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Abstract

Stroke is the third leading cause of death in the U.S. and the leading cause of 

adult onset disability worldwide. Despite tremendous efforts to find therapeutics, only 

one currently approved treatment for stroke exists which is indicated for use in less than 

5% of stroke victims. During a stroke, the brain experiences oxygen and nutrient 

deprivation due to lack of blood flow (i.e., ischemia) and tissue destruction ensues. 

Hibernating Arctic ground squirrels (AGS), Spermophilus parryii, are able to survive 

profound decreases in blood flow and cerebral perfusion during torpor, and return of 

blood flow (i.e., reperfusion) during intermittent euthermic periods without neurological 

damage. Hibernating species are a natural model of tolerance to insults, such as 

ischemia, that would be injurious to non-hibernating species, and are a novel model for 

investigating much needed therapeutics for pathologies such as stroke. Tolerance to 

traumatic brain injury demonstrated in hibernating AGS in vivo could be due to tissue 

properties, circulating factors or hypothermia. To investigate mechanisms of tolerance in 

brain of hibernating animals, the current project established a chronic culture system for 

hippocampal slices from AGS at 37°C. By using this in vitro approach, tissue properties 

of AGS brain could be assessed without effects of circulating factors or the protective 

nature of hypothermia. This project determined whether an intrinsic tissue tolerance to 

oxygen and nutrient deprivation, an in vitro model of ischemia-reperfusion, persists in 

chronic AGS slice culture and addressed associated mechanisms. Here, for the first 

time, slices from hibernating AGS were shown to possess a persistent tolerance to 

oxygen and nutrient deprivation. Thus, intrinsic tissue properties in hippocampus of 

hibernating AGS confer tolerance to oxygen and nutrient deprivation in addition to



hypothermia. Evidence in the literature supports that neuroproteotive factors are present 

in serum and tissue of hibernating animals, and here a preliminary investigation 

suggests that factors in AGS serum may play a role in protection in brain of hibernating 

AGS. Finally, a model is proposed that incorporates these findings, which suggests that 

mimicking properties of tissue and serum from hibernating animals in non-hibernating 

species may yield success in developing efficacious stroke therapeutics.
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Chapter 1 

Introduction

1.1 Hibernating species are a natural model of tolerance in which to investigate 

neuroprotective mechanisms

Today, a dire need exists for therapeutics for stroke, traumatic brain injury and 

other neuropathies such as Alzheimer disease. Although pre-clinical findings have been 

promising for stroke therapeutics, the failure of all but one clinical trial to date has 

revealed the need for a novel approach. Ischemia is lack of blood flow to a tissue and 

occurs in the brain during a stroke.

In the present project, tolerance to ischemia-reperfusion is investigated in 

hibernating Arctic ground squirrels (AGS), Spermophilus parryii. Here, in Chapter 1, the 

rationale and approach for studying neuroprotective mechanisms in hibernating animals 

is discussed. In addition, the establishment of an organotypic culture system for 

hippocampal slices from AGS and the scope and aims of the project are described. In 

Chapter 2, the rationale for using the approach of hippocampal slice culture and 

associated methodological considerations are reviewed. In Chapter 3, to determine 

whether hippocampus of AGS has an intrinsic tissue tolerance, slices from AGS were 

subjected to oxygen and nutrient deprivation (OND), an in vitro model of ischemia- 

reperfusion. Mechanisms associated with this tolerance were also investigated. These 

studies demonstrate an intrinsic tissue tolerance in hippocampal slices from AGS to 

OND and N-methyl-D-aspartate (NMDA). Moreover, this intrinsic tolerance was found to 

persist in slices from hibernating AGS. Mechanisms involving ion channel modifications, 

including the NMDA receptor, were found to play a role in tolerance to OND. Chapter 4



reviews literature in which evidence of potential neuroprotective factors in serum and 

tissue isolated from hibernating species is demonstrated. A preliminary investigation of 

the effects of serum from AGS in intrinsic tissue tolerance in AGS using hippocampal 

slice culture was also performed. Findings suggest that an interaction between 

circulating factors and a tissue property in hAGS hippocampus yields enhanced survival 

of neurons. Taken together, the findings from this project indicate that elucidation of the 

neuroprotective mechanisms in hibernating species is promising in the quest for 

therapeutics for conditions such as stroke.

1.2 Investigation of protective mechanisms relevant to stroke is well warranted

Investigations of mechanisms in hibernating species may yield insight for 

development of efficacious stroke therapeutics. Stroke is the third leading cause of 

death in the U.S. and the leading cause of adult onset disability worldwide, yet the only 

FDA approved treatment for stroke, recombinant tissue plasminogen activator (rt-PA) 

can only be used in less than 5% of stroke victims (Kleindorfer et al., 2004; Arora et al., 

2005). Increasing evidence suggests that rt-PA has more adverse side effects than 

anticipated (Traynelis and Lipton, 2001). One reason for the lack of therapeutics for 

neuropathologies such as stroke is the inability to achieve a therapeutic dose without 

intolerable side effects. Furthermore, successful therapeutic strategies may need to 

utilize the so-called ‘cocktail’ approach to target more than one pathway involved in the 

pathologic consequences of stroke. For example, hypothermia along with gene therapy 

upregulating anti-apoptotic Bcl-2 has been used to inhibit cell death cascades and 

extend the therapeutic window for intervention following stroke (Yenari et al., 2003). To 

better understand the concept of stroke therapeutics that employ aspects of

2
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neuroprotective mechanisms in hibernating animals, the causes and pathologic 

consequences of ischemia will be considered.

1.2.1 Etiology of ischemia

The major types of ischemia in the brain are either global ischemia which affects 

the entire brain, for example in cardiac arrest, or focal ischemia which is localized to a 

specific region of the brain such as occurs in a stroke (Dugan and Choi, 1999). The two 

major causes of ischemia are vascular occlusions and hemorrhage (Garcia and 

Anderson, 1997). Occlusions are responsible for the vast majority of ischemic events 

and may be either thrombotic, a clot in its original location, or embolic, a blockage that 

originated in a location other than where it causes the ischemic event. Hemorrhage may 

result from a ruptured aneurysm, a subarachnoid hemorrhage, or a bleeding disorder. 

Edema may also cause ischemia as a result of swelling from traumatic brain injury or a 

contusion (Garcia and Anderson, 1997). In addition, ischemia may occur as a 

consequence of a neoplasm in the brain that compresses tissue and thus compromises 

blood flow to a region of the brain. Highlighting the pathologic events that occur 

subsequent to ischemia in the brain will clarify the opportunities for clinical and 

therapeutic intervention.

1.2.2 Pathogenesis of ischemia

The central nervous system (CNS) is extremely sensitive to even small changes 

in metabolism or availability of substrates while many peripheral organs are more 

tolerant. Brain tissue requires a constant supply of glucose and oxygen and cannot be 

supported by anaerobic metabolism (Dugan and Choi, 1999). The resting human brain



consumes 20% of the body’s oxygen even though it only comprises 2% of the adult body 

mass (Voet et al., 1998). The brain has very low oxygen and energy reserves, such as 

glycogen stores, as well as a low blood volume compared to peripheral tissues (Lutz and 

Nilsson, 1997), yet the brain requires a balance between energy supply and demand to 

maintain vital synaptic transmission. The brain’s need for ATP is crucial to power its 

ATP driven pump, Na+K+-ATPase, which is responsible for creating an electric potential 

across the membrane and maintafning ion homeostasis (high concentrations of Na+ 

outside and K+ inside the cell) to avoid deleterious cellular swelling and edema. The lack 

of oxygen, that is a consequence of ischemia, results in failure of ATP production since 

oxygen is required for electron transport chain function. Lack of ATP will cause 

increased glycolysis and therefore increased lactic acid production and decreased pH in 

the brain (Dugan and Choi, 1999).

Downstream to loss of ion homeostasis in ischemia, neurons will depolarize and 

extrasynaptic glutamate accumulates as a result of increased release and decreased 

uptake (Rossi et al., 2000). Glutamate will overstimulate NMDA and DL-alpha-amino-3- 

hydroxy-5-methylisoxasole-4-propionate (AMPA) receptors which yield an excess 

intracellular Ca2+, which in turn activates other deleterious pathways, and ultimately 

neuronal death or severe damage ensues (Dugan and Choi, 1999). Neuronal death also 

occurs as a result of oxidative stress, inflammatory response, and necrotic or apoptotic 

mechanisms depending on the severity and duration of the ischemic insult (Dugan and 

Choi, 1999). In the cascades of damaging events following ischemia, many levels exist 

in which clinical intervention could be beneficial. Investigating mechanisms in 

hibernating animals may yield insight as to where, when, and how to therapeutically 

intervene in these deleterious cascades that follow ischemia.

4



1.3 The hippocampus is selectively vulnerable to ischemia

To elucidate the mechanisms associated with tolerance in AGS, it is relevant to 

study a region of the brain that is vulnerable to stroke in non-hibernating species. The 

most vulnerable regions of the brain to ischemia include the hippocampus (HPC), the 

cerebellar Purkinje cells, and cortical layers III, IV, and V (Schmidt-Kastner and Freund, 

1991; Garcia and Anderson, 1997). Cell types within the brain in decreasing order of 

vulnerability are neurons, oligodendrocytes, and astrocytes (Garcia and Anderson,

1997). The HPC, which plays a central role in learning and memory (Agranoff et al., 

1999), is the most vulnerable area of the brain to ischemia (Schmidt-Kastner and 

Freund, 1991). Within the HPC, the dorsal HPC is more vulnerable to ischemia than 

ventral HPC (Ashton et al., 1989), the pyramidal neurons are more vulnerable than other 

cell types, and certain pyramidal neurons are more vulnerable than other pyramidal 

neurons.

Anatomical subdivisions of cornu ammonis (CA) 1, CA2, and CA3 which contain 

pyramidal neurons and dentate gyrus (DG) which contains granular neurons are defined 

within the transverse plane of the HPC and were originally based on cell shape, size and 

connectivity. These subdivisions also have structural and functional differences (Moser 

and Moser, 1998) that have more recently been confirmed using DNA microarray 

techniques (Zhao et al., 2001). In order of decreasing vulnerability in HPC, CA1 and 

dentate hilar (between the two blades of DG) neurons are the most vulnerable followed 

by CA2, CA3, and DG neurons (Schmidt-Kastner and Freund, 1991). CA1 neurons are 

commonly investigated regarding therapeutic strategies for stroke (Nagahiro et al., 1998; 

Hayashi et al., 2001; Morrison et al., 2002).

5



The reasons for selective vulnerability of the HPC and CA1 to ischemia remain 

unclear. Two major theories originally proposed for the selective vulnerability of HPC 

were intrinsic differences in neurons by Vogt and Vogt (1936) or vascular factors by 

Spielmeyer (1927). Currently, selective vulnerability of HPC is suggested to be due to 

intrinsic differences in neurons because it does not appear to be a result of differences in 

vasculature. Although the CA1 region has less capillary density than CA3 (Imdahl and 

Hossmann, 1986) and CA1 and CA3 both have less capillary density than neocortex, 

CA3 is not more vulnerable than neocortex (Schmidt-Kastner and Freund, 1991). 

Findings regarding neuroprotection in hibernating animals may help elucidate the nature 

of the vulnerability of CA1 neurons and HPC to ischemia.

1.4 Hibernation as a model of neuroprotection

1.4.1 Hibernation physiology

Mimicking the physiologic characteristics of hibernating animals could be 

therapeutically useful, for example, to downregulate energy consumption during the 

metabolic crisis that occurs during stroke. Hibernating species possess a unique 

phenotype thought to have evolved in response to food shortage and utilize a host of 

protective mechanisms to survive the harsh environmental conditions in which they live 

(Wang et al., 1988). Hibernation occurs in certain species of mammals, including 

rodents, bats, carnivores, marsupials and a primate, the fat-tailed dwarf lemur, 

Cheirogaleus medius (Carey et al., 2003; Dausmann et al., 2004).

AGS a species native to the northern slope of the Brooks Range in Alaska, 

hibernate for approximately 7-8 months each year (Buck and Barnes, 1999). During 

hibernation, AGS and other species of ground squirrels enter bouts of torpor

6



characterized by profound decreases in respiratory rate, heart rate, blood flow, and 

cerebral perfusion, and a fall in body temperature (Tb) to within a few degrees of the 

ambient temperature (Frerichs et al., 1994). The hypothermia that accompanies 

hibernation is described by a Tb that can drop as low as -2.9°C (Barnes, 1989). During 

torpor, AGS also experience metabolic and immune suppression, hypocoagulation and 

increased antioxidant defense (Drew et al., 2001). Moreover, torpor bouts, which last 

approximately one to two weeks throughout the hibernation season, are interrupted by 

arousal periods in which the AGS enters the state of interbout euthermy (Barnes, 1989). 

During an arousal in AGS, physiological changes that took place during torpor return to 

normothermic values for approximately 24h periods (Daan et al., 1991). Species that 

hibernate differ in hypothermic basal temperature while in torpor or in duration of torpor 

bout, but all have in common the need to undergo periodic arousals between bouts and 

experience prolonged torpor throughout their hibernation season (Carey et al., 2003).

1.4.2 Evidence of neuroprotection in hibernating animals

Hibernating species are a natural model of tolerance to insults, such as ischemia, 

that would be injurious to non-hibernating species. Although hibernating animals 

experience extremely low blood flow during torpor and return of blood flow during 

arousal, no neuronal damage ensues (Ma et al., 2005). In the pursuit of therapeutics for 

conditions such as stroke, elucidation of the neuroprotective mechanisms in hibernating 

species may yield successful strategies. Tolerance to hypoxia in hibernating species in 

vivo was first documented in the early 1800’s as reviewed by Biorck et al. (1956). As 

early as the 1960’s, the mechanisms of hypoxia tolerance in hibernating species were



proposed to be attributable to reasons other than just cold temperature (Bullard et al., 

1960).

More recently, tolerance to traumatic brain injury has been demonstrated in 

hibernating AGS in vivo (Zhou et al., 2001). This tolerance could be due to tissue 

factors, circulating factors, or hypothermia in brain of the hibernating animal. In vitro 

tolerance to oxygen and glucose deprivation has been shown in acute hippocampal 

slices from hibernating Thirteen lined ground squirrel (TLS), Spermophilus 

tridecemlineatus. These in vitro findings suggest that tolerance in hibernating animals 

may be due to tissue properties; however state dependent differences in response to the 

acute trauma associated with slice preparation could be responsible for tolerance in 

slices from hibernating TLS (Frerichs and Hallenbeck, 1998).

Investigation of the mechanisms in hibernating species that yield this protection 

from insults is a promising approach in the quest for efficacious therapeutics for stroke. 

Translation of protective mechanisms in mammalian hibernating species to non

hibernating species is supported by the recent finding that a suspended animation-like 

state, characterized by decreased metabolism similar to that seen in hibernating 

animals, can be induced in non-hibernating species (Blackstone et al., 2005). In 

addition, other studies, such as those discussed in the next section, have demonstrated 

the presence of protective factors in tissue or serum of hibernating animals.

1.4.3 Evidence of protective factors in tissue and serum of hibernating species

Investigations of tolerance in peripheral organs of hibernating animals provide 

evidence that tissue of hibernating species possess protective factors and use unique 

mechanisms to avoid the pathology that would normally occur following injurious



situations. Kidneys of hibernating animals experience lack of blood flow during 

hibernation and reperfusion during arousal (Bullard and Funkhouser, 1962; Lesser et al., 

1970, Zatzman, 1984) which is comparable in many respects to hypothermic organ 

storage followed by transplantation. Structural preservation of kidneys from the 

dormouse, Muscardinus avellanarius, has been shown throughout hibernation, arousal, 

and summer euthermy (Zancanaro et al., 1999). Kidneys transplanted from 

Richardson’s ground squirrels, Spermophilus richardsonii, in deep hibernation remain 

viable for up to 72h of cold storage compared to only 24h of viability in kidneys from non

hibernating ground squirrels or rat (Green, 2000). Livers from hibernating TLS tolerate 

72h cold ischemia-reperfusion better than summer euthermic TLS or rat (Lindell et al., 

2005).

Furthermore, evidence suggests that circulating factors, specifically plasma or 

serum, of hibernating animals play a role in cytoprotection. Plasma from deeply 

hibernating woodchucks, Marmota monax, administered to non-hibernating species prior 

to and during organ preservation have been shown to extend preservation times of lung 

and a multiorgan preparation that includes heart, lungs, liver, pancreas, duodenum and 

kidneys (Chien et al., 1991; Oeltgen et al., 1996). Serum from hibernating Black bear, 

Ursus americanus, yields protection against ischemia-reperfusion injury in a rabbit 

isolated heart preparation (Bolling et al., 1998). These findings suggest that further 

investigation of the protective factors in tissue and serum of hibernating animals may 

result in successful strategies for conferring protection to non-hibernating species.



1.4.4 Hypothermia occurs during hibernation and is a therapeutic strategy for stroke 

To investigate neuroprotective mechanisms in hibernating species regarding 

therapeutic strategies for stroke, the role of hypothermia must be addressed. 

Hypothermia, although to varying degrees, occurs in all species that hibernate and has 

long been investigated as a potential therapeutic for conditions such as stroke. Findings 

of therapeutic hypothermia conferring CNS protection following acute brain injury, 

cardiac arrest, or stroke have been inconsistent from one study to another (Clifton et al., 

2001; Olsen et al., 2003; Sterz et al., 2003). Recently, hypothermia has been shown to 

confer protection during ischemia yet cause damage following reperfusion (Kawamura et 

al., 2005). The cascade of events following ischemia occurs in a time dependent 

manner that includes peri-infarct depolarizations and excitotoxicity within minutes to 

hours and inflammation and programmed cell death for days to weeks (Dirnagl et al.,

1999). Thus, a window for intervention exists following stroke, but induction of 

hypothermia may be indicated in a window much too soon after onset of ischemia for 

therapeutic relevance. Additionally, humans and other non-hibernating species have 

very limited tolerance for hypothermia (Milde, 1992; Metz et al., 1996).

Findings of a temperature insensitive component of glutamate neurotoxicity 

(Tymianski et al., 1998), a major sequelae of ischemia and traumatic brain injury, 

suggest that neuroprotection in hibernating animals may not be solely due to 

hypothermia. Moreover, the temperature independent suppression of metabolism 

shown to occur during hibernation (Popovic, 1955; Buck and Barnes, 2000) supports 

hypotheses that hibernating species use mechanisms in addition to hypothermia to 

confer protection. Therefore, the protective mechanisms in hibernating species other
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than hypothermia deserve further investigation and may lead to discovery of new 

therapeutic strategies for stroke.

1.5 Hippocampal slice culture is an approach to investigate neuroprotection

To investigate protective mechanisms in brain of hibernating species, an 

appropriate approach needed to be determined. For these studies, an in vitro approach 

is appropriate since the state of the animal cannot be maintained while manipulating 

body temperature in vivo. In addition, an in vitro approach allows for investigations of 

intrinsic tissue tolerance in hibernating animals because in vivo effects such as 

circulating factors can be eliminated. Due to the vulnerability of HPC to ischemia 

(Schmidt-Kastner and Freund, 1991), in vitro studies using the HPC have been 

extensively used for investigating tolerance to ischemia. Although the HPC was first 

described as a lamellar structure where connections only occur in the transverse axis 

(Anderson et al., 1971), it has since been shown that extensive connections also occur 

in the long axis of the HPC (Amaral and Witter, 1989). Hippocampal slices cut 

perpendicular to the long axis of the HPC, at a thickness of approximately 400|nm, retain 

a large number of axons and synapses and are well suited for organotypic (i.e., chronic) 

culture (Gahwiler et al., 1997).

Therefore, the in vitro approach of organotypic hippocampal slice culture was 

selected for these investigations of neuroprotective mechanisms in AGS. Culture was 

performed at 37°C so that the protective effects of hypothermia were ruled out. In 

addition, by using a chronic hippocampal slice culture, the findings of tolerance to 

oxygen and glucose deprivation (OGD) demonstrated by Frerichs and Hallenbeck (1998)
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can be extended by allowing an adequate recovery following slice preparation before 

tolerance is assessed.

1.6 Establishing a chronic culture system for Arctic ground squirrel hippocampus

Prior to using the in vitro approach of hippocampal slices to study 

neuroprotective mechanisms in AGS, a chronic culture system needed to be established 

for AGS HPC. Use of an in vitro model to study hibernation is supported by work of 

Belousov et al. (1990) showing that brain slices of hibernating animals possess 

electrophysiologic characteristics that reflect the state of the animal in vivo. 

Characterization of the viability of AGS hippocampal slices in culture was imperative 

before experimental manipulations could begin. Since the youngest age of AGS that 

can be trapped in the wild are juveniles, HPC could only be obtained from mature brain. 

