness

20

Time / Seconds

EEG filtered (microV)
o

Quiet Sleep

EEG filtered (microV)
: o

Time / Seconds
Active Sleep

20
-20 N
T T T

Time / Seconds

EEG filtered (microV)
o

Figure 2.4: Validation of non-invasive EEG recording - tracesin various behavioural states

Validation of non-invasive EEG recording techniqaaoss different behavioural
stages. Raw signals were digitally filtered offdiwith a band pass filter for 0.8-
50 Hz. EEG recordings from a 17 day old rat pupses four behavioural states,
about one hour after isoflurane anaesthesia. Quadiefulness: eyes open, no
gross bodily movements, Active wakefulness: eyenpgross bodily movements
such as grooming or sniffing, no locomotion, Quitep: eyes closed, body
posture maintained, no gross bodily movements SvAsleep: eyes closed, body
posture maintained, twitching of limbs or sniffin@hanges in amplitude and
frequency are clearly visible.
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2.3.2 Quantitative EEG analysis

EEG suppression is characteristic of the EEG pattduring severe hypoglycemic
encephalopathy. EEG suppression has a gradual witkethort stretches of suppressed EEG activity
interspersed with episodes of continuous EEG dgtivwVith progressive severity, the extent of
suppressed periods increases. To quantify the eegfeEEG suppression, we calculated the
suppression ratio (SR) online. The SR is the ratithe duration of suppression to the total duratio
of any given EEG epoch. It was calculated accordinyijn’s algorithm (Vijn and Sneyd, 1998)
implemented on CHART 5 data processing softwarel(&Buments, USA) for an epoch length of 8s
(for programming details see appendix). The EEG wafined as suppressed if its derivative
remained within a window of £ 0.4 mV/s for at 1e@90 ms. The choice of parameters was validated

with awake animals, and with animals under isofteranaesthesia.

2.4 Validation of blood metabolite monitoring with handheld meters

Background. For accurate monitoring of plasma energy sulegratmethod was required that
allows the measurement of glucose, D-3-hydroxylateyrand preferably lactate in very small,
repeatedly obtainable blood samples. Handheld medeg commercially available for all three
metabolites. Sample volumes between 0.6 and 5 liteao were required. Repeat small blood
samples can be obtained from 13 day old rats bgtpum of the lateral tail vein. There are no data i
the literature validating such an approach, espeda@ D-3-hydroxybutyrate and lactate. The aim of
this preliminary study was to demonstrate that meag circulating glucose, D-3-hydroxybutyrate,
and lactate levels with handheld meters by pergihenous puncture is acceptable for the model
under development.

Method. Sudy design. Concentrations of respective metabolites were miedsn 14 day old
rats a) by handheld meters from a blood drop thregrges after puncturing a lateral tail vein, and b)
by standard laboratory methods from a larger sartfple — 1ml) obtained by cardiac puncture. To
simulate the range of values expected later in résearch model, animals were subjected to
measurements 1) under physiological conditiongft&y the injection of insulin, 3) after the injiect
of a D-3-hydroxybutyrate solution. Results from tlaeld meters and laboratory methods were
compared. Total animal number was 48, chosen taimbtasonably accurate 95% limits of
agreement for the method comparison. All animalevemaesthetized during the experiment.

Animal source, transfer, and maintenance. Timed pregnant Sprague Dawley rats of

conventional microbiological status were obtaineshf Charles River Laboratories, Canada, and

27



Chapter 2: Model Development

arrived at the CFRI Animal Care Facility 7-10 daysfore parturition to allow for antepartal
acclimatisation. Litters were culled to 8 animagdvireen postnatal days 2 and 5.

Anaesthesia. Pups aged 13-16 days were removed from the damwaaighed. Inhalant
anaesthesia with isoflurane/oxygen was induced-%fb4soflurane concentration in an anaesthetic
chamber, and maintained at 1-2.5% isoflurane wiface mask or in the anaesthesia chamber for
longer duration. The animals were kept on a wagrbianket.

Insulin injection. Pups were injected subcutaneously in interscapgotation with 5-14 U/kg
regular human insulin (Humulin R, Eli Lilly, USA)rdast acting insulin aspart (NovoRapid, Novo
Nordisk, Canada). Blood samples were drawn betw&emnd 120 minutes after insulin injection.

D-3-Hydroxybutyrate injection. Pups were injected subcutaneously in interscagokzation
with 5 or 10 ml/lkg 600mM sodium D-3-hydroxybutyragBigma) solution. The solution was of
neutral pH and had been sterilised by 0.22 micremgitration. Anaesthesia was maintained and
monitored for 15 - 50 minutes.

Peripheral venous puncture of the lateral tail veins. The lateral tail veins are best suited for
venous puncture in 14 day old rats (results froeliminary trials with Karen Nelkenbrecher at the
UBC Animal Care Centre). Animals were anaesthetikatkral tail veins were visible on the sides of
the tail in many instances. Puncture is performegricking the side of the tail with a 22 G needle,
preferably under visual control, sometimes blindlythe tail vein is invisible. After successful
puncture, a blood drop emerged which was large ginéar one set of measurements of glucose, D-
3-hydroxybutyrate, and lactate.

Cardiac puncture. Cardiac puncture was performed according to SOPod@iee UBC Animal
Care Guidelines.

Deproteinisation. 0.5 ml blood were mixed with 0.5 ml ice cold 1Mrgdoric acid, vortexed,
and left on ice until centrifugation (16,000g fdd tinutes at 4 degree Celsius). Clear supernatant
was neutralised with 0.35 volumes of 0.7M tripotass phosphate solution, centrifuged (16,0009,
10mins, 4 degree Celsius), and supernatant wase@ts at -20 degree Celsius until analysis.
Dilution resulting from deproteinisation was 1:2A&ll laboratory measurements were made in
deproteinized extract.

Glucose measurement. The handheld meter was a Precision Xtra glucomgtebott, USA)
with test strip technology based on the oxidatidnglucose by glucose dehydrogenase. The
laboratory method used for comparison was stanaettiod in BC Children’s Clinical Biochemistry
laboratory, based on the oxidation of glucose lbiggge oxidase, concomitant generation of hydrogen
peroxide, and colorimetric measurement of thedgi@ros GLU slides, Orthos Clinical Diagnostics,
GB).
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D-3-hydroxybutyrate measurement. The handheld meter was a Precision Xtra ketometer
(Abbott, USA) with test strip technology based &we txidation of D-3-hydroxybutyrate by D-3-
hydroxybutyrate dehydrogenase. The laboratory nektt@s based on the same enzymatic reaction,
NADH was detected spectrophotometrically by measgutihe change in absorption at 340 nm over 1
minute and conversion of kinetic data to D-3-hygtmxyrate concentrations (RANBUT Kit,
Randox, GB).

Lactate measurement. The handheld device was a Lactate Pro lactometdargy, Japan) with
test strip technology based on the oxidation ofal@cto pyruvate by lactate oxidase. The laboratory
method used for comparison was the standard methd®lC Children’s Clinical Biochemistry
Laboratory, based on the oxidation of lactate lotai@ oxidase with concomitant generation of
hydrogen peroxide, which was measured colorimélyicVitros Lac slides, Orthos Clinical
Diagnostics, GB).

Satistical Analysis. Method comparison data were plotted linearly f@pection one method
against the other. Statistical comparisons wereentgdBland Altman plots and calculation of 95%
limits of agreement. Data for glucose demonstraitetkasing deviation with higher values and were
therefore log transformed before calculation ofitthof agreement. All calculations were performed
with Microsoft Excel.

Results
Glucose

Meter measurements correlated well with lab req#itg. 2.5 and 2.6). Meter results tended to

be smaller than lab results with a mean bias dimM. The lower 95% limit of agreement was -33%,

the upper 6%, based on log transformed data.
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Figure 2.6: Bland Altman plot (difference vs. mean of meter and lab measur ement) for validation of

Precision Xtra glucose measur ements

D-3-Hydroxybutyrate

Meter measurements correlated well with lab resolts range from 1 to 4 mM (Figures 2.7
and 2.8). Meter measurements had a mean bias cedpathe lab method of +0.13mM, the lower

95% limit of agreement was -0.69mM, the upper was@M.
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Lactate
The number of samples for a linear method compangas limited by the measurement range

of the lab method (0.5mM-12mM) and the dilutionuléag from the deproteinisation procedure
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(effective lower measurement limit 1.35 mM, 30 séeselow, 18 above). Meter measurement did

not correlate in any significant degree with labasw@ements (Figure 2.9 and 2.10).
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Figure 2.10: Bland Altman plot (difference vs. mean of meter and lab measurement) for validation of

handheld lactate measur ements

Comparison of those lab samples below the measumtemrange to respective meter
measurements was based on a categorisation as €itf8mM or >1.35mM. Kappa as statistical

measure of the agreement of both methods on tkis s 0.19, indicating very poor correlation.
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Because of the poor correlation we tested the faeter in other settings and found a
variability for repeat measurements of a singlearof heparinised human blood of 9.4% CV (mean
1.1mM, n=10), for repeat measurements from capillEmmples obtained by repeated finger pricks
from different fingers of the same subject a CV2826 (mean 1.3mM, n=13), with one falsely
elevated measurement of 3.9mM. Repeat measurementRandox quality control serum level 2
(expected value 4.4mM, range 3.5-5.3) resultedrrean of 4.7mM, CV 3.9% (n=10).

Discussion
Glucose

Meter measurements correlate well with lab measenésn However, the large systematic bias
of -1.1mM of meter vs. lab result was unexpectedi\arious factors may have contributed.

Inaccuracy of the Precision Xtra device comparedeference methods in previous studies
showed a bias of -0.1mM in one investigation (kloal., 2004) and a mean bias of -10% compared
to reference method measurement in another (Kestgret al., 2005). The bias found in this study
was larger, especially for the small concentratiange, and relatively constant across the whole
concentration range (see Bland Altman Plot).

Regional kinetics of glucose metabolism and phggjpl may cause site specific sample
differences in glucose levels. In humans, venousleviblood and capillary whole blood glucose
measurements during the postabsorptive state afjircose meal may differ by up to 1mM (Kuwa,
et al., 2001). Capillary values largely reflectead! levels prior to metabolism in tissues, and
peripheral venous levels reflect post tissue mdisthosalues. Tail vein puncture in developing rats
yields largely venous blood (post tissue metabolisnthe tail) mixed with tissue fluid, whereas
cardiac puncture yields (arterial or venous) podiabd and is subject to whole body glucose
homeostasis, inclusive of gluconeogenic output fribra liver and glucose absorption from the
gastrointestinal system (in this study, rats weo¢ fasted). This could potentially explain the
direction and magnitude of the bias found in oudgt

In conclusion, Precision Xtra glucose measuremi@ntsl vein samples correlate well with the
reference method applied to cardiac samples. Haweaepling site specific differences may have
to be taken into account when interpreting the eslobtained.

D-3-Hydroxybutyrate

Bias and limits of agreement found in our testseagwith published evaluations of the
Precision Xtra ketometer in human studies (Byrrieale 2000, Ham, et al., 2004). Specifically,
deviations of the meter readings greater than 4.9ralve been described in diabetic children (Ham,
et al., 2004). Below this threshold, limits of agmeent found in our test were around + 0.5 mM. The

main purpose of D-3-hydroxybutyrate monitoring ur anodel was to distinguish between a ketotic
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group (2-3mM) and a hypo-ketotic group (0-0.5mMur@omparison data indicate that this is well
possible with the Precision Xtra ketometer andr#ateil vein puncture.
Lactate

There was no significant correlation between metaeasurements and laboratory
measurements. Inspection of the correlation plggssts that the laboratory method produced values
between 1.5 and 2.5mM, whereas meter measuremadta Inhange of 1-5mM, with no systematic
relationship between the two. Data from the addélaests on finger prick blood, human venous
samples and control sera indicate that precisiahaacuracy of the Lactate Pro lactometer itself are
acceptable. The lack of correlation between meteasurements and reference method results are
therefore most likely due to preanalytic and santphite specific problems. These could have two
causes:

1. Regional kinetics of lactate metabolism. Venlagsate concentrations depend on the arterial
concentrations of lactate entering the tissuendiedalance between lactate production and extracti
in respective tissues from which venous blood iflected, and the production of lactate by
erythrocytes. Production rates of lactate in tissdepend on the oxygen content of arterial bloatl an
perfusion. Cardiac samples, on the other handatefthole body lactate metabolism. Lactate content
of tail veins will thus be determined by the perdmsof the tail (affected possibly by anaesthetic
parameters or occlusion during the sampling proedand possibly by the position of the puncture
site along the tail (the tip could be less wellfpsed/supplied with oxygen compared to the baske wit
a resulting proximal to distal gradient). This magcount for unsystematic variability of meter
measurements. In addition, literature data sugidtmeasurements from small volumes of blood
from a skin prick may be occasionally falsely eteda(Saunders, et al., 2005).

Regardless of the interpretation, small samples fiioe tail vein sampling in developing rats
do not reflect central lactate concentrations. Wactude that cardiac samples are necessary for
lactate determinations and the experimental desitjiave to reflect this.

Conclusion

Monitoring of circulating glucose and D-3-hydroxyimate levels by handheld meters and tail

vein sampling is acceptable for the research modeér development. The measurement of lactate

levels requires cardiac puncture under metabojiegdpropriate anaesthesia.
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2.5 Clinical monitoring

2.5.1 Alertness score

Initial observations of hypoglycemic rat pups idiéetl several characteristic neurological
symptoms during the progression of the hypoglyceemcephalopathy. Four major parameters to
grade the alertness and severity of the hypoglycesnicephalopathy proved useful: the type of
spontaneous movements, resting body posture andlentehe, the righting response, and the tail
pinch response. Based on consistent observationdeweloped a scoring system for quantification
(Table 2.1).

2.5.2 Recovery phase

After resuscitation with glucose, pups recovered tighting reflex mostly within 20 -60
minutes. As soon as the righting reflex was intagis, were returned to the nest to enable suckling
and stabilize hypoglycemic recovery. During théitiphase after their return to the nest of al®4dt
hours pups and dam were monitored hourly usingracal evaluation sheet (see appendix section
7.1.2) for early detection of recurrent hypoglycamejection by the dam, or neurological injuryttha

could possibly interfere with suckling and survival

Spontaneous Movement Score Righting response Score
Walking, head movements strong 3 Righting withis 10 3
Crawling, head movements weak 2 Coordinated, linda 2
Dystonic or rhythmic myoclonic 1 Dystonic or rhygfc myoclonic 1
None (no movement after prodding) 0 No response 0
Resting posture and muscle tone Score Tail pinshomrese Score
Legs tugged under body, rounded back 2 Directegtitfli 3
Legs spread out, flat back 1 Coordinated, but autiffe 2
Floppy animal 0 Dystonic or rhythmic myoclonic 1

Slight twitch 0

Table2.1: Alertnessscore
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Table 2.1 continued

Alertness score (A-score) for clinical staging lvé effects of hypoglycemia in 13-
day-old rat pups. Points are added to obtain tred ficore. 11: full alertness, 10-9:
mildly, 8-5: moderately, 4-0: severely reduced takss (coma). The righting
response was assessed after turning the animé badk. The pain response was
assessed after a slight tail pinch. Dystonic pasgun response to either stimulus
included truncal flexion or extension, and leg esten and crossing; rhythmic
myoclonic patterns included hind limb paddling asidhultaneous hind limb
pushing. Note that observations of resting posame muscle tone identified only
three characteristic stages during the clinicalgprssion. Resting posture is the
posture adopted by animals during inactivity. lapfyy animals truncal muscle
tone was severely reduced, so that they appearagletely limp during handling.

2.6 Insulin and D-3-hydroxybutyrate dosage selectio n

2.6.1 Insulin dose

To select a suitable dose for insulin treatment daases glucose levels below 1 mM and
allows recovery of glucose levels after the experitnwve treated 13 day-old rat pups with different
doses of insulin (Humulin R, Eli Lilly, Canada; $tdy diluted with sterile saline to 3 U/ml) and
monitored blood glucose levels with handheld metResults showed that 10 U/kg was the smallest
dose to induce sustained severe hypoglycemia att &@@ominutes after injection with spontaneous
recovery after about 150 minutes (Figure 2.11). farefore selected treatment with 10 U/kg to
induce hypoglycemia in this model with a repeagdtipn after 120 minutes unless signs of a severe
hypoglycemic encephalopathy were present (severa cBEG suppression).

Observations of animals under isoflurane anaesthafsér insulin injection showed that the
response to insulin is blunted considerably bylisahe with lowest levels after 14 U/kg between 2
and 4 mM (Figure 2.12). It is known that isoflurammpairs glucose tolerance, increases
gluconeogenesis and hampers peripheral glucoseatibh (Carli, et al., 1993, Diltoer and Camu,
1988, Horber, et al., 1990, Laber-Laird, et al.929Tanaka, et al., 2005). Our observations
confirmed these findings for 13 day old rats. Mo the effect of isoflurane on glucose
homeostasis lasted at least until 2-3 hours aélenihation of anaesthesia. We therefore avoided

isoflurane anaesthesia during any preparatory stage during the experiment itself.
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Figure 2.11: Plasma glucose after insulin treatment in various doses

Plasma glucose levels in response to various msidises administered s.c. at
time 0 minutes in awake 13-day old rats. Symbagise®sent serial measurements
from single animals.
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Figure 2.12: Plasma glucose levels after insulin treatment during isoflurane anaesthesia

Plasma glucose levels in response to various msidises administered s.c. at
time O minutes in 13-day old rats during isoflurg@28o) anaesthesia. Symbols
represent single animals.

2.6.2 Dosage of D-3-hydroxybutyrate

Subcutaneous injection of 30HB causes a temporamagon of plasma levels in adult rats
(Langhans, et al., 1985). We monitored 30OHB plakvals in response to subcutaneous injection of
a sterile, neutralized solution of 600mM sodium byRiroxybutyrate (30OHB; Sigma-Aldrich, USA)
in doses of 5 mmol/kg and 10 mmol/kg. Figure 2.ti8ves increase in 30HB plasma levels above
baseline. Baseline levels are around 1.5 mM, sbpbak values reached after 10 mmol/kg were
around 5-6 mM. Our tests confirmed that s.c. injgctof 30OHB increases plasma levels in
developing rats in a dose dependent manner witbeg snitial increase over a time span of abut 20-
30 minutes. To achieve a target range of high phygic levels of 3-4 mM, a loading dose of 6

mmol/kg and maintenance doses of 3 mmol/kg evemiB@ites proved effective.
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Figure 2.13: Plasma 30OHB concentrations after single dose 30OHB treatment

Increase in D-3-hydroxybutyrate plasma levels ablmaseline in response to s.c.
injection of 5 mmol/kg (green) or 10 mmol/kg (rexf)a 600 mM solution in 13-
day-old rats. Each line represents measurementsdre animal.

2.7 Lactate and electrolytes in response to insulin and 30HB

treatment

Background. Lactate is an alternative substrate for energyabwism in developing brain in
rats and other speci€dDombrowski, et al., 1989, Fernandez and Medin&61¥Hellmann, et al.,
1982, Thurston, et al., 1983, Vicario and Medin@92). It is transported across the blood brain
barrier by the monocarboxylate transporter 1 (MQ;Ttie same transporter as 30HB. The response
of blood lactate levels to insulin treatment inaimif rats is not known from the literature. Increhse
transport of glucose into muscle and liver cellsr@sponse to insulin could increase rates for
glycolysis and lactate production. If lactate Ievelere significantly elevated during insulin inddce
hypoglycemia, this could be an important confougdideterminant for the progression of a

hypoglycemic encephalopathy in this model.
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Plasma sodium and potassium levels are known #dfeeted by insulin (which has a tendency
to lower potassium and increase sodium levels) possibly by treatment with 30HB. 30HB
treatment is administered as 600 mM solution oftsadD-3-hydroxybutyrate, thus creating an extra
sodium load. The extent to which plasma electrolgtels vary in response to insulin and 30OHB
injection is unknown. However, electrolyte imbalascan cause osmotic imbalances in the brain or
impair cardiac excitation and conduction. Espegibilpernatremia of sufficient extent and speed of
onset may result in cerebral myelinolysis in ratke ability of PND 13 rats to maintain plasma
electrolytes in response to insulin and 30HB treatnis therefore an important prerequisite for this
model.

Aim. To evaluate the stability of lactate, sodium, anthpsium plasma levels in response to
insulin and 30OHB treatment in this model.

Method. A total of 45 PND 13 rat pups from 6 litters weesndomly assigned to 7 groups for
the measurement of plasma lactate, sodium, andgioma levels as well as glucose and 30HB
measurements. Groups were measured 1) at basdliael hr after insulin injection, 3) at 2 hrseaft
insulin, 4) at 1 hr after insulin and 3OHB treatmes) at 2 hrs after insulin and 3OHB treatment, 6)
at 1 hr in untreated controls, and 7) at 2 hourantreated controls. Insulin (Humulin R, Eli Lilly,
USA) was administered at a dose of 10U/kg aftexstirig period of 3hrs. 30HB (600mM sodium D-
3-hydroxybutyrate (Sigma) solution, sterile andtredyiwas injected 30 min after insulin at a loagin
dose of 10 ml/kg followed by 5 ml/kg every 40 miesitaccording to group.

Heparin blood samples for lactate, sodium and poatas measurements were obtained by
cardiac puncture after deep isoflurane anaesthielmiad was drawn into a heparinized syringe. An
aliquot of the sample was immediately deproteinmgith perchloric acid and kept on ice for lactate
measurement in BC Children’s Hospital Laboratorye Temainder was centrifuged and plasma was
submitted for determination of sodium and potassiemels to BC Children’s Hospital Laboratory.
Glucose and 30HB were measured after lateral &it gampling by handheld meters (Precision
Xtra, Abbott). Since the lower limit of measuremémt glucose is 1mM with this system, all glucose
measurements lower than 1 mM were assigned a @5 mM for statistical evaluation. Mean
values were compared by one way ANOVA and Bonfeénpost hoc test.

Results and Discussion. Lactate. Blood lactate levels were not elevated above haséth any
of the treated groups (Figure 2.14). At 2 hrs aiftaulin injection, levels were significantly lower
than baseline. However, control levels at 1 hr 2rds after injection were also slightly lower than
baseline, and compared to those, levels were goffisiantly lowered. Results suggest that the éffec
of insulin in 13 day old rats does not include ediactate levels. The increased intracellular ggec
availability in liver and muscle is probably compated by increased glycogen synthesis, so that
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surplus glucose is stored rather than channelledglycolysis with concomitant lactate production.

Stable or respectively decreased lactate levelgs2after insulin injection demonstrate that a

hypothetical increase of lactate in response tolimgreatment is not a major confounding factor in

this model.
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Figure 2.14: Plasma glucose, lactate, and 30OHB after insulin treatment

Plasma levels of glucose and 30HB, and blood lackxels at various time
points after insulin treatment (10 U/kg) alone mrcombination with 30OHB (for
details see textN = 6-7; error bar = 1SD.

Sodium. Sodium plasma levels in insulin treated animals ahd 2 hrs after treatment were not

significantly elevated above respective controklevp = 1.0 andp = 0.29 respectively, Figure 2.15).

In 30HB treated groups, however, levels were sigguitly elevated above controls at both time

points. At 2 hrs of 30OHB treated insulin inducedbglycemia sodium levels were 140 £ 2 mM

compared to 132 £ 2 mM (mean = 1SD) in controlsresponding to a mean difference of 8 mM.

This increase is probably caused by the additiendlum load from 30OHB injections. Reports from

adult rats suggest that a much higher elevatiormofe than 28 mM is necessary to induce
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myelinolysis in normonatremic animals (Soupartalet1996). Since the physiologic mechanisms for
the control of brain osmolarity are matured in PNID rats (Trachtman, et al., 1995), it may be

assumed that an increase of 8 mM in sodium coresgonis is below a range that can induce severe
brain injury in this model. The sodium load due3@HB injections, however, can apparently not be

completely controlled by increased renal excretiims emphasizes the importance of 30HB treated
control animals in experiments with this model xalade possible confounding effects from sodium

overload.

Potassium. Potassium plasma levels in insulin treated arinaall and 2 hrs after treatment
were not significantly lower than respective cohtavels, neither were levels in insulin + 30OHB
treated animals 1 hr after insulin treatment .Ha insulin+30OHB treated animals 2 hrs after insulin
treatment, however, plasma potassium levels wegrgfgiantly lower than in controls (3.4 + 0.3 vs.
4.6 £ 0.2 mM (mean = 1SDp = 0.001, Figure 2.15). Insulin generally loweragmha potassium
levels by shifting extracellular potassium ioninells. A tendency toward lower potassium levels i
insulin treated animals at 1 and 2 hrs is apparaitihough this trend did not reach statistical
significance. The fact that insulin + 30HB treat@dimals showed a significant decrease might
suggest a synergistic effect on potassium levalssiply mediated by simultaneous hypernatremia.
Severe hypokalemia (less than 2.5 mM) can be assdciwith muscle weakness. Severe
hypokalemia also facilitates cardiac arrhythmiastive presence of other triggers. Moderate
hypokalemia, in contrast, is generally asymptomaiclevels around 3.4 mM in this model are not
expected to cause symptoms. Nevertheless, thesaepm be a synergistic effect between treatment
with sodium 30HB solutions and insulin on potassiptasma levels with significantly lowered
plasma levels in animals receiving both treatments.

Conclusion

Insulin treatment with or without 30OHB administatidoes not increase blood lactate levels in
13 day old rats above baseline. Blood lactateasefiore an unlikely cause of variability in the i
of a hypoglycemic encephalopathy with or withoutHEDtreatment. Although insulin treatment in
combination with 30OHB administration causes inceglaplasma sodium and decreased potassium
levels, the magnitudes of the changes are compakatsmall and can be expected to remain
asymptomatic. However, these effects emphasiz@rtpertance of 30HB treated control groups in

experiments.
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Figure 2.15: Plasma sodium and potassium concentrations after insulin treatment

Plasma sodium and potassium levels at various piongs after insulin treatment
(10 U/kg) alone or in combination with 30OHB in 18ydold rats (for details see
text).N = 6-7; error bar = 1SD.

2.8 Preliminary neuropathological observations

Little published information is available on neuatiological changes in infant rats after
hypoglycemic episodes of different severity (Joaed Thomas Smith, 1971). Initial observations in
our model showed that insulin induced hypoglycematgults in a characteristic clinical progression
from complete alertness to deep coma accompaniedEBE changes and increasing EEG
suppression. On a preliminary basis we resuscitated®ND 13 rat pups when the suppression ratio
approached 1 and one pup at a suppression rafilbofor comparison we used two control pups.
Animals survived for 3 days after resuscitation amdre sacrificed by intracardial perfusion.
Experimental and control animals showed no diffeesnin behavioural patterns or weight gains at

the time of sacrifice. Brains were analyzed aftaerhatoxylin eosin or Fluoro Jade C staining of
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paraffin sections at several anatomic levels. Theee no indications of neuropathological changes
in any of the experimental animals after thesenstan particular no signs of selective neuronaitide
in cortex (Figure 2.16) or hippocampus (Figurerg.1

Figure 2.16: Histological sections from cortex after hypoglycemia

Preliminary neuropathological evaluation of parasiad cortex of a 13-day-old

rat after insulin-induced hypoglycemia, glucoseuse#tation at the time of burst
suppression coma, and 3 days survival. The aninzal sacrificed by fixation

perfusion with 10% phosphate buffered formalin4érminutes. Paraffin sections
from several coronary levels across the brain wséaed according to standard
protocols with haematoxylin-eosin (HE) or Fluora@dzC (FJC). There was no
evidence of selective neuronal death or other meihwmlogical changes. A:

parasaggital cortex, HE; B: parasaggital corteg;.FJ
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Figure 2.17: Histological sections from hippocampus after hypoglycemia

Preliminary neuropathological evaluation of hippopais of a 13-day-old rat after
insulin-induced hypoglycemia, glucose resuscitatian the time of burst
suppression coma, and 3 days survival. The aninzal sacrificed by fixation
perfusion with 10% phosphate buffered formalin4érminutes. Paraffin sections
from several coronary levels across the brain wéaed according to standard
protocols with haematoxylin-eosin (HE) or Fluora@deC (FJC). There was no
evidence of selective neuronal death or other mmhwmlogical changes. A)
Hippocampus, CA1l region, HE; B) Hippocampus, CAlgioe, FJC; C)
Hippocampus, overview, HE.

This result was surprising, given that reports fradult rats suggest that selective neuronal
death occurs after a period of burst suppressioB Ekiler, et al., 1984a), and that even moderate
hypoglycemia in young (20-24 day old) rats resultBicreased neuronal death in parasaggital cortex
(Yamada, et al., 2004). This effect in young ratsywever, is abolished when they are weaned at 20
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days onto a ketogenic diet and not a carbohydreltediet (Yamada, et al., 2005). Rat pups before
weaning are also in a ketogenic state becauseeohitfh fat content of rat milk. The absence of

neuronal injury in our model may therefore be edato the ketogenic state pre-weaning of rat pups.
Such an effect may be mediated by several mechanisrduding elevated ketone levels during

hypoglycemia.

Insulin induced hypoglycemia is generally considetg/poketotic because insulin reduces
hepatic ketone production. This was also to be eegein animals that are in a ketogenic state prior
to insulin treatment, like rat pups. However, 30ldRels during insulin induced hypoglycemia in rat
pups were higher than levels reported for aduft (@t8 mM vs. < 0.1 mM; see also Figure 2.14),
suggesting that the effect of insulin on ketonedpmtion was incomplete. These moderately elevated
30HB plasma levels could have had a neuroproteetifeet in our model. If this was correct, then
further reduction of 30HB plasma levels during hgilyocemia would be associated with neuronal
injury. We therefore tested pharmacological andadjestrategies for a further reduction of 30HB

plasma levels during insulin induced hypoglycersiction 2.9).

2.9 Testing of additional ketone reduction strategi es

2.9.1 Regulation of ketone levels and ketogenesisi  n developing rats

Plasma ketone levels reflect the balance of ketprauction in ketogenic organs and
peripheral ketone consumption. Ketone consumptirgdnerally determined by plasma ketone
availability and transport capacities. The physijidaregulation of plasma ketone levels is achieved
by controlling ketogenesis. In developing ratspogenesis occurs in liver and small intestine (Arias
et al., 1997, Ferre, et al., 1978, Hahn and TalleB7). Whereas the production of hepatic ketones
contributes mostly to the plasma ketone pool, die bf ketones produced in the small intestine is
less clear. They could be used for local consumpgiofor distribution in the bloodstream, details a
unknown.

Ketone bodies are produced from partial degradatiolong and medium chain fatty acids
(LCFA and MCFA). These stem either from dietary rees or are liberated from adipose tissue.
Transport of fatty acids into ketogenic cells, artular into hepatocytes, differs according taioh
length and source.

Dietary LCFA are transported from gut to liver wdaylomicrons and VLDL lipoproteins.
These lipoprotein bound triglycerides are cleavedibdothelial hepatic lipase resulting in a release
of non-esterified fatty acids which are taken uphgpatocytes. Dietary MCFA are transported as

non-esterified fatty acids from the gut to the tiand are taken up by hepatocytes directly. During
46



Chapter 2: Model Development

fasting conditions, LCFA are liberated from adiposgsue by hormone sensitive lipase and
transported in the bloodstream as non-esterifigtyl &&ids, as are MCFA from adipose tissue.

Rat milk is both high in MCFA (ca 35%) and LCFA (6&%) (Brandorff, 1980, Fernando-
Warnakulasuriya, et al., 1981, Wells, 1985). Thailability of fatty acids for ketogenesis is one
determinant of the ketogenic rate. Ketogenesis fM@FA is favoured in the presence of both
substrates in suckling rats (Frost and Wells, 198¢ first step of ketogenesis is degradatiorati/f
acids.

Degradation of fatty acids takes place in the nhitoxirial matrix, requiring prior transport
from the cytosol. Mitochondrial entry of LCFA is diated by a transport system comprising three
enzymes, carnitine palmitoyl transferase | (CPTcéknitine/acylcarnitine translocase, and carnitine
palmitoyl transferase Il (CPT II). The system isitolled at the first step CPT I. MCFA can bypass
this transport system and can enter the mitochahdratrix independently. Acetyl-CoA from patrtial
degradation of FAs in the mitochondrial matrix ¢enchannelled into ketogenesis, which is mediated
by mitochondrial HMG-CoA synthase (mHS) and HMG-ClyAse. mHS is the final regulatory step
of ketogenesis. mHS activity is regulated at theNARand protein expression level. One regulatory
factor is the fat content of the diet and with #ased mHS protein expression on high fat diets
(Fukao, et al., 2004). This transcriptional regolatis in part mediated by the peroxisomal
proliferator activator receptar (PPAR-a), which is relevant for regulatory effects of dist fat
content on hepatic protein expression (Mandardl.e2004, Patsouris, et al., 2006).

mMHS activity is also reduced by insulin. In devethaprats, insulin reduces ketogenesis in liver
and small intestine, mainly by reducing mHS agyiyirias, et al., 1997, Hahn and Taller, 1987, Yeh
and Zee, 1976). There are indications that theceéitinsulin on mHS expression is mediated by the
transcription factor FKHRL1 (Nadal, et al., 200®)sulin treatment of developing rats, however,
results only in partial reduction of total ketogsisg(about 30%) in these organs (Arias, et al.,7199
This is in accord with our findings of a partialdtetion of plasma 30OHB levels after insulin
treatment. Insulin is also reported to have limigdigécts on the plasma concentration of unestdrifie
fatty acids in suckling rats in the fed state (&l Zee, 1976), suggesting that reduced avaihalbifit
plasma unesterified fatty acids does not contribmtbe effect of insulin on ketogenesis.

Insights into the regulation of ketogenesis in dayi@g rats formed the basis for the selection
of additional pharmacological and dietary strategi® reduce ketone levels during insulin induced
hypoglycemia. Promising strategies target ketogewiotrol points other than those affected by
insulin. We chose to try four strategies targefiogr different mechanisms to lower plasma ketone

levels robustly: a) Nicotinic acid to reduce availidy of unesterified fatty acids in plasma; b)
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Etomoxir to inhibit CPT | activity; c) the PPARy inhibitor GW6471 to further reduce mHS

expression and activity, and d) maternal high fet @ reduce MCFA content of rat milk.

2.9.2 Inhibition of lipolysis with nicotinic acid

Nicotinic acid (niacin) in pharmacological dosageavérs the rate of lipolysis in adipose tissue,
probably by binding to the G-protein coupled rece@PR109A (Gille, et al., 2008). Single or repeat
doses of 25 mg/kg body weight lowers plasma leg€lsnesterified fatty acids in adult rats by more
than 50% about 30 minutes after administration (Rhat al., 2007, Reaven, et al., 1988a, Reaven, e
al., 1988b). 50 mg/kg lowers ketone plasma level@sting adult rats by about 80% (Mayor, et al.,
1967).

To gauge any additional effect of nicotinic aciéattment on plasma ketone levels during
insulin induced hypoglycemia we measured 30HB kwld serum unesterified fatty acid levels in
13 day old rat pups after 3 hrs fasting, and dfte.5 and 2 hrs of treatment with insulin (10 UQ/kg
Two animals were treated additionally with 25 mg/kgatiitic acid (Sigma, USA) 1 hr after insulin
injection. Measurements samples for these animete vaken at 1.5 hrs after insulin injection. 30HB
plasma concentrations were measured by test dtops lateral tail vein puncture, as described,
unesterified fatty acids concentrations were mesbsun serum by a commercial kit as per
manufacturer instructions (Wako NEFA-HR(2), Wako e@ficals, USA). Serum samples were
obtained by cardiac puncture after isoflurane ahass.

Results for insulin treated animals are grapheBigure 2.18. The two insulin and nicotinic
acid treated animals had serum unesterified fatiy evels of 0.26 and 0.18 mM, respectively, and
30HB concentrations of 0.4 and 0.5 mM at 1.5 htssTis well within the range of insulin only
treated animals as displayed in Figure 2.18. Niootacid treatment appeared thus unsuitable to
achieve robustly lower 30HB plasma levels.

The apparently small or non-existent effect of tildo acid treatment suggests that further
inhibition of lipolysis in adipose tissue does neduce any further unesterified fatty acidsrisulin-
treated rat pups. It thus brings dietary fatty acids asoarce for residual ketogenesis into play,
especially given the high fat content of rat milk.

The reduction of unesterified fatty acid levelseafinsulin treatment we found in rat pups
(Figure 2.18) is in contrast to a previous repbat insulin has no effect on FFA levels in ratsi{Ye
and Zee, 1976). This apparent contradiction magumto the fact that the study by Yeh et al. was
conducted with fed animals, whereas rat pups srttodel were fasted for 4.5 and 5 hrs at the tiime o

measurement. The nutritional state may thus beestiad to the effect observed.
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Figure 2.18: Freefatty acid and 30OHB plasma concentrationsin responseto insulin treatment

Serum free fatty acids (FFA, filled circles) andgrha D-3-hydroxybutyrate (open
circles) concentrations after the injection of iis10 U/kg) in 13-day-old rats.
Each symbol represents a measurement from one lafiandetails see text).

2.9.3 Reduction of mHS activity by PPAR alpha inhib  ition (GW6471)

The peroxisomal proliferator-activated receptoregulates hepatic fatty acid metabolism, in

particular it promotes expression of mHS. PPARIso mediates the activating effect of fibrates on
fatty acid metabolism. The PPARantagonist GW6471 was developed in 2002 (Xu, .et28002).