Nonetheless, mature brain is more appropriate for studies of stroke and other 

neuropathies even though it is more difficult to culture for long durations (compared to 

immature brain). Methods have been established for more prolonged culture of slices 

from mature tissue (Wilhelmi et al., 2002), but such supplementation was not used so 

that intrinsic tissue tolerance in AGS HPC could be investigated.

Since only a few other groups have cultured slices from hibernating species, 

none of which attempted culture at 37°C or for more than an acute time frame (Pakhotin 

et al., 1990; Pakhotin et al., 1993; Igelmund and Heinemann, 1995; Frerichs and 

Hallenbeck, 1998), the expected duration for a viable culture was surmised from findings 

in studies using hippocampal slices prepared from mature rat brain. Within the first 48h 

of culture in unmodified cerebrospinal fluid (CSF) like media, population spikes 

amplitude (PSA) values in hippocampal slices prepared from 7 week old rat are
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comparable to PSA in acute slices (Wilhelmi et al., 2002). Additionally, average CA1 

PSA recordings are stable from day 1 until day 3 of culture in hippocampal slices 

prepared from 20-30 day old rat (Xiang et al., 2000). Hibernating ground squirrels, 

arousing ground squirrels and guinea pigs showed the same CA1 population spike 

responses to Schaffer collateral stimulation when cultured at 31 °C for a 90 minute 

recovery period following slice preparation (Pakhotin et al., 1993). Therefore, the 

survival of hippocampal slices from hibernating species does not appear to be state 

dependent when a reasonable recovery period is given following slice preparation and 

before experimentation begins. Taken together, these findings suggest that slices 

prepared from adult AGS HPC could be expected to be stable for at least 2 days of 

culture. AGS hippocampal slice culture was initially attempted for a duration of 7 days in 

order to determine whether a more classic organotypic culture (greater than 1 week) or a 

semi-chronic culture (less than 1 week) was feasible. Instead of the ischemia-vulnerable 

CA1 region, DG was selected as the region of interest in which to quantify neuronal 

survival in the cultured slices. DG granular neurons are extremely tolerant to ischemia 

which, to some extent, occurs during slice preparation (Schmidt-Kastner et al., 1990). 

One reason that DG neurons may be more ischemia-tolerant than CA1 neurons is that 

DG neurons consistently depolarize much later than CA1 following hypoxia, aglycemia, 

or hypoxia-aglycemia (Aitken and Schiff, 1986; Kreisman et al., 2000).

Hippocampal slice cultures were prepared from cold-adapted euthermic (eAGS, 

n=3) and hibernating (hAGS, n=3) AGS. AGS were male juveniles (5-9 month old) that 

were not sexually mature. Prior to slice preparation, 1ml of Neurobasal ™ Adult media 

and 5% AGS serum (50/50 v/v of hAGS serum and eAGS serum since no difference in 

survival of slices was seen when AGS slices were cultured with hAGS serum or eAGS
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serum) plus 0.025mM glutamate, 0.5mM glutamine and 1% streptomycin-penicillin 

(Sigma, St. Louis, MO) was placed in each well of a six well plate. A 30mm diameter 

Millicell-CM (Millipore, Bedford, MA) organotypic insert was placed in each well, and 

plates were pre-equilibrated for 1h at 37°C with 5% C 0 2 / 95% air and 99% humidity in a 

US Autoflow C 0 2 Water-Jacketed Incubator (NuAire, Plymouth, MN). Slices were 

prepared as described in Chapter 3.3.2 Slice preparation, but were cultured for a total of 

7 days and media changed on day 4 of culture. On day 1 (24h following slice 

preparation), day 4 (prior to changing media), and day 7 of culture, triplicate slices were 

fixed in 4% buffered paraformaldehyde for4h. Slices were stained via free floating 

immunocytochemistry (ICC) for NeuN to identify neurons as described in Chapter 3.3.4 

Analysis and quantification o f neuron survival. Using a LSM 510 Laser Scanning 

Confocal microscope (Zeiss, Thornwood, NY), three images across the upper blade of 

DG were taken in the middlemost layer of neurons in the slice using a 40X objective. 

Neuron survival was quantified by counting NeuN positive cells in 9 oval regions of 

interest placed along DG (i.e., 3 ovals per40X image). Data were analyzed with two

way ANOVA, and significant main effects or interactions were followed by Student- 

Newman-Keuls post-hoc analysis using SigmaStat 3.0 (Systat Software, Inc., Point 

Richmond, CA). Level of significance was p< 0.05. Data are expressed as mean +SEM.

As expected since adult HPC was used, there was a decrease in the number of 

DG neurons from day 1 to day 7 of culture in slices from both eAGS and hAGS (Figure

1.1). From day 1 to day 4 and from day 4 to day 7 of culture, a significant decrease in 

density of DG neurons in slices from hAGS was observed. Because survival of slices 

from both hAGS and ibeAGS in culture from day 1 to day 4 was not stable, the maximum
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duration of culture was chosen to be 48h for further investigations that included 

experimental manipulations.

1.7 Selection of euthermic controls

Although eAGS were used as the control with which to compare hAGS in 

experiments that investigated survival of AGS HPC in culture, interbout euthermic AGS 

(ibeAGS) were chosen as the control for subsequent experiments that included 

manipulations such as administration of insults. Control euthermic AGS could be 

selected from one of the following groups: summer euthermic, cold adapted euthermic, 

or interbout euthermic. hAGS and euthermic AGS for slice experiments should be a 

comparable age, should have experienced hibernation bouts of similar number and 

duration, should be sexually immature, should be seasonally matched, and should be 

housed in similar environmental conditions (i.e., ambient temperature and light:dark 

cycles). Summer euthermics were ruled out as the control because they would not be 

seasonally matched, would not be housed in similar environmental conditions, and 

would have been either much younger than or sexually mature compared to hAGS.

Both cold adapted euthermic AGS and hAGS could be the same age, could be sexually 

immature, and could be housed in similar environmental conditions, yet cold adapted 

euthermics are often considered to be ‘pathologic’ since they have never hibernated or 

have not hibernated for an extended portion of a hibernation season prior to inclusion in 

experiments. Therefore, ibeAGS were selected as the control with which to compare 

hAGS for these experiments.

Preconditioning is a form of neuroprotection that results from sub-lethal stimuli 

given prior to an injurious insult. Although ibeAGS could be considered preconditioned



to oxygen and nutrient deprivation as a result of hibernation bouts prior to euthanasia, all 

AGS may be preconditioned as demonstrated by tolerance to the low blood flow that 

occurs in the first hibernation bout each season.

1.8 Arctic ground squirrel hippocampus is selectively vulnerable

To confirm that AGS HPC is selectively vulnerable to ischemia, slices from 

ibeAGS and hAGS were cultured for 24h and then subjected to an in vitro model of 

ischemia-reperfusion (4h oxygen and nutrient deprivation, OND, followed by 20h of 

recovery) as described in Chapter 3 Section 3.3.6 Oxygen and nutrient deprivation. 

Percent cell death in slices was assessed using propidium iodide (PI), a stain that can 

only penetrate the membranes of dead or damaged cells, as described in Chapter 3.3.5 

Analysis and quantification o f cell death. Slices from ibeAGS, but not slices from hAGS, 

showed an increase in percent cell death in the CA1 region following OND. Since 

increased PI fluorescence is seen only in the CA1 region of slices from ibeAGS (Figure

1.2), CA1 neurons of AGS HPC are selectively vulnerable to OND while CA2, CA3, and 

DG neurons are tolerant.
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1.9 Scope and aims of the project

Hibernating species are a natural model of tolerance to insults, such as ischemia, 

that would cause death or damage in tissue of non-hibernating species. Tolerance to 

traumatic brain injury demonstrated in the hibernating Arctic ground squirrels (AGS) in 

vivo could be due to tissue properties, hypothermia, or circulating factors. The current 

project addressed mechanisms of tolerance in AGS brain.

The aims of this project were therefore:

1. To develop an approach that allowed investigation of tissue properties in AGS brain

independent of temperature and circulating factors.

2. To establish a method for quantifying neuronal survival and cell death in chronic

hippocampal slice cultures.

3. To characterize baseline survival in a chronic culture system of adult AGS

hippocampus.

4. To investigate intrinsic tissue tolerance in AGS using oxygen and nutrient deprivation,

an in vitro model of ischemia-reperfusion.

5. To determine whether N-methyl-D-aspartate receptors (NMDAR) are involved in

intrinsic tissue tolerance in AGS.

6 . To determine whether ion channel modifications, in addition to NMDAR, are involved

in intrinsic tissue tolerance in AGS.

7. To review literature in which evidence of potential neuroprotective factors in serum

and tissue isolated from hibernating species is demonstrated.

8. To begin to investigate whether circulating factors play a role in protection in AGS

brain.
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Figure 1.1: Survival of AGS slices decreases over days in 37°C culture. NeuN ICC was 

used to identify DG neurons in slices. A significant decrease in number of DG neurons 

from day 1 to day 7 of culture in slices from both eAGS and hAGS was observed. From 

day 1 to day 4 and from day 4 to day 7 of culture, the number of DG neurons in slices 

from hAGS was significantly decreased. Main effect of day of culture p<0.001. *p<0.05, 

**p<0.01, ***p<0.001 (3 eAGS and 3 hAGS). Numbers above bars indicate number of 

slices.
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Figure 1.2: CA1 neurons in AGS hippocampus show selective vulnerability in vitro.

(A) Representative image of a hippocampal slice from ibeAGS that was cultured for 24h, 

subjected to an in vitro model of ischemia-reperfusion (4h of oxygen and nutrient 

deprivation followed by 20h of recovery), and then stained with propidium iodide (PI). PI 

is only permeable to cells that are dead or have a severely damaged membrane. 

Increased fluorescence in the CA1 region indicates increased cell death and selective 

vulnerability to ischemia. (B) The same hippocampal slice was fixed for 4h in 4% 

paraformaldehyde to permeabilize all membranes and then restained with PI to show all 

cells in the slice. Note that the CA2, CA3 and DG neurons that were tolerant to ischemia 

are now visible following permeabilization. Images were taken using Texas Red 

illumination and a 2.5X objective.
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Chapter 2

Rationale and Methods for Hippocampal Slice Culture 

2.1 Introduction

There are numerous benefits to using an in vitro approach to study the CNS 

including accessibility and ability to manipulate experimental conditions which have a 

plethora of pharmacological implications. Nervous tissue explants were first successfully 

cultured by Hogue (1947) and primarily established for electrophysiologic studies (Li and 

Mcllwain, 1957; Yamamoto and Mcllwain, 1966a, 1966b). Today, applications for in 

vitro CNS studies are diverse and innovative. The majority of nervous tissue culture 

takes advantage of the three dimensional organization of the hippocampus (HPC) 

(Amaral and Witter, 1989) since slices isolated from the HPC retain their original 

cytoarchitecture in vitro. The main objective of this chapter is to review the rationale for 

using organotypic hippocampal slice culture by comparing in vitro versus in vivo studies, 

tissue versus dissociated culture, and chronic versus acute culture of nervous tissue. 

Additionally, this chapter addresses biomedical applications, methodological 

considerations (such as age of donor tissue, duration of culture, media, and supplies), 

and methods for assessing viability of hippocampal slices.

2.2 Rationale for use of chronic hippocampal slice cultures

2.2.1 Benefits of in vitro rather than in vivo study of nervous tissue

One advantage of using in vitro rather than in vivo studies is more efficient use of 

tissue, and therefore animals, which yields greater numbers of replicates. Linder in vitro 

conditions, multiple parameters or environments to which a cell is subjected can be



altered. Additionally, in vitro studies are an excellent means for analyzing neural 

mechanisms while simplifying the complex system found in vivo. Nonetheless, it must 

be considered that in vitro work does not necessarily reflect or predict in vivo results. In 

vitro studies lack specific cell interactions that, for example, would cause an 

inflammatory or tissue response in vivo. More constant metabolism may occur in vitro 

than would be the case in vivo where nervous and endocrine influences are present. 

Energy metabolism in vitro is primarily glycolysis and the citric acid cycle plays a lesser 

role than would be the case in vivo where cells use oxygen for respiration (Freshney,

2000). Nevertheless, in vitro studies are an ideal approach with which to begin 

investigations of nervous tissue since findings from in vitro studies would systematically 

be further confirmed in vivo. Findings from in vitro studies often, but not always, 

translate appropriately to in vivo studies. For instance, the vulnerability of in vitro 

culture, specifically pyramidal neurons of the HPC, to glutamate induced damage has 

been found to parallel in vivo vulnerability to such damage (Mattson and Kater, 1989).

Pharmacologic testing using an in vitro approach eliminates the blood brain 

barrier (BBB) and allows for delivery of drugs directly to the neuronal extracellular space 

so that effective drug concentrations, potency, and the effects of changes in ions such 

as calcium, pH, or osmolarity can be analyzed (Goldberg et al., 1997). Use of an in vitro 

model, in which route of delivery and diffusion in tissue can be addressed in follow up 

studies, can greatly simplify pharmacological testing that would be complex in vivo. The 

absence of a vascular system in vitro, however, does not allow for exchange of nutrients 

and metabolites and limits size and polarity of cells. In fact, many substances that may 

be toxic in vitro could have been cleared by the liver in vivo. The necessity of taking in 

vivo components into consideration when using in vitro models is supported by the
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recent finding that lack of endothelial cells in an in vitro study did not allow for 

neuroprotective effects of three drugs that had been demonstrated efficacious in vivo 

(Peeters et al., 2003). Accordingly, an in vitro model of BBB has been developed using 

co-cultures of CNS tissue and endothelial cells (Duport et al., 1998), which allows for 

investigation of BBB in vitro.

Costs associated with in vitro studies are much less than those associated with 

comparable in vivo studies. For instance, during in vivo pharmacological testing, 

approximately 90% of the drug being tested is excreted or distributed to other tissues 

(Freshney, 2000). On the other hand, additional concerns are present in vitro that would 

not be encountered in vivo such as precise control of contamination as well as 

environment (i.e., incubation temperature, pH, humidity). A change in phenotype from 

the in vivo state to the in vitro state is a possibility. For example, HPC neurons have 

been found to have more synaptic connections in vitro compared to in vivo (Fiala et al., 

2003). A considerable loss of viable tissue may occur in the transition from the in vivo to 

the in vitro state. By using proper techniques (i.e., sterile) and appropriately monitoring 

(i.e., viability) in vitro studies as will be discussed, many of these potential problems 

associated with in vitro work can be eliminated or at least taken into account when 

interpreting results.

2.2.2 Slice culture allows for maintenance of structural integrity not possible with 

dissociated culture

The two major types of neural tissue culture are slice culture and dissociated cell 

culture. In slice cultures, the original structure is kept intact which allows associated 

cells to remain in contact with each other and continue communicating. Each slice
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culture experiment requires original donor tissue and a greater amount of time for 

preparation while potentially giving a low yield of viable tissue. Advantages of 

dissociated culture include facilitated application or removal of drugs and better optical 

imaging capabilities because individual cells can be accessed. However in dissociated 

cell culture, cell interactions and intercellular signaling capacity are lost which requires 

hormone and nutrient supplementation for cells to retain their original functional capacity 

(Freshney, 2000). In either slice or dissociated culture astrocytes tend to proliferate. 

Such undesired proliferation can be discouraged by using an anti-mitotic agent, serum- 

free media supplements, or ionizing radiation (Gahwiler et al., 1998).

In order to study the integrated function of a tissue or organ in vitro, slice culture 

must be used. Protocols have been optimized for culturing slices from a variety of brain 

regions such as cerebellum, cortex, spinal cord, and brainstem (Connelly et al., 2000), 

yet a majority of nervous tissue explants take advantage of the neuronal organization of 

HPC (Gahwiler et al., 1997). The HPC is divided into four unique regions: CA1, CA2, 

and CA3 which consist of pyramidal neurons, and dentate gyrus (DG) which contains 

granular neurons. In hippocampal slice culture, the regions of interest of HPC can be 

identified over time in culture since the original structure is maintained. For example, the 

ability to identify the vulnerable region of CA1 neurons is a key aspect of investigations 

of ischemia.

2.2.3 Assays compatible with slice preparations

A variety of assays originally developed for dissociated neuronal cultures have 

been optimized for use in hippocampal slices. Metabolic activity has been analyzed in 

hippocampal slices by measuring ATP using the luciferin-luciferase assay (Frerichs and



Hallenbeck, 1998; Keynes et al., 2004). Mitochondrial activity in hippocampal slices has 

been studied using the tetrazolium dye 3-(4, 5-dimethlythiazol~2-yl)-2,5- 

diphenyltetrazolium bromide (MTT) that is reduced by active mitochondria (Connelly et 

al., 2000). Protein synthesis has been assessed using 3H-leucine in rat hippocampal 

slices (Phillips and Steward, 1988). Electrophysiologic studies take advantage of the 

intrinsic connections that persist in hippocampal slices, and microdialysis has even been 

used in conjunction with electrophysiology in hippocampal slices (Robert et al., 1997). 

Non-invasive optical imaging in hippocampal slices allows investigation of cellular 

function such as intracellular Ca2+concentration to assess ion channel flux (Breder et al., 

2000; LoPachin et al., 2001).

2.2.4 Chronic slice culture is more versatile than acute slice culture

Hippocampal slices are prepared for use within either an acute or chronic time 

frame. During slice preparation, disturbance of energy metabolism takes place in the 

tissue since at least some oxygen and nutrient deprivation occurs during isolation of 

HPC and stress and damage result from cutting (Taubenfeld et al., 2002). In acute 

slices, experiments begin soon after the slices are prepared (~1h recovery is given) 

(Madison and Edson, 1997) and are complete within another 7h (De Simoni et al., 2003). 

Although acute slices may provide a quicker and more accurate representation of in vivo 

properties by maintaining the ratios of cell type, experiments are affected at least to 

some extent by the acute trauma of slice preparation. Chronic slices are given ample 

time to equilibrate to their in vitro conditions and to recover from the acute trauma that 

takes place during slice preparation. Experiments in chronically cultured slices are 

performed on the average of 2-4 weeks following preparation (Gahwiler et al., 1997).
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Only chronically cultured slices allow for manifestation of delayed cell death following 

preparation or insults such as ischemia or excitotoxicity (Kirino, 1982; Wallis and 

Panizzon, 1995). Although determination of whether tissue retains certain properties can 

be difficult ex vivo, chronically cultured slices are more likely to accurately represent the 

in vivo condition of the tissue. For example, to assess whether or not a tissue retains its 

metabolic properties ex vivo, ATP levels of in vivo tissue could be compared with ATP 

levels of that tissue in vitro (i.e., in acute and/or chronically cultured slices prepared from 

that tissue). When feasible, an ideal experimental design would include use of acute 

slices in parallel with chronic cultures.

2.2.5 Types of chronic slice culture

The two predominant types of chronic slice preparations use either roller tubes or 

membrane inserts as a matrix with which to culture tissue. Culture of neural tissue, first 

described in 1947 (Hogue, 1947), used the roller tube technique to facilitate gas and 

nutrient exchange to the tissue. This technique consists of embedding tissue in a plasma 

clot (Gahwiler, 1981) o ra  collagen matrix on a coverslip that is placed in roller tubes 

which undergo continuous slow rotation to maintain tissue oxygenation. The classic 

roller tube technique flattens the tissue explant to virtually a monolayer culture which is 

beneficial for visualization but also indicates loss of neuronal organization. Maximov 

chambers (Grosse and Lindner, 1982; Lindner and Grosse, 1982) were later developed 

in order to decrease tissue flattening by using coverslips on both sides of the slice, yet 

experimental access to the tissue is extremely limited in these chambers. Therefore, a 

novel method for organotypic and long term culture of neural tissue was needed.
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Currently, the most commonly used chronic tissue culture technique consists of 

tissue being placed on a semiporous membrane to provide an air-medium interface and 

thus oxygenation while tissue is kept stationary (Stoppini et al., 1991; Bergold and 

Casaccia-Bonnefil, 1997). Membrane culture allows for better preservation of the in vivo 

tissue cytoarchitecture and is thus called organotypic culture. More recently, the roller 

tube method of culturing has been optimized to maintain cytoarchitecture of slices 

(Aleksandrova et al., 2001) and can support epithelium-olfactory bulb co-cultures for up 

to 68 days (Josephson et al., 2004). Membrane culture is by far a more popular choice 

for organotypic slices than roller tube culture.