There are no reports afi vivo applications in the literature. However, cell aut experiments have

used GW6471 for manipulation of PPARN concentrations of 0.1-10 micromole/l in cultunedia
(Ding, et al., 2007, Poleni, et al., 2007). To tedtether GW6471 could be suitable for further

reduction of 30HB levels in our model we treatedhats with various dosages of GW6471 and

observed changes in 30HB plasma concentrationsporese. GW6471 (Sigma, USA) was dissolved

in fresh DMSO at a concentration of 20 umol/l angkdted i.p. at dosages of 40, 80, and 160

pmol/kg bodyweight, resulting in injection volumes0.07, 0.13, and 0.26 ml. One control animal

was injected with 0.1 ml DMSO only. 30HB levels weletermined as described.
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Results are presented in Figure 2.19. These dagggested that GW6471 in various doses had
no substantial effect compared to the animal iegatith DMSO only. The transient reduction in
30HB plasma levels in all animals is possibly caulg hepatotoxic effects of DMSO. These data
suggested that GW6471 is unsuitable to achievadureduction of 30HB levels in the model under
development. Moreover, hepatotoxic side effectsDdISO administration are undesirable as

additional confounding factor.
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Figure 2.19: 30HB plasma concentrationsin response to GW6471 treatment

Plasma D-3-hydroxybutyrate levels in response &itlection various doses of
the PPAR alpha antagonist GW6471 in DMSO and omer@oDMSO injection
(for details see text). Each symbol representalsereasurements from a single
animal.

2.9.4 Inhibition of CPTI by etomoxir

Etomoxir inhibits CPT [ activity in the outer mitoondrial membrane and reduces the entry of

LCFA into the mitochondrial matrix (Zarain-Herzbeagd Rupp, 2002). In adult rats this results in
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lowering of plasma 30HB concentrations (Kruszynsgka Sherratt, 1987, Schmitz, et al., 1995).
Since MCFA enter mitochondria independently of GP&tomoxir is expected to inhibit ketogenesis
from LCFA but not from MCFA. Since insulin reducesiS activity in the liver of developing rats
and thus reduces ketogenic output, combined tredtmih insulin and etomoxir should lead to a
synergistic effect and to a further reduction offEplasma levels. As a proof of principle test we
treated one animal with etomoxir only and two angnaith etomoxir and with insulin injection 30
minutes after etomoxir treatment. Based on prevaiudies (Hayashi, et al., 2001, Kruszynska and
Sherratt, 1987, Penna, et al., 2005, Schmitz,.etl885) we chose a dosage of 20 mg/kg etomoxir
(Sigma, USA) in water s.c.. All animals were fasteid3hrs before the experiment.

Results are displayed in figure 2.20. Etomoxir eloesulted in agreement with reports from
adult rats in a considerable reduction of 30OHB pladevels by 83 % after 30 minutes. However,
combined treatment with insulin did not reduce 30piBsma levels any further. Animals treated
with etomoxir and insulin had ketone levels in tlamge of 0.5 to 0.7 mM. Thus there were no
indications in these preliminary tests that comBitreatment with insulin and etomoxir results in
robustly lowered 30HB levels below the effect oitin alone. Given the relatively high MCFA
content of rat milk, this could be explained byideal ketogenesis form MCFA. To test this
hypothesis in a further step, we reduced MCFA adréthe milk the pups received from their dams
by feeding the dams a high fat diet.
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Figure 2.20: 30HB plasma concentrationsin response to combined etomoxir and insulin treatment

Plasma D-3-hydroxybutyrate levels in response gatiment with etomoxir alone
or etomoxir and insulin in 13-day-old rat pups. lEa&ymbol represents serial
measurements from a single animal.

2.9.5 Dietary reduction of medium chain fatty acids in rat milk

Entry mechanisms of LCFA and MCFA into the mitoctioal matrix differ because LCFA are
obligatorily transported by the CPT-transport systghereas MCFA may bypass this system. CPT |
inhibition by etomoxir therefore reduces ketogesdsim LCFA, but probably not from MCFA. The
proportion of MCFA in rat milk is normally about 3@ of all fatty acids. In order to further reduce
ketogenesis by etomoxir treatment it could be usefueduce the MCFA content in the milk of
treated rat pups. MCFA content of rat milk is knowrdepend on the fat content of the maternal diet
during lactation. The higher the fat content, thedr the MCFA content of milk (Grigor and Warren,
1980, Swithers, et al., 2001). We therefore congdhe effect of etomoxir and insulin treatment
between rat pups from dams on a conventional, téghohydrate lab chow with pups from dams on
a high fat diet. Support from Dr. Sheila Innis dredt lab for this test is gratefully acknowledged.

Dietary reduction of medium chain fatty acids/ triglycerides in maternal milk. Timed pregnant
Sprague Dawley rats arrived at CFRI Animal Carelffaat gestational day 11. Following a 4-7 day
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acclimatisation period (corresponding to 7-4 dagfote the estimated date of parturition) animals
were placed on a high fat (16 % weight from fagtdwith fat provided as safflower oil. This semi-
synthetic diet was prepared in consultation with $heila Innis at her laboratory at CFRI. All
ingredients were purchased from Harlan-Teklad. @hanals had access to food and water ad
libitum. Diet preparation was done by Elizabeth Bloin Dr Innis’ lab.

Milk analysis. The lactating rat was anaesthetised with isofleyahen 0.2 ml of 201U/ml
oxytocin were injected intraperitoneally. After 1+Binutes, milk (100-200ul) was expressed
manually from the teats. Collected milk specimemrsaenrozen at — 30 °C until analysis of fatty acid
composition by gas chromatography mass spectroradtiey methylation (Innis and Dyer, 1999) in
Dr. Innis’lab.

Sudy Design. Three dams were placed on a high fat diet and aosdpto three dams on a
laboratory chow diet. Pups were treated with etdmajone or in combination with insulin and
results compared to data from previous experiments.

Results. Changes in fatty acid composition of rat milk fradams on a high fat diet are
presented in Table 2.2: The content of MCFA (C6:M2% almost halved from 28.8 + 1.5 molar % to
16.4 £ 3.9 molar % ( mean + 1SB~ 3,p = 0.007, Student’s t-Test). Mean baseline 30HBmas
concentrations were comparable in pups from dan®th groups (1.9 + 0.3 vs. 2.1 + 0.3 mM, mean
+1SD,n; =5 andn, = 9).

There were no indications that plasma 30HB levéky areatment with etomoxir were lower
in pups from dams on a high fat diet compared towcliFigure 2.21). Similarly, there were no
indications that 30HB levels were lower after condal treatment with etomoxir and insulin (Figure
2.22). Although animal numbers were small for thessdiminary tests, results were not encouraging
and so we did not pursue the strategy of reducatgrie levels by a combination of CPT-I inhibition
and reduction of dietary MCFA content.

Discussion. Reduction of MCFA content of rat milk from 28 % 16 % did not result in an
appreciable reduction of 30OHB plasma levels aftemexir treatment. This finding was surprising
but may be explained in several ways. Either tliricdon of MCFA in rat milk was quantitatively
insufficient, or the etomoxir inhibition of CPT ihirat pups is only partial, or both. Etomoxir initsb
CPT-I by competitive but irreversible binding of dcetyl-CoA-ester to the catalytic centre (Kiotpes
et al., 1984). In a ketogenic state this might eaugpartial inhibition only because of an abundarice
fatty acid carnitine esters. Whatever the explanmatinay be, etomoxir and dietary reduction of
MCFA in milk are unsuitable to achieve a robustHar reduction of 30HB plasma levels during

insulin induced hypoglycemia in PND 13 rats.
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CHOW High Fat Diet
(20% Safflower)
/ % molar / % molar

C6:.0 1,14 + 0,63 1,65 t 0,81
cs8.0 6,51 + 1,56 3,01 t 0,51*
C 10:.0 14,09 + 0,46 7,01 + 1,59*
C 12.0 7,03 + 1,36 4,77 + 1,34
C 14.0 5,84 + 0,87 6,17 + 1,28
Cc141 0,10 + 0,07 0,12 + 0,09
C 16:.0 16,05 + 1,94 12,36 + 1,01
C 16:1n9 0,25 + 0,00 0,22 t 0,03
C 16:1n7 1,36 + 0,13 1,03 t 0,33
C 18:.0 4,68 + 0,71 3,11 t 0,27*
C 18:1n9 18,10 + 2,05 15,53 t 2,03
C 18:1n7 1,66 + 0,11 1,05 + 0,19*
C 18:2n6 17,73 + 1,50 37,50 + 0,55*
C 18:3n6 0,13 + 0,10 0,96 + 0,22*
C 18:3n3 1,33 + 0,09 0,29 + 0,02*
C 18:4n3 0,06 + 0,02 0,04 t 0,03
C 20:.0 0,08 + 0,02 0,14 t 0,03
C 20:2n6 0,51 + 0,09 0,90 t 0,08*
C 20:3n9 0,06 + 0,05 0,12 t 0,03
C 20:3n6 0,20 + 0,07 0,64 + 0,06*
C 20:4n6 0,79 + 0,13 1,95 + 0,17*
C 20:5n3 0,36 + 0,03 0,19 + 0,05*
C 22.0 0,06 + 0,02 0,23 + 0,26
C 22:1nl11 0,05 + 0,03 0,10 t 0,01
C 22:1n9 0,09 + 0,06 0,02 t 0,01
C 22:4n6 0,05 + 0,01 0,18 t 0,03*
C 22:5n6 0,04 + 0,01 0,08 t 0,07
C 22:5n3 0,37 + 0,10 0,09 + 0,05*
C 22:6n3 0,73 + 0,18 0,09 + 0,04*
C 24.0 0,08 + 0,05 0,05 + 0,04
Cc24:1 0,00 + 0,00 0,00 + 0,00
Saturates 55,56 * 1,99 38,49 + 3,32*
Monoenes 22,07 * 2,26 18,47 + 2,62
n-6 19,45 + 1,79 42,22 t 0,78*
n-3 2,86 + 0,37 0,70 + 0,07*
PUFA 22,38 + 2,19 43,03 + 0,70*
mg total fatper ;5,97 27,45 186,78 " 73,63
ml milk

'(V'C%dfz'”;‘ chain 2877 % 1,26 16,44 + 3,23+

Table 2.2: Diet dependent fatty acid composition of rat milk

Fatty acid composition of rat milk from dams on eentional lab chow and on a
high fat diet; for details see text. Mean + 183, 3, *: p < 0.05, Student’s t-Test.
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Figure 2.21: 30HB plasma levels after etomoxir treatment and high fat maternal diet

30HB plasma levels in response to treatment witimekir in 13-day-old rat pups
receiving rat milk with physiological MCFA conte(dams on chow) or rat milk
with reduced MCFA content (dams on high fat di&xch symbol represents a
measurement from one animal.
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Figure 2.22: 30HB plasma levels after combined etomoxir and insulin treatment and high fat maternal
diet
30HB plasma levels in response to treatment witmekir + insulin in 13-day-
old rat pups receiving rat milk with physiologiddlCFA content (dams on chow)

or rat mil with reduced MCFA content (dams on hiigit diet). Each symbol
represents a measurement from one animal.
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2.9.6 Summary of additional ketone reduction strate  gies and further
perspectives

None of the four tested additional ketone reductstrategies (nicotinic acid, GW6471,
etomoxir, MCFA reduction) had a robustly lowerinffeet on plasma 30HB levels during insulin
induced hypoglycemia. In the absence of promisih@rmacological strategies we decided to
characterize the effect of ketone supplementatiahis model as it is, i.e. with slightly raisecdgina
30HB concentrations in the hypoketotic group. Thesemce of brain injury on initial
neuropathological examination must therefore prisbe considered as part of this model.

Slightly raised 30HB plasma levels, however, may Im® the only cause of the absence of
hypoglycemic injury in this model. Another causeynige the effect of the high fat milk diet on
cerebral protein expression and mitochondrial bieges. A ketogenic diet increases mitochondrial
biogenesis and the expression of mitochondrial uplbog proteins, both with potentially
neuroprotective effects (for a review see (Bougd &Mmo, 2007)). Uncoupling proteins are also
increased in suckling compared to adult rats (%l et al., 2003). Constantly elevated 30HB levels
increase the expression of anti-apoptotic mitochiahgroteins (Puchowicz, et al., 2008). These
effects could increase the resistance to hypoglicémury independently of 30HB levels during

hypoglycemia in our model.

2.10 Overview of the model and further observations

Development of a non-invasive EEG technique wa®tplvto devise a model of EEG-
controlled, insulin-induced hypoglycemia in 13 dalg rats which allows survival of pups after an
episode of sustained hypoglycemia. Monitoring @ispta glucose and 30OHB levels are possible by
lateral tail vein puncture and measurement withdhatd meters, the alertness state of an animal can
be quantified with an alertness score. Figure 2t#8vs a typical example of changes in the alertness
score and EEG suppression ratio during hypoglyceiftia timeline of the model is given in Figure
2.24.
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Figure 2.23: EEG suppression and alertness scor e after insulin injection

Typical changes in EEG suppression ratio (black)liand alertness score (A-
score; filled circles) after 10 U/kg insulin at #n® in 13-day-old rats. Plasma
glucose levels have fallen below 1mM at 1 hr. A Kniacrease in EEG

suppression ratio between 1 and 2 hrs is followed more rapid increase after 2
hrs. The EEG improves promptly after glucose resatsan. Clinical recovery

typically lags behind with improved alertness 15-Binutes after glucose
resuscitation (alertness score after resuscitaidishown).

EEG Electrode EEG Electrode
Placement Removal
Severe EEG
S uppression
Insulin Insulin Glucose
Slfa;Fc?ry and procedural | G L Cerebral Perfusion
onditioning L . ) Neuropathology
Fasting Hypoglycemia Resusc. chsover'y |
3 hours (2-3 hours) ana> urviva
3 days

Removal from Nest Return to Nest

Figure 2.24: Timeline of hypoglycemia model

Timeline of the model of hypoglycemia in infantgaPups are fasted before the
experiment for 3 hours. During the fasting peri&dEG electrodes are placed.
Insulin is administered twice to produce sustaihgdoglycemia (see insulin dose
selection in text). After resuscitation (Resusamyl alinical stabilization of the
animal, the electrodes are removed with acetoneaandals are returned to the
nest. They are closely monitored for 3 hours focureent hypoglycemia or
rejection by the dam. After the survival period raais are sacrificed by
intracardial perfusion according to standard teghes.
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Heart rate and oxygen saturation of pups were rogdt with a MouseOx Pulse oximeter.
Pups tended to develop bradycardia during hypogtieevhich could be avoided with atropine. We
therefore administer atropine routinely one hoterahsulin injection.

Preliminary tests showed that the degree of EEGreggion correlates with the respiratory
rate of the rat pups (Figure 2.25). Baseline vafoeshe respiratory rate are around 120 ‘iar
PND 13 pups, lowest values before successful reatisa at the time of burst suppression coma
around 10 mifl. The respiratory rate is thus a marker of the sgvef the hypoglycemic

encephalopathy in this model.
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Figure 2.25: Suppression ratio and respiratory rate

Correlation of EEG suppression ration with respinatrate during hypoglycemia
in 13-day-old rats. Baseline respiratory rates 426-140 mifi. During the
progression of the effects of hypoglycemia respmatrates decrease. This
decrease correlates with increased EEG suppression Respiratory rates below
10 miri* were generally associated with considerable EE@prassion. Rates
between 20 and 80 showed a range of EEG suppressios between 0.1 and
0.5.
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The progression of the pups to bradypnea and ¥inedkpiratory failure is a limiting
characteristic of this model. Animals were giverygen by face mask when respiratory rates were
less than 30 per min to ensure sufficient oxygearation during hypoglycemic coma. Monitoring of
oxygen saturation confirmed that this strategy iBz&is blood oxygen saturation at low respiratory
rates. However, without resuscitation respirataijufe occurs eventually. This limits the duratmn
experimental hypoglycemic coma in this model. Prglary trials showed that reliable resuscitation
was possible from a state of severe burst suppressima. In this state, the animals show gasping
respiration at a rate of about 8-10 thifThe EEG is completely suppressed between gaspshbws
activity bursts at the time of the gasp. The amtivursts may be the cause of the respiration,
alternatively they may represent a consequenca artafactual potential. A distinction between both
possibilities was not possible in our experimehiswever, for operational reasons we used this state
as EEG defined experimental endpoint for our studie

Glucose resuscitation is performed by combined saneous and intraperitoneal glucose
injections (10 ml/kg 10% dextrose in 0.9% salire and 15 ml/kg 25% dextrose in 0.9% saline i.p.).
This regime resulted in a restoration of plasmacage levels to around 3-5 mM, prompt EEG
improvement, and clinical recovery over a periodiodut 30 minutes.

Returning animals to the nest after hypoglycemia \ganerally unproblematic. However,
because of recurrent hypoglycemia it proved usefubutinely administer subcutaneous glucose 1
and 2 hours to hypoglycemic animals after thewmreto the nest. For resuscitation details seeystud
1. To facilitate re-acceptance of the pups by tm,doups and dam were conditioned to handling and
olfactory stimuli daily on days 7 to 13 before tbgperiment.(2 exposure episodes daily of five
minutes with handling and characteristic smellg, electrode glue, gloves, acetone used for eléetro
removal).

Initial neuropathological examination showed tHaré are no signs of 1 neuropathological
changes upon haematoxylin-eosin and Fluoro Jadai@rgy after hypoglycemia and resuscitation at
severe burst suppression coma in this model (sedose2.8). Behavioural observations of
experimental and control animals after 3 day salvafter the hypoglycemic episode showed no

apparent differences. These observations wererooedi in the systematic experiments of chapter 3.
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3. Effects of D-3-Hydroxybutyrate Treatment

on Hypoglycemic Coma in Rat Pups

3.1 Introduction

Hypoglycemia is a frequent condition in neonated ifiants. Long term neurological sequelae,
including psychomotor deficits and seizure disasddevelop in 30-60% of patients (Burns, et alQ&0
Meissner, et al., 2003, Menni, et al., 2001). Hypogmia in the absence of ketone bodies (hypoletoti
hypoglycemia) is perceived as particularly aggressHypoketotic hypoglycemia is a characteristic
manifestation of persistent hyperinsulinemic hygoghia of infancy (PHHI) or inborn errors of fatty
acid oxidation. It is also the main form of hypazgynia occurring in preterm and small for gestationa
age neonates. Cerebral glucose transporter (Gldefigiency is another example of cerebral glucose
deprivation. It presents with intractable seizudksjelopmental delay, and ataxia.

Ketone bodies (D-3-hydroxybutyrate (30OHB) and aaetbate) are an energy substrate alternative
to glucose for the brain. Ketone bodies are trarisdoacross the blood brain barrier by the
monocarboxylate transporter 1 (MCT-1), and are sgbently metabolized to acetyl-CoA as oxidative
substrate (Morris, 2005). Cerebral ketone bodyzatilon is especially effective in the neonatal aady
infantile period (Nehlig, 2004). In pre-weaninggahysiological ketone utilization accounts for atho
20% of cerebral energy requirements, and is relaidtie high fat content of rat milk. Post weaning,
ketone utilization is virtually zero in a fed stated on a carbohydrate rich diet (Cremer and HA&,
Hawkins, et al., 1971).

Evidence from several experimental studies sugdkatstreatment with ketone bodies or ketosis
induced by high fat diet are neuroprotective durmgpoglycemia: 30OHB treatment improves the
alertness of hypoglycemic mouse pups (Thurstonalet 1986) and reduces hippocampal lipid
peroxidation in hypoglycemic adult rats (Hacesalet2008). Furthermore, ketosis induced by a Hfégh
diet delays the onset of neurological symptomsdintehypoglycemic mice (Johnson and Weiner, 1978)
and reduces neuronal death in post-weaning ratméda, et al., 2005). Yet, clinical translation of
30HB treatment has been limited to a few singlee catadies (Plecko, et al., 2002, Van Hove, et al.,
2003). No clinical trials have been performed iomegtes and infants, the population most susceptble

hypoglycemic brain damage.
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Prerequisite for future clinical use of 30HB in thmotective treatment of hypoglycemia is an
understanding of its capacity and limits to compémgor cerebral glucose deficiency in the develgpi
brain. We thus investigated the effect of 30OHB tirent on the onset of insulin induced hypoglycemic
coma in rat pups (clinical and electroencephaldg@dpand the effects of prolonged ketotic
hypoglycemia on the subsequent clinical course anthe neuropathological outcome. Since rat pups
pre-weaning have a physiologically high capacityderebral 30HB utilization (Nehlig, 2004), theyar

suitable to explore the maximum effectiveness dfiBA@reatment.

3.2 Materials and methods

Animals. All experiments were performed according to thelglines of the Canadian Council on
Animal Care, and were approved by the UniversityBdfish Columbia Committee on Animal Care.
Timed pregnant Sprague Dawley rats were obtairmd f£harles River, Canada. We used female pups
on postnatal day (PND) 13. Age selection was basedge-specific EEG patterns during postnatal
development in rats and on the importance of EE&hgées for the staging of the effect of hypoglycemia
on the brain (Auer, et al., 1984a, Lewis, et a®74b): EEG activity before PND 8 is discontinuous,
comparable to a gestational age of 32 weeks oreean humans, and unsuitable for staging. EEG
patterns in rats on PND 13 are continuous andldeit®r staging. They are comparable to 2-3 month
old humans (Frank and Heller, 1997, Gramsbergeni6,19ucker, et al., 2009, Volpe, 2001). Other
parameters of cerebral maturation in PND 13 raigy@atic, synaptic) correspond to the early poatnat
period in humans (Hagberg, et al., 1997, Romijraletl991). From a metabolic point of view, PND 13
rats are exclusively milk fed and have high cereketone utilization rates (Nehlig, 2004). Adapdatito
a carbohydrate rich diet occurs during weaning fRIYD 17 to PND 21 or later. As there is no evidence
on sex-specific effects of hypoglycemia on the lyrare used only female pups in order to standardize
experimental conditions.

Induction of hypoglycemia and resuscitation. For the duration of the experiment pups were
removed from the nest and kept in an incubator28C3 This ambient temperature stabilizes body
temperature of PND 13 rats at 36-37°C as shownusyown preliminary tests and in agreement with
previous reports (Conklin and Heggeness, 1971)erAdt fasting period of 3 hours, animals were s.c.
injected with 10 U/kg regular human insulin (HunmulR, Eli Lilly, Canada). Because initial trials
showed a tendency toward spontaneous recoveryoafdblucose levels after 2 hours, the insulin
injection was repeated after 2 hours, unless sspjme of EEG activity had occurred prior to thatei
point. Atropine (1 mg/kg s.c., Bimeda-MTC) was adisiered 1 hour after the first insulin dose to
prevent bradycardia, and oxygen was administerdddsmask when respiratory rates were less than 30

min® to avoid hypoxia. Animals were resuscitated by iistration of 10 ml/kg 10% glucose in 0.9%
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saline s.c. and 15 ml/kg 25% glucose in 0.9% sadlime followed by hourly repeat s.c. injections of
glucose for 3 hours. Animals were returned to test after they had recovered their righting refend
were monitored clinically at hourly intervals fort®urs. Re-acceptance of the pups by the dam was
unproblematic as animals had been conditioned tawlllray procedures and olfactory stimuli before
experiments.

30HB Treatment. We determined the ideal dosage of 30HB (D-3-hydbokyrate, Sigma
Aldrich, USA) in a pilot study. We chose a 600 mKar3B solution for subcutaneous injections in order
to administer a maximal amount of 30HB in a mininvalume. Subcutaneous administration of
solutions with an osmolality up to 1400 mOsm/kgresponding to 700 mM 30HB, has been reported
to be safe (Bellin, et al., 2002, Elam, et al., 99We did not observe any tissue necrosis or other
adverse effects after subcutaneous injections gahia pilot study. In order to determine the dosaige
30HB, we subcutaneously injected test doses of &®likg (h = 3) and 5 mmol/kgn = 3), which
resulted in a dose and time dependent increas®idB3plasma levels. Levels peaked between 10 and 20
minutes and returned to baseline at around 60 esndiotal increase above baseline was 4.3 + 0.4 mM
and 2.4 + 0.1 mM respectively, resulting in peakels of around 6.5 mM and 4.5 mM. Experimental
target levels were in the high physiological ramge3-4 mM. For the final experiments we therefore
chose a 6 mmol/kg loading dose and a 3 mmol/kg teaance dose every 30 minutes, which proved
effective in maintaining target levels.

Experimental Design. From each of 5 litters, four female pups were canl¢ assigned to one of
four groups, resulting in 5 animals per group. @rdu was given insulin to induce hypoglycemia
(hypoG); Group 2 was given insulin and the resgltinypoglycemia was treated with 30OHB
(hypoG+30HB); Group 3 was a saline treated nornumghyic control (normoG); Group 4 was a
normoglycemic control treated with 30OHB (normoG+3)H Hypoglycemic (hypoG and
hypoG+30HB) animals were resuscitated with gluceben the EEG showed severe suppression of
electrical activity that was interrupted only byoshbursts associated with gasps of the comatdseahn
(burst-suppression coma), or after a maximum tih& trs after insulin injection. Normoglycemic
animals (normoG and normoG+30OHB) were treated galine or 30HB for the same time as respective
hypoglycemic littermates (hypoG and hypoG+30OHB).ugBOHB-treated normoglycemic controls
received the same total amount of 30OHB as their Bérdated hypoglycemic littermates. Animals
which had stabilized after resuscitation were retdr to the nest and brains were harvested for
histological analysis after 24 hrs. Animals whidt dot stabilize after resuscitation were euthahised
their brains were harvested shortly after resutsciia

Clinical Score. In pilot experiments we found a consistent pattdrohanges in neurological and
vital functions in correlation with the duration thie hypoglycemic state. Based on these obsenrgaiven

developedan alertness score (A-Score) including spontaneonot®r activity, postural reflexes and
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muscle tone and used it to assess brain functiaically during hypoglycemia (Table 2.1). Criteé
the score were based on consistent clinical pragens of the rat pups in preliminary experimefiistal
score 11 denotes an alert animal, 10-9 a slighta8noderate, and 4-0 a severe reduction of atsxtne

Biochemical and Vital Sign Monitoring. Glucose and 30OHB plasma levels were measured with
PrecisionXtra glucose- and ketone-test strips (Abb@mbetes Care, UK) from a blood drop obtained by
puncture of a lateral tail vein. Lower limit of neaement for glucose waslmM. The accuracy of test
strip measurements had been validated by a coropattsenzymatic measurements of plasma samples
for both substances (data not shown) in prelimireqyeriments. Heart rate and oxygen saturation were
measured by pulse oximetry (MouseOx, Starr LifeeBoces, USA). Temperature was monitored with a
rectal probe attached to a PowerLab data acquisiiietem (ADInstruments, USA).

Electroencephalography. Ag-AgCl skin electrodes of 4 mm diameter (Slimtrpotie/ivoMetric,
USA) were attached to the depilated, slightly abch@uprep, Weaver, USA) scalp with collodion glue
(Mavidon, USA) and conductive paste (Ten20, WeavdBA). Two electrodes were placed
symmetrically 2 mm from the midline and about 2 mnterior to a line joining both ears, situated abov
the cortex of both hemispheres. The referenceregetwas placed on the occipital midline. Electsode
were stabilized with a rubber cap. Signals were ldieg with an Animal Bio Amp (ADInstruments,
USA) and digitized with a PowerLab data acquisisystem (ADInstruments, USA) at 1 kHz, for a full-
scale range of 100 pV and a frequency band pass@r8-50 Hz.

The digitized EEG was processed online to extiaetsuppression ratio (SR). The SR is the ratio
of the duration of EEG suppression and the totahtibn of any given EEG epoch. It was calculated
according to Vijn's algorithm (Vijn and Sneyd, 199nplemented on CHART 5 data processing
software (ADInstruments, USA) for an epoch lengti8s. The EEG was defined as suppressed if its
derivative remained within a window of £ 0.4 mVf fat least 200 ms. The choice of parameters was
validated during pilot experiments with awake argnand with animals under isoflurane anesthesia. T
correlate the suppression ratio with the alertrsesse at a given time point, a 5 minute windowhaf t
EEG centered at this time point was inspectedntbst stable part without artifacts was chosen,thad
mean SR was determined.

Brain histology. Rat pups were deeply anaesthetized with 4% isafturand perfused
intracardially with 10% phosphate buffered formdtin 45 minutes, as previously described (Popken, e
al., 2004), and brains were dissected. Brains famimals euthanised shortly after resuscitation were
dissected directly. After further immersion-fixatidor 48-72 hours in the same fixative, paraffin
sections (5 pm) were obtained from four coronat¢levA) Caudate-putamen, B) Anterior Hippocampus,
C) Superior Colliculus, D) Cerebellum. One sectpen level was stained with Hematoxylin eosin, and
one with Fluoro Jade C (Schmued, et al., 2005).
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For immunohistochemistry, sections were incubatild rabbit anti-cleaved-caspase-3 (CICasp-3)
antibody (Cell Signaling # 9661, USA, 1:400) fohilat room temperature after antigen retrievalGn 1
mM Tris/EDTA buffer (pH 9, steamed for 20 min). Abudy detection was with a peroxidase based
ABC Kit (Vector Laboratories, USA), with 3,3'-diambbenzidine (DAB) as chromogenic substrate, and
Hematoxylin as counterstain. The criterion for G@E&-positive cells was the detection of cleaved-
caspase-3 antigen in cytoplasm, because nucleas@i is not necessarily associated with apoptosis
induction (Noyan-Ashraf, et al., 2005, Oomman,|gt2004). For double labeling studies, sectionsewe
consecutively treated with rabbit anti-Olig-2 aotly (Chemicon AB9610, Denmark, 1:1000) and DAB
as substrate, then with anti-ClCasp-3 antibody &fettor SG (Vector Laboratories, USA) as
chromogenic substrate. For negative controls ormtr of the primary antibodies were left out, withh
any non-specific staining. For immunofluorescentldle labeling, sections were incubated with an
antibody cocktail of rabbit anti-ClCasp-3, 1:20Gthaeither mouse anti-CC-1 (Abcam ab16794, USA,
1:200), or mouse anti-GFAP (Chemicon MAB360, Derinar800). Detection was with suitable FITC
and Alexa Fluor 594 conjugated secondary antibodies

Statistical Analysis. Time to event data were analyzed by Kaplan Meietsphnd logrank test,
multiple comparisons for physiologic data and eoghilic cell counts by one way ANOVA and
Bonferroni post hoc test, changes in physiologicaldes by paired T-tests, SR-ratios for alertness
stages were compared by two sample T-tests, prastcigation glucose levels by the Mann Whitney, test
and correlation between apoptotic cells and tim&HEs suppression by linear regression after natural
logarithmic transformation. Post-resuscitation gke levels below the lower level of detection (1 )mM
were assigned a value of 0.5 mM for statisticallyemia after we had confirmed the robustness of the
Mann Whitney test for any values below 1 mM for oata. For all statistical analysps< 0.05 was

considered significant.

3.3 Results

Clinical and electroencephalographic characteristics of the hypoglycemic encephalopathy.
Plasma glucose levels dropped to less than 1 mNirlditer insulin injection, and remained low dgrin
the clinical and electroencephalographic progresstocoma. Clinically, animals progressed from an
alert state with intact motor function, to ataxra&orelimb weakness, followed by clonus-like pushi
with the back legs, loss of the righting reflexpgressive bradypnea, opisthotonus-like posturing, a
finally minimal responsiveness to pain stimuli, sevbradypnea, and truncal flaccidity. The EEG gdiss
through the characteristic stages of slow backgitoactivity during this progression and ultimately
showed severe suppression with occasional bursl®wrwaves (Figure 3.1). Within 5-10 minutes after

glucose resuscitation, the EEG reverted to a coatia background activity, and animals typically
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returned to a clinically alert state after 15-30nutes. Animals did not develop clinical or

electroencephalographical evidence of seizuremyasimge during hypoglycemia.

2s
50 uv
Baseline —= Slowing —= Burst Suppression —=  Resuscitated

at about 1.5 hrs at about 2.5 hrs

Figure 3.1: EEG changes during hypoglycemia

EEG changes during insulin-induced hypoglycemid3rday-old rats. Approximate
time course is given for untreated animals in hafter insulin injection. Plasma
glucose levels were < 1 mM one hour after the agmation of insulin.

Time course of clinical and electroencephalographic progression to coma in hypoG+30HB

and hypoG animals. HypoG+30OHB pups showed sustained hyperketonemiapdstrated by 30HB
plasma levels of 3-4mM 1.5 hrs after insulin andhat end of the experiment (Table 3.1). The onket o
severe clinical coma (A-score < 4) was delayed @yminutes in hypoG+30HB compared to hypoG
(189 + 18 vs. 116 + 13 min, mean = S~ 5, p = 0.015, Figure 3.2 A). Burst-suppression coma
occurred about 50 minutes after the onset of sevlmgEal coma in hypoG+30HB, compared to 30
minutes in hypoG. Overall, the onset of burst-sappion coma was delayed by 90 minutes in
hypoG+30OHB compared to hypoG (238 + 18 vs. 148 fmir2 mean + SDp = 5,p = 0.002, Figure 3.2
B). HypoG+30OHB pups showed greater preservatiocanitinuous EEG activity at a given alertness
score during the clinical progression to coma (FegB.2 C), whereas at the end point of the experime
and prior to resuscitation the degree of EEG siggiwa was comparable in both groups (SR: 0.854 0.2
in hypoG+30HB, 0.76 + 0.11 in hypoG; mean + SD)Il @doups were similar with respect to body
temperature, oxygen saturation and heart ratesafiba and at resuscitation (Table 3.2). HypoG afém
received oxygen for a total of 20-30 minutes duniegpiratory depression during coma, hypoG+30HB
animals received oxygen for a total of about 0-1Qutes because respiratory rates were generalhehig
during coma. This regime resulted in normal oxygeturation rates at the time of resuscitation ith bo
groups (Table 3.2). Normoglycemic control animaéated with 30OHB (normoG+30HB) had normal
alertness scores and regular EEG activities dtnaéls during the experiment. In summary, clinicadl a
electrophysiological tolerance to hypoglycemia weseased in hypoG+30OHB animals. This resulted in

a significantly longer exposure to hypoglycemiadpefresuscitation compared to hypoG.
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Glucose 30HB
Baseline 1.5hrs Endpoint Baseline 1.5hrs Endpoin

Group mmol / | mmol /|

HypoG 6.0+15 <10 <1.0 2.0+0.4 0.9+0.2 0.8+0.1
HypoG+30HB 7.4+15 <10 <1.0 2.0+0.7 36+09 3.8+0.48"
NormoG 6.4+12 6.7+x1.0 53x1.1 20x04 83 1.1+04
NormoG+30HB 6.5+09 55+03 5.2+0.9 15+£0.3 35+0% 48+0.8"
ANOVA F3 6 0.9 n/a n/a 1.1 37.4 52.8

Table 3.1: Glucose and 30HB plama levles

Glucose and 30HB plasma levels (mean + 1 SD) atlin@s 1.5 hours after insulin
injection, and at the endpoint of the experimentrgb suppression coma for hypoG
and hypoG+30HB, respective timepoints for normo@ aormoG+30HB). Lower
limit of measurement for glucose was 1 mM; < 1ImMigates all measurements in
one group were below this limit. Mean + 1 SB= 5; " p<0.05 vs. normoG,p<0.05
vs. hypoG (One Way ANOVA and Bonferroni post host t& values in table).
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Figure 3.2: Progression of 30HB treated and untreated hypoglycemic animlsto clinical and EEG coma
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Figure 3.2 (continued):

Progression of insulin-induced, hypoglycemic eneégpathy in untreated (hypo@,

= 5) and 30HB-treated (hypoG+30OHB, = 5) hypoglycemic 13-day-old rats.
Normoglycemic controls (normoG and normoG+30OHB)ved no clinical or EEG
changes during the experiment. A: Kaplan Meier Riotime from insulin injection
to the onset of clinical coma (Alertness score <Bt)Kaplan Meier Plot for time
from insulin injection to the onset of burst sumgsien coma. One treated animal
reached the maximum time limit of the experimenbdiours after insulin injection
without EEG suppression (censored observation).s Ténimal was clinically
comatose and developed a short episode of EEGesgipn during glucose injection
for resuscitation. C: EEG suppression ratios aasediwith different alertness states
during the progression to coma (11: alert, 10-@hdly reduced, 8-5: moderately
reduced, and 4-1: severely reduced alertness)ppo®yand hypoG+30HB rat pups.
Error bars = 1SD; p < 0.05, t-Test.

RESPIRATORY OXYGEN HEART
TEMPERATURE RATE SATURATION RATE
Baseline Endpoint Baseline Endpoint Baseline Emtpo Baseline Endpoint
Group °C mift % min?
HypoG 36.6 +0.9 35604 126+12 10+ 8 98404 98809 387 +35 406 + 31

HypoG+30HB 36.6+1.3 36.5+1.3 130+12 5949 98.6+0.5 98.9+0.5 432 + 67 479 + 58

NormoG

37.7+£0.6 36.3+1.3 129z%21 112+6 97.7+1.3 97.7+1.2 391 +43 4285

NormoG+30HB 374+0.9 36.2+0.8 136+17 115+11 98.4+0.9 98.3+0.6 411+39 8448

ANOVA F3 6 1.2 1.6 0.3 88.9 2.7 1.2 1.3 2.6

Table 3.2: Vital parameters

Physiologic parameters (mean + 1 SD) for 13-daly-dt pups from hypoG,
hypoG+30HB, normoG, and normoG+30HB groups. Endpdiarst suppression
coma for hypoG and hypoG+30OHB, respective timepoiftr normoG and

normoG+30HB;" p < 0.05 vs. baseline (paired T-test). No signiftcamer-group

differences at baseline and endpoint except fopira®ry rates:” p < 0.05 vs.

normoG, normoG+30HB, hypoG' p < 0.05 vs. normoG, normoG+30HB,
hypoG+30HB (one-way ANOVA and Bonferroni post hestt F values in table).

Resuscitation and Survival. Upon onset of EEG burst suppression we terminatesl t

hypoglycemic state by combined s.c. and i.p. adstration of glucose. This treatment resulted in a
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recovery of EEG background activity in both hypol dypoG+30HB animals. Concomitant recovery
of clinical alertness occurred in 80% (4/5) of h@@pups and these remained alive until the endmdint
the study 24 hours later (survival rate of 80%).hypoG+30HB only 40% (2/5) recovered clinical
alertness after glucose resuscitation and thisvesgowas only transient because all animals in
hypoG+30HB developed recurrent coma, EEG suppnesaitd bradypnea, necessitating euthanasia 30-
60 minutes after resuscitation. In summary, then@dr survival rate was 80% in hypoG and 0% in
hypoG+30HB p = 0.034, Log Rank test).