2.3 Applications of chronic slice culture

Hippocampal slice culture is widely used for investigations of ischemia and 

potential stroke therapeutics due to the vulnerability of the HPC, specifically the CA1 

region, to ischemia. Examples of studies related to ischemia using hippocampal slices 

include combined oxygen and glucose deprivation (Frantseva et al., 1999; Laake et al., 

1999), hypoxia (Wang et al., 2000), hypothermia (Feiner et al., 2005), hypoglycemia 

(Tasker et al., 1992), excitotoxic insult (Vornov et al., 1994) and ion homeostasis 

(Martinez-Sanchez et al., 2004). Synaptic plasticity and long term potentiation 

(Nosyreva and Huber, 2005; Wood et al., 2005) have been investigated using 

hippocampal slice culture. An organotypic model for investigating invasive brain tumors 

has also been established (Jung et al., 2002). A few of the other applications of 

hippocampal slice culture include its use as a model for traumatic brain injury (Adamchik 

et al., 2000), neurodegeneration (Patel et al., 2005), HIV (Collins et al., 2000), epilepsy
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(Ohmori et al., 2004; Arias and Bowlby, 2005) and studies of reactive oxygen species 

(Liu et al., 2003).

2.4 Methodological considerations

2.4.1 Age of donor tissue and duration of culture

Organotypic cultures are generally prepared from immature neural tissue culture 

since maintenance of viability is a much greater challenge in cultures prepared from 

mature tissue. Generally, immature neural tissue is obtained from sources in the 

embryonic up to early postnatal stage, while mature neural tissue is obtained from 

sources in the later postnatal up to adult stage. The optimal age for the donor of 

hippocampal tissue for an organotypic culture is approximately 6 to 7 days postnatal 

(Gahwiler et al., 1998). The HPC should reach the adult stage in rats by about postnatal 

day 14 (Milner et al., 1983; Linke and Frotscher, 1993; Linke et al., 1995; Bender et al., 

1996). Although hippocampal slice preparations from mice are less frequently used than 

rat, mouse neural development precedes rat by 2-3 days (Ward and Hagg, 1999, 2000; 

Clancy et al., 2001; Wu and Yeh, 2005). Division of hippocampal pyramidal cells is 

complete at birth, but granular neurons within the medial blade of DG divide for another 

2 weeks (Bayer, 1980). Moreover in adult (mature) HPC, neurogenesis can still occur in 

which new granule cells are born in the subgranular zone and migrate into DG where 

they become functional (van Praag et al., 2002).

Recent studies have revealed that spontaneous neurogenesis takes place in 

organotypic hippocampal slice cultures (Kamada et al., 2004; Raineteau et al., 2004), 

yet such in vitro neurogenesis is distinct in some respects from that occurring in vivo 

(Seaberg and van der Kooy, 2002). Immunocytochemistry (ICC) in slices for markers of
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neurogenesis such as Nestin and Bromodeoxyuridine (BrdU) can be used to confirm 

whether neurogenesis is taking place during culture (Becq et al., 2005).

Immunoreactivity for NeuN, a marker for neurons that have withdrawn from the cell cycle 

and are terminally differentiated (Mullen et al., 1992), can also be used to distinguish 

mature neurons from new (immature) neurons. Therefore, the stage of neural 

development in the tissue donor as well as the possibility of in vitro neurogenesis should 

be considered in order to yield a stable cell population throughout the duration of a slice 

culture.

Mature neural tissue must be considered for use in organotypic hippocampal 

slice culture even though it is more challenging to culture than immature tissue. Mature 

and immature neural tissues possess grossly different properties, such as anatomical 

and functional capacities, and the vast majority of neuropathologies occur only in mature 

neurons. For example, hippocampal slice and cortical cultures need to be obtained from 

mature brain for relevance in studies of age related processes such as Alzheimer 

disease or increased vulnerability to stroke. Immature brain is quite tolerant to ischemic 

injury while mature brain is vulnerable both in vivo and in vitro (Bickler and Hansen,

1998; Bickler et al., 2003; Siqueira et al., 2004; Vannucci and Hagberg, 2004). 

Additionally, mature tissue shows better maintenance of histotypic organization over 

time in culture compared to immature tissue (Gahwiler et al., 1998).

Hippocampal slices from adult rat (20-30 day old) that maintain cytoarchitecture 

and synaptic connections have recently been kept in culture for up to 3 months by 

manipulating culture conditions by elevating potassium levels in culture media (Xiang et 

al., 2000). Prior studies had not been able to successfully culture hippocampal slices 

from rats older than 15 days post-natal for more than 4 days (Kleinberger-Doron and
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Schramm, 1990). Another recent study shows successful culture of adult rat (7 week 

old) hippocampal slices for at least 6 days by incorporating free-radical scavengers, 

energy precursors and NMDA receptor antagonists into the culture media (Wilhelmi et 

al., 2002).

2.4.2 Media

Numerous formulations of media are available for purchase or can be made for 

use in slice culture. Hibernate™ media (HIB; Brain Bits, Springfield, IL) is a bicarbonate 

buffered media that has been formulated for use at ambient C 02 ( - 0.2%) and for 

applications such as hippocampal slice preparation. HIB contains salts, glucose, 

pyruvate, amino acids, and vitamins (Brewer and Price, 1996), and is commonly 

supplemented with B-27 serum substitute (GIBCO, Grand Island, NY, USA) and 

glutamine. Use of a serum-free supplement, such as B-27, allows for control of growth 

factor, amino acid, and hormone levels in culture to yield more reproducible results 

(Annis et al., 1990; Fallon et al., 1990). Using a serum supplement for media, instead of 

a serum-free supplement such as B-27, yields a greater risk of undesired glial cell 

proliferation as well as variable levels of hormone and growth factors (Brewer, 1997).

Yet serum can contain factors, albeit uncharacterized components such as growth 

factors, that promote survival of cultures and has buffering capacity (Gahwiler et al.,

1998). B-27 is available in formulations for either adult or embryonic tissue and in anti

oxidant rich (vitamin E, vitamin E acetate, superoxide dismutase, catalase, glutathione) 

or anti-oxidant free versions (GIBCO, Grand Island, NY). B-27 contains essential fatty 

acids, proteins (albumin, transferrin), vitamins and hormones (L-carnitine, corticosterone,



ethanolamine, D(+) galactose, insulin, linoleic acid, progesterone, putrescine, retinyl 

acetate, selenium, and T3) (Brewer and Price, 1996; Brewer, 1997).

Neurobasal ™ media (NB; GIBCO, Grand Island, NY) has been optimized for use 

at a pH of 7.3 and 5% C 0 2 for maintenance of organotypic hippocampal slice cultures. 

The components of NB are listed in Table 2.1. Supplementation with B-27, glutamate, 

and glutamine is recommended for NB (per GIBCO). Both HIB and NB are available in 

formulations for either adult or embryonic tissue and incorporate pH indicators such as 

phenol red to confirm that a pH of approximately 7.4 is maintained in culture.

Antibiotics can be added to media to decrease bacterial growth in slice cultures 

but should not be necessary if sterile technique and a laminar flow hood are consistently 

used to decrease the risk of contamination. Yeast and bacteria are the two major 

contaminants that threaten slice cultures. Antibiotic use is discouraged in cultures since 

it can mask contaminants or mycoplasma infections, have anti-metabolic effects, cause 

phenotypic changes in cultures, and encourage development of antibiotic resistant 

organisms (Freshney, 2000).

Sterile technique must be maintained throughout slice preparation and duration 

of culture. If certain supplies are not autoclavable, then the item should be gas sterilized 

or wiped thoroughly with 70% ethanol just prior to use. All solutions should have been 

autoclaved or sterile filtered. Additionally when using the laminar flow hood, flaming of 

instruments, wearing gloves, and UV light exposure before and after use reduce the risk 

of contamination.
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2.4.3 Setup and supplies

Use of a membrane matrix for organotypic cultures allows accessibility to the 

slice while providing an air-media interface. Millicell-CM (Millipore, Bedford, MA) inserts 

have been specifically designed for organotypic culture on a membrane. These inserts 

feature a low wall height compatible with a wide variety of applications such as 

visualization and microscopy without having to transfer the slice from one matrix to 

another. Generally for organotypic hippocampal slice culture, a 30mm diameter insert is 

placed in each well of a six-well plate containing 1 ml of media per well. Each insert 

houses up to 3 slices, and media is changed approximately 2-3 times per week 

(Gahwiler et al., 1998).

Culture conditions for organotypic hippocampal slices are typically 5% CO2/ 95% 

air and 99% humidity at 37°C. Slices are sometime cultured below 37°C (e.g., ~35°C) to 

enhance survival, in which case the protective effects of hypothermia must be addressed 

in experimental findings. To improve gas exchange in cultured tissues, increased 0 2 

concentrations can be used in the incubator, but there is also increased risk of 0 2 toxicity 

(Pomper et al., 2001) and a deleterious effect on nutrient exchange (Freshney, 2000).

To create hypoxic conditions in the incubator, 5% CO2/ 95% N2is generally used. 

Alternatively, chemical hypoxia can be induced using an inhibitor of cytochrome oxidase 

such as sodium azide or potassium cyanide which arrests oxidative phosphorylation. To 

subject slices to a scenario of glucose deprivation, media that does not include glucose 

can be used. Chemical aglycemia can be induced using 2-deoxyglucose, a glucose 

analogue that competes with glucose for key enzymes in glycolysis, or iodoacetate 

which prevents the formation of pyruvate from glucose by inhibiting glyceraldehyde-3- 

phosphate dehydrogenase. Disadvantages of chemical hypoxia and aglycemia include
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that a side effect of cyanide is disruption of superoxide dismutase-1 (SOD-1) and that 

the chemical agents can be difficult to wash out of slices (Goldberg et al., 1997).

2.4.4 Slice preparation

An appropriate thickness at which the hippocampal slice is prepared must be 

determined based on the applications for the slice culture and the techniques that will be 

employed. For example, slices cut at 100-200^im are best for cell visualization or patch 

clamp studies while slices cut at a thickness of up to 1000|u.m are best for applications 

such as investigation of circuitry (Wu et al., 2005). Generally, organotypic hippocampal 

slices are prepared at a thickness of approximately 300|um to allow for adequate 

perfusion of oxygen, nutrients and drugs into the middle neuronal layers of the slice. In 

slices prepared at any thickness, the loss of cell layers and thinning of the slice, which 

are unavoidable consequences of time in culture, should be taken into account.

Tissue choppers and vibraslicers have long been used for cutting brain tissue 

into slices. More recently, wire grid-type and oscillating tissue slicers (Geiger et al.,

2002) have become popular since slices can be put into culture with less time and 

trauma during preparation. Directly touching slices should be avoided and handling of 

the slices should be kept to a bare minimum to allay the tissue damage that can easily 

occur in the vulnerable HPC. When slices must be transferred from one solution to 

another, a sterile wide bore pipet is the best vehicle for transfer.
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2.5 Analysis of viability and neuronal cell death

2.5.1 Propidium iodide staining and identification of neurons

Monitoring the survival of slices overtime is an essential aspect of organotypic 

culture. Propidium iodide (PI) staining is often used to identify dead cells in a slice since 

it is only incorporated into cells with a damaged membrane, binds DNA, and fluoresces 

(Laake et al., 1999). Quantitative analysis of neuronal death in hippocampal slice 

cultures can be accomplished by determining the ratio between ‘dead cells’ and ‘100% 

cell death . A slice in culture is first stained with PI and then images acquired which 

show dead cells . The slice is then subjected to an insult (such as fixation, high dose 

glutamate, chemical hypoxia, or4°C overnight) that causes death of all of the neurons. 

The slice is again stained with PI and images re-acquired which show ‘100% cell death’ 

(Strasserand Fischer, 1995).

It is often necessary to confirm viability in slice cultures with respect to cell type in 

a culture (i.e., neuronal death may need to be differentiated from glial death). Following 

fixation, generally 4h at room temperature in 4% buffered paraformaldehyde, free 

floating ICC can be performed in the slice. The antibody for NeuN (Mullen et al., 1992) 

or microtubule-associated protein 2 (MAP2) (Matus et al., 1986) will identify neurons. 

Additionally, the antibody for glial fibrillary acidic protein (GFAP) will distinguish 

astrocytes (Bushong et al., 2004) and the antibody for 0X42 will identify microglia (Kato 

et al., 1995; Bellander et al., 2004).

2.5.2 Histology

Hematoxylin and eosin (H&E) or cresyl violet staining of slices allows for 

visualization of morphology and determination of integrity of neurons in slice cultures.
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Histological assessment of slices requires that following fixation, slices must be 

embedded in paraffin and cut on a microtome at a thickness of approximately 8|um. 

Cutting slices on the microtome requires that the transverse axis of the HPC is kept in 

parallel with the cutting edge of the blade. Slices originally cut at a thickness of 300|nm 

will have thinned to only 100|j.m by the end of 2 days in culture (Gahwiler et al., 1998).

In addition to posing a challenge for cutting on the microtome, cultured slices are also 

difficult to process and embed without cracking. Nonetheless, histological analysis is an 

extremely valuable means for assessing the state of a cultured slice.

In normal tissue that does not exhibit pathology, hematoxylin stains acidic 

structures such as the nucleus blue and eosin stains other structures, such as the 

cytoplasm, red (Junquiera et al., 1998). Neurons that have experienced acute necrosis 

due to ischemic conditions will have pyknotic (shrunken and more basophilic) nuclei and 

hypereosinophilic cytoplasm and will appear edematous (Dolinak and Matshes, 2002). 

Following an ischemic event, apoptotic neurons will have condensed nuclear chromatin 

and will shrink as they form cytoplasmic buds without causing an inflammatory response 

in the affected tissue (Kumar et al., 1997). Identification of the subtle differences 

between apoptosis and necrosis is usually difficult on the sole basis of neuronal 

morphology. In order to confirm that neuronal death is apoptotic, immunoreactivity for a 

biochemical marker in the apoptotic cascade such as a caspase must be used in 

conjunction with a technique such as Terminal deoxynucleotidyl Transferase Biotin- 

dUTP Nick End Labeling (TUNEL) staining that identifies fragmented DNA (Hirai et al.,

2004).
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2.5.3 Other means to assess viability of slices

The techniques with which viability in slices can be assessed are quite limited 

compared to the numerous techniques that may be employed with cell culture 

(Freshney, 2000). Release of lactate dehydrogenase from neuronal cells into culture 

media is an established means of quantifying cell damage in dissociated cultures (Koh 

and Choi, 1987) and more recently has been used in hippocampal slices as well (Noer et 

al., 2002, Fernandez-Lopez et al., 2005). Other methods such as FluoroJade staining 

for degenerating neurons and Hoescht staining to detect nuclear shrinkage in neurons 

are also reliable markers for assessing hippocampal slice cell death and yield results 

similar to those from PI and MAP2 staining based assessment of viability (Noraberg et 

al., 1999; Bonde et al., 2002).

2.6 Conclusion

Hippocampal slice culture using inserts that provide an air-medium interface is an 

excellent means by which one can investigate integrated neuronal function with a great 

number of applications such as selective vulnerability to ischemia. Appropriate choices 

regarding type of media, age of donor tissue, duration of culture, and thickness of tissue 

must be made according to the applications for which the slices will be used. Efficient 

use of neural tissue while maintaining structural integrity and ability to analyze a variety 

of neural mechanisms are just a few of the many benefits of a chronic hippocampal slice 

culture.



Adamchik Y, Frantseva MV, Weisspapir M, Carlen PL, Perez Velazquez JL (2000) 

Methods to induce primary and secondary traumatic damage in organotypic 

hippocampal slice cultures. Brain Res Brain Res Protoc 5:153-158.

Aleksandrova OP, Lyzhin AA, Viktorov IV (2001) Histogenesis of hippocampus and 

neocortex isolated from postnatal rats in organotypic roller tube cultures of 

floating brain sections. Bull Exp Biol Med 132:898-901.

Amaral DG, Witter MP (1989) The three-dimensional organization of the hippocampal 

formation: a review of anatomical data. Neuroscience 31:571-591.

Annis CM, Edmond J, Robertson RT (1990) A chemically-defined medium for 

organotypic slice cultures. J Neurosci Methods 32:63-70.

Arias RL, Bowlby MR (2005) Pharmacological characterization of antiepileptic drugs and 

experimental analgesics on low magnesium-induced hyperexcitability in rat 

hippocampal slices. Brain Res.

Bayer SA (1980) Development of the hippocampal region in the rat. I. Neurogenesis 

examined with 3H-thymidine autoradiography. J Comp Neurol 190:87-114.

Becq H, Jorquera I, Ben-Ari Y, Weiss S, Represa A (2005) Differential properties of 

dentate gyrus and CA1 neural precursors. J Neurobiol 62:243-261.

Bellander BM, Bendel O, Von Euler G, Ohlsson M, Svensson M (2004) Activation of 

microglial cells and complement following traumatic injury in rat entorhinal- 

hippocampal slice cultures. J Neurotrauma 21:605-615.

44

2.7 References



Bender R, Plaschke M, Naumann T, Wahle P, Frotscher M (1996) Development of

cholinergic and GABAergic neurons in the rat medial septum: different onset of 

choline acetyltransferase and glutamate decarboxylase mRNA expression. J 

Comp Neurol 372:204-214.

Bergold PJ, Casaccia-Bonnefil P (1997) Preparation of organotypic hippocampal slice 

cultures using the membrane filter method. Methods Mol Biol 72:15-22.

Bickler PE, Hansen BM (1998) Hypoxia-tolerant neonatal CA1 neurons: relationship of 

survival to evoked glutamate release and glutamate receptor-mediated calcium 

changes in hippocampal slices. Brain Res Dev Brain Res 106:57-69.

Bickler PE, Fahlman CS, Taylor DM (2003) Oxygen sensitivity of NMDA receptors: 

relationship to NR2 subunit composition and hypoxia tolerance of neonatal 

neurons. Neuroscience 118:25-35.

Bonde C, Noraberg J, Zimmer J (2002) Nuclear shrinkage and other markers of

neuronal cell death after oxygen-glucose deprivation in rat hippocampal slice 

cultures. Neurosci Lett 327:49-52.

Breder J, Sabelhaus CF, Opitz T, Reymann KG, Schroder UH (2000) Inhibition of 

different pathways influencing Na+ homeostasis protects organotypic 

hippocampal slice cultures from hypoxic/hypoglycemic injury.

Neuropharmacology 39:1779-1787.

Brewer GJ (1997) Isolation and culture of adult rat hippocampal neurons. J Neurosci 

Methods 71:143-155.

Brewer GJ, Price PJ (1996) Viable cultured neurons in ambient carbon dioxide and 

hibernation storage for a month. Neuroreport 7:1509-1512.

45



Bushong EA, Martone ME, Ellisman MH (2004) Maturation of astrocyte morphology and 

the establishment of astrocyte domains during postnatal hippocampal 

development. Int J Dev Neurosci 22:73-86.

Clancy B, Darlington RB, Finlay BL (2001) Translating developmental time across 

mammalian species. Neuroscience 105:7-17.

Collins MA, Neafsey EJ, Zou JY (2000) HIV-I gpl20 neurotoxicity in brain cultures is 

prevented by moderate ethanol pretreatment. Neuroreport 11:1219-1222.

Connelly CA, Chen LC, Colquhoun SD (2000) Metabolic activity of cultured rat

brainstem, hippocampal and spinal cord slices. J Neurosci Methods 99:1-7.

De Simoni A, Griesinger CB, Edwards FA (2003) Development of rat CA1 neurones in 

acute versus organotypic slices: role of experience in synaptic morphology and 

activity. J Physiol 550:135-147.

Dolinak DD, Matshes E (2002) Medicolegal Neuropathology: A Color Atlas. Boca Raton: 

CRC Press.

Duport S, Robert F, Muller D, Grau G, Parisi L, Stoppini L (1998) An in vitro blood-brain 

barrier model: cocultures between endothelial cells and organotypic brain slice 

cultures. Proc Natl Acad Sci U S A 95:1840-1845.

Fallon JH, Annis CM, Gentry LE, Twardzik DR, Loughlin SE (1990) Localization of cells 

containing transforming growth factor-alpha precursor immunoreactivity in the 

basal ganglia of the adult rat brain. Growth Factors 2:241-250.

Feiner JR, Bickler PE, Estrada S, Donohoe PH, Fahlman CS, Schuyler JA (2005) Mild 

hypothermia, but not propofol, is neuroprotective in organotypic hippocampal 

cultures. Anesth Analg 100:215-225.

46



Fernandez-Lopez D, Martinez-Orgado J, Casanova I, Bonet B, Leza JC, Lorenzo P, 

Moro MA, Lizasoain I (2005) Immature rat brain slices exposed to oxygen- 

glucose deprivation as an in vitro model of neonatal hypoxic-ischemic 

encephalopathy. J Neurosci Methods 145:205-212.

Fiala JC, Kirov SA, Feinberg MD, Petrak LJ, George P, Goddard CA, Harris KM (2003) 

Timing of neuronal and glial ultrastructure disruption during brain slice 

preparation and recovery in vitro. J Comp Neurol 465:90-103.

Frantseva MV, Carlen PL, El-Beheiry H (1999) A submersion method to induce hypoxic 

damage in organotypic hippocampal cultures. J Neurosci Methods 89:25-31.

Frerichs KU, Hallenbeck JM (1998) Hibernation in ground squirrels induces state and 

species-specific tolerance to hypoxia and aglycemia: an in vitro study in 

hippocampal slices. J Cereb Blood Flow Metab 18:168-175.

Freshney Rl (2000) Culture of Animal Cells - A Manual of Basic Technique, 4th Edition. 

New York: John Wiley and Sons, Inc.

Gahwiler BH (1981) Organotypic monolayer cultures of nervous tissue. J Neurosci 

Methods 4:329-342.

Gahwiler BH, Capogna M, Debanne D, McKinney RA, Thompson SM (1997)

Organotypic slice cultures: a technique has come of age. Trends Neurosci 

20:471-477.

Gahwiler BH, Thompson SM, McKinney RA, Debanne D, Robertson RT (1998)

Organotypic slice cultures of neural tissue. In: Culturing Nerve Cells (Banker G, 

Goslin K, eds), pp 461-498. London: The MIT Press.



Geiger JR, Bischofberger J, Vida I, Frobe U, Pfitzinger S, Weber HJ, Haverkampf K, 

Jonas P (2002) Patch-clamp recording in brain slices with improved slicer 

technology. Pflugers Arch 443:491-501.

Goldberg M, Strasser U, Dugan L (1997) Techniques for assessing neuroprotective 

drugs in vivo. In: Neuroprotective Agents and Cerebral Ischemia., pp 69-93: 

Academic Press Limited.

Grosse G, Lindner G (1982) Effect of the culture technic on the development of the 

hippocampus (rat) in vitro. Z Mikrosk Anat Forsch 96:527-536.

Hirai K, Hayashi T, Chan PH, Zeng J, Yang GY, Basus VJ, James TL, Litt L (2004) PI3K 

inhibition in neonatal rat brain slices during and after hypoxia reduces phospho- 

Akt and increases cytosolic cytochrome c and apoptosis. Brain Res Mol Brain 

Res 124:51-61.

Hogue MJ (1947) Human fetal brain cells in tissue culture; their identification and 

motility. J Exp Zool 106:85-107.

Josephson EM, Yilma S, Vodyanoy V, Morrison EE (2004) Structure and function of 

long-lived olfactory organotypic cultures from postnatal mice. J Neurosci Res 

75:642-653.

Jung S, Kim HW, Lee JH, Kang SS, Rhu HH, Jeong Yl, Yang SY, Chung HY, Bae CS, 

Choi C, Shin BA, Kim KK, Ahn KY (2002) Brain tumor invasion model system 

using organotypic brain-slice culture as an alternative to in vivo model. J Cancer 

Res Clin Oncol 128:469-476.

Junquiera LC, Carnieiro J, Kelley RO (1998) Basic Histology. Stamford, CT: Appleton 

and Lange.

48



Kamada M, Li RY, Hashimoto M, Kakuda M, Okada H, Koyanagi Y, Ishizuka T, Yawo H 

(2004) Intrinsic and spontaneous neurogenesis in the postnatal slice culture of 

rat hippocampus. Eur J Neurosci 20:2499-2508.

Kato H, Kogure K, Araki T, Itoyama Y (1995) Graded expression of immunomolecules 

on activated microglia in the hippocampus following ischemia in a rat model of 

ischemic tolerance. Brain Res 694:85-93.

Keynes RG, Duport S, Garthwaite J (2004) Hippocampal neurons in organotypic slice 

culture are highly resistant to damage by endogenous and exogenous nitric 

oxide. Eur J Neurosci 19:1163-1173.

Kirino T (1982) Delayed neuronal death in the gerbil hippocampus following ischemia. 

Brain Res 239:57-69.

Kleinberger-Doron N, Schramm M (1990) Culture of mature hippocampus slices for 4 

days in a newly developed medium: preservation of transmitter release and 

leucine incorporation into protein. Brain Res 533:239-247.

Koh JY, Choi DW (1987) Quantitative determination of glutamate mediated cortical

neuronal injury in cell culture by lactate dehydrogenase efflux assay. J Neurosci 

Methods 20:83-90.

Kumar V, Cotran RS, Robbins SL (1997) Basic Pathology. Philadelphia: W.B. Saunders 

Company.

Laake JH, Haug FM, Wieloch T, Ottersen OP (1999) A simple in vitro model of ischemia 

based on hippocampal slice cultures and propidium iodide fluorescence. Brain 

Res Brain Res Protoc 4:173-184.

Li CL, Mcllwain H (1957) Maintenance of resting membrane potentials in slices of

mammalian cerebral cortex and other tissues in vitro. J Physiol 139.178-190.



Lindner G, Grosse G (1982) Morphometric studies of the rat hippocampus after static 

and dynamic cultivation. Z Mikrosk Anat Forsch 96:485-496.

Linke R, Frotscher M (1993) Development of the rat septohippocampal projection: 

tracing with Dil and electron microscopy of identified growth cones. J Comp 

Neurol 332:69-88.

Linke R, Pabst T, Frotscher M (1995) Development of the hippocamposeptal projection 

in the rat. J Comp Neurol 351:602-616.

Liu R, Liu W, Doctrow SR, Baudry M (2003) Iron toxicity in organotypic cultures of

hippocampal slices: role of reactive oxygen species. J Neurochem 85:492-502.

LoPachin RM, Gaughan CL, Lehning EJ, Weber ML, Taylor CP (2001) Effects of ion

channel blockade on the distribution of Na, K, Ca and other elements in oxygen- 

glucose deprived CA1 hippocampal neurons. Neuroscience 103:971-983.

Madison D, Edson EB (1997) Preparation of hippocampal slices. In: Current Protocols in 

Neuroscience, pp 6.4.1- 6.4.7. Hoboken, NJ: John Wiley and Sons, Inc.

Martinez-Sanchez M, Striggow F, Schroder UH, Kahlert S, Reymann KG, Reiser G

(2004) Na+ and Ca2+ homeostasis pathways, cell death and protection after 

oxygen-glucose-deprivation in organotypic hippocampal slice cultures. 

Neuroscience 128:729-740.

Mattson MP, Kater SB (1989) Development and selective neurodegeneration in cell 

cultures from different hippocampal regions. Brain Res 490:110-125.

Matus A, Bernhardt R, Bodmer R, Alaimo D (1986) Microtubule-associated protein 2 and 

tubulin are differently distributed in the dendrites of developing neurons. 

Neuroscience 17:371-389.



Milner TA, Loy R, Amaral DG (1983) An anatomical study of the development of the 

septo-hippocampal projection in the rat. Brain Res 284:343-371.

Mullen RJ, Buck CR, Smith AM (1992) NeuN, a neuronal specific nuclear protein in 

vertebrates. Development 116:201-211.

Noer H, Kristensen BW, Noraberg J, Zimmer J, Gramsbergen JB (2002) 3-Nitropropionic 

acid neurotoxicity in hippocampal slice cultures: developmental and regional 

vulnerability and dependency on glucose. Exp Neurol 176:237-246.

Noraberg J, Kristensen BW, Zimmer J (1999) Markers for neuronal degeneration in 

organotypic slice cultures. Brain Res Brain Res Protoc 3:278-290.

Nosyreva ED, Huber KM (2005) Developmental switch in synaptic mechanisms of

hippocampal metabotropic glutamate receptor-dependent long-term depression.

J Neurosci 25:2992-3001.

Ohmori H, Sato Y, Namiki A (2004) The anticonvulsant action of propofol on epileptiform 

activity in rat hippocampal slices. Anesth Analg 99:1095-1101.

Patel NS, Paris D, Mathura V, Quadros AN, Crawford FC, Mullan MJ (2005)

Inflammatory cytokine levels correlate with amyloid load in transgenic mouse 

models of Alzheimer's disease. J Neuroinflammation 2:9.

Peeters C, Hoelen D, Groenendaal F, van Bel F, Bar D (2003) Deferoxamine, allopurinol 

and oxypurinol are not neuroprotective after oxygen/glucose deprivation in an 

organotypic hippocampal model, lacking functional endothelial cells. Brain Res 

963:72-80.

Phillips LL, Steward O (1988) Protein synthesis by rat hippocampal slices maintained in 

vitro. J Neurosci Res 21:6-17.



Pomper JK, Graulich J, Kovacs R, Hoffmann U, Gabriel S, Heinemann U (2001) High 

oxygen tension leads to acute cell death in organotypic hippocampal slice 

cultures. Brain Res Dev Brain Res 126:109-116.

Raineteau O, Rietschin L, Gradwohl G, Guillemot F, Gahwiler BH (2004) Neurogenesis 

in hippocampal slice cultures. Mol Cell Neurosci 26:241-250.

Robert F, Parisi L, Bert L, Renaud B, Stoppini L (1997) Microdialysis monitoring of

extracellular glutamate combined with the simultaneous recording of evoked field 

potentials in hippocampal organotypic slice cultures. J Neurosci Methods 74:65

76.

Seaberg RM, van der Kooy D (2002) Adult rodent neurogenic regions: the ventricular 

subependyma contains neural stem cells, but the dentate gyrus contains 

restricted progenitors. J Neurosci 22:1784-1793.

Siqueira IR, Cimarosti H, Fochesatto C, Salbego C, Netto CA (2004) Age-related 

susceptibility to oxygen and glucose deprivation damage in rat hippocampal 

slices. Brain Research 1025:226.

Stoppini L, Buchs PA, Muller D (1991) A simple method for organotypic cultures of 

nervous tissue. J Neurosci Methods 37:173-182.

Strasser U, Fischer G (1995) Quantitative measurement of neuronal degeneration in

organotypic hippocampal cultures after combined oxygen/glucose deprivation. J 

Neurosci Methods 57:177-186.

Tasker RC, Coyle JT, Vornov JJ (1992) The regional vulnerability to hypoglycemia- 

induced neurotoxicity in organotypic hippocampal culture: protection by early 

tetrodotoxin or delayed MK-801. J Neurosci 12:4298-4308.



Taubenfeld SM, Stevens KA, Pollonini G, Ruggiero J, Alberini CM (2002) Profound 

molecular changes following hippocampal slice preparation: loss of AMPA 

receptor subunits and uncoupled mRNA/protein expression. J Neurochem 

81:1348-1360.

van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH (2002) Functional 

neurogenesis in the adult hippocampus. Nature 415:1030-1034.

Vannucci SJ, Hagberg H (2004) Hypoxia-ischemia in the immature brain. J Exp Biol 

207:3149-3154.

Vornov JJ, Tasker RC, Coyle JT (1994) Delayed protection by MK-801 and tetrodotoxin 

in a rat organotypic hippocampal culture model of ischemia. Stroke 25:457-464; 

discussion 464-455.

Wallis RA, Panizzon KL (1995) Delayed neuronal injury induced by sub-lethal NMDA 

exposure in the hippocampal slice. Brain Res 674:75-81.

Wang J, Chambers G, Cottrell JE, Kass IS (2000) Differential fall in ATP accounts for 

effects of temperature on hypoxic damage in rat hippocampal slices. J 

Neurophysiol 83:3462-3472.

Ward NL, Hagg T (1999) p75(NGFR) and cholinergic neurons in the developing 

forebrain: a re-examination. Brain Res Dev Brain Res 118:79-91.

Ward NL, Hagg T (2000) BDNF is needed for postnatal maturation of basal forebrain 

and neostriatum cholinergic neurons in vivo. Exp Neurol 162:297-310.

Wilhelmi E, Schoder UH, Benabdallah A, Sieg F, Breder J, Reymann KG (2002)

Organotypic brain-slice cultures from adult rats: approaches for a prolonged 

culture time. Altern Lab Anim 30:275-283.



Wood MA, Kaplan MR, Park A, Blanohard EJ, Oliveira AM, Lombardi TL, Abel T (2005) 

Transgenic mice expressing a truncated form of CREB-binding protein (CBP) 

exhibit deficits in hippocampal synaptic plasticity and memory storage. Learn 

Mem 12:111-119.

Wu C, Luk WP, Gillis J, Skinner F, Zhang L (2005) Size does matter: generation of 

intrinsic network rhythms in thick mouse hippocampal slices. J Neurophysiol 

93:2302-2317.

Wu CW, Yeh HH (2005) Nerve growth factor rapidly increases muscarinic tone in mouse 

medial septum/diagonal band of Broca. J Neurosci 25:4232-4242.

Xiang Z, Hrabetova S, Moskowitz SI, Casaccia-Bonnefil P, Young SR, Nimmrich VC, 

Tiedge H, Einheber S, Karnup S, Bianchi R, Bergold PJ (2000) Long-term 

maintenance of mature hippocampal slices in vitro. J Neurosci Methods 98:145

154.

Yamamoto C, Mcllwain H (1966a) Electrical activities in thin sections from the

mammalian brain maintained in chemically-defined media in vitro. J Neurochem 

13:1333-1343.

Yamamoto C, Mcllwain H (1966b) Potentials evoked in vitro in preparations from the 

mammalian brain. Nature 210:1055-1056.

54



Table 2.1. Composition of Neurobasal media

Inorganic Salts: (mM) Amino acids: (mM)
CaCI2 1.8 L-Alanine 0.02
Fe(N03)3-9H20 0.0002 L-Arginine 0.4
KCI 5.36 L-Asparagine-H20 0.005
MgCI2-6H20 0.812 L-Cysteine 0.01
NaCI 51.3 L-Glutamate add 0.025
NaHC03 26 L-Glutamine add 0.5
NaH2P 04-H20 0.9 Glycine 0.4
Vitamins: (mM) L-Histidine-HCI-H20 0.2
D-CaPantothenate 0.008 L-lsoleucine 0.8
Choline Chloride 0.028 L-Leucine 0.8
Folic Acid 0.008 L-Lysine 0.005
l-lnositol 0.04 L-Methionine 0.2
Niacinamide 0.03 L-Phenylalanine 0.4
Pyridoxal HCI 0.02 L-Proline 0.067
Riboflavin 0.001 L-Serine 0.4
Thiamine HCI 0.01 L-Threonine 0.8
Vitamin B12 0.002 L-Tryptophan 0.08
Other: (mM) L-Tyrosine 0.4
D-glucose 25 L-Valine 0.8
Hepes 
Phenol Red 
Sodium Pyruvate

10
0.023

0.23
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Chapter 3

Tolerance to Oxygen and Nutrient Deprivation and N-methyl-D-aspartate 

Persists in Cultured Hippocampal Slices from Hibernating 

Arctic Ground Squirrel *

3.1 Abstract

Hibernating Arctic ground squirrels (AGS), Spermophilus parryii, survive 

profound decreases in cerebral perfusion during torpor and return to normal blood flow 

during intermittent rewarming periods without neurological damage. Hibernating AGS 

tolerate traumatic brain injury in vivo, and acute hippocampal slices from hibernating 

animals tolerate oxygen and glucose deprivation. It remains unclear however, if 

neuroprotection results from intrinsic tissue properties or from differences in response to 

acute trauma associated with slice preparation. The goal of this work was therefore to 

determine whether intrinsic tissue tolerance persists in chronic culture of AGS 

hippocampal slices at 37°C. A second goal was to address N-methyl-D-aspartate 

(NMDA) receptor involvement and channel arrest as potential mechanisms of intrinsic 

tissue tolerance. Baseline neuronal survival and tolerance to oxygen and nutrient 

deprivation (OND), an in vitro model of ischemia-reperfusion, were assessed in the CA1 

region of hippocampal slices from juvenile, hibernating AGS (hAGS) and interbout 

euthermic AGS (ibeAGS). Early in culture (insult onset at 3h) slices from both hAGS 

and ibeAGS tolerate OND (4h deprivation followed by 20h recovery) and 500p,M NMDA 

plus 20mM KCI. Later in culture (insult onset at 24h), tolerance persists in slices from

* Submitted to the Journal of Neuroscience, Ross AP, Christian SL, Drew KL, July 2005



hAGS but not in slices from ibeAGS. Ouabain (Na*K*-ATPase inhibitor) administered 

24h in culture enhances survival of slices from hAGS (assessed 24h later). Thus, 

tolerance to OND in slices from hAGS is due to intrinsic tissue properties likely involving 

NMDA receptors and ion channel arrest.

3.2 Introduction

Stroke is the third leading cause of death in the U.S. and the leading cause of 

disability worldwide, yet the only clinically approved therapeutic for stroke, recombinant 

tissue type plasminogen activator (rt-PA), is indicated for use in less than 5% of stroke 

victims (Kleindorfer et al., 2004; Arora et al., 2005). Although experimental findings of 

neuroprotective therapies have been promising, the vast majority fail in clinical trials. A 

novel approach, such as investigation of endogenous mechanisms in hibernating 

mammals, is well warranted to further development of stroke therapeutics.

Arctic ground squirrels (AGS) are a hibernating species that tolerates extreme 

fluctuations in blood flow, heart and respiratory rate, and cerebral perfusion along with 

profound alterations in metabolism, immune response and core body temperature (Tb) 

(Drew et al., 2001) with no evidence of neuronal pathology (Ma et al., 2005). AGS 

rewarm to an interbout euthermic state intermittently throughout the hibernation season 

for approximately 24h periods between one to three week torpor bouts (Daan et al.,

1991).

We have previously shown that hibernating AGS are tolerant to traumatic brain 

injury (Zhou et al., 2001). This tolerance could be due to intrinsic tissue properties, 

circulating factors or hypothermia. Tolerance to oxygen and glucose deprivation (OGD) 

has been demonstrated in acute hippocampal slices isolated from hibernating Thirteen-



lined ground squirrel (TLS), S. tridecemlineatus (Frerichs and Hallenbeck, 1998). 

However, in this acute preparation, it was unclear if enhanced tolerance to OGD in slices 

from hibernating TLS was influenced by tolerance to acute trauma associated with slice 

preparation. Thus, the objective of the present study was to investigate whether an 

intrinsic tissue tolerance persists in a chronic culture of hippocampal slices of AGS at 

37°C. An additional objective was to begin to address what mechanisms might be 

involved in this tolerance. Downregulation of N-methyl-D-aspartate (NMDA) receptor 

activity is a means of protection from excitotoxicity that occurs during ischemia.

“Channel arrest”, proposed by Hochachka (1986), is a mechanism used by anoxia 

tolerant species to maintain ion homeostasis with minimal Na+K+-ATPase activity. 

Therefore, we used NMDA-induced excitotoxicity and Na+K+-ATPase inhibition to 

determine whether regulation of NMDA receptor (NMDAR) activity and channel arrest 

promote intrinsic tissue tolerance in AGS.

Here we assess neuronal survival in the CA1 region of AGS hippocampal slices 

in response to oxygen and nutrient deprivation (OND), an in vitro model of ischemia- 

reperfusion (Laake et al., 1999). For the first time, we demonstrate that hippocampal 

slices from hibernating AGS possess an intrinsic tissue tolerance to OND that persists in 

culture, and we provide evidence for roles of NMDAR modification and ion channel 

arrest in this tolerance.

3.3 Methods

3.3.1 Animals groups and determination of hibernation status

The Institutional Animal Care and Use Committee of the University of Alaska 

Fairbanks (UAF) approved all procedures. Female Wistar rats were obtained from
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Simonsen Laboratories (Gilroy, CA), quarantined for at least 7 days, and kept at an 

ambient temperature (Ta) of approximately 21°C until euthanasia. AGS were trapped on 

the northern slope of the Brooks Range, Alaska, approximately 20 miles south of the 

Toolik Field Station of UAF (68°38’ N, 149°38’ W; elevation 809m) in July 2003 and 2004 

under permit from Alaska Department of Fish and Game. Upon arrival at UAF, AGS 

were screened for salmonella and quarantined for at least 14 days. All AGS were 

housed individually in cages at Ta of approximately 18°C, fed approximately 40g of 

Mazuri Rodent Chow per day, and kept on natural lighting for 64° latitude where the daily 

light:dark cycle changes from 20h:4h to 16h:8h.

In early fall, AGS were fed 10-15 sunflower seeds each day for two weeks before 

being moved to environmental chambers where they were housed at Ta of approximately 

2°C and fed rodent chow ad libitum. Interbout euthermic AGS were compared with 

hibernating AGS since both groups were seasonally matched, cold adapted, 

experienced prolonged torpor bouts of regular frequency and comparable duration, and 

were of similar age and weight. Although previous torpor bouts in interbout euthermic 

AGS may contribute to preconditioning, abdominal transmitters were not implanted to 

avoid additional preconditioning effects of anesthesia. Instead, the “shavings added” 

method was used to monitor the state of AGS. Shavings are placed on the back of the 

AGS and checked every 24h. An AGS is considered ‘torpid’ (hibernating) if the shavings 

remain on its back or considered to have been through an ‘arousal if the shavings are 

disturbed or missing. This “shavings added” or “sawdust method” is a reliable indicator 

of hibernation (Lyman, 1948; Pengeiley and Fisher, 1961; Willis et al., 1971). 