Glucose levels after resuscitation were lower ipd@+30OHB compared to hypoG animals (1.4
(2.5) vs. 3.5 (1.1) mM at 10 min after glucopes 0.02; 1.5 (1.2) vs. 4.6 (4.1) mM at 30 min after
glucosep = 0.02; median (interquartile range), Mann-Whittbest).

When hypoG+30OHB pups were resuscitated at the sameas their hypoG littermates (about 90
min earlier, data not shown,= 4), they survived at the same rate as, and theyhad similar post-
resuscitation plasma glucose levels as untreat@ddhycemic animals (4.8 (2.7) mM 10 min after
glucose, and 6.9(9.2) mM 30 min after glucose; mmedinterquartile range)). 30OHB administration
without prolonged hypoglycemia thus did not regultesuscitation failure.

Neuropathology. Fluoro Jade C staining of sections from the fouronal levels examined
showed that selective neuronal death had neitharrged in hypoG+30OHB nor in hypoG animals (see
also section 2.8). H&E stained sections showednanease in eosinophilic cells in white matter of
hypoG+30HB animals (Figure 3.3 A, B), indicatingleséive cell death. The mean number of
eosinophilic cells in anterior corpus callosum, guilum, and external capsule of 3OHB-treated
hypoglycemic animals was 20-fold larger than inteshhatter of normoG, normoG+30HB, and hypoG
animals (Figure 3.3 C). HypoG+30OHB pups that wesscitated at the same time as hypoG littermates
showed no increase in white matter eosinophilis@mpared to hypoG, normoG, or normoG+30HB
animals ( = 4).

We used cleaved-caspase-3 (ClCasp-3) immunohistostrg as a marker of apoptosis to further
characterize this finding (Figure 3.3 D, E). Quficaition of ClCasp-3-positive cells demonstrated
apoptotic cells per section in corpus callosumhia following humbers (mean + 1SD): hypoG+30HB:
112 £+ 68 6 = 5); hypoG: 1 £ 1 = 4); normoG: 5 = 2 = 5); normoG+30HB: 3 + 1n(= 5).
HypogG+30HB animals that were resuscitated at #mestime as untreated hypoglycemic littermates
had 1 + 1§ = 4) CICasp-3-positive cells in corpus callosum gection. Thus, numbers of ClCasp-3-
positive cells were similar to results from H&E istag (Figure 3.3 C). Correlation analysis of the
number of CICasp-3-positive cells in white matter pection with total time between insulin injeatio
and resuscitation in hypoG+30HB shows a clear as®eof apoptotic cells with time (Figure 3.3 F;
linear regression of logarithmically transformed ce@mbers against time yields a regression caoefiic

of 1.8 + 0.3 SEr® = 0.83).
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Figure 3.3: White matter injury after untreated and 30OHB treated hypoglycemia
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Figure 3.3 (continued):

White matter injury after insulin-induced hypoglya@ in untreated (hypo®, = 4, 1
resuscitation failure) and 30HB-treated (hypoG+3QHB= 5) 13-day-old rats,
compared to normoglycemic controls (hormoG and w&@wB8OHB). All analyses
are from a coronal level of the anterior corpudosalm, corresponding to bregma -
0.2 mm in adult rat brain (Paxinos, 1997). Scaleshb200 pm for overview
micrographs, 10 pum for insets. For quantificatioe]l counts per section were
obtained from cortex (cingulate cortex to rhinasfire) and white matter (corpus
callosum, cingulum, and external capsule). A, Brpbs callosum, H&E stain. A:
normoG+30HB; B: hypoG+30HB; black circles indicaesinophilic cells, inset
shows typical eosinophilic cell with pink cytoplasand pyknotic nucleus. C: Mean
eosinophilic cell counts in cortex and white matinains from hypoG, normoG, and
normoG+30HB animals were harvested 24 hrs afteroflypemia, brains from
hypoG+30HB animals were harvested shortly after bypoglycemic episode
because of survival failure, p < 0.05 (one way ANOVA and Bonferroni post hoc
test, F315 = 1.1 for cortex,F3;5 = 10.0 for white matter). D, E: Corpus callosum,
cleaved-caspase-3 (ClCasp-3) immunohistochemigtty lvematoxylin counter stain.
D: normoG+30HB; E: hypoG+30HB; insets show diffarggpical morphologies of
ClCasp-3-positive cells, possibly correspondingdiiferent stages of apoptosis. F:
Number of CICasp-3-positive cells in white mattgriast duration of hypoglycemia
(time between insulin injection and resuscitatiomhypoG+30HB. For baseline cell
counts (time 0 hrs), an additional set of completehtreated and age-matched
animals 6 = 4) was used to exclude physiological apoptosisPIND 13 and
dissection or fixation artifacts as confoundingtéas. Brains of these control animals
were immersion fixed only, like those of 30HB-tredihypoglycemic animals.

To identify the type of dying cells, we used immuduuble-labeling for ClCasp-3 and the
oligodendrocyte marker CC-1, the oligodendrogliabdge marker Olig-2, and the astrocyte marker
GFAP respectively, and analyzed sections from theo8t affected animals (Figure 3.4). 41 + 10 % of
ClICasp-3-positive cells co-labeled for CC-1, 16 %%or Olig-2, and none for GFAP. CC-1 typically
identifies the somata of myelinating (mature) oligodrocytes (Bhat, et al., 1996, Fuss, et al., 2000
whereas the transcription factor Olig-2 is exprdsdgy pro-oligodendrocytes, pre-myelinating
oligodendrocytes, and myelinating oligodendrocyfies, et al., 2000, Nicolay, et al., 2007) in white
matter structures. These data indicate that whigttem injury in hypoG+30HB is largely due to

oligodendroglial apoptosis.
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Clcasp-3 G, olig-2 CiCasp-3

9
/7‘

CICasps8 ClCasp-3 |:| Olig-2 CiCasp-3

HypoG+30HB Control
(n=3) (n=3)
Cl-Casp-3 + CC-1 154 /392 2/19
(40 + 10 %)
Cl-Casp-3 + GFAP 0/388 0/10
(0 %)
Cl-Casp-3 + Olig-2 48/322 5/13
(16 £9 %)

Figure 3.4: Doublelabelling studies of apoptotic white matter cells

Characterization of apoptotic white matter celtavircorpus callosum, cingulum, and
external capsule in hypoG+30HB rat pups by douakeling studies, compared to
age matched controls. A-G: Representative micrdgrafrom double labeling

experiments for ClCasp-3 and three cell type matkscalebars: 20 um. A-D:

Oligodendroglial marker CC-1; white arrows indic&tCasp-3-positive cells in A,

CC-1-positive cells in B, and one double-positied ¢yellow, long arrow) and one

cell positive for CICasp-3 only (green, short aryomwD (superposition of A and B).

E-F: Astroglial marker GFAP; white arrows indica@#Casp-3-positive cells in D,

GFAP-positive cells (perinuclear cytoplasm) in BdaClCasp-3 only labeled cells in
F (superposition of D and E). H-G: Oligodendrogliaeage marker Olig-2 (brown

nuclei); black arrows indicate a ClCasp-3 only leHecell in H, and a double-

positive cell in G. I: Total number of double-pdgit cells per section as a proportion
of total ClICasp-3-positive cells in white matterorr three worst affected

hypoG+30HB animals, compared to three age-matcbetials; mean percentages in
brackets (mean £ 1 SD).
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3.4 Discussion

Treatment with 30OHB prolonged the latency to orefetlinical and electrophysiological coma,
but the longer exposure to hypoglycemia was astsutigith mortality after resuscitation and with tehi
matter injury. The course of cerebral symptoms rdurhypoglycemia is determined by a gradual
depletion of cerebral energy substrates resultingioenergetic failure and coma (Ghajar, et al§219
Lewis, et al., 1974b, Suh, et al., 2007b). The olesk capacity of 30HB to delay the development of
cerebral symptoms during hypoglycemia, but not tevent it, can be explained by the different
metabolic functions of glucose and 30HB. 30HB msikir to glucose in that both are converted in the
same ratio to acetyl-CoA. Acetyl-CoA serves as gomaource for oxidative mitochondrial energy
(ATP) generation. Continuously high 30HB plasmaelsvin our experiment should therefore have
provided a constant supply of oxidative substratthé brain. 30OHB differs metabolically from glueos
because it is not a substrate for glycolysis. Gateplycolysis is a major anaplerotic resource, and
provides substrates for the pentose phosphate pgth@erebral anaplerosis via the formation of
pyruvate and oxaloacetate is an important pathwagdrebral glutamate and neurotransmitter syrghesi
(Bartnik, et al., 2007, Oz, et al., 2004, Patehlet2003). The pentose phosphate pathway is eaistem
the maintenance of cellular redox defenses thrabhghgeneration of NADPH (Ralser, et al., 2007).
Thus, from a biochemical point of view, 30OHB camyde acetyl-CoA and compensate for a lack of
oxidative substrates, but it cannot support glysislyanaplerosis, and the pentose phosphate pathway
These biochemical limitations may explain why 30t@ated hypoglycemic animals became eventually
comatose, despite ongoing acetyl-CoA supply.

The stability of pulse rate and oxygen saturatlonughout prolonged hypoglycemia suggest that
30OHB also had a cardio protective effect. Yet thartality shortly after an initial electrophysiolagi
response to i.p. glucose at the end of the expetimdifficult to explain. Glucose reperfusionury via
increased production of reactive oxygen specieshimog a reason (Suh, et al., 2007c). Effects of
prolonged hypoglycemia on other organs were nashgated but could have contributed. For example,
pulmonary edema has been described as a compficatigprolonged hypoglycemia (Ortega, et al.,
2000). The moderate increase of blood glucose deaftbr resuscitation is also difficult to explain.
Impaired resorption from the peritoneal space duesudden cardiovascular failure after prolonged
hypoglycemia may have been one reason. Toxic sfieicBOHB as a cause of resuscitation failure are
excluded because resuscitation failure did not oeden hypoG+30HB animals were resuscitated at
the same time as their hypoG littermates. Regasdtdsthe unexplained mechanisms leading to
resuscitation failure, its occurrence suggests tti@pathophysiology underlying the comatose states
hypoG and in hypoG+30HB animals differs. This maweé implications for a clinical translation of
30OHB treatment.
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We found a positive correlation between the numbierapoptotic cells in white matter of
hypoG+30HB pups and the total time of hypoglyceilarmoG+30HB pups and hypoG pups did not
develop white matter changes, probably becausesbbeer exposure of white matter cells to glucose
deprivation. The absence of white matter injunhypoG+30HB pups resuscitated at the same time as
their hypoG littermates largely excludes toxic effeof 30HB as a cause of white matter injury. The
apoptotic cell population consisted largely of nnatumyelinating oligodendrocytes, as shown by deubl
labeling experiments with cell-type specific magkeb0% of cells were not identified by our labeling
technique and could represent a different cell fadjmn, such as microglia, which was not targetgd b
the antibodies used. The high proportion of myaeiiga oligodendrocytes among apoptotic cells is
mirrored by the predominance of this stage of aleyulrocyte development in rats on postnatal day 13
(Craig, et al., 2003). Myelinating oligodendrocytae also the predominating oligodendroglial oglet
in human brain after birth (Back, et al., 200M).vitro studies have shown that myelinating mouse
oligodendrocytes and oligodendroglial cultures froeonatal rats are vulnerable to glucose deprinatio
(Yan and Rivkees, 2006, Zuppinger, et al., 1981igddendrocytes are highly susceptible to oxidative
injury (McTigue and Tripathi, 2008). Suppressedcglysis during hypoglycemia and an associated
failure of the pentose phosphate pathway to maintdracellular redox defenses may have contributed
to cell death despite the availability of 30HB asmgy substrate.

We did not find signs of neuronal death even gitetonged hypoglycemia. This is in contrast to
findings in adult rats where selective neuronaltidedirectly correlates with the duration of EEG
suppression (Auer, et al., 1984b). Induced by thgh Hat content of milk, rat pups are in a
physiologically ketotic state which may have resdltn a selectively neurono-protective effect dgrin
hypoglycemia (Yamada, et al., 2005). Potential rae@dms include stabilization of the hypoxia-
inducible-factor (HIF) &, a neuroprotective regulator protein, and uprdguaof the anti-apoptotic
protein Bcl-2 (Puchowicz, et al., 2008). Ketosisoaincreases the expression of cerebral mitochaindri
uncoupling protein (UCP) 2, which is known to irese resistance to neuronal death (Mattiasson,, et al
2003, Sullivan, et al., 2004).

Resuscitation failure necessitated early euthardss®HB treated animals, resulting in two time
points for brain collection after resuscitation. iSThcomplicates the interpretation of our
neuropathological data, since cell death proceasesime dependent. Oligodendroglial apoptosis in
models of hypoxic ischemic injury in developingsras histologically apparent 24 hrs after the inhsul
(Back, et al., 2002, Follett, et al., 2000), sudiggsthat white matter injury in untreated hypogiyuc or
30OHB-treated euglycemic control animals would h&een apparent on H&E or CICasp-3 stains at
24hrs after resuscitation.

NormoG+30OHB animals showed no clinical impairmemtd no signs of cellular injury.
HypoG+30OHB animals which were resuscitated at Hmestime as their hypoG littermates showed no
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signs of cellular injury and no increased mortatigmpared to hypoG. Therefore toxic effects of 30HB
treatment in this study can largely be excluded.

In conclusion, 30HB delays the onset of clinicaldaelectrophysiological coma during
hypoglycemia. Prolonged hypoglycemia is associatigid high mortality and white matter injury. These
observed limitations of the effect may be relatedmnaplerotic or glycolytic deprivation. They colild
overcome by a combined administration of 30OHB witlaplerotic and gluconeogenic substrates. Further
experimental studies in particular of the undedyipathobiochemistry will serve to find optimal

treatments for patients at risk for hypoglycemiaibrdamage.

76



Chapter 4: 30HB and Anaplerosis

4. Protective Effects of D-3-Hydroxybutyrate
and Propionate during Hypoglycemic Coma:
Clinical and Biochemical Insights from Infant

Rats

4.1 Introduction

Hypoglycemia is a frequent condition in neonated arfants which may result in long term
neurological sequelae like psychomotor deficits apitepsy (Burns, et al., 2008, Meissner, et 4032
Menni, et al., 2001). Hypoglycemia in the absenéeketone bodies is perceived as particularly
aggressive. It typically occurs in small for gestaal age and preterm neonates and in some inborn
errors of metabolism, such as persistent hypeiimsmic hypoglycemia of infancy (PHHI) and fatty éci
oxidation disorders.

Ketone bodies, such as D-3-hydroxybutyrate (30HBJ acetoacetate, are a cerebral energy
substrate alternative to glucose. They are tramspolacross the blood brain barrier by the
monocarboxylate transporter 1 (MCT-1) and are sylsetly metabolized to acetyl-CoA as an oxidative
substrate. The extent of cerebral ketone utilizatsoespecially high in the neonatal period (rewdvn
(Nehlig, 2004)). Experimental evidence suggests kktone bodies can sustain electrical responses in
brain slices in the absence of glucose (Arakawal.e1991, Izumi, et al., 1998, Wada, et al., 1987
that 30OHB treatment improves the alertness statacfse pups in a hypoglycemic coma (Thurston, et
al., 1986). Still, the capacity of 30OHB to suppbrain function over extended periods of glucose
deprivation is limited. We have shown recently tkatone body supplementation increases the latency
to hypoglycemic coma in rat pups. We could alsowshbat prolonged latency to electroclinically
symptomatic hypoglycemia is associated with whitattar injury (chapter 3). The biochemical
background of these limitations is poorly underdtodne possibility is that 30HB cannot compensate
for an anaplerotic deficit in the absence of suthes arising from glycolysis. In the brain anapésas

essential because the pool of citric acid cyclermediates is the exclusive source of glutamate
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synthesis, which is required for neurotransmittetabolism and ammonia detoxification (Oz, et al.,
2004, Sibson, et al., 2001, Xu, et al., 2004). Prmge is an alternative anaplerotic substrate secd is
metabolized to succinyl-CoA, a citric acid cycléeirediate (Martini, et al., 2003, Nguyen, et 2007,
Reszko, et al., 2003) (Figure 4.1). We hypothesthatitreatment with propionate additionally to 3®H
improves cerebral anaplerosis and that this iscéssnl with an improved treatment outcome. To
address this hypothesis we investigated the climind biochemical effects of 30OHB supplementation
during hypoglycemic coma and the potentials of @oiddl propionate as an alternative anaplerotic

substrate in an infant rat model of insulin indubggdoglycemia.
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Figure 4.1: Metabolic pathwaysfor glucose, D-3-hydroxybutyrate, and propionate

Metabolic pathways for glucose, D-3-hydroxybutyraa@d propionate. Glycolysis
serves several metabolic functions, including tlemegation of acetyl-CoA for
oxidation, the generation of NADPH for redox defemsand the generation of
oxaloacetate for anaplerosis. 30HB catabolism cawige acetyl-CoA for oxidation
only. Propionate is metabolised to succinyl-CoA aramlld thus represent an
alternative anaplerotic source. Note that suco@yh, which is produced by
propionate metabolism, is not only a citric acicleyintermediate but is also required
for the ketolytic activation of 30OHB. During hypggkemia glutamate is utilized as
endogenous energy substrate (dashed lines). Faljose- or transamination to alpha
ketoglutarate, it enters the citric acid cycle @donverted to oxaloacetate. Glucose
deprivation results in a shortage of acetyl-CoA,tlsat citric acid synthesis from
oxaloacetate is blocked. Instead, oxaloacetatemimaded to aspartate, so that the
citric acid cycle appears to be only partially eeittruncation, (Sutherland, et al.,
2008)).
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4.2 Materials and methods

Experimental setting. All experiments were performed according to th&lglines of the Canadian
Council on Animal Care, and were approved by trelldAnimal Care Committee.We used Sprague
Dawley rat pups on postnatal day (PND) 13. At tne, in rat pups the cerebral metabolic rates for
glucose undergo a steep increase, equivalent tor@mold human infants (Kinnala, et al., 1996, Nghl
et al., 1988). For induction, maintenance, and tooinig of hypoglycemiave used an experimental
setting as previously decribed (chapters 2 & 3)efBr, we induced and sustained hypoglycemia with a
subcutaneous injection of 10 U/kg regular humanlingHumulin R, Eli Lilly, Canada) at the startipb
of the experiment and a repeated dose after 120tesnWe monitored heart rate and oxygen saturation
by pulse oximetry and respiratory rates by obsewmai/e administered atropine (1 mg/kg s.c.) 1 hour
after the first insulin dose to prevent bradycari@ administered oxygen by facemask when respjrato
rates were less than 30 mino avoid hypoxia. For assessment of clinical brfainction we used an
alertness score (A-score) evaluating voluntary mmms, tone, posture, and reflexes as previously
described (Table 2.1). Scores range from 11 an@d @ehoting alertness and slight reduction of agms$n
to 4-0 denoting deep comBor assessment of electrical brain function welweectroencephalography
and quantitative analysis of the suppression &) as decribed. The SR is the ratio of the duration of
suppression and the total duration of any given ERGch.