Additionally, respiratory rate (RR) and responsiveness of each AGS were recorded daily 

for further validation of the hibernation state. An AGS is defined as responsive if it
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reacts to a touch stimulus, given only if animal is motionless in the environmental 

chamber. Total number of days torpid, number of bouts, and average bout length were 

monitored. Here we define “hibernating” animals as those in the state of prolonged 

torpor.

After AGS had been through at least 3 regular hibernation bouts lasting a 

minimum of 4 days each and 3 periods of interbout euthermy lasting approximately 24h 

each, AGS were considered for use in slice experiments. AGS that had been in their 

current hibernation bout for at least 2 consecutive days were confirmed as hibernating 

and then checked again 12 to 16h later for evidence of persistent torpor or arousal. 

Natural arousal (interbout euthermy) was confirmed at time of euthanasia using the 

following criteria. RR greater than 80 breaths per minute, animal quickly responsive, 

and rectal temperature greater than 35.5°C. The state of hibernating AGS at time of 

euthanasia was confirmed using the following criteria: RR less than 5 breaths per 

minute, animal not responsive to touch, and rectal temperature less than 5°C. 

Hippocampal slice cultures were prepared from interbout euthermic (ibeAGS, n=8) and 

hibernating (hAGS, n=8) AGS. AGS were female juveniles (5-9 month old) that were not 

sexually mature. Hippocampal slice cultures were prepared from female, 28-34 day old 

rats (n=8) as a positive control when slices from AGS failed to respond to insult.

3.3.2 Slice preparation

Prior to slice preparation, 1ml of Neurobasal ™ Adult media (NB; GIBCO, Grand 

Island, NY) supplemented with anti-oxidant free B-27 serum substitute (GIBCO, Grand 

Island, NY), plus 0.025mM glutamate, 0.5mM glutamine and 1% streptomycin-penicillin 

(Sigma, St. Louis, MO) was placed in each well of a six well plate. A 30mm diameter



Millicell-CM (Millipore, Bedford, MA) organotypic insert was placed in each well, and 

plates were pre-equilibrated for 1h at 37°C with 5% C 0 2/ 95% air and 99% humidity in a 

US Autoflow C 0 2 Water-Jacketed Incubator (NuAire, Plymouth, MN).

ibeAGS and rats were lightly anesthesitized with 5% halothane mixed with 

oxygen at a constant flow rate of 1.5L/min, maintained on 1-3% halothane while rectal 

body temperature and weight were recorded, and then decapitated. hAGS were not 

anesthesitized prior to decapitation. Sterile technique was used throughout slice 

preparation. Whole brain was isolated, and hippocampi were dissected out on a chilled 

plate containing ice cold Hibernate™ Adult media (HIB; Brain Bits, Springfield, IL) and 

then embedded in 3% agar. Hippocampi were kept in ice cold HIB while slices (300(jm) 

were cut using a vibraslicer (World Precision Instruments, Inc., Sarasota, FL). One slice 

was placed on each insert, and slices were cultured at 37°C with 5% CO2/ 95% air and 

99% humidity in the incubator.

3.3.3 Baseline survival and histology of slices

At 3, 24, and 48h in culture, two triplicate sets of slices were fixed in 4% buffered 

paraformaldehyde (PF) for 4h at room temperature (RT) and stored in 70% EtOH at 4°C. 

Immunocytochemistry (ICC) for NeuN, a neuron specific nuclear protein (Mullen et al.,

1992) was performed in one of these triplicate sets in order to assess neuronal density 

and integrity in the cultured slices. Remaining slices were processed using a tissue 

processor (Shandon Citadel 2000, Thermo Electron Corp., Pittsburgh, PA) on a modified 

biopsy schedule (15 minutes per station), embedded in paraffin, cut at a thickness of 

5|jm, and stained with hematoxylin and eosin (H&E).
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3.3.4 Analysis and quantification of neuron survival

In order to identify neurons, free floating ICC for NeuN was performed in slices 

using a protocol adapted from Bengzon et al. (1997). Slices were kept at RT in solution 

with gentle rotation during incubations and washes. Slices were incubated for 1h in 10% 

normal horse serum (NHS; Vector Laboratories, Burlingame, CA) and 0.40% Triton X in 

PBS followed by overnight incubation in anti-NeuN monoclonal antibody 

(Chemicon,Temecula, CA) at a 1:100 dilution in 5% NHS and 0.10% Triton X in PBS. 

Slices were then washed with PBS three times for 10 minutes each and incubated for 1h 

in biotinylated horse anti-mouse IgG at a 1:100 dilution (Vector Laboratories,

Burlingame, CA). Slices were washed with PBS three times for 10 minutes each, 

incubated for 1 hr in avidin D-Texas Red at a 1:100 dilution (Vector Laboratories, 

Burlingame, CA), kept in the dark, rinsed with PBS three times for 10 minutes each, and 

coverslipped on slides with Vectashield mounting media (Vector Laboratories, 

Burlingame, CA). Using a LSM 510 Laser Scanning Confocal microscope (Zeiss, 

Thornwood, NY), three images across CA1 were taken in the middlemost layer of 

neurons in the slice using a 40X objective. Neuron survival was quantified by counting 

NeuN positive cells in 9 oval regions of interest of constant area which were manually 

placed along CA1 to cover the height and length of CA1 (i.e., 3 ovals per image).
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3.3.5 Analysis and quantification of cell death

Propidium iodide (PI; Molecular Probes, Eugene, OR) staining was used to 

quantify percent cell death in the CA1 region of the slices. Since PI can only penetrate 

cells with a permeabilized membrane, it is used as an indicator of dead or damaged cells 

(Macklis and Madison, 1990). Triplicate slices were assessed with PI at time points of 3,



24, and 48h in culture or following insults. Slices were kept on inserts throughout entire 

PI staining procedure. Slices were incubated in 1.5|uM PI in NB at 37°C for 1h prior to 

imaging using a Zeiss Axioplan 2 Imaging microscope equipped with Axiovision 3.0.6.1 

software (Zeiss USA, Thornwood, NY). A 2.5X objective was used to allow visualization 

of the entire slice in one field. Zeiss’s Atto Arc 2 HBO 100W mercury lamp at 5% output 

was used with a Texas Red filter to obtain PI fluorescent images while a halogen bulb 

was used to obtain bright field images corresponding to each fluorescent image. After 

imaging, slices were immediately fixed in 4% PF for 4h at RT (to permeabilize all cell 

membranes) and then restained with 1,5juM PI in PBS for 1h at RT. Texas Red 

fluorescent images indicating maximum PI fluorescence (100% cell death) and bright 

field images were then acquired.

Percent cell death in the CA1 region of each slice was quantified as follows: 

%CELL DEATH = (FA-F c)/(F w -F Y) *100 where FA is the PI fluorescence of the test 

condition, Fw is the maximum PI fluorescence, and Fc and FY are the background PI 

fluorescence of the insert for FA and Fw, respectively (Strasser and Fischer, 1995; Laake 

et al., 1999). Image J 1.30V software (NIH, Bethesda, MD) was used to manually 

outline regions of interest on the bright field image, overlay the region of interest on the 

PI fluorescence image, and then calculate the average PI fluorescence intensity (number 

of pixels) within each region of interest.

3.3.6 Oxygen and nutrient deprivation

Triplicate slices from each animal were subjected to oxygen and nutrient 

deprivation (OND) either 3 or 24h in culture. For OND, media was removed from the 

well and the slice was submerged in PBS (1 ml below the insert and 1 ml on top of the
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slice) that had been bubbled with N2 gas for 10 minutes. The 6 well plate was quickly 

wrapped with parafilm, then Saran wrap, put in a Ziploc bag, and placed in the incubator 

(Frantseva et al., 1999). After 4h of OND, PBS was removed and replaced with fresh 

NB for a 20h recovery period after which slices were assessed with PI. For control 

(CON) conditions media was changed at both time points at which OND and fresh media 

were administered to other slices.

3.3.7 Excitotoxicity via N-methyl-D-aspartate

Triplicate slices were treated with 500|jM N-methyl-D-aspartate (NMDA; Sigma, 

USA) plus 20mM KCI (NMDA/KCI) or vehicle (VEH) for 24h commencing at 3 or 24h in 

culture and assessed with PI 24h later. NB was removed from each well and replaced 

with an equal volume of NB containing NMDA/KCI or VEH.

3.3.8 Na+K+-ATPase inhibition via ouabain

Triplicate slices were treated with 100|jM ouabain (OUA; Sigma, St. Louis, MO) 

for 30 minutes commencing 24h in culture and assessed 24h later with PI. Following 

OUA treatment, slices were washed, and inserts placed in fresh NB. Media of CON 

slices was changed at the same times as was the media for slices given OUA.

3.3.9 Statistical analysis

Data were analyzed with two-way ANOVA, and significant main effects or 

interactions were followed by Student Newman-Keuls post-hoc analysis using SigmaStat

3.0 (Systat Software, Inc., Point Richmond, CA). Level of significance was p< 0.05. Data 

are expressed as mean + SEM.



We evaluated group characteristics of animals from which hippocampal slices 

were prepared (Table 3.1). No statistically significant differences were found for body 

weight, total days torpid, number of bouts, or bout length between hAGS and ibeAGS.

As expected, Tb and RR were lower in hAGS compared to ibeAGS.

Cell death (Figure 3.1A) and number of NeuN positive cells (Figures 3.1B and 

3.2) did not change significantly in slices from hAGS or ibeAGS over 48h in culture. 

Additionally, there was no significant difference in baseline CA1 cell death or neuronal 

density of slices from hAGS compared to slices from ibeAGS over 48h in culture. As 

expected, H&E staining of AGS slices cultured for up to 48h showed some ghost or 

pyknotic neurons but normal morphology in remaining neurons (data not shown).

We found that OND did not produce a significant increase in CA1 neuronal death 

in slices from hAGS or ibeAGS early in culture (Figure 3.3A). However, when OND 

commenced 24h in culture, a significant increase in cell death was observed in slices 

from ibeAGS but not in slices from hAGS (Figure 3.3B).

Because excitotoxicity is a key mechanism of ischemia-induced neuronal cell 

death, we investigated whether AGS slices tolerate NMDA/KCI. Preliminary data 

indicated AGS slices tolerated high doses of NMDA without significant cell death, so 

20mM KCI was added to remove Mg2+ block of NMDAR and enhance excitotoxicity. 

NMDA/KCI administered 3h in culture and assessed 24h later failed to produce an 

increase in CA1 neuronal death in slices from hAGS or ibeAGS (Figure 3.4A). In 

contrast, rat slices, used as a positive control, showed a significant increase in cell death 

with NMDA/KCI. There were no differences in cell death of vehicle-treated rat slices and
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AGS slices. Later in culture (24h), slices from ibeAGS, but not slices from hAGS, 

showed a significant increase in NMDA/KCI induced cell death (Figure 3.4B).

To investigate evidence for additional channel modifications, specifically channel 

arrest, which could contribute to the persistent tolerance seen in slices from hAGS, we 

used OUA to inhibit Na+K+-ATPase activity. Following OUA administration at 24h in 

culture, slices from hAGS showed significantly less CA1 neuronal death than slices from 

ibeAGS (Figure 3.5).

3.5 Discussion

Here for the first time, we report evidence of intrinsic tissue tolerance in 

hippocampal slices from hAGS that persists in culture. We show that slices from hAGS 

and ibeAGS both tolerate OND and excitotoxicity (NMDA/KCI) early in culture, and that 

tolerance to OND and excitotoxicity persists in slices from hAGS, but not in slices from 

ibeAGS. Additionally, we show that slices from hAGS survive significantly better than 

slices from ibeAGS with Na+K+-ATPase inhibition by OUA. Taken together our data 

suggest that modulation of NMDAR and maintenance of ion homeostasis contribute to 

intrinsic tissue tolerance in AGS.

Using chronic slice culture, we confirmed that protection in hAGS is not the result 

of differences in acute trauma associated with slice preparation and this confirms earlier 

work by Frerichs and Hallenbeck (1998). Additionally, the chronic preparation allowed 

maximum manifestation of delayed cell death that occurs 24h following ischemia or 

excitotoxicity (Kirino, 1982; Wallis and Panizzon, 1995).

The present study also revealed that hAGS possess intrinsic tissue tolerance 

exclusive of the protective effects of hypothermia by using an in vitro model that allowed
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for manipulation of temperature not possible in hibernating species in vivo. Since AGS 

do not hibernate until at least 4 months of age, a prolonged organotypic culture using 

immature neural tissue was not feasible for these studies. As expected, basal neuronal 

death was high in cultures prepared from mature hippocampus. Accordingly, histological 

analysis of cultured slices showed some large intercellular spaces and pyknotic neurons 

in CA1, likely a result of slice preparation. Nonetheless, H&E and NeuN staining 

showed that remaining neurons had normal morphology. Furthermore, survival of CA1 

neurons in slices from both hAGS and ibeAGS were stable and similar over 48h in 

culture. Because similar survival in culture is seen in slices from both hAGS and 

ibeAGS but tolerance to OND and NMDA only persists in culture in slices from hAGS, 

different mechanisms are suggested to contribute to tolerance to OND and survival in 

culture.

Here we also show evidence of intrinsic tissue tolerance in AGS hippocampus at 

the level of the NMDAR. This mechanism likely contributes to the observed tolerance to 

OND in slices from AGS. In an ischemia-sensitive species, deleterious events 

downstream of ischemia include loss of energy supply, deterioration of ion homeostasis, 

neuronal depolarization, and excitotoxicity via activation of NMDAR resulting in excess 

intracellular Ca2+. In AGS, tolerance to excitotoxicity is present concomitant to tolerance 

to OND early in culture in slices from both hAGS and ibeAGS and later in culture in 

slices from hAGS. Anoxia tolerant turtle neurons show protective downregulation of 

NMDAR activity called “silencing” which can result from dephosphorylation, a process 

that occurs within minutes of insult (Bickler et al., 2000). Other regulation that can 

rapidly take place at the NMDAR level includes specialized subunit expression as 

demonstrated in hypoxia-tolerant neonates (Bickler et al., 2003) and ischemia-tolerant
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NR2A knock ou* mice (Zhang et al., 1997) or dissociation of the receptor from the post- 

synaptic density complex (Aarts et al., 2002). Consistent with our evidence of protection 

at the level of the NMDAR in AGS, previous findings in hamsters and preliminary results 

in AGS demonstrate NMDAR downregulation during hibernation (Igelmund et al, 1996; 

Zhao HW, Ross AP, Christian SL, Buchholz JN, Drew KL, unpublished observations).

Further research is necessary to elucidate the mechanisms by which NMDAR 

are modified in AGS. Although clinical trials to date of NMDAR antagonists as stroke 

therapeutics have proved unsuccessful, the NMDAR antagonist memantine has recently 

shown great promise since it acts as an open channel blocker that reduces excitotoxicity 

while allowing normal NMDAR function (Lipton, 2004). In treatment of traumatic brain 

injury, studies have found that beneficial intervention with NMDAR antagonism is very 

short lived following injury, while delayed NMDAR antagonism exacerbates injury, and 

delayed NMDAR stimulation improves function (Biegon et al., 2004). These findings, 

together with our evidence of tolerance at the NMDAR level in AGS, suggest NMDAR 

modification in AGS may avoid excitotoxicity. This modification would generate a 

functional receptor that allows only moderate Ca2+ influx consistent with the model 

proposed by Bickler and Fahlman (2004).

Our findings of tolerance to OND and excitotoxicity in slices from ibeAGS early 

in culture are supported by evidence from other investigators that heterothermic species 

express a protected phenotype even when in the euthermic state (and at euthermic 

temperature of 37°C). Euthermic AGS are able to tolerate global ischemia, induced via 

cardiac arrest, without loss of CA1 neurons (Dave KR, Prado R, Raval AP, Drew KL, and 

Perez-Pinzon MA, unpublished observations). Additionally, organs from TLS, whether in 

the euthermic or torpid state, tolerate cold ischemia-reperfusion injury (Lindell et al.,
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2005). Furthermore, acute hippocampal slices from euthermic TLS tended to tolerate 

OGD better than slices from rat at 36°C, however this tendency was not statistically 

significant (Frerichs and Hallenbeck, 1998). Taken together, these findings suggest that 

tolerance to ischemia-reperfusion is not exclusively dependent on prolonged torpor.

It is unclear why tolerance persists in hAGS but not in ibeAGS. Comparable 

tolerance to OND and excitotoxicity in slices from both ibeAGS and hAGS early in 

culture could be due to similar or distinct mechanisms that persist longer in slices from 

hAGS. Further understanding of these protective mechanisms early in culture will be 

necessary to address this question. Perhaps the profound suppression of protein 

synthesis during torpor in hibernating animals (Frerichs et al., 1998) may confer 

tolerance to OND and NMDA later in culture in slices from hAGS. Effects of OUA (i.e., 

Na+K+-ATPase inhibition) were only assessed later in culture so it is unknown if channel 

modifications, in addition to NMDAR modifications, occur in ibeAGS at this early time 

point.

Channel arrest has been shown in anoxia tolerant turtles (Edwards et al., 1989; 

Bickler, 1992; Perez-Pinzon et al., 1992; Pek and Lutz, 1997) where decreased 

membrane ion permeability conserves ATP and prevents depolarization (Chih et al.,

1989). Additionally in anoxia tolerant turtle brain, a profound conservation of energy 

results from decreasing Na+K+-ATPase activity (Doll et al., 1993) since maintenance of 

ion homeostasis in brain consumes 70% of active metabolism (Astrup et al., 1981). 

Downregulation of voltage gated sodium channels is one mechanism of preserving ion 

homeostasis without Na+K+-ATPase activity (Perez-Pinzon et al., 1992). Activity of 

Na+K+-ATPase is decreased 40-60% in skeletal muscle, liver and kidney of hibernating 

Golden-mantled ground squirrel, Spermophilus lateralis (MacDonald and Storey, 1999)
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that, when coupled with channel arrest, would be expected to prevent excess 

consumption of ATP and preserve energy balance.

Since our AGS slices exhibited high baseline PI fluorescence, an indication of 

permeable membranes, we expected that metabolic demands of in vitro conditions 

would cause Na K+-ATPase in AGS slices to function at a high rate. Thus by inhibiting 

Na K -ATPase, the presence of reduced ion leakage could be investigated in AGS 

slices. We showed that slices from hAGS survived significantly better with Na+K+- 

ATPase inhibition than slices from ibeAGS. Na+K+-ATPase function was not necessary 

for survival in hAGS slices since ion homeostasis was likely preserved as a result of 

channel arrest. Other evidence that channel arrest occurs in hibernating species 

includes downregulation of voltage gated Q-type Ca2+ channels in brain of hibernating 

TLS (Gentile et al., 1996). Further studies addressing channel arrest in hibernating 

species are warranted and may yield strategies for preserving ion homeostasis and 

energy balance in species that do not tolerate ischemia.

In conclusion, we report novel findings that hibernating animals possess an 

intrinsic tissue tolerance that is likely due to mechanisms involving modifications of ion 

channels. Our findings are consistent with recent reports from Stenzel-Poore et al.

(2003) showing that regulation of ion channel activity, as well as several other 

mechanisms associated with protective aspects of hibernation, confer enhanced 

tolerance to ischemia in non-hibernating species following preconditioning. Perhaps 

heterothermic species, in a non-state dependent manner, express an endogenous 

‘preconditioned’-like tolerance. Other mechanisms in hibernating species that are 

associated with a more persistent protection may depend on the animal being in a state 

of prolonged torpor. Enhancement of “endogenous neuroprotection” (Dirnagl et al.,
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2003) suggests that neuronal injury resulting from ischemia may be attenuated by 

induction of protective mechanisms intrinsic to but not normally expressed in non

hibernating species. Therefore in the pursuit of stroke therapeutics, further investigation 

into protective mechanisms utilized by hibernating species and application of these 

mechanisms in non-hibernating species are promising.
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Figure 3.1: Stability of chronic 37°C culture of AGS hippocampal slices. No significant 

change in baseline survival of CA1 neurons in either slices from hAGS or slices from 

ibeAGS over 3 to 48h in culture is shown by (A) percent cell death calculated from PI 

fluorescence intensity and (B) number of NeuN positive cells in CA1. n= 9 slices (3 

ibeAGS) and n= 9 slices (3 hAGS) for each time point. Data are expressed as mean ± 

SEM.



Figure 3.2: Identification of neurons in cultured AGS slices. Immunocytochemistry for 

NeuN was used to distinguish neurons from other cell types in the slice. Representative 

images of CA1 are shown; all images used for quantification were acquired in the center 

of the slice using confocal microscopy. Three images taken along CA1 using a 40X 

objective were used for counting. (A) Slice from hAGS slice 24h in culture; image taken 

using a 10X objective for orientation. (B) Slice from hAGS 24h in culture; image taken 

using a 40X objective. (C) Slice from ibeAGS 24h in culture; image taken using a 40X 

objective. Note similar number and condition of neurons in CA1 of slices from hAGS 

and ibeAGS 24h in culture. All scale bars = 20|im.
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Figure 3.3: Intrinsic tissue tolerance to OND persists in slices from hAGS. Tolerance is 

present in slices from ibeAGS and hAGS early in culture and persists in slices from 

hAGS later in culture. Tolerance of CA1 to OND is assessed with PI. (A) Slices from 

hAGS and ibeAGS both tolerate 4h OND with onset of OND at 3h in culture and 

assessed 24h later (7 hAGS and 7 ibeAGS). (B) Slices from hAGS, but not slices from 

ibeAGS, tolerate 4h OND with onset of OND at 24h in culture and assessed 24h later; 

intrinsic tissue tolerance persists in slices from hAGS for 48h in culture. Main effect of 

treatment by state p<0.05, *p<0.005 (7 hAGS and 7 ibeAGS). Numbers above bars 

indicate number of slices studied.
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Figure 3.4: Evidence of protection in AGS at the NMDAR level. CA1 of slices from both 

hAGS and ibeAGS tolerate 500^iM NMDA plus 20mM KCI (NMDA/KCI) early in culture; 

this tolerance persists in slices from hAGS later in culture. NMDA/KCI is given for 24h 

and assessed with PI. (A) Slices from hAGS and ibeAGS both tolerate NMDA/KCI 

administered 3h in culture and assessed 24h later. Slices from rat, included as a positive 

control, do not tolerate NMDA/KCI. Main effect of state p<0.005, ** p<0.025 (4 hAGS, 5 

ibeAGS, and 6 rats). (B) Slices from hAGS, but not slices from ibeAGS, tolerate 

NMDA/KCI administered at 24h in culture and assessed 24h later. Main effect of 

treatment p<0.05, * p<0.05 (3 hAGS, 3 ibeAGS, and 3 rats). Numbers above bars 

indicate number of slices studied.
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Figure 3.5: Evidence of channel arrest yielding protection in hAGS. CA1 of slices from 

hAGS survive significantly better than CA1 of slices from ibeAGS with Na+K+-ATPase 

inhibition (100fiM OUA given for 30 minutes) at time 24h in culture and assessed with PI 

24h later. In metabolically challenged, cultured AGS slices, preservation of ATP due to 

decreased Na+K+pump activity would result in better survival only if decreased ion flux, 

due to channel arrest, was also present. Main effect of state p<0.001. *p<0.05, and 

**p<0.005 (4 hAGS and 3 ibeAGS). Numbers above bars indicate number of slices 

studied.
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Table 3.1: Characteristics of animal groups

hAGS ibeAGS Rat

Days in
environmental
chamber

132 
± 25.4

157 
± 16.4

N/A

T rectal <°C>
3.0

±0.4
36.4*
±0.3

36.8
±0.2

RR
(Breaths/min)

3.0
±0.6

97.5*
±2.5 N/A

Weight (g) 530.5
±36.0

523.3
±45.0

91.8
±4.1

Total days 
torpid

92.8
±21.3

74.1
±13.2 N/A

Number of 
bouts

9.0
±1.3

8.2
±0.8

N/A

Bout length 
(days)

10.8
±2.1

9.4
±1.6 N/A

Responsive not at 
all

yes,
very

N/A

* p< 0.05 ibeAGS vs. hAGS



Chapter 4

Potential for Discovery of Neuroprotective Factors in Serum and Tissue Isolated 

from Hibernating Species *

4.1 Introduction

Stroke is the third leading cause of death in the U.S. and the leading cause of 

adult onset disability worldwide, yet the only currently FDA approved therapeutic for 

stroke, recombinant tissue-type plasminogen activator (rt-PA), is indicated for use in less 

than 5% of stroke victims (Kleindorfer et al., 2004; Arora et al., 2005). Although the 

promising, newly developed free radical trapping compound, NXY-059, significantly 

reduces post-stroke disabilities and has progressed to Phase III clinical trials (Green and 

Ashwood, 2005), successful pre-trial (i.e., experimental) treatments of stroke have for 

the most part failed clinically. A dearth of therapeutics exists for pathologic conditions 

such as stroke, cardiac arrest, and neurodegenerative disease.

Hibernation is a unique phenotype thought to have evolved in response to food 

shortage. Examples of species that hibernate can be found in 9 different orders of 

mammals, including rodents, bats, carnivores, marsupials and even primates (the 

Madagascan fat-tailed dwarf lemur, Cheirogaleus medius) (Carey et al., 2003;

Dausmann et al., 2004). Several aspects of hibernation physiology such as depressed 

respiratory and heart rate, hypothermia, increased antioxidant defense, blood 

hypocoagulability, and suppressed metabolic and immune function expressed during 

torpor are consistent with neuroprotection and cytoprotection (Drew et al., 2001, Carey 

et al., 2003). Prolonged torpor, the phenotype that defines hibernation, is a state in
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which animals experience a severe (up to 90%) reduction in cerebral perfusion, that is 

comparable to ischemia, during bouts of torpor (Frerichs et al., 1994). Furthermore, 

torpid animals rewarm and reenter into euthermia between bouts of torpor for brief 

periods. During rewarming the animal experiences severe hypoxia without neuronal 

damage (Ma et al., 2005b).

Tolerance to traumatic brain injury has been shown in hibernating Arctic ground 

squirrels (AGS, see Table 4.1 for all hibernating species abbreviations) in vivo (Zhou et 

al., 2001). Hibernating Thirteen lined ground squirrels (TLS) tolerate oxygen and 

glucose deprivation better than non-hibernating TLS in vitro (Frerichs and Hallenbeck, 

1998), and tissue tolerance persists in longer term culture as discussed in Chapter 3. 

Organs harvested from hibernating animals tolerate cold ischemia-warm reperfusion 

while in the hibernating state (Green, 2000; Storey, 2004). Protection against ischemia- 

reperfusion injury has been shown in rabbit isolated heart preparations with 

administration of serum derived from hibernating Black bear (BB) (Bolling et al., 1997). 

Therefore, factors that may be isolated from tissue or serum of hibernating animals as 

well as novel molecular mechanisms operative during hibernation may be the key to the 

profound protective nature of hibernation. Mammals that hibernate are thus a potential 

source of multiple therapeutics if endogenous factors presumed to regulate the 

neuroprotective mechanisms characteristic of the hibernation phenotype can be isolated 

and identified.

Endogenous substances from organisms with unique phenotypes have been 

isolated and found to have therapeutic effects in other species. For example, salivary 

plasminogen activator from the vampire bat, Desmodus rotundus, has been developed 

into the drug desmoteplase which avoids the deleterious side effects associated with rt-



PA (Liberatore et al., 2003) and is currently in phase II clinical trials for acute stroke 

(Debens, 2004). Venomous marine molluscs such as cone snails (genus Conus) 

produce conotoxins, a class of small peptides with high affinity and specificity for a 

variety of ion channels with therapeutic applications (Terlau and Olivera, 2004). For 

example, co-conotoxin MVIIA, derived from Conus magnus, targets voltage-gated 

calcium channels and is FDA approved for treatment of severe chronic inflammatory and 

neuropathic pain associated with cancer and AIDS (Staats et al., 2004).

Serum and tissue factors and unique mechanisms in hibernating species have 

received considerable investigation over the years, although no therapeutic has yet been 

derived from a hibernating species. Thus, the objective of this review is to summarize 

evidence for bioactive serum or tissue factors isolated from hibernating animals to 

highlight relevant areas for future pursuit towards discovery of novel therapeutics. We 

review selected investigations of mammalian species that hibernate in which tissue or 

serum factors have been isolated, characterized or identified. In addition, we review 

protective mechanisms in hibernating species that may be regulated by factors that if 

isolated may have therapeutic value.

4.2 Protective mechanisms in hibernating animals likely regulated by unidentified 

factors with therapeutic potential

During hibernation, unique regulation of metabolism, blood clotting, immune 

response, antioxidant defense, synaptic remodeling, protein synthesis, cell cycle, and 

ion homeostasis take place. Each of these potentially neuroprotective aspects of 

hibernation could have implications for use as therapeutics in non-hibernating species.

In fact, many therapeutics, either currently approved or in clinical trials, work through
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mechanisms that resemble what is seen in hibernation. Some studies have described 

bioactivity of tissue extracts and blood from hibernating animals, while others have 

isolated, characterized, or identified specific factors. In addition, currently presumed yet 

unidentified factors that mediate protective aspects of the hibernation phenotype hold 

promise for discovery and development of therapeutics as illustrated in Figure 4.1. 

Enhanced antioxidant defense has been reviewed previously (Drew et al., 2001; Drew et 

al., 2002).

4.2.1 Decreased metabolism

4.2.1.1 Therapeutic potential of a factor involved in decreasing metabolism 

Decreasing metabolism may prevent the deleterious energy deficit normally

incurred during acute conditions such as stroke, cardiac arrest, and traumatic brain 

injury. Preservation of energy balance maintains ion homeostasis and membrane 

potential, thus avoiding depolarization, excitotoxicity and consequent excess intracellular 

calcium that yield death or damage. Additionally, induction of a hypometabolic state, 

such as suspended animation (Bellamy et al., 1996; Blackstone et al., 2005), would 

allow for a broader window for clinical intervention following injury. Suspended 

animation induced with carbon monoxide in fact provides protection from hypoxia in C. 

elegans (Nystul and Roth, 2004).

4.2.1.2 Evidence for tissue/ blood borne molecules in hibernating animals associated 

with decreased metabolism

Suppression of metabolism is a hallmark of hibernation. The calculated cerebral 

glucose utilization in deeply hibernating ground squirrels and whole animal oxygen



consumption decreases to only 1 to 2% of values in active animals (Frerichs et al.,

1995). Moreover, consistent with a pronounced decrease in oxygen consumption and 

energy demand, oxygen-hemoglobin saturation as well as phospho-creatine and brain 

glucose increase during torpor (Lust et al., 1989; Ma et al., 2005b).

Existence of hypometabolic factors is supported by observations that extracts 

from brain tissue from animals in torpor decrease metabolism in non-hibernating 

species. Brain extracts from the hibernating African lungfish, Protopterus aethiopicus, 

and the hibernating TLS administered iv decrease metabolism and core body 

temperature in rats and mice (Swan et al., 1968, 1969; Swan and Schatte, 1977; Swan 

et al., 1981). Endogenous substances from brain and tissue of internal organs of AGS 

and Jakutian ground squirrel (JGS) administered to mice ip decrease brain temperature 

and wakefulness and increase slow wave sleep (Pastukhov and Chepkasov, 1983, 

1984b, 1984a).

The presence of hypometabolic factors in plasma from animals in torpor is also 

supported by observations that administration of plasma or even urine decreases 

metabolism and core body temperature in non-hibernating species. Plasma collected 

from JGS at the beginning of a torpor bout decreases metabolism when injected ip into 

albino mice (Ignat'ev et al., 1992). JGS urine injected ip into mice causes hypothermia 

suggesting that “active” factors in hibernating animals are excreted into urine (Ignat'ev et 

al., 1995). Table 4.2 summarizes evidence for tissue or blood borne molecules in torpid 

animals that induce metabolic depression or other protective responses.
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4.2.1.3 Achievements in isolating and characterizing factors associated with decreased 

metabolism

Brain peptides isolated from hibernating animals decrease metabolism or energy 

demanding neuronal activity in non-hibernating animals. Table 4.3 summarizes 

achievements in isolating and characterizing factors from torpid animals that induce 

metabolic depression or other protective aspects of hibernation.

Brain peptides isolated from hibernating animals result in metabolic alterations 

following injection into hibernating species in either the hibernating or awake state. A 

low molecular weight peptide, neokyotorpin (NKT =Thr-Ser-Lys-Tyr-Arg), isolated from 

JGS brain, is considered a metabolic “activator” since it stimulates cardiac activity and 

respiration and ultimately arousal from torpor when administered ip to hibernating JGS 

(Ignat'ev et al., 1992; Ignat'ev et al., 1995). KT (a fragment of NKT) inhibits heart rate 

when given ip to JGS awakened from hibernation and thus is considered a metabolic 

“inhibitor” (Ignat'ev et al., 1995).

Brain peptides isolated from hibernating animals specifically affect neural activity 

in hibernating species in a state dependent manner. Three peptides isolated from JGS 

brain influence evoked neuronal activity in medial septal brain slices. TSKYR increases 

duration of inhibition in slices from hibernating JGS, TSKY increases duration of 

inhibition in slices from awake JGS, and DY increases activation of responses in slices 

from hibernating JGS (Zenchenko et al., 2000; Zenchenko et al., 2001).

Additionally, neural activity of non-hibernating species is affected by brain 

peptides isolated from hibernating animals. KT and NKT isolated from JGS brain altered 

behavior and EEG when administered icv to rat (Ignat'ev et al., 1996). Peptides TSKYR



and DY obtained from brain of hibernating JGS affect spontaneous activity of septal 

neurons, TSKYR increases (but then decreases) activity and DY inhibits activity (Kokoz 

et al., 1997).

4.2.1.4 Differential regulation of known factors in hibernating animals associated with 

decreased metabolism

Evidence for altered expression of proteins involved in metabolic suppression in 

hibernating animals support existence of regulatory factors that if identified could be 

developed into therapeutics. Expression of the rate limiting enzyme for synthesizing 

melatonin, arylalkaylamine-N-acetyltransferase (AA-NAT), increases in the 

suprachiasmatic nucleus (SCN) and epithalamic medial habenular nuclei area in 

hibernating TLS (Yu et al., 2002). The SCN is suggested to play an active role in 

regulation of the hibernation state (Dark et al., 1990; Kilduff et al., 1990). ICV injection of 

melatonin into hibernating Golden mantled ground squirrel (GMGS) increases duration 

of torpor bouts (Stanton et al., 1987). The ability of melatonin to suppress metabolism, 

by decreasing core body temperature (Deacon and Arendt, 1995; Satoh and Mishima,

2001) and regulating glucose utilization (Derlacz et al., 2005) in non-hibernating species, 

suggests further study of melatonin’s role in hibernation and factors capable of 

enhancing melatonin synthesis has potential to lead to novel therapeutics.

Insulin-like growth factor (IGF) and IGF binding proteins (IGFBP) may be 

involved in the signaling cascade leading to metabolic suppression in torpor. Decreases 

in serum levels of IGF and IGFBP during torpor in GMGS is consistent with 

downregulation of energy expensive somatic growth (Schmidt and Kelley, 2001). The 

IGF-1 signaling pathway is involved in regulation of metabolism, development and
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longevity.

Decreased phosphorylation and activity of the IGF regulated serine/threonine 

kinase, protein kinase B (Akt), occurs during torpor in TLS and suggests that hibernation 

might use an inducible pathway similar to that seen in dauer larva formation in C. 

elegans (Cai et al., 2004).

4.2.1.5 The pursuit of identifying factors that mediate regulation of decreased 

metabolism in hibernating animals

The search for therapeutics that decrease metabolism is spurred on by the 

recent finding that hydrogen sulfide (H2S) induces a suspended animation-like state, 

characterized by decreased metabolism and loss of homeostatic control, in mice 

(Blackstone et al., 2005). The ability of a molecule such as H2S to alter metabolism in a 

non-hibernating mammalian species is impetus for further pursuit of an effector molecule 

that is endogenous to and could be isolated from hibernating animals. The mechanism 

of the H2S response remains unclear, but could involve inhibition of the electron 

transport chain as proposed by Blackstone et al. (2005) or a hypoxic-metabolic response 

as described in other rodents (Barros et al., 2001). A role for H2S as a signaling 

molecule remains doubtful, however, equal skepticism likely preceded identification of 

NO as a signaling molecule.

4.2.1.6 The search for a “Hibernation Induction Trigger” leads to discovery of 

cytoprotective properties of [D-Ala(2),D-Leu(5)]enkephalin agonists

Despite many endeavors to characterize and isolate a “Hibernation Induction 

Trigger” (HIT) from hibernating animals, such a “trigger” has still not been found. Initial
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experiments suggested that blood from hibernating animals contained “HIT” since 

transfusions of blood and blood derivatives from hibernating TLS, Eastern woodchuck 

(WC) and AGS seemed to induce hibernation in summer active TLS (Dawe and Spurrier, 

1969; Spurrier et al., 1976), yet other stimuli such as sham or saline injection similarly 

induced hibernation in TLS (Wang et al., 1988). Additionally, such transfusions did not 

induce hibernation in Richardson’s ground squirrel (RGS) (Abbotts et al., 1979; Wang et 

al., 1988), JGS or WC (Galster, 1978). Studies that claimed to have found “HIT” were 

conducted in animals that experienced excessively long hibernation bouts, relied on 

inconsistent methods (i.e., some animals were given ip while other were given iv 

injections), and yielded irreproducible results as reviewed by Lyman (1982).

Although a single “HIT”-like compound has not been found, some evidence 

suggests plasma albumin fraction (PAF) and serum albumin fractions have “HIT”-like 

activity. When PAF was administered to summer active TLS, many of the TLS 

hibernated within 2 to 6 days (Oeltgen et al., 1978). This “HIT”-like compound was 

further characterized as thermolabile, protease sensitive, and nuclease insensitive 

(Oeltgen and and Spurrier, 1981) and found to have opiate-like properties (Myers et al., 

1981). A role for opioids in hibernation had been proposed (Beckman et al., 1981), and 

indeed hypothermia and hypophagia in monkeys caused by icv administration of serum 

albumin fraction from WC (Myers et al., 1981) was blocked by the non-selective opiate 

antagonists naltrexone and naloxone (Oeltgen et al., 1982). Tests of more specific 

agonists suggested that the 5-opioid receptor (DOR) was involved in hibernation

(Oeltgen et al., 1987).

Although 5-opioid agonist [D-Ala(2),D-Leu(5)]enkephalin (DADLE) infusion in 

TLS was suggested to induce hibernation comparable to that seen with infusion of PAF
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(Oeltgen et al., 1988), results were not convincing since, for example, TLS in these 

studies did not hibernate until 5 days after administration of DADLE. Subsequently,

RAF from hibernating animals (TLS, WC, BB, or polar bear, Ursus maritimus) was 

shown to inhibit guinea pig ileum muscle strip (GPI) contractility and this was partially 

reversed with naloxone (Bruce et al., 1992). Other studies of PAF from hibernating 

animals claiming 8-opioid activity failed to confirm such activity by reversing effects of 

depressed GPI or mouse vas deferens contractility with 8-opioid receptor antagonists or 

by displacing [3H ] DADLE binding (Horton et al., 1996; Bruce et al., 1997a; Bruce et al., 

1997b; Horton et al., 1998). Nevertheless, an 88kDa hibernation-related protein (p88 

HRP) was isolated from a highly purified PAF from hibernating WC called hibernation 

related fraction (HRF). This protein was found to be highly homologous with a 1 - 

glycoprotein (Horton et al., 1998), was speculated to be an inhibitor of metalloproteinase 

(Catanese and Kress, 1992), and deserves further investigation.

Although a “HIT”-like  compound from plasma or serum of hibernating animals 

has not yet been convincingly characterized or isolated, this line of research led to the 

discovery of cytoprotective properties of serum from hibernating animals and 

serendipitously led to discovery of cytoprotective properties of DADLE. Pretreatment 

with serum from hibernating animals (BB or WC) or DADLE were found to similarly 

improve postischemic myocardial metabolism and function in rabbit isolated heart 

preparations (Bolling et al., 1997). DADLE has been shown to yield protection in a 

variety of injurious scenarios such as ischemia-reperfusion in rat liver (Yamanouchi et 

al., 2003) and promotes neuronal survival (Su, 2000; Hayashi and Su, 2003). DOR is 

involved in preconditioning in heart (Karck et al., 1998, Sigg et al., 2001) and in brain 

(Ma et al., 2005a). Preliminary evidence suggests DADLE protects against ischemia-
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reperfusion damage in striatum and cerebral cortexf The relevance of DADLE to 

hibernation and neuroprotection has recently been reviewed (Borlongan et al., 2004). 

Thus, while a true HIT has not been discovered, attempts to mimic the putative 

pharmacological properties of factors isolated from hibernating animals has contributed 

to development of a novel class of neuroprotectants.