Treatment Protocol. After the induction of hypoglycemia, animals pragged clinically and
electroencephalographically through characteristiges to a deeply comatose state. When the EEG
showed burst-suppression coma, animals were tréatéulee groups with either a single dose of D-3-
hydroxybutyrate (30OHB), or D-3-hydroxybutyrate cangd with propionate (3OHB+Prop), or a single
dose propionate (Prop). Treatment was given asusambeous injection of 6 mmol/kg sodium D-3-
hydroxybutyrate (sterile, neurtalized solution 6061M, Sigma, USA), 1.5 mmol/kg sodium propionate
(sterile, neutralized solution of 350 mM, Sigma,A)Sor equivalent amounts of saline in respective
combinations.

Dose selection for 30OHB was based on target pldsweds in the high physiological range for rat
pups of around 4 mM. The best dose to attain tdegets was determined in a pilot study (Schutalet
2011b). We chose a 600 mM 30HB solution for submedas injections in order to administer a
maximal amount of 30OHB in a minimal volume. Suboet@us administration of solutions with an
osmolality up to 1400 mOsm/kg, corresponding to M 30HB, has been reported to be safe (Bellin,
et al., 2002, Elam, et al., 1991). There was ndexie of tissue necrosis in preliminary studiesgéta
plasma levels for propionate were chosen in anatogstudies on anaplerosis from propionate in pig
heart and liver as 0.3-1 mM (Matrtini, et al., 20B&szko, et al., 2003). Observations showed tdatse

of 1.5 mmol/kg produces serum levels in the targege.
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Experimental Design. In a first set of experiments we investigated th@aal and electrical brain
function during a period of 60 minutes following@&atment. At the end of the experiment animals were
euthanized. Each of the 3 groups was randomly sgi@ pups (three littermates per experiment from a
total of 7 litters). We performed a second setxgfezgiments to analyze the brains biochemicall\netd
time points: Before insulin injection; at the tinoé coma / prior to treatment; and 30 minutes after
treatment with D-3-hydroxybutyrate alone or in camattion with propionate. Each group was assigned 7
pups (four littermates per experiments from a tofa¥ litters). At the end of the experiment animal
were sacrificed by decapitation and heads were iately frozen in liquid nitrogen for further
biochemical analysis in brain homogenates.

Plasma glucose and D-3-hydroxybutyrate levels were measured from a blood drop obtained by
puncture of a lateral tail vein at various timengsiduring the experiments with PrecisionXtra gheco
and ketone-test strips (Abbott Diabetes Care, Wkjver limit of measurement for glucose wagdmM.

For determination of serum propionate kinetics, animals were s.c. injected with 1.5 mmol/kg sodium
propionate and serum samples were obtained byazaplincture at 0, 7, 15, 30, and 60 minutes after
injection (terminal procedure after isoflurane asthesian = 3 per timepoint). Propionate was measured
by LC-MS using fHs]propionate (CDN Isotopes, Canada) as internaldstah a G-HPLC analytical
column for elution, followed by detection by magsecrometry operating in the negative ionization
mode. The lower limit of detection as determinedpmeliminary experiments was 10 pumol/l serum
propionate

For biochemical analysis of brain metabolites, samples were dissected on dry ice from frozen
forebrain.Brain acylcarnitine profiles weredetermined by MS/MS as described by van Vlies .e2@05
with minor modifications (van Vlies, et al., 20050-100 mg tissue samples were extracted by
sonication in 80% acetonitrile containimiHf]L-carnitine, fHs]propionyl-L-carnitine, fHsJoctanoyl-L-
carnitine, and?Hz]hexadacanoyl-L-carnitine (obtained from Hermated. Brink, VU Medical Hospital,
Amsterdam, The Netherlands) as internal standémdsontrast to the original publication of the nedh
tissue samples were not freeze-dried, since initels demonstrated that freeze-drying had no aidge
in our hands. We used propyl-derivatives insteaadnofe commonly used butyl-derivatives because
butylated acetyl-carnitine cannot be distinguishaddem mass spectrometrically from butylated
glutamate. For determination bfain amino acids, ammonia, and pentose phosphate metabolites, 100
mg tissue samples were extracted with 0.5 ml 1tperic acid in a manual glass tissue grinder @ ic
After centrifugation, the supernatant was neutealizvith 0.7M tripotassium phosphate. Aminoacids
(aspartate, alanine, valine, leucine, isoleucih&agate, glutamine) and GABA were measured as thei
fluorenylmethoxycarbonyl (FMOC) derivatives by HPIMS/MS after addition of respective stable
isotope labeled internal standards (Mills, et 2006). The peaks for leucine and isoleucine wete no

resolved with our settings, and results are redoda® a combined measurement for b@&mmonia
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levels were determined with a kit as per manufactsirinstructions (Ammonia Assay Kit, Sigma
Aldrich, USA). Intermediates of the pentose phosphmathway were determined by HPLC-MS/MS as
described by Wamelink et al. (Wamelink, et al., 200

Satistical analysis. Group comparisons for 2 groups were made by &tigld test, and for
multiple groups by one way ANOVA followed by TukeyHSD test. Clinical outcome in 30HB and
30HB+Prop groups was compared by Fisher's exactDifferences were considered significant fior

0.05. Data are given as mead standard deviation.

4.3 Results

Plasma glucose levels dropped progressively to less than 1 mMaladut 1.5 hr after insulin
injection, and remained low during the entire expent. Mean total time between insulin injectiordan
treatment was 143 = 26 minutes.

Course from induction of hypoglycemia to burst suppression coma: Plasma 30OHB levels dropped
from 1.6 £ 0.4 mM at baseline to 0.6 £ 0.1 mM (me&ahSD) at the time of coma. Burst suppression
coma was reached about 2-3 hours after insulirctioje. Clinically, animals progressed from an alert
ambulatory state (A-Score 11) to ataxia and forelweakness (A-Score 9-10), followed by clonus,
opisthotonus and loss of the righting reflex, aimdlfy minimal responsiveness to pain stimuli, seve
bradypnea, and truncal flaccidity (A-Score 4-0)eTBEG passed through the characteristic stages of
slow background activity during this progressiond amtimately showed severe suppression with
occasional bursts or slow waves (burst suppressiora). One animal from the 30HB+Prop group died
before reaching the comatose stage.

Effects of treatment with 30HB and propionate. Respective treatments resulted in a 4-fold increase
of plasma 30HB and in a 100-fold increase of plagr@pionate levels compared to baseline. Peak
levels of 30OHB and propionate were reached 30 raghahd 7 minutes after treatment, respectively. (Fig
4.2). Mean plasma 30HB peak levels were similagra8OHB and 30HB+Prop treatment (4.1 + 0.4
mM in 30HB and 3.8 + 0.5 in 30HB+Prop, mean+1SDytBtreatments resulted in reversal of EEG
activity from burst suppression to complete coritinin all animals. This reversal occurred betwé&en
10 minutes after administration of 30HB and las#®&®50 minutes (Fig. 4.2). EEG suppression
invariably recurred when plasma 30HB levels fehiagpelow 1.5-2 mM.

Clinically animals were severely comatose at thmetiof burst suppression coma with and
alertness score < 4. Scores remained low in aflidas treated with 30HB alone (1 animal died befor
it reached coma) but resolved to normal (A-Sco8) i 5/7 (71%) animals treated with SOHB+Prgp (
= 0.02, Fisher's Exact Test). Improved alertnessuned at the time when maximum plasma 30HB

levels had been reached and cerebral C3 carndiredsl were high. (Fig. 4.2). Improved alertnestelhs
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15 + 5 min. The two clinically unresponsive animalshe 30HB+Prop group remained in a stable coma
with reversion of EEG suppression to continuoussgigtwithin the 60 minute-observation peridéups
treated with propionate only showed neither an electroencephalographical mdinial response. They
all developed isoelectric EEG and respiratory failseveral minutes after treatment, necessitating
euthanasia.

Clinical coma reversal in 30HB+Prop
-

EEG suppression reversal

(p)-30HB

(c)-C3 Carnitine

(p): Plasma conc. / mmol/l
(c): Cerebral conc. / nmol/g

o (p)-Propionate
0 T T I T I 'ﬁ'
0 10 20 30 40 50 60

Time after injection / min
Figure 4.2: 30OHB and propionate plasma levels and clinical response

Levels of 30HB and propionate in plasma and of janay-carnitine in brain after
single dose subcutaneous injection of 6 mmol/kg B@H 1.5 mmol/kg propionate in
rat pups. 30HB levels represent mean + 1SD of Iser@asurements from the first
experiment with injection at the time of burst siggsion coman(= 14). Propionate
levels represent mean + 1SD from an additional exmat with single
measurements at each timepomt=(3). The period of reversal of EEG suppression
and clinical coma are indicated by double arrowsteGral propionyl-carnitine (C3)
measurements are elevated at 30 min, shortly befgm@vement of alertness starts.

The respiratory rate is a sensitive marker of the clinical state of pugs during hypoglycemia.
Respiratory rates were severely reduced in bupgiression coma (9 + 4 mtrcompared to 122 + 6 miin
! at baseline). Treatment with 30HB+Prop resulted imormalization of the respiratory rate as loag a
30HB plasma levels remained elevated above 2 mMiB@lone resulted in partial improvement of
respiratory rates with significantly lower peak éé&y compared to 3OHB+Prop treatment (72 £ 17 vs.
120 + 36, p < 0.05, t-Test) . Treatment with pro@ite only did not stop a further decrease in rasmy
rates leading to respiratory failure about 10 mesudfter treatment.

83



Chapter 4: 30HB and Anaplerosis

Results of biochemical studies are give in table @erebral acyl-carnitine profiles at the time of
coma show depletion of short chain acyl-carnitif@$. butyrylcarnitine and isobutyrylcarnitine; C40H
hydroxybutyrylcarnitine and hydroxyisobutyrylcaing; C5: isovalerylcarnitine, 2-
methylbutyrylcarnitine and dimethylpropionylcarnié) and elevation of long-chain acyl-carnitines
(C14: tetradecanoylcarnitine; C16: palmitoylcaméti C18: steaorylcarnitine; C18:1: oleylcarnitine).
Metabolic pathways resulting in production of shcimain acylcarnitines include degradation of valine
and butyrate contributing to C4, degradation oineahnd 3OHB contributing to C40H, and degradation
of isoleucine, leucine, and odd chain fatty acidstgbuting to C5.Metabolic pathways contributirg t
long-chain acylcarnitines include oxidation of loolgain fatty acids. Treatment with 30OHB+Prop and
30OHB alone resulted in partial reversal of shodictacyl-carnitine depletion and in a further irae of
long chain acylcarnitines. In the 30HB + Prop tegagroup, we found an additional increase of
propionyl-carnitine.(C3) levels. Increased cerebral propionylcarnitenels were measured 30 minutes
after treatment, shortly before the reversal aficl coma had occurred in the observational gi&ig
2).

Aminoacids and ammonia. By the time of coma cerebral ammonia and asgattatels were
increased, while glutamate was decreased in comatasnals. These changes were reversed by 30HB
treatment (Fig. 5)Depletion of other aminoacids such as glutaminaniak and branched chain amino
acids valine, leucine, and isoleucine and of GABAswnot reversed after treatment (Fig. 5). These
findings were comparable in both the 30HB and Q&iB+Prop treatment groups.

Analysis of pentose phosphate pathway intermediates demonstrates that the oxidative part of the
pathway is severely depleted in comatose animélgliacose-6-phosphate, 6-phospho-gluconolactone,
and ribulose/xylulose-5-phosphate in Fig. 3C), trad 30OHB treatment with or without propionate does
not reverse this depletion.

Oxygen saturation andbody temperature were similar in all groups at the time of sacrifieecept for a
small reduction of body temperature to 34.3 + LLGrf comatose animals compared to 36.7 £ 0.6 °C at

baseline.
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30HB+NaCl
mM or nmol/g

30HB+Prop
mM or nmol/g

Plasma

Glucose
30HB
Brain

Acylcarnitines

C3
C4
C40H
C5
C12
Cl14
C16
C18
ci8:1

Aminoacids

Aspartate
Glutamate
Glutamine

GABA

Alanine

Valine
Leucine/lsoleucine

Ammonia

PPP

Glucose 6 P

6-P-Gluconolactone

Ribulose/Xylulose 5 P

Ribose 5 P

Seduheptulose 7 P

Dihydroxyacetone P

Table 4.1: Biochemical parameter s at baseline, coma, and 30 minutes after resuscitaiton with 30HB or

7607
19+0.5

0.7+0.2
2003
09+x04
2207
09+0.2
1.7+04
11+01
0.7+x0.1
11+£0.2

2550 £ 470
6590 + 690
2910 £ 490
670 £+ 140
840 + 210
190 +40
230 £ 40
460 + 150

96 + 16
33%4
24 +3
22+3
30+8
115+13

<1
1.0+033

0.3+0.1
0.8+0.2
04+0.1
0.7+0.1
04+0.1
1.7 +0.4
1.7+05
1.1+0.3
1.7+0.5

5320 + 1110
3250 + 440
1500 + 550
440 + 100

130 + 30

120 + 20

140 + 20
1090 + 240

29+9
4+1
5+2
23+12
17+8
48+ 7

30HB+Prop

<1
45+0.7

0.4+0.3
1.7 +0.4
0.9+0.2
1.3+1.0
0.7+0.1
2.8+0.6
3.2+0.6
1.4+0.2
22+1.0

3250 + 360
6330 + 730
2100 + 160
550 + 80
270 £ 110
120 + 20
150 + 40
510 + 120

313
8+3
9+4
26 +4
15+ 4
61+6

<1
43+0.6

1.8 0.9
1.6+0.3
1.1+0.2
15+1.2
0.7+0.1
2905
3.4+0.9
1.7+04
2.4+0.6

3000 + 400
6220 + 750
2060 + 420
560 + 90
310 £ 220
130 + 40
150 + 50
470 + 250

51 +19
8+3
5+3
21+4
22 +10
53+6
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Table 4.1 (continued):

Plasma levels of glucose and 30HB and cerebralidisncentrations of acyl-
carnitines, aminoacids, ammonia, and pentose phtsgtathway intermediates at
baseline, at burst-suppression coma, and 30 mimaftes treatment of comatose
animals with 30HB rf = 6) or 30HB+Propr( = 7). There were no statistically
significant differences between 3OHB+Prop and 3OMBcept for cerebral
propionyl-carnitine (C3) levels. Lower limit of @ma glucose measurement was 1
mM. Plasma levels “< 1mM” indicates that all measuents were below 1 mM.F

< 0.05 vs. baseliné,p < 0.05 for 30HB+Prop vs. 30HB, One Way ANOVA and
Tukey's HSD Test, all values are mean + 1SD.

4.4 Discussion

Prolonged insulin induced hypoglycemia resultecclinical and electrical (burst suppression)
coma. Coma was associated with depleted cerebyabggn reserves (indicated by low glucose-6—
phosphate levels) and a reduced 30OHB supply (itetichy low C40OH levels) (Choi, et al., 2003, Hack,
et al., 2006, Oz, et al., 2009). Cerebral concéntra of several amino acids that serve as altemat
energy substrates were also reduced at the timentoeated burst suppression coma (e.g. glutamate,
glutamine and branched chain amino acids). Conemriyt ammonia levels were elevated indicating
ongoing amino acid deamination (Honegger, et 8022. Treatment with 30OHB resulted in reversal of
EEG burst suppression but not of clinical coma, s combined treatment with 30HB and propionate
also led to reversal of clinical coma.

The limited capacity of 30HB to restore cerebraidtion and the beneficial effect of additional
propionate must relate to complementary roles tt babstrates in energy and intermediary metabolism
30HB as the precursor of acetyl-CoA can compen$atea lack of oxidative substrates during
hypoglycemia, while additional propionate, as timemiediate precursor of succinyl-CoA, could support
anaplerosis and possibly gluconeogenesis.

Results of biochemical analyses in brain tissue givre insight into the metabolic changes
effected by both treatments. Treatment with 30HBnal resulted in an increase of cerebral 3-
hydroxybutyryl-carnitine (C40H) while glycolytic batrates such as glucose-6-phosphate and
dihydroxyacetone-phosphate remained depleted. elstiegly, 30OHB treatment also resulted in a
correction of cerebral glutamate levels. This filglis best explained by the truncated citric agidec
model proposed by Sutherland et al. (Sutherlancal.et2008). During hypoglycemia, glutamate is
deaminated to form alpha-ketoglutarate and thusorbes a major anaplerotic substrate. Alpha-
ketoglutarate is converted to oxaloacetate. Howegeshortage of acetyl CoA blocks its further

conversion to citrate. Oxaloacetate cannot contitsugux through the cycle and is aminated to aspe
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instead. This mechanism explains the depletioniwtighate and accumulation of aspartate observed in
our untreated hypoglycemic animals. When 30HB ipptamented, this provides a new supply of
acetyl-CoA enabling the conversion of oxaloacetateitrate. This allows accumulated aspartate to be
re-converted into oxaloacetate and further inthalpetoglutarate and glutamate (Fig. 1). The olegkrv
reduction of aspartate and the simultaneous inerefglutamate in the 30HB treated animals isrie li
with the effects of 30OHB described above. The iasee of cerebral glutamate levels upon 30OHB
supplementation also explains the observed coorecti ammonia levels (via formation of glutamine) a
well as the reversal of GABA depletion (via glutdaendecarboxylation).

Clinical improvement as demonstrated by the ina@eéasalertness score and peak respiratory rate
was only achieved after combined treatment with BGithd propionate and occurred at a time when
propionyl-carnitine levels were elevated in brddmopionate alone did not show any protective effect
Combined treatment with 30HB and propionate didrasult in a measurable redirection of propionate
into gluconeogenetic substrates such as alanihgddixyacetone-P, and glucose-6-P. There was also n
effect of additional propionate on glutamate sysihideyond the effects achieved by 30HB treatment
alone. This is in line with the results of a recetudy demonstrating that anaplerotic metabolism of
propionate in astrocytes resulted in a comparatiseiall contribution to amino acid synthesis (Nguye
et al., 2007).

We were not able to measure succinyl-CoA or otherccacid cycle intermediates in brain
homogenates, but we assume that propionyl-CoA &iagd to replenish citric acid cycle intermediates
via formation of succinyl-CoA (Owen, et al., 2003part from its anaplerotic role, succinyl-CoA is
required for the activation of 30OHB to acetyl-CdAd. 1). Thus a greater efficiency of 30OHB oxidatio
in the presence of propionate could explain theesaptherapeutic effect of this combined treatment
Other compartment-specific metabolic effects of ppwoate on various pathways may have gone
unnoticed in this analysis, since they would natessarily change metabolite concentrations in dissu
homogenates.