4.2.1.7 Other mechanisms related to decreased energy demand

Synaptic remodeling, decreased protein synthesis, cell cycle regulation, and 

maintenance of ion homeostasis are mechanisms endogenous to hibernating species 

and consistent with decreased metabolism. Identification or isolation of the factors that 

regulate these mechanisms in hibernating animals may also be therapeutically useful in 

depressing metabolism in a non-hibernating species. For example, the brain and 

hibernation specific membrane phosphotyrosine protein that has been isolated from 

TLS, called pp98 according to its molecular weight, may indicate that hibernating 

animals use tyrosine phosphorylation to transduce a signal to respond to decreased 

energy (Ohtsuki et al., 1998).

Synaptic regression and remodeling that occurs during hibernation (Popov and 

Bocharova, 1992; Popov et al., 1992; Strijkstra et al., 2003) is one means by which 

energy may be conserved during torpor. The mechanisms used by hibernating animals 

for such profound remodeling have appropriately been considered applications for 

neurodegenerative disease (Arendt et al., 2003; Arendt, 2004). Stimulation of 

synaptogenesis during arousal, perhaps via the reparative and regulatory roles of growth
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factors, such as IGF-1 (Carro et al., 2003), or activation of c-Jun N-terminal kinase (JNK) 

(Zhu et al., 2005) may yield a better functional outcome. Isolation of molecules that 

regulate growth factor expression to promote synaptic remodeling in hibernating animals 

may prove to be efficacious therapeutics for a variety of degenerative conditions.

Suppression of protein synthesis in brain of torpid TLS to only 0.04% of the 

average rate in summer active TLS (Frerichs et al., 1998) is another means by which 

energy expensive processes are downregulated. Phosphorylation of elongation factor-2 

(eEF-2), which is a reversible mechanism related to inhibition of the elongation phase of 

translation, is increased in liver and brain of hibernating TLS relative to summer active 

TLS (Chen et al., 2001). Translation is depressed and the poly(A) tail length of mRNA is 

stabilized during torpor in AGS (Knight et al., 2000). Discovery of factors that 

orchestrate suppression of protein synthesis and allow regulated shutdown of cellular 

function in hibernating animals could protect non-hibernating species during injury and 

trauma.

Decreasing cellular proliferation is another means of conserving energy. During 

torpor, cells that normally actively divide become relatively quiescent (Kruman et al., 

1986). Attenuation of cellular proliferation in various tissues during torpor occurs in the 

G1 phase (Kolaeva et al., 1980), the premitotic phase (Kruman, 1992), or in other 

phases of the cell cycle as previously reviewed (Lyman, 1984). Brain extracts from 

hibernating TLS decrease cell division in Chinese hamster ovary cells (CHO) (Amorese 

et al., 1982). If identified, the factors that regulate entrance into and exit from the cell 

cycle in hibernating animals may prove to be useful in treating cancer or in avoiding 

neurodegenerative disease states such as Alzheimer disease (AD) that show cell cycle 

dysregulation (Busser et al., 1998). Perhaps hibernating animals possess factors that



regulate cell cycle such as those described in anoxia induced suspended animation in C. 

elegans (Padilla et al., 2002).

The energy expensive regulation of ion homeostasis by the ATP-dependent 

sodium-potassium pump would be unnecessary if ion flux during hibernation were 

minimized through modulation of ion channels. Downregulation of membrane ion 

permeability by “channel arrest” hypothesized by Hochachka (1986) has been shown in 

anoxia tolerant species such as the turtle (Sick et al., 1982; Perez-Pinzon et al., 1992; 

Pek and Lutz, 1997). Evidence of channel arrest in torpid TLS suggests modification of 

Q-type voltage sensitive Ca2+channels decreases presynaptic Ca2+ accumulation in 

synaptosomes (Gentile et al., 1996). Additionally, enhanced Ca2+homeostasis occurs in 

cardiac myocytes from the hibernating Daurian suslik, Spermophilus dauricus (Wang et 

al., 2002) and preliminary evidence suggests Ca2+homeostasis is preserved in AGS 

hippocampus via modulation of NMDA receptors * Isolation and characterization of 

factors from hibernating animals that regulate ion channel arrest may lead to 

development of novel therapeutics.

4.2.2 Metabolic switch

4.2.2.1 Therapeutic potential of a factor involved in a metabolic switch

When energy supply does not match energy demand, as occurs in ischemia, a 

metabolic crisis ensues in neurons (Dugan and Choi, 1999). A therapeutic that switches 

metabolism from use of carbohydrates to fatty acid oxidation may yield protection.

Ketone bodies may act as an alternative energy source during subsequent times of
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glucose shortage, and increased free fatty acids (FFA) can replace polyunsaturated fatty 

acids lost during the damage to neuronal membranes that occurs as a result of 

metabolic crisis.

4.2.2.2 Successful experimental or clinical evidence of induction of a metabolic switch

Hyperketogenic diets are successful in treatment of epilepsy (Ziegler et al., 2004; 

Bailey et al., 2005) and have been proposed to benefit patients with Parkinson Disease 

(PD), AD, and other neurodegenerative disorders (Vanltallie and Nufert, 2003). Beta- 

hydroxybutyrate (BHB) provided as an alternative energy substrate during ischemia 

yields neuroprotection in rat and mouse (Suzuki et al., 2001; Suzuki et al., 2002). Blood 

BHB levels increase in TLS exposed to hypoxia, and increased blood BHB levels 

correlate with prolonged survival times of TLS and rats during hypoxia (D'Alecy et al.,

1990). Enhanced production of ketones in mice following brief episodes of hypoxia (i.e., 

preconditioning) yield protection in subsequent hypoxic episodes (Rising and D'Alecy, 

1989).

Increasing plasma FFA by means of albumin administration, which is currently in 

clinical trials for stroke, confers protection following middle cerebral artery occlusion 

(Rodriguez de Turco et al., 2002). Additionally, human serum albumin protects against 

oxidant induced neuronal death (Gum et al., 2004), and a docosahexaenoic acid and 

albumin complex yields neuroprotection against ischemia while allowing for a lower 

therapeutic dose of albumin thus decreasing side affects of high dose albumin (Belayev 

et al., 2005).
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4.2.2.3 Evidence of a metabolic switch in hibernation

Hibernating animals switch from use of carbohydrates to oxidation of stored fatty 

acids as fuel during torpor. Hibernating Belding’s ground squirrel (BGS) are ketotic 

compared to non-hibernators (Krilowicz, 1985). FFA are increased in serum of 

hibernating European ground squirrel (EGS) (Suomalainen, 1967; Esher et al., 1973; 

Buzadzic et al., 1990) and decrease during arousal from hibernation (Konttinen et al., 

1964).

4.2.2.4 Differential regulation of gene expression in hibernating animals associated with 

potential metabolic switches

As of yet, no studies have investigated bioactivity of endogenous factors to 

switch from carbohydrate to fat metabolism. However, studies of differential regulation 

of gene expression in hibernating animals have uncovered potential metabolic switches. 

For example, levels of active phosphorylated Akt, peroxisome proliferator-activated 

receptor (PPAR)y and PPAR coactivator PGC-1 decrease during hibernation in Little 

brown bat (LBB) brain which are likely responsible for metabolic alterations in brain 

during hibernation such as preferential use of lipids (Eddy and Storey, 2003).

Expression of a key enzyme that regulates fuel selection, pyruvate 

dehydrogenase kinase isoenzyme 4 (PDK-4), increases in torpid TLS (Buck et al.,

2002). Insulin levels decrease during torpor (Buck et al., 2002) and expression of PDK-4 

is inversely related to levels of insulin. FA are ligands for PPARa which in turn activates 

the PDK-4 gene (Wu et al., 2001). Gene expression of pancreatic triacylglycerol lipase, 

which frees non-esterified FA to be used as fuel, is also upregulated in torpid TLS 

(Andrews, 2004).
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A circulating effector molecule has been proposed to induce a metabolic switch 

via hibernation-associated gene expression (Andrews, 2004). For example, changes in 

serum insulin and FA may regulate this switch by affecting PDK-4 gene expression 

(Carey et al., 2003). If this molecule could be isolated and developed into a therapeutic, 

perhaps a metabolic switch could be induced in non-hibernating species.

4.2.3 Hypocoagulation

Therapeutic use of factors that regulate hypocoagulability may yield better tissue 

perfusion during times of low blood flow as well as prevent clot formation that could 

block vascular flow and lead to stroke. Anticoagulants such as aspirin have long been 

used as preventative stroke therapy by reducing the likelihood of clot formation. If clot 

formation does occur and stroke ensues, then a thrombolytic agent is needed to restore 

blood flow. Growing evidence of significant side effects associated with use of the only 

clinically approved thrombolytic agent rt-PA (Traynelis and Lipton, 2001), in addition to 

its plethora of contra-indications, calls for a search for alternative thrombolytic agents for 

stroke.

Blood from hibernating animals possesses unique characteristics such as 

profound hypocoagulability (Svihla et al., 1951; Svihla et al., 1952, Lechler and Penick, 

1963; Pivorun and Sinnamon, 1981). Thrombocytopenia and plasma defects (such as 

decreased levels of Factor VIII and IX and increased prothrombin and partial 

thromboplastin time) contribute to inhibition of blood clotting during hibernation in TLS 

(Lechler and Penick, 1963), yet platelet numbers return to normal values during arousal 

from hibernation (Pivorun and Sinnamon, 1981). In hamsters, decreased whole blood 

viscosity allows for persistent tissue perfusion during cold temperature and low blood



flow characteristic of hibernation (Deveci et al., 2001).

Four unique proteins were found in blood of TLS and Asian chipmunk (AC) but 

not in rodent non-hibernators rat or Formosan tree squirrel, Callosciurus caniceps 

(Kondo and Kondo, 1992). These four hibernation proteins (HP) exist as a 140 kDa 

complex in the non-hibernating state and are not present in blood during torpor. The 

55kDa protein, called HP-55, is highly homologous with a-i-antitrypsin, a member of the 

serpin superfamily, part of the major proteolytic cascade, and involved with coagulation, 

complement and inflammation.

Increased expression of alpha-2 macroglobulin (a2M), a protease inhibitor that 

decreases coagulation, occurs at mRNA and protein levels in torpid RGS (Srere et al., 

1992; Epperson and Martin, 2002). Serum a2M is also elevated during hibernation in 

BB (Sheikh et al., 2003). In fact, a2M is a broad spectrum protease inhibitor capable of 

inactivating matrix metalloproteinases (MMP) as well as proteins in the clotting cascade. 

MMP are required for proper homeostatic and regulatory mechanisms yet are also 

destructive in many neurodegenerative conditions (Lorenzl et al., 2003). Since a2M 

clears amyloid-beta, a2M deficiency is thought to lead to AD pathology, but 

polymorphisms of the a2M gene have not been decisively implicated as causative of AD 

(Birkenmeier et al., 2003; Saunders et al., 2003) or PD (Nicoletti et al., 2002). In cancer, 

MMP break down matrix between cells allowing for metastasis. In arthritis and AD, MMP 

cause tissue damage, and in ischemia-reperfusion MMP cause break down of the blood- 

brain-barrier. A proper proteolytic balance of MMP inhibitors and MMP yields protection 

while preserving normal function in tissue (Baker et al., 2002). Development of a2M as 

a therapeutic is promising in terms of both its anticoagulant effects and protease binding
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properties for degenerative disease, ischemia, and cancer. Additionally, isolation of 

novel factors that regulate hypocoagulability in hibernating animals may lead to 

development of therapeutics.

4.2.4 Immunosuppression

Immunosuppression may slow tissue destruction that results from inflammatory 

processes repairing a site of injury following ischemia or traumatic brain injury. In fact, 

atherosclerosis, the leading cause of cardiac disease and stroke, is an inflammatory 

process (Emsley and Tyrrell, 2002). As a therapeutic, suppressing the immune system 

would be of great value in allowing for clinical intervention before extensive tissue loss 

occurs.

Current strategies in stroke treatment include modulation of the immune 

response, for example, using the immunosuppressive agent FY506 (Macleod et al., 

2005) or by antagonism of cytokines such as interleukin-1 (Emsley and Tyrrell, 2002). 

Long-term administration of statins decreases risk of stroke, and improves outcome 

following stroke. When administered immediately after an ischemic event, statins 

improve short-term outcome as recently reviewed (Endres, 2005). Currently, an 

immunomodulatory role for statins is being elucidated (Crisby, 2005; Trubelja et al., 

2005).

Immunomodulation during hibernation includes immune suppression during 

torpor characterized by leukocytopenia (Harkness et al., 1974; Pivorun and Sinnamon, 

1981; Drew et al., 2001) and return of immune function with return of leukocytes during 

arousal (Pivorun and Sinnamon, 1981). Accordingly, complement activity was found to 

be lowest during torpor and highest during arousal in GMGS (Mamero, 2002). Evidence
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of immunosuppression during hibernation also includes downregulation of interferons 

and cytokines in serum of hibernating Spotted susliks (SS) produced in response to viral 

infections (Kandefer-Szerszen, 1988; Kandefer-Szerszen et al., 1988).

Brown fat extract from TLS depresses the primary immune response in cultured 

hamster spleen fragments (Sidky et al., 1969). Plasma from hibernating TLS and WC 

decreases proliferation in cultured mouse spleenocytes (Sieckmann et al., 2004).

Plasma from hibernating TLS increases induction of ICAM-1, a protein expressed by 

endothelial cells that regulates interactions with circulating leukocytes, and increases 

monoctye adhesion in rat cerebral microvascular endothelial cells (Yasuma et al., 1997).

Hibernating animals indeed possess unique factors that are involved in 

modulation of the immune system which, if isolated, may be of great benefit as 

therapeutics. By inducing a state in which the immune response is suppressed, tissue 

loss could be attenuated in neurodegenerative disease and trauma. Torpid AGS brain 

subjected to a stab-like wound failed to mount an immune response or show signs of 

tissue damage (Zhou et al., 2001).

4.3 Considerations for development of therapeutics

Strategies for developing therapeutics may need to include expression of effector 

pathways that involve both the factor and the target (e.g., growth factor in serum and 

corresponding receptor in tissue). For example, intrinsic tissue properties of torpid AGS 

and factors in AGS serum are both necessary for improved survival in AGS hippocampal 

slices as described in Figure 4.2. Similarly, neuroprotection by deferoxamine (chelator 

of non-protein-bound iron) and allopurinol and oxypurinol (xanthine oxidase inhibitors) 

requires the presence of either a blood-borne substance or endothelial cells (Peeters et
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al., 2003). Lastly, development of effective therapeutics may benefit from use of a 

cocktail where more than one effector pathway is regulated (e.g., decreasing 

metabolism and immune response) as demonstrated by hibernating animals.

4.4 Protective mechanisms in hibernating species efficacious in non-hibernating 

species

Success in regulating protective mechanisms endogenous to non-hibernating 

species is strongly supported by recent findings in preconditioning and of induction of 

suspended animation. For example, upregulation of antioxidants in brain and peripheral 

organs occurs following ischemic preconditioning (Glantz et al., 2005). Preconditioning 

results in transcriptional changes involved in suppression of metabolism, immune 

response, ion channel activity, and blood coagulation, all of which are protective 

mechanisms endogenous to hibernating species (Stenzel-Poore et al., 2003). Hydrogen 

sulfide inducing a suspended animation-like state in mice, including decreased 

metabolism (Blackstone et al., 2005), is convincing support that aspects of hibernation 

can be mimicked in non-hibernating species. In the search for novel and much needed 

neuroprotective therapeutics, a focused effort to isolate factors that are endogenous to 

hibernating animals is well warranted.
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Hibernating animal Non-hibernating animal

Figure 4.1: Therapeutic potential of factors from hibernating animals. Model of a factor 

(blood borne or tissue borne) endogenous to torpid animals that regulates a protective 

mechanism. If isolated, the factor could be developed into a therapeutic for non

hibernating species.
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Cultured with control serum

\M Cultured with AGS serum

Euthermic AGS Hibernating AGS 

Cultured with control serum

1 1 1
Euthermic AGS

Euthermic AGS

Figure 4.2: Enhanced survival in slices from hAGS with AGS serum. Hippocampal slices 

from hibernating AGS survive significantly better than slices from euthermic AGS when 

cultured in the presence of AGS serum. Euthermic AGS include juvenile male or female 

AGS that were cold-adapted (had never hibernated) or were in interbout euthermy. (A) 

and (B) On day 1 of hippocampal slice culture at 37°C, dentate gyrus (DG) neurons from 

hibernating AGS survive the same as euthermic AGS neurons when cultured in media 

with (control) B-27 Supplement Minus AO (Invitrogen, Carlsbad, CA). Percent cell death 

is quantified via propidium iodide fluorescence intensity (n=9 slices/ 3 hibernating AGS 

and n=9 slices/ 3 euthermic AGS). Number of neurons in DG are counted following 

NeuN immunocytochemistry to identify neurons (n=7 slices/ 3 hibernating AGS and n=8 

slices/ 3 euthermic AGS). (C) On day 1 of culture at 37°C, DG neurons from hibernating 

AGS survive better than DG neurons from euthermic AGS when B-27 is replaced with 

serum from hibernating or euthermic AGS (n=9 slices/ 3 hibernating AGS and n=9 

slices/ 3 euthermic AGS). * p<0.05, Holm-Sidak pairwise comparison.



Table 4.1: Hibernating species with abbreviations

Species Name Common Name Abbreviation

Tamias asiaticus Asian chipmunk AC

Spermophilus
parryii

Arctic ground 
squirrel AGS

Ursus americanus Black bear BB

Spermophilus
beldingi

Belding's ground 
squirrel BGS

Spermophilus
citellus

European ground 
squirrel EGS

Spermophilus
lateralis

Golden-mantled 
ground squirrel GMGS

Spermophilus
undulatus

Jackutain ground 
squirrel JGS

Myotis lucifugus Little brown bat LBB

Spermophilus
richardsonii

Richardson’s 
ground squirrel RGS

Spermophilus
suslicus Spotted suslik SS

Spermophilus
tridecemlineatus

Thirteen-lined 
ground squirrel TLS

Marmota monax Eastern woodchuck WC
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Table 4.2: Molecules from blood or tissue of hibernating animals yield protection. 
Evidence for tissue/blood borne molecules in torpid animals that induce a protective 
mechanism.

Source Source Pharmacologic Target Target

TLS brown fat decreases primary 
immune response hamster spleen

fragments
cell
culture

r v c i c i  c m u c

Sidky et 
al.1963

AL brain
extract

decreases 
metabolism and Tb 
to 4°C

rat systemic iv
Swan et 
al., 1968 
and 1969

TLS brain
extract

decreases
metabolism rat systemic iv

Swan and
Schatte,
1977

AL brain
extract

decreases 
metabolism and Tb mouse systemic iv Swan et 

al., 1981

TLS brain
extract

decreases cell 
division

Chinese
hamster

ovary cells 
(CHO)

cell
culture

Amorese et 
al.,1986

AGS,
YGS

brain and 
small 
intestine 
epitheluim

decreases brain 
temperature and 
awake state; 
increases slow wave 
sleep

mouse brain ip

Pastukhov
and
Chepkasov 
1983 and 
1984a,b

JGS plasma decreases
metabolism mouse systemic ip

Ignat'ev et 
al., 1995

JGS urine decreases Tb mouse systemic ip
Ignat'ev et 
al., 1995

TLS plasma
increases ICAM-1 
expression and 
monocyte adhesion

rat

cerebral
micro-
vascular
endothelial
cells

cell
culture

Yasuma et 
al., 1997

BB serum
increases protection 
from ischemia- 
reperfusion

rabbit heart perfuse Bolling et 
al., 1997

TLS,WC plasma

decreases cell 
proliferation 
suggesting 
mechanism of 
immunosuppression

mouse spleeno-
cytes

cell
culture

Sieckmann 
et al., 2004

*Tb is body 
temperature
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Table 4.3: Isolated factors from hibernating animals could be therapeutic. 
Achievements in isolating and characterizing factors from torpid animals with 
therapeutic potential.

Source Source Peptide
Species Tissue /Protein

Pharmacologic 
Effect

Target State of 
Species Target

JGS brain
NKT =
neokyo-
torphin

causes arousal 
from torpor; 
increases 
cardiac activity 
and respiration

JGS early in 
bout ip

Ignat'ev et 
al.,1992

JGS brain

KT = 
kyotor- 
phin 
(frag
ment of 
NKT)

inhibitory: 
decreases heart 
rate

JGS
aroused
mid
bout

ip
Ignat'ev et 
al., 1995

JGS brain KT and 
NKT

altered behavior 
and EEG rat n/a icv Ignat'ev et 

al., 1996

JGS brain TSKYR
increases then 
decreases 
evoked activity

rat/
medial
septal
slices

n/a in
media

Kokoz et 
al., 1997

DY blocks evoked 
activity

JGS brain TSKYR

increases 
duration of 
inhibition (of 
evoked neuron 
activity)

JGS/
medial
septal
slices

torpid in
media

Zenchen- 
ko et 
al.,2001

TSKYR shortens
inhibition awake

TSKY
increases 
duration of 
inhibition

awake

DY
decreases 
duration of 
inhibition

torpid

AC, TLS blood/
plasma

25kDa,
27kDa,
20kDa,
55kDa
proteins

not tested; found 
as a 140KDa 
complex

not
tested n/a n/a

Kondo
and
Kondo,
1992

TLS brain pp98

not tested; 
associated with 
membrane 
fraction

not
tested n/a n/a Ohtsuki et 

al.,1998
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Chapter 5 

Conclusion

5.1 Summary of findings

In this project, a persistent intrinsic tissue tolerance to an in vitro model of 

ischemia-reperfusion and excitotoxicity was demonstrated in hippocampus of hAGS. 