During untreated hypoglycemic coma we found andase of long chain acyl-carnitines,
especially palmitoyl-carnitine (C16), in brain hogemates. As the brain does not have
triglyceride reserves, changes probably reflecelaase of free fatty acids from membrane
bound phospholipids via phospholipase activatiogaih, et al., 1981, Strosznajder, 1984).
Palmitoyl-carnitine has been ascribed a pathogemele in apoptosis induction (Mutomba, et
al., 2000, Phillis and O'Regan, 2004). After trearitrwith 30OHB alone or in combination with
propionate, long chain acyl-carnitines were furthmreased, suggesting that free fatty acid
release was not reduced by either treatment. Pbbppke inhibitors could be a useful
neuroprotective adjunct to 30HB treatment (Faropgual., 2006).
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Taking all these results together, we could prohie typothesis that additional
supplementation of propionate improves the therapeeffect of 3OHB treatment during
hypoglycemic coma. The superior clinical effect aifmbined treatment occurred although
additional propionate could not correct most of thechemical changes associated with
hypoglycemic coma over and above the correctiomseged by 30HB alone. Further studies
are needed to explore the exact mechanism of thetedf 30OHB and propionate on a cellular

and subcellular level.
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5. Conclusions and Future Work

5.1 Summary of results

Our research was aimed at exploring the protecpaetential of 30HB treatment during
hypoglycemia for the developing brain in a novelDPA3 rat model. Our results can be summarized as

follows:

1. Untreated and sustained hypoglycemia in 13 day old ratsltesun progressive loss of
alertness and coma, followed somewhat later by B&gpression (burst-suppression coma;
chapter 3). Burst suppression coma had the follgwiraracteristics:

a. After glucose resuscitation at the time of burgipassion coma, the mortality rate was
low (< 20 %; chapter 3).
b. One day after glucose resuscitation, there wersigias of grey or white matter injury
(chapter 3).
c. Biochemically, burst suppression coma had theolig characteristics (chapter 4):
i. Glucose-6-phosphate was drastically reduced, itidgathat endogenous
glycogen is used up at this point.

ii. Glycolytic intermediates and intermediates of thalative PPP were depleted,
indicating reduced glycolytic activity.

iii. Cerebral glutamate concentrations were decreaspdrtate and ammonia were
increased, indicating that de- and transaminati@ttions took place to extract
oxidative substrates from amino acids (truncat&it@cid cycle).

iv. Long chain acyl-carnitines were increased.

2. Continuous treatment with 3OHB during hypoglycemia resulted in increased latetacyhe
onset of clinical coma and of burst suppressionadamapter 4). Burst suppression coma in
treated animals differed from untreated animals:

a. After glucose resuscitation at the time of burgipassion coma, the mortality rate was
100%.

b. After glucose resuscitation at the time of burgigession coma, selective cellular white
matter injury (predominantly oligodendroglial apogis) was present, its density

depended on the total time of hypoglycemia; nosmmeuronal injury were apparent
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c. The preservation of EEG continuity was more promeahnthan preservation of clinical
alertness during the progression to coma.

3. Single dose treatment with 30OHB at the time of burst suppression coma reversed EEG
suppression but had no effect on clinical coma fftdrad); this is consistent with findings from
continuous 30HB treatment where 30HB had shown tgreaapacity to preserve EEG
continuity than clinical alertness. Single dosatiment showed the following characteristics:

a. EEG reversion coincided with a period of elevat@dHB plasma levels.
b. Biochemically, 30HB treatment at the time of bumgppression coma
i. corrected changes in glutamate, aspartate and amrtewels, indicating that
glutamate is no longer oxidatively metabolizedeaain relief of energy stress,
and a possible reconversion of aspartate to glutatohapter 4).
ii. had no effect on intermediates of glycolysis areldkidative pentose phosphate
pathway, indicating glycolytic depression in treagaimals.
iii. did not decrease elevated long chain acyl-carrtine

4. Single dose treatment with 30OHB and propionate at the time of burst suppression coma
reversed clinical coma and EEG suppression (chaprerThis effect had the following
characteristics:

a. EEG reversion showed the same course as aftemgaaivith 30OHB alone, reversion of
clinical coma started about 30 minutes after EE@nson.

b. Cerebral propionyl-carnitine levels were elevatddttee time of clinical alertness,
indicating active cerebral metabolism of propionate

c. 30HB and propionate treatment at the time of buwgpbpression coma were not
associated with biochemical corrections over aravalthose observed with 30OHB alone
for the metabolites analyzed (amino acids, glydslyBPP, acyl-carnitines), suggesting
that the mechanism underlying improved alertnesg imaolve provision of citric acid
cycle intermediates, enhanced ketolysis, or magobepartmental.

d. Propionate treatment alone at the time of burspmgsion coma had no effect on

alertness or EEG suppression.

5.2 Conclusion 1: Limitations of 30OHB treatment

30HB treatment prolonged the latency to the ongetimical and burst suppression coma. There
were several indications that the comatose staiegl@OHB treated hypoglycemia differs in some way

from untreated hypoglycemia: (1) the relationshgiween alertness state and EEG suppression ratio
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differed (chapter 3), (2) coma after 30HB treatmeas associated with much higher mortality (chapter
3), (3) 30OHB given at burst suppression coma toeate¢d pups caused EEG normalisation, whereas
prolonged 30HB treatment eventually resulted in Eftpression (chapters 3 and 4). Morphological
data were compatible with a partial protective effef 30HB treatment on cell survival. Neuronalinyj

was not apparent after untreated hypoglycemia, iantlas also not apparent after 30OHB treated,
prolonged hypoglycemia. White matter injury, in trast, was apparent after prolonged 30OHB treated
hypoglycemia (chapter 3), suggesting that hypoghicegrey and white matter injury are prevented to a
differing extent by 30HB treatment. Thus 30OHB treait that elevated 30OHB plasma concentrations to
a high physiological range had a limited capacity dustain brain function during prolonged
hypoglycemia in infant rats. Infant rats have ahhigpacity of cerebral ketone utilization. This gests
limiting biochemical factors rather than insuffictaéransport or enzymatic machinery.

These biochemical limitations could be related iibertence between 30HB and glucose as a
metabolic substrate. Both substances are a sot@itte @xidative substrate acetyl-CoA. Glucose is in
addition a substrate for glycolysis with associdtages through the pentose phosphate pathway and a
anaplerotic pathway via pyruvate carboxylase. 30t#Bnot feed into any of these pathways. Our
biochemical results showed that 30HB treatmenhattime of hypoglycemic burst suppression coma
indeed cannot correct depleted intermediates aolygis or the pentose phosphate pathway (chapter 4
suggesting that during 30OHB treated hypoglycemglyaolytic deficit evolves in the brain. Thus the
pathobiochemical basis of untreated (hypoketotygolglycemia is a deficit of glycolysend oxidative
energy production, whereas the pathobiochemicak bafs30OHB treated, hyperketotic hypoglycemia
could be a primarily glycolytic deficit. The bioahécal effect of a sustained glycolytic deficit pediby
includes insufficient anaplerosis and pentose patgppathway activity causing an imbalance of citri
acid cycle intermediates and the intracellular redmguilibrium and redox defences. Thus, the
pathobiochemistry underlying hypoketotic hypoglyéermoma may differ from that of highly ketotic
hypoglycemic coma, which may explain the clinicallectroencephalographic and neuropathological
findings.

The effect of a predominantly glycolytic deficit ynbe compartment specific. Glucose deprivation
causes both a failure of gray and white mattertionqdArakawa, et al., 1991, Brown, et al., 200&rrF
et al., 1998, Izumi, et al., 1998, Wada, et al97)930HB has a better capacity to keep up activity
grey matter compared to white matienitro (Arakawa, et al., 1991, Brown, et al., 2001, Izuetial.,
1998, Wada, et al., 1997). In our experiments, 3Qi¢Btment alone resulted in an isolated reversal o
EEG suppression without correlate in the alertrgtsse of the animals. EEG activity reflects the
intensity of neurotransmission in local areas atical grey matter, whereas clinical alertnessectfl a
complex CNS function integrating grey matter atyiwvith white matter signal conduction. If the

capacity to utilize 30HB as alternative fuel isajes in grey matter compared to white matter, ¢bisld
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explain the observed discrepancy between electepdratographic and clinical improvement. The
relative contribution of functional failure in greyatter and white matter in untreated and 30HBeka
hypoglycemic coma is unknown and could differ. Hoere current data do not allow conclusions in this
regard. White matter injury after 30HB treated hylgoemia may suggest greater disturbances in white

matter than in grey.

Hypothetical biochemical basis of ketotic hypoglycemic coma in infant rats

Our results indicate that during ketotic hypoglydéeim infant rats, glycolytic flux in the brain is

depressed while oxidative energy substrates aegbmipplied. In the initial phase of hypoglycemia,
cerebral glycogen stores are utilised to maint&malysis. In the presence of both 30HB and gluawse

ive

glycosyl-units, 30HB tends to reduce glucose comion in the brain as it represents an alternat
source for acetyl-CoA. Regulation is based on tingbition of glycolysis and pyruvate dehydrogenatjo
by increased acetyl-CoA availability (Randle cydldue and Taegtmeyer, 2009, Itoh and Quastel, 1970,
LaManna, et al., 2009, Roeder, et al., 1984a, Roedal., 1984b). Therefore, glycogen would beduse

at a slower rate during ketotic compared to hypati@hypoglycemia (glycogen sparing), prolonging th
latency to coma. Once glycogen stores are deplafigdplytic depression sets in and may calse
disturbances in grey and white matter function éodrting in a comatose state and white matter injury
In addition, anaplerotic failure may reduce citdcid cycle activity and ketolysis. This hypothesis

ascribes a central role to glycolytic failure irethathogenesis of 30OHB treated hypoglycemic failure
Whether this pathobiochemical derangement triggesb death in the same way as hypoketotic
hypoglycemic coma is presently unknown. These clamations presuppose a high physiologic capacity

for cerebral ketone utilization.

5.2.1 Implications for treatment

The limited biochemical and clinical effectiveneds3OHB therapy suggested that combination
treatment with a complementary metabolic substnsg improve the capacity to sustain global brain
function and prevent pathometabolic changes. Pnapiois effective in this and chapter 4 represants
proof of concept for such an approach. Althoughoweald not identify a mechanism for propionate’s
effectiveness, an increase in cerebral succinyl-@oA likely mediator. Increased succinyl-CoA may
have enhanced ketolysis and may have helped tondmla@oncentrations of citric acid cycle
intermediates. The role of compartment specifieaf in this remains unclear.

A combination of 30HB with gluconeogenetic substsalike lactate, alternative carbohydrates
like mannose or glycerol, or anaplerotically acttvgé ketone bodies should be evaluated as combined

therapy. The advantage of 30HB as alternative rsatlesis essentially its energy density (ketolysedds
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2 acetyl-CoA) and its MCT-1 based transport inte tirain. Lactate, on the other hand, yields less
oxidative energy but can feed into gluconeogenasis may support anaplerosis and pentose phosphate
pathway activity to some extent. It is also tramtgmb by MCT-1 and is a physiological substratetfar
brain during development (Dombrowski, et al., 1988rnandez and Medina, 1986, Medina, 1985,
Medina and Tabernero, 2005, Tabernero, et al., 1@@ario and Medina, 1992). Lactate has also been
reported as an alternative energy substrate fan lbnatabolism in a patient with glucose-6-phospbata
deficiency (Fernandes, et al., 1984). Mannose (Al&t al., 1997, Ghosh, et al., 1972, Sloviter and
Kamimoto, 1970) and glycerol (Sloviter, et al., 69&loviter and Suhara, 1967) are reported to be
metabolized in brain, but the cerebral capacityglgcerol or mannose utilization is unknown. C5cket
bodies feed into the propionate pathway and yield acetyl-CoA in addition to succinyl-CoA. Their
cerebral utilization with beneficial effects hasebeshown in a patient with pyruvate carboxylase
deficiency (Brunengraber and Roe, 2006, Mochehlgt2005). The effectiveness of combinations of

these theoretically complementary substrates nedols determined empirically.

5.2.2 Future research

The effect of additional propionate treatment reggiifurther confirmation with larger animal
numbers. The effectiveness of additional propiodaténg continuous 30HB supplementation is unclear
at present. For future studies of this effect aadesregime needs to be established bearing in thatd
propionate can have toxic side effects. To furtfaracterize the mechanism involved, measurement of
a broader range of metabolites, including high g@nghosphates, citric acid intermediates and CoA-
esters, is a first step. Further evaluations migbiudein vitro studies with labelled isotopes and flux
measurements. The capacity of alternative substeatd their combinations to support function intevhi
matter and grey matter may differ. It would be all@nging further project to investigate in vitro
systems for both anatomic compartments in thisrtega

A second aspect deserving further study is the ceapbn of other alternative substrate
combinations, including 30OHB combined with lactateannose, or glycerol. Apart from a detailed
characterization of effects of continuous or sindlese treatment, the characterization of cerebral
pathometabolism with these treatments should bersified. A targeted metabolomic approach could be
developed that could include characterization gfcglysis, citric acid cycle intermediates, pentose
phosphate pathway, redox defences, amino acid wietat) acetyl-CoA esters, high energy phosphates,

and fatty acid metabolism.
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5.3 Conclusion 2: Hypoglycemic white matter injury

The finding of white matter injury (chapter 3) igmificant in the context of hypoglycemic white
matter injury found in human infants. It is thesfidescription of white matter injury in amvivo model

of hypoglycemia.

5.3.1 The spectrum of brain injury caused by hypogl  ycemia in humans

Evidence of neuropathological changes after hymmgtya in infancy was scarce until recent
advances in diffusion weighted MR imaging made msystematic investigations possible. Initial
studies of neonatal brain injury after hypoglycemimgested an injury pattern of cortical grey nmatte
and subcortical white matter changes predominantjyarietal and occipital regions (Barkovich, et al
1998). More recent studies showed that brain inpftgr neonatal hypoglycemia is more variable with
around 94% of patients showing white matter abnbties and 51% of patients grey matter
abnormalities (Burns, et al., 2008). White mattejury includes signs of focal punctate lesions,
hemorrhagic areas, and more widespread signs afctidn globally across the brain, with either
posterior predominance or in periventricular lozation. Cortical findings include cortical highlityng
and loss of cortical markings. Other changes ireladnormalities of the internal capsule or the lbasa
ganglia. In adult brain, hypoglycemic injury of wdimatter has also been found upon MRI imaging
(Aoki, et al., 2004, Kim, et al., 2007, Kim and K&007). In contrast to infants, the distributiaiveen
white and grey matter injury after hypoglycemiaadults appears to be equal with about 70% of piatien
showing signs of white matter injury and 70% shaysigns of grey matter injury (Ma, et al., 2009).

The cellular correlate of irreversible grey maitgury is generally neuronal death, especially in
cortex, hippocampus and basal ganglia. These fysdare consistent in rat, piglet, and infant mouse
models of insulin induced hypoglycemia as well msdult and paediatric autopsy cases (Anderson, et
al., 1967, Mori, et al., 2006). The cellular coatel of white matter injury, by contrast, is little
understood. A single published autopsy case sugtfesdt of axons and myelin. This was described in a
patient after hypoglycemia and prolonged persigtén@ vegetative state. The diffusion weighted MRI
showed hyperintense white matter signals in thigept (Mori, et al., 2006). Axonal injury is also
suggested by Abeta-PP positive staining of axom® fadult white matter after hypoglycemia (Dolinak,
et al., 2000). In vitro studies show that oligod@ugtes are susceptible to hypoglycemic cell déédn
and Rivkees, 2006, Zuppinger, et al., 1981). Sdemmatter changes could be caused by axonal and/or
oligodendroglial degeneration. Apparently vascutaechanisms of hypoglycemic injury including
haemorrhage and infarction (Burns, et al., 2008riMet al., 2006) are not well understood, but

pathogenetic mechanisms could include hemodynaffiécts of systemic hypoglycemia.

94



Chapter 5: Conclusion

A possible correlation between MRI imaging data aedrological sequelae cannot be ascertained
at present because of insufficient data. Howeveappears that the degree of white matter injury in
infants and involvement of the internal capsulelath associated with adverse long term consegsence
(Burns, et al.,, 2008). There is, however, no knawtationship between duration and severity of
hypoglycemia and MRI signal abnormalities. In asluttiffuse or extensive MRI signal abnormalities ar

associated with adverse outcome (Ma, et al., 2009).

5.3.2 Insights from this investigation

We found apoptosis of oligodendrocytes and possitnlgther cell population in white matter
(corpus callosum, cingulum, external capsule) gitetonged ketotic hypoglycemia (chapter 3). Given
the scarce pathologic evidence from humans it ispossible to say whether this injury corresponds
pathologically to the injury observed upon MRI imraggin human infants. Any extrapolations of these
findings to hypoglycemic injury in humans must #fere remain tentative.

White matter injury but not grey matter injury wasparent after prolonged ketotic hypoglycemia.
This suggests that white matter injury and greytenahjury have different determinants and différen
pathogenetic pathways. 30HB treatment may well h@e¢ected neurons from injury during the long
phase of hypoglycemia, but it did not prevent wimtatter injury. Protective strategies should préven
both types of injury but will probably differ depding on the respective pathogenesis. Although asima
did not survive after prolonged hypoglycemia angstino studies of functional consequences of white
matter injury is yet possible, our findings may tiiute towards developing an in vivo model of
hypoglycemic white matter injury for the analysfdte pathogenesis and protective strategies.

Hypothetical considerations suggest that oxidaiiyery may be a major factor contributing to
oligodendroglial apoptosis after hypoglycemia. Tikibased on the susceptibility of oligodendrocytes
this type of injury in other disease models (Junklil997, McTigue and Tripathi, 2008, Todorichakt
2008) and the observation that the pentose phospladiway is depressed during ketotic hypoglycemia
(chapter 4) and that therefore oxidative defenomgldc be undermined. Anti-oxidative therapy or
metabolic support for the pentose phosphate pathmay therefore be a promising future protective

strategy against hypoglycemic white matter injury.

5.3.3 Future research

Results on white matter injury need to be repldateth a larger number of animals and a
standardized experimental endpoint. A strategyettuce mortality after 30HB treated hypoglycemia
needs to be sought for further investigations. dtyrbe possible to resuscitate animals after 3.5ohrs
ketotic hypoglycemia, for instance, with improveadhgval and white matter injury. Once a standardize
model of wm matter injury is available, systematigestigation of pathogenesis and protective sjiate
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can be conducted. In particular the dynamics otevimatter injury and oligodendroglial apoptosieaft
hypoglycemia (including potential regenerative @dyd, possible long term functional consequences,
and the role of a reduced activity of the pentdsesphate pathway, and a possible synergistic effect
30HB availability, are important topics. For invgstion of pathogenetic mechanisms a cell culture
model of ketotic hypoglycemic oligodendrocyte ijuvould be useful.

For better comparison to human studies and asvim parameter of wm injury an MRI imaging
including tensor diffusion imaging could yield vahle information, including development of injury

during hypoglycemia. Protection studies shoulddreied out with this outcome parameter.

5.4 Conclusion 3: Hypoglycemic grey matter injury i n developing rats

Hypoglycemic coma and EEG burst-suppression withssquent glucose-resuscitation did not
cause neuronal injury in PND 13 rats (chapter B Tatency to burst suppression coma was prolonged
in 30OHB treated animals by about 1.5 hrs. Aftedgmged hyperketotic hypoglycemia and resuscitation
at a similar stage of the hypoglycemic encephalgpas in untreated animals, there was neither any
evidence for neuronal injury. This may suggest atqmtive effect during prolonged hypoglycemia.
However, a direct investigation of a neuron-prateceffect of 30OHB was not possible in this study
because of the absence of neuronal injury.

Explanations of the absence of neuronal injuryudelthe following: (a) the extent of neuronal
death is too small to reach statistical signifiamdth 5 animals per group, (b) the duration of EEG
suppression was insufficient for injury to develofe) the ketogenic state of rat pups confers
constitutively increased resistance to neuronalrynjdiscussion chapter 3), and (d) mildly elevated
30HB plasma levels during hypoglycemia protect frogouronal injury (chapter 2.9). One experimental
strategy to investigate these factors might be reate a setting for a prolonged period of EEG
suppression in this model. This would require tse of a respirator because of imminent respiratory
failure at the time of burst suppression coma. gpi@tor requires anaesthesia of the pups withngiate
effects of some anaesthetics on glucose metabdksm isoflurane causes increased plasma glucose
levels, see method development). Such a strategydatherefore be technically challenging and of
uncertain outcome. Alternatively, one could useriiahal manipulation of rat pups to alter the
ketogenic state, reduce plasma ketone levels, rarestigate the relationship between nutritionalesta

susceptibility to neuronal injury after hypoglycemand cerebral protein expression.

5.4.1 Future research

A ketogenic state is known to be neuroprotectivenodels of excitotoxic and hypoxic-ischemic
brain injury (Bough and Rho, 2007, Puchowicz, et2008, Sullivan, et al., 2003, Sullivan, et aD04).
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Neuronal death during hypoglycemia is also partgdrated by excitotoxic mechanisms. Therefore, the
role of the ketogenic state in determining the epsbility to hypoglycemic neuronal injury of
physiologically ketogenic rat pups is of particulaterest. The ketogenic state modulates cerebo#dip
expression. The expression of anti-apoptotic pnstgiPuchowicz, et al., 2008), the expression of
uncoupling proteins and mitochondrial biogenesks iacreased on a ketogenic diet (Sullivan, et al.,
2004). These effects could result in an increasedranal resistance to hypoglycemic cell death.
Moreover, the mechanisms underlying these effedgghtnibe harnessed pharmacologically by targeted
protein induction as the basis of a heuroprotedtiegapy in patients at risk of recurrent hypogigiae

Mechanisms to induce protein expression could wevdirect effects of elevated concentrations of
fatty acids in plasma, in particular of polyunsatad fatty acids (Puchowicz, et al., 2008, Sampath
Ntambi, 2004). The effects of polyunsaturated fattids on gene expression have been more extensivel
analysed in liver, but effects on the brain mightifiteresting in this context. Nutritional manigida of
the ketogenic state of rat pups could provide ggodpnity to map changes in protein expressiorhé t
brain together with susceptibility to hypoglycemigury. Such a project could involve proteomic
analysis of cerebral protein expression combineth i technique for artificially rearing rat pups
(Auestad, et al., 1989, Hall, 1975, Vadlamudi, let 2995), so that the fat and carbohydrate corént
their diet can be adjusted and non-ketogenic papklde compared to ketogenic pups.

If a link between ketogenic diet, protein expressamd protection from neuronal injury is found,
this could be a basis for the pharmacological maatmwn of cerebral protein expression and assediat
resistance to neuronal injury. For instance, PPABn&ests could serve to induce uncoupling proteins
(Andrews, et al., 2005, Bordet, et al., 2006).

5.5 Conclusion 4: The role of cerebral glycolysis a nd glycolytic

depression during hypoglycemia

Our results are compatible with a role for the depion of glycolysis in the pathobiochemistry of
ketotic hypoglycemic coma (Conclusion 1). Glycadysind its associated metabolic functions in the
brain has recently received attention in otheraesefields. Inhibition of glycolysis with 2-deoXy-
glucose or fructose-1,6-diphosphate increasesrseifatesholds in some models of epilepsy (Dingl.et
Lian, et al., 2008, Stafstrom, et al., 2008). Imberrors of the pentose phosphate pathway werattgce
described. Ribose 5 phosphate isomerase deficiéorcinstance, causes leukencephalopathy as part of
its phenotype (Wamelink, et al., 2008). Anaplerakierapy with C5 ketone bodies in a clinical case
study of a patient with pyruvate carboxylase deficy led to an improved myelination status (Mochel,
et al., 2005). Although these observations arerdev@nd are drawn from various fields, they hidttlig
an increasing awareness that the metabolic rolerdbral glycolysis is complex and requires further
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study. 30HB treated hypoglycemia may provide aneexmental setting for the study of glycolytic
depression while oxidative metabolism remains actiurther biochemical studies of the hypoglycemic

brain after continued 30OHB treatment are requicgdcbdnfirmation.

5.6 Conclusion 5: Other metabolic diseases

Our data on the limitation of 30OHB as substrateratitive for glucose in the brain have potential
implications for the treatment of patients with efmal glucose transporter deficiency (GLUT1-
Deficiency). Glut-1 deficiency is a monogenic dseawhich results in chronic cerebral glucose
deprivation despite systemic euglycemia because dfansporter insufficiency. It manifests with
intractable seizures, developmental delay, andat@¥ang, et al., 2005). It is currently treatedhna
ketogenic diet, which controls seizures. Developmaetielay, however, is not completely avoided with
this treatment. The rationale for the ketogeni¢ @i¢o improve the energy deficit resulting froerebral
glucose deficiency by an increased availabilitykefone bodies. The limitations of 30HB to fully
substitute for glucose as cerebral substrate wadfén this project (glycolytic deficit associatedthv
possibly anaplerotic and redox deficits) suggeat #dditional supplementation of these patientd wit
alternative substrates supporting anaplerosis amiyoolysis may be beneficial. Lactate or C5 keton
bodies are transported across the blood braindpdyyi the MCT-1 transporter, as is 30OHB, and may be
a useful adjunct. To test this hypothesis expertsemith a knock out mouse model of Glut-1 deficign
(Wang, et al., 2006) could be helpful.
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Appendix A: Monitoring sheets

A.1 Welfare assessment sheet for neonatal rats and dam
(adapted from P. Hawkins, Lab Anim 2002, 36(4), f§35),
Neonatal scores 0-4 = Good, 5-8 = Fair, 9-13 = Pdaternal score: 5-6 = suvival of litter questiblea

Parameter (neonates) Date/Time
summary observation or individualSummary (S) evaluation ar
examinations as required individual (1)
Age (days)
Appearance/colour Normal (pink) q
Pink/blue abdomen 1
Pink/pale extremities 2
Blue/pale 3
Surface temperature Warm (
Intermediate 1
Cold 2
Natural activity Wriggling ++ 0
Wriggling + 1
Wriggling +/- 2
Still 3
Reflexes/respond to touch +++ righting reflex +|t0
touch
++ righting reflex +/- to| 1
touch
+ 2
- NO response 3
Milk in stomach ++ 0
(milk band?) + 1
- 2
TOTAL SCORE (Neonates) 0-13
Parameter (mother) Date
Milk score Most pups fed 0
Some pups fed 1
Hardly any fed 2
Nest building Good nest making @
Some nest making 1
No nest 2
Retrieval of young Always 0
Sometimes 1
Never 2
TOTAL SCORE (Mother) 0-6
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A.2 Monitoring sheet for post hypoglycemic rat pups — recovery phase
Study: Date:
Litter No.: Animal:
Time post return to dam
(Minutes)
General Appearance
Activity mobile/alert
quiet
still/lethargic
Retrieval with littermates
on fringe
clearly isolated
Suckling yes
no
Posture unremarkable
abnormal (hunched, hegd
pressing)
Coat/Skin unremarkable

soiled or rough
signs of inflammation

Maternal grooming| unremarkable

behavior
excessive
Neurological Signs
Response to touch ++
+ -
Righting reflex + +
+ -
Gait unremarkable
ataxic
paretic/paralytic limb(s)
Seizures none
short clonic movements §
30 seconds
seizure activity > 30
seconds
Head tilt yes
no
Clinical Signs
Temperature warm to touch
cool to touch
Hydration Status unremarkable
dry eyes
sunken eyes
listlessnes/skin tenting
Respiration unremarkable
laboured
shallow
irregular/gasping
Stool formed
soft
Skin over [ unremarkable

infusion/injection site

red, no swelling
red and swollen
ulcerating/blisters
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A.3 Monitoring sheet for rat mother during posthypo

Study:
Litter:

glycemic reacceptance

Date:

Appendix

Time post return to
mother (Minutes)

Behavioral state

actively caring

agitated/nervous

aggressive

fearful/decreased
activity

hyperactive

Retrieval of young

systematic

occasional

never

Grooming of
young

sensible

excessive

generally reduced
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A.4 Monitoring for posthypoglycemic rat pups during

Study:
Litter:

Body weight before procedure in g:

Date:

Animal:

survival period

Date
Time
General
Appearance
Activity mobile/alert
quiet
still/lethargic
Retrieval with littermates
on fringe
clearly isolated
Suckling yes
no
Posture unremarkable
abnormal (hunched,
head pressing)
Coat/Skin unremarkable
soiled or rough
signs of inflammatior
including pruritus or|
ulceration
alopecia or mino
abrasion
Face unremarkable
nasal/ocular
discharge or crusts
Maternal unremarkable
grooming
behavior
excessive
Body Weight
Weight weight /g
Weight change < 5% loss
5-10% loss

10-15% loss

15-20% loss

> 20% loss

Hydration Status

unremarkable

dry eyes

sunken eyes

listlessnes/skin
tenting

Appendix
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Posthypoglycemic Monitoring Page 2

Study: Date:
Litter: Animal:

Date
Time

Neurological

Signs

Response to touch  ++
+ -

Righting reflex ++
+ -

Gait unremarkable
ataxic
paretic/paralytic
limb(s)

Seizures none
short clonic
movements <  3(
seconds
seizure activity > 3(
seconds

Head tilt yes
no

Clinical Signs

Temperature warm to touch
cool to touch

Respiration unremarkable
laboured
shallow
irregular/gasping

Stool formed
soft
severe diarrhea

Skin over| unremarkable

infusion/injection
site

red, no swelling

red and swollen

ulcerating/blisters

Appendix
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Appendix B: Standard operating procedures (SOPS)

B.1 Non-invasive EEG electrode attachment

UBC Animal Care Guidelines.

SOP:

Stockler-Ipsiroglu — 001

Attachment of cutaneous EEG electrodes in develprzts
Submitted by: Peter W. Schutz
Last date revised: January 8, 2007

Date approved: January 26, 2007

Attachment of cutaneous EEG €electrodesin developing rats

PURPOSE:

Short term recordings of interhemispheric EEG frdeveloping rats with one pair of differential

electrodes and one reference electrode.

POLICY:

This is a non-invasive method designed for sharhteonitoring of electroencephalographic activity

from rat pups with subsequent return of the puthéodam. Anaesthetic restraint is necessary fangge

electrode placement. Procedure has been validateédBf17 day old rats.

RESPONSIBILITY:

Investigator, technical personnel, veterinarian

MATERIALS:

Isoflurane with anaesthetic machine, anaesthesimbér, face mask

Warming mat

3 Small silver-silver chloride cutaneous electrofletal diameter less than 5 mm)
Clippers, depilatory agent

Mildly abrasive electrode skin prep gel

Conductive electrode paste

Collodion glue for electrodes

22G needle

Acetone for removal
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Powder-free, latex examination glove for cap
Cotton swabs, forceps, small scissors

Fine-tip, permanent marker pen

PROCEDURE:

1.

9.

Anaesthetize rat pup with isoflurane. Place inrgterecumbency on warming mat and maintain
light anaesthesia with face mask.

Shave head in area of electrode attachment antiericnd between the ears (see figure 1),
depilate (eg Nair cream for 2-3 minutes), wash witlrm water several times, and dab dry.
Eyes and ears must not get in contact with depilatigent. This is achieved by applying the
agent with small cotton swabs and washing the akirays in a direction away from eyes
and ears.

Draw topographic landmark lines with marker pen:iigrauricular line: joins anterior margins
of base of ears, B) midline perpendicular and &mtdo interauricular line (see figure 2).
Note also mentally the lines joining the anterioargin of the bases of the ears with
posterior ocular margins (auricular-ocular line).

Locate positions for electrode placement: Diffel@nelectrodes are in symmetrical position
about 3-5 mm anterior to interauricular line anddrakof auricular-ocular line to avoid jaw
muscles. The interelectrode distance is 5-10 mne fdference electrode is posterior to
interauricular line on the midline. See figure 1.

Abrade skin for electrode placement by applyingaaiwe prep gel and rubbing with cotton tips
in circular motion for 5-15 seconds.

Apply conductive electrode paste to electrodesd hinl place on skin with forceps so that
electrode leads point caudally. Apply collodion eylthrough a 22G needle around the
electrode margin sealing it to the skin. Blow cdltm dry (eg through a straw). Repeat for
all electrodes. Attached electrodes are showrgurd 3.

Cut rubber glove finger of correct size to a lengtt2-3 cm to slide over head of the animal, so
that it fits comfortably covering all electrodesdatie ears. With forceps and small scissors
cut holes for ears and trim anterior margin so #ys and mouth remain free. Check that
cap does not impair respiration.

Optionally cut several holes in top of rubber capaduce sweating, and bundle electrode leads
with a thread.

Terminate anaesthesia and observe recovery ohih@h

10. For EEG recording, rat pups are kept individuatiaimedium sized cage (e.g. as used for mice)

with bedding as in home cage. It is placed on anwag mat. Healthy animals are observed
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at least every 15 minutes. Maximum time for eled¢r@attachment is 4 hours provided the
animal remains without major distress given theepttircumstances of the EEG recording
(e.g. removal from dam). Monitoring frequency analkimum time for electrode attachment
must be adjusted according to model specific requénts for any given disease model
under investigation.

11. To remove electrodes, apply acetone with cottanftyp removal collodion.

SOP 001 lllustration 1: Geometry of electrode dttaent and anatomic landmarks

Bregma

Input 1

Referenc .
utura lambdoidea

Input 2

SOP 001 lllustration 2: Marking lines on shaveddse@) and electrodes glued in place (B).
A)
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B.2 Perfusion fixation of rat brain for ages 10 to 20 days

UBC Animal Care Guidelines.
SOP:  Stockler-lpsiroglu — 002

Perfusion-fixation of infant rat brain

Submitted by: Peter W. Schutz
Last date revised: January 8, 2007
Date approved: January 26, 2007

Perfusion-fixation of rat brain for ratsaged 10 to 20 days

PURPOSE:
This procedure is used to fixate the brain of itifarrats for histological analysis while keepirget

distress for the animal during the procedure taramum.

POLICY:

This is a terminal procedure and conducted undaesthesia.

RESPONSIBILITY:

Veterinarian, technical personnel, investigator.

MATERIALS:
» Anaesthetic, e.g. isoflurane or ketamine-xylazimighy respective equipment in correct dosage
» small scissors, curved and straight forceps, optigrcurette
* 20-25 G needles
* 0.9% saline, sterile
» fixative: e.g. 10% formaldehyde in 0.1M phosphatédy, or similar
» infusion bags for 0.9% saline and fixative, or Egyringes

» fumehood or similar protection from fixative fumes

PROCEDURE:
1. Anaesthetize the rat pup.
2. Place anaesthetized animal in dorsal recumbencya drench under fumehood or similar

protection, with a drain or sufficient cloth undeath to soak up overflowing fixative.
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Monitor depth of anaesthesia by checking the aleseha pedal withdrawal reflex and reaction
to toe pinch. If responsive, increase depth of sth@sia by augmenting injectible
anaesthetic dose or increasing concentration dailamh anaesthetic until reflexes subside.
Re-examine reflexes every 10 minutes during proeedand adjust anaesthetic depth
accordingly. If at any point the animal is respwasto surgical manipulation, stop and
augment anaesthesia.

With small scissors, open the abdomen along adioress the upper abdomen of the animal,
close to the lower margin of the ribcage. Lift almiteal wall with forceps taking care not to
injure any intraabdominal organs.

Make skin incisions with scissors on either sidehaf ribcage starting from the lateral ends of
the abdominal opening and leading anteriorily te &xilla. Dissect the skin off the breast
cage and fold skin flap back over the head.

Thoracotomize on both sides up to the axilla asdatit the ribcage off the frontal margin of the
diaphragm. Fold ribcage open.

Inspect thoracic cavity an localize right and ledhtricles of the beating heart.

Introduce 25 G needle (or possibly larger in oldeimals) into left ventricle. If needed, collect
blood sample.

Open right ventricle by means of a small cut madb scissors.

10. Connect infusion line from bag with 0.9% salineri@edle in right ventricle, or use syringe.

Suspend bag about 75 cm above the animal andtstarfuse it. To check for proper
perfusion, observe for clear fluid coming out of tiight ventricle after a couple of minutes.
As soon as this happens, most of the blood haaeatidirom circulation and the animal will
be brain dead at this point. If inhalant anaesthissused, it is now discontinued. Total time
of saline perfusion is around 5 minutes or accgdim volume specified in individual

protocols individual protocol.

11. Stop saline perfusion and connect infusion bag ¥ixttive. Perfuse for around 45 minutes, or

volume specified according to individual protocol.

12. Terminate perfusion. Carefully dissect brain outit €pine just caudal to skull, open skull by

means of a midline incision with scissors, dissmth flanks of the skull away and carefully

scoop the brain out with curved forceps or a cerdttace brain in fixative.

13. Dispose of animal remains according to animal taecgity procedures.
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Appendix C: Implementation of online calculation of EEG

suppression ratio

Vijin's algorithm (Vijn and Sneyd, 1998) was implented on Chart 5 data recording software,
version 5.5 (AD Instruments, USA). Chart 5 datalgsia is channel (Ch) based and allows online
display of processed data from one channel in anothhannel. EEG suppression calculation was
organised as consecutive transformations from Ghlahrto Channel 8. Some of these steps may be

condensed into single steps for efficiency. Thdofaihg table shows technical details of channel

programming:

Channel and Calculation

Comment

Channel 1: Raw EEG data

Channel 2: Band pass 1-50 Hz

Channel 3: Window(Differentiate(Ch2),-0.0004,0.0004)

Channel 4: Threshold(-Abs(Differentiate(Ch3)),0)

Channel 5: Cyclic Measurements: Measurement: Integral;
Source Ch. 5;
Cycle detection: Spikes (Arithmetic);
Threshold:0.52 V; Output: Set scale: -0.125
to 1.38 V.s

Channel 5: Threshold(Ch3*Ch5,0.2)
Channel 6: Integral: Source: Ch5;
Standard integral;
Timed reset 10 s
Channel 7: Cyclic Measurements:Measurement: Maximum;

Source: Ch 6;
Threshold 0.01 Vs

Channel 8: Ch9/10

Band pass filter raw data

detects trace with absolute
derivative below threshold,
assigned 1, or above threshold,
assigned 0

marks cahnges in window function
with a spike

integrates time between spikes

assigns 1 to suppressed periods if
longerthan 0.2 s

integrates duration of suppressed
period in 10s interval

takes maximum integral value for
each episode

divides suppression time in every
10 s interval by total time span to
obtain suppression ratio
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