Furthermore, modulation of ion channels, including NMDAR, was shown to be a likely 

mechanism in hibernating animals that yields this tolerance. In addition, preliminary 

evidence of AGS serum (i.e., circulating factors) enhancing survival of neurons in 

hippocampus of hAGS is presented.

Neuroprotection in brain of hibernating species, as previously demonstrated by 

tolerance to traumatic brain injury in vivo in AGS (Zhou et al., 2001), could be due to 

hypothermia, circulating factors, or tissue properties. In the present project, slice culture 

was performed at 37°C which demonstrates that protection in AGS brain is due to factors 

in addition to hypothermia. Additionally since a chronic culture of AGS hippocampus 

was used, the findings of Frerichs et al. (1998) can be extended to show that tolerance 

of hippocampus of hibernating animals to an in vitro model of ischemia-reperfusion is 

based on tissue properties and not dependant on the acute response to trauma 

associated with slice preparation. Moreover, preliminary evidence of enhanced survival 

of neurons in hippocampus of hibernating AGS in the presence of AGS serum supports 

a protective role for circulating factors interacting with tissue factors present during 

hibernation. Taken together, the findings in this project suggest that neuroprotection in 

brain of AGS is due in part to tissue properties as well as the interaction of circulating 

factors with tissue factors.



In this concluding chapter, future direction for investigations of tolerance in brain 

of hibernating animals and an alternative explanation for tolerance to OND and NMDA in 

AGS slices are considered. Additionally, a model describing the findings in this project is 

proposed. Finally, what can be learned from hibernating animals regarding selective 

vulnerability, preconditioning, and stroke therapeutics is discussed.

5.2 Alternative explanation of tolerance to oxygen and nutrient deprivation and 

N-methyl-D-aspartate in Arctic ground squirrel slices

5.2.1 Maintenance of energy balance can yield tolerance

Consistent with an intrinsic tissue property conferring tolerance in hippocampus 

of AGS, the findings in Chapter 3 that AGS slices are protected from OND and NMDA 

may be explained as a result of maintenance of energy balance. Delaying the ATP fall 

that characteristically occurs in ischemia has been well established to be protective 

(Kass and Lipton, 1989; Hurtado et al., 2003). Also, glutamate has been linked to 

toxicity at NMDAR when intracellular energy levels are reduced (Novelli et al., 1988). 

Moreover, administration of the energy precursor P-creatine has been shown to protect 

against glutamate-induced toxicity in hippocampal neurons (Brewer and Wallimann, 

2000). Therefore, maintenance of energy balance can yield tolerance to excitotoxicity 

and ischemia and may contribute to tolerance observed in AGS slices.

Consider the hypothesis that slices from hAGS maintain energy balance over 

time in culture better than slices from ibeAGS. If energy balance is maintained in slices 

from both hAGS and ibeAGS during the 24h recovery period following slice preparation, 

then OND and NMDA could be tolerated. However, if maintenance of energy balance is 

lost in slices from ibeAGS by 24 to 48h in culture, then vulnerability to OND and NMDA
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could be present. If slices from hAGS maintain energy balance at this later time point in 

culture, then tolerance to OND or NMDA could persist. Since there is a direct 

relationship between ATP levels and Na+K+-ATPase activity, it could be postulated that 

slices from ibeAGS did not respond (i.e., show a significant increase or decrease in 

percent cell death) to OUA later in culture because Na+K+-ATPase would not be 

functioning without adequate ATP. Without knowing the effects of OUA administered 

early in culture of AGS slices, it is too speculative to propose a reason why slices from 

hAGS did respond (i.e., showed improved survival) to OUA later in culture.

5.2.2 Evidence of maintenance of energy balance in hibernating animals

Other studies support the hypothesis that hibernating animals have the ability to 

maintain energy balance to yield protection during circumstances in which non

hibernating animals lose energy balance and suffer the deleterious consequences. 

Evidence that slices from hibernating squirrels recover population spikes more quickly 

than slices from either non-hibernating squirrel or guinea pig suggests that hibernating 

squirrel more quickly recover ATP levels following slice preparation compared to non

hibernating animals (Pakhotin et al., 1993). Although ATP levels were found to be 

maintained similarly in hippocampal slices from hibernating and euthermic TLS, and rats 

for the 4h duration of acute slice experiments (Frerichs and Hallenbeck, 1998), such 

maintenance of energy balance may not persist over the duration of a chronic culture. 

McCarron et al. (2001) stated that studies indicate that a reduced metabolic rate may be 

present in tissues from hibernating animals which would allow preservation of energy 

balance. In addition, the findings that P-creatine is significantly higher in hibernating 

hamster brain compared to non-hibernating hamsters and that glycogen levels are
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higher in hamster brain compared to a non-hibernating species (Lust et al., 1989) are 

evidence of increased energy stores in brain of hibernating animals. Lust et al. (1989) 

concluded that brain of hibernating animals is able to survive hibernation and arousal by 

preservation of energy state.

Maintenance of energy balance in slices from hAGS could be due to more 

abundant energy stores, decreased metabolic rate, or reduced energy demand for 

maintaining electrochemical gradients. Studies that assess energy stores in AGS slices 

could demonstrate whether slices maintain energy balance over 48 hours in culture. To 

accurately determine energy stores in a tissue, high energy phosphate equivalents, and 

not just ATP levels, should be calculated. High energy phosphate equivalents are equal 

to 2.9*glycogen + 2.0*glucose + 1.4*ATP + 1.0*P-creatine (Lowry et al., 1964). In 

addition, studies could investigate the metabolic rate of AGS slices by assessing oxygen 

consumption in slices over time in culture. Further investigation into the presence of 

channel arrest in brain of hibernating animals would show whether the reduced energy 

demand for maintaining electrochemical gradients is responsible for preservation of 

energy stores. Taken together these studies would demonstrate whether maintenance 

of energy balance in brain of hibernating animals contributes to tolerance to ischemia- 

reperfusion and excitotoxicity.

5.3 Proposed model of tolerance in brain of hibernating animals

According to the findings in AGS hippocampal slice culture, a novel model of 

tolerance in brain of hibernating animals (Figure 5.1) with relevance to development of 

potential stroke therapeutics is proposed. First, in hibernating animals a tissue property 

has a role in tolerance independent of circulating factors as shown by tolerance to OND
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and excitotoxicity. This tissue property is suggested to be a result of modulation of 

NMDAR or other ion channels, but alternatively could be the result of a tissue property 

such as increased energy stores. In addition, an interaction between a tissue property of 

hibernating animals and circulating factors is suggested to lead to enhanced survival 

since an increased number of DG neurons was seen in the presence of circulating 

factors with tissue from hAGS. This interaction could be between a growth factor in 

serum and the corresponding growth factor receptor that shows upregulated expression 

or unique properties in hibernating animals. The signaling downstream to this interaction 

could yield tolerance by either stimulating protective (survival) pathways or attenuating 

deleterious (death) pathways.

Although circulating factors alone did not confer tolerance in AGS hippocampus 

in this preliminary investigation, evidence in the literature supports that circulating factors 

have neuroprotective properties. Future studies such as proteomic analysis of serum 

derived from AGS may reveal factors that are novel or show upregulated expression with 

putative protective properties. If a factor could be isolated from AGS serum, then its 

bioactivity could be investigated in a slice culture system in subsequent studies.

5.4 What hibernating animals and ischemic preconditioning have in common

An alternative model to hibernating animals in which to investigate endogenous 

neuroprotective mechanisms is ischemic preconditioning. Preconditioning is based on 

findings that administration of a variety of sub-lethal stimuli (such as ischemia, endotoxin 

exposure or anesthesia) prior to an injurious event yields protection from the injury. 

Ischemic preconditioning has been shown to result in differential regulation of genes that 

is consistent with neuroprotective aspects of hibernation such as suppressed energy
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demand and downregulation of ion channel activity (Stenzel-Poore et al., 2003). It could 

be hypothesized that hibernating species possess ‘pre-existing preconditioning’ since 

they seem to be genetically programmed to exhibit a preconditioned phenotype without 

requiring the preconditioning stimuli. This hypothesis is supported by the finding in the 

current project that slices from both ibeAGS and hAGS tolerate OND and NMDA early in 

culture (i.e., that tolerance to ischemia-reperfusion is not exclusively dependent on 

prolonged torpor).

How can similarities between hibernating animals and preconditioning be applied 

to development of successful stroke therapeutics? The cytokine erythropoietin (EPO), 

which possesses a plethora of neuroprotective properties, has been shown to be 

necessary for mediating ischemia-tolerance conferred from preconditioning (Prass et al., 

2003). Studies show that EPO and the EPO receptor (EPOR) are upregulated following 

ischemia (Siren et al., 2001; Gene et al., 2004a, 2004b). Moreover, EPO and other 

erythropoietic proteins such as darbepoetin alfa (Belayev et al., 2005) are very promising 

candidates for development into therapeutics for stroke. Could it be that hibernating 

species may be genetically programmed or have ‘pre-existing preconditioning’ to 

express a factor (e.g., EPO) and its corresponding receptor (e.g., EPOR) during times of 

ischemia which together yield protection? Investigation of how hibernating animals 

regulate EPO and EPOR expression may yield effective strategies for use of EPO and 

EPOR as stroke therapeutics, perhaps via gene therapy, for non-hibernating species.

5.5 What can be learned from hibernating animals regarding selective vulnerability

The reasons for the selective vulnerability of the hippocampus and CA1 neurons 

to ischemia are unknown. Although increased glutamate receptor expression is a likely
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candidate for increased vulnerability of CA1 neurons to ischemia, very few differences 

were found in gene expression of glutamate receptors when comparing CA1 and CA3 

neurons (Torres-Munoz et al., 2004). In agreement, increased expression of NMDAR is 

likely not the cause of differences in vulnerability within the HPC since both vulnerable 

CA1 neurons and tolerant DG neurons have a high density of NMDAR (Greenamyre et 

al., 1985). These findings support that the NMDAR modulation suggested to yield 

tolerance in AGS may be based on a NMDAR property other than density. Interestingly, 

overexpression of AMPA receptors has been shown to play a role in CA1 death following 

ischemia (Anzai et al., 2003; Liu et al., 2004; Coultrap et al., 2005). Thus, future 

investigations that determine the type of NMDAR modulation and properties of AMPA 

receptors in HPC of hibernating animals are warranted.

When considering selective vulnerability from a signaling point of view, 

vulnerability of CA1 neurons could be a result of either a lack of protective proteins or an 

excess of cell death related proteins as proposed by Lipton (1999). Very few differences 

were found in gene expression of cell death genes in CA1 compared to CA3 (Torres- 

Munoz et al., 2004). Following ischemia, transcription of many early genes, occurs in all 

regions of the hippocampus except CA1 where there is almost no protein synthesis 

(Kiessling et al., 1993). Upregulation of anti-apoptotic Bcl-2 occurs in CA3 and DG, but 

not in CA1, following ischemia (Chen et al., 1997). Moreover, overexpression of heat 

shock protein 72 (HSP72) confers protection in CA1 neurons both in vivo and in vitro 

likely by increasing Bcl-2 expression (Kelly et al., 2002). The recent finding that activity 

of extracellular signal-regulated kinase 5 (ERK5) is upregulated in CA3 and DG, but not 

in CA1 (Wang et al., 2005), also supports the hypothesis that decreased expression of 

protective proteins in the CA1 region may be responsible for its increased sensitivity to
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ischemia. Therefore, instead of attenuating death pathways, perhaps hibernating 

animals express protective proteins that yield tolerance to insult and enhanced survival. 

Determination of whether protective proteins are expressed in CA1 of hibernating 

animals could perhaps lead to development of therapeutics that would express these 

protective proteins in species that are ischemia-sensitive.

5.6 What can be learned from hibernating animals regarding stroke therapeutics

Taken together, the findings from this project and current literature suggest that 

mimicking protective aspects of hibernation may yield development of successful 

therapeutics for stroke. Perhaps, a therapeutic that regulates expression of a factor in 

serum and the corresponding receptor may yield neuroprotection as described by the 

model proposed in this chapter. Mechanisms that modulate ion channels or maintain 

energy balance in hibernating animals also deserve further investigation. Evidence that 

preconditioning yields tolerance to ischemia supports that neuroprotective mechanisms 

utilized by hibernating animals may be possible to induce in non-hibernating species. 

Further investigation of endogenous neuroprotective mechanisms in hibernating animals 

is warranted and holds promise for yielding efficacious therapeutics for stroke.
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Figure 5.1: Proposed model of tolerance in brain of hibernating animals. AGS 

hippocampal slice culture findings suggest a model of tolerance in brain of hibernating 

animals. A tissue property, independent of circulating factors, has a role in tolerance in 

hibernating animals. In addition, an interaction between a tissue property of hibernating 

animals and circulating factors is suggested to lead to enhanced survival. Here 

tolerance and survival are considered to be independent aspects of protection that are 

regulated by different mechanisms. By mimicking the tissue property or the interaction 

between a circulating factor and the tissue property, a therapeutic could confer 

protection to a non-hibernating species.



Appendix A 

Cell death analysis using propidium iodide in hippocampal slices

A.1 Image acquisition

All images should be taken at 2.5X.

Naming slices:

Plate number (no more than 9 plates/ experiment) followed by well number 

For example: plate 1 well 2 = 12

Before fixation:

1st image is taken with halogen bulb 

Would be saved as 12h 

2nd image is taken with Texas Red filter 

Would be saved as 12r 

Post-fixation:

1st image is taken with halogen bulb 

Would be saved as 12hp 

2nd image is taken with Texas Red filter 

Would be saved as 12rp 

Put all of the files in a folder that is named the slice number (Ex. folder “12”).

Make a folder titled “excel” that contains the excel file for that animal. Put all of these 

folders in a folder (titled by the animal number).

Please note that “Abel’s microscope”, which is referenced in the next section, is a Zeiss 

Axioplan 2 Imaging microscope equipped with an Atto Arc 2 HBO 100W mercury lamp 

(Zeiss USA, Thornwood, NY) that was used to take the images for the current project.
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A.2 Austin 2.5x macro.txt

The text in this section must be typed exactly as it appears here.

// This macro is designed to get average fluorescence intensity 
// using jpegs taken on Abel's microscope using the 2.5x objective

var corename:string; 
var res:string; 
var corepath:string;

macro "Read in live-cell images [F1]"
{
// Open up the halogen live-cell image file - *h.jpg.

run("Set Measurements...", "mean area decimal=3");
run("Open...");
run("8-bit");
info = getlnfo();
indexl = indexOf(info, "P ath :"); 
index2 = indexOf(info, "\n", indexl )-5; 
corename = substring(info, index l+6, index2); 
index3 = lastlndexOf(corename, "\\"); 
length = lengthOf(corename);
res = substring(corename,0,length-5)+"excel\\"+substring(corename,length- 

2, length)+"results.txt"
corepath = substring(corename, 0, index3+1);

// Open up the fluorescent live-cell image file - *r.jpg

run("Open...", "open-"+corename+"r.jpg"');
run("RGB Split");
run("Close");
run("Close");
run("Convert Images to Stack"); 

run("Select All");
run("Duplicate...", "title-D raw  ROIa then F2' duplicate");
selectWindowfStack");
run("Close");

}

macro "Process region a [F2]"
{
// Draw ROIa and process.



runfSelection...", "save-"+corename+"a.roi"'); 
run("Next Slice [>]"); 
runfMeasure"); 
ru n f Select AH");
ru n f Duplicate...", "title='Draw ROIbthen F3' duplicate");
selectWindow("Draw ROIa then F2");
run("Close");

}

macro "Process region b [F3]"
{
// Draw ROlb and process.

runfSelection...", "save-"+corename+"b.roi"'); 
ru n f Next Slice [>]"); 
run("Measure"); 
ru n f Select AH");
ru n f Duplicate...", "title -D raw  ROId then F4' duplicate");
selectWindow("Draw ROIbthen F3");
run("Close");

}

macro "Process region d [F4]"
{
// Draw ROId and process.

runfSelection...", "save-"+corename+"d.roi'"); 
ru n f Next Slice [>]"); 
runfMeasure"); 
ru n f Select All");

// Save a copy of the stack to disk.
runfSave", "save-"+corepath+"Stack.jpg"'); 
runfC lose");

// Open up the halogen dead-cell image file - *hp.jpg.

ru n f Open...", "open-"+corename+"hp.jpg'"); 
run("8-bit");

// Open up the fluorescent dead-cell image file - *rp.jpg

runfOpen...", "open-"+corename+"rp.jpg"');
ru n f RGB Split");
runfClose");
runfClose");
ru n f Convert Images to Stack");



run("Select All");
run("Duplicate...", "title='Draw ROIw then F5' duplicate")- 
selectWindow("Stack"); ’
runfC lose");

}

macro "Process region w [F5]"

// Draw ROIw and process.

run("Selection...", "save='"+corename+"w.roi"'); 
run("Next Slice [>]"); 
run("Measure"); 
run("Select All");
run("Duplicate...", "title='Draw ROIxthen F6' duplicate");
selectW indowfDraw ROIw then F5");
run("Close");

}

macro "Process region x [F6]"
{
// Draw ROIx and process.

runfSelection...", "save=",+corename+"x.roi"'); 
run("Next Slice [>]"); 
run("Measure"); 
run("Select All");
run("Duplicate...", "title-D raw  ROlz then F7' duplicate");
selectWindow("Draw ROIx then F6");
run("Close");

}

macro "Process region z, then open region c [F7]"
{
// Draw ROlz and process.

run("Selection...", "save-"+corename+"z.roi'");

// Save a copy to disk
runfSave", "save="'+corepath+"Stackp.jpg",);

run("Next Slice [>]"); 
run("Measure"); 
run("Select All"); 
runfClose");

// Open region c.
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runfOpen...", "o p e n -M+corepath+"Stack.jpgm); 
run("Select All");
run( Duplicate...", "title='Draw ROIcthen F8' duplicate");
selectWindow("Stack.jpg");
runfC lose");
runfSelect All");
run("Next Slice [>]");

}

macro "Process region y [F8]"
{
// Finish region c

run("Selection...", "save-"+corename+"c.roi"');
run("Measure");
runfSelect All");
run("Close");

// Open region y

run("Open...", "open-"+corepath+"Stackp.jpg'");
runfSelect All"); ........
run("Duplicate...", "title='Draw ROly then F9' duplicate");
selectWindow("Stackp.jpg");
runfClose");
run("Select All");
run("Next Slice [>]");

}

macro "Finish up [F9]"
{
// Finish region y

run("Selection...", "save-"+corename+"y.roi"');
run("Measure");
run("Select All");
run("Close");

// Bookkeeping to finish up.

// avga = getResult("Mean",0);
// avgb = getResult("Mean",1);
// avgd = getResult("Mean",2);
// avgc = getResult("Mean",3);
// avgw = getResult("Mean",4);
// avgx = getResult("Mean",5);
// avgz = getResult("Mean",6);



selectWindow("ResultsM);
run("Text...", "save-"+corename+"results.txt"');
run("Text...", "save="+res);

run("Close");
}

A.3 Placing regions of interest

1. Start Image J (can be downloaded from http://rsb.info.nih.gov/ij/)

2. Go to Plugins. Macro: Install, then select “Austin 2.5x macro.txt” from wherever you

have it saved (the macro folder is the default location), and open it

3. Hit F1, open the image designated “r” (Ex. 12r); let the image finish being processed

4. On the Image J toolbar, click on the heart shape (for freehand selection)

5. Using the cursor, draw around CA1, then hit F2 (this is FA)

6. Draw around upper blade of DG, then hit F3 (this if FB)

7. Draw around bottom blade of DG, then hit F4 (this is FD)

8. Your post fix image is now open, draw around CA1, then hit F5 (this is Fw)

9. Draw around upper blade of DG, then hit F6 (this is Fx)

10. Draw around bottom blade of DG, then hit F7 (this if Fz)

11. The prefix image is open again, click on the image once, then draw a circular shape

outside of the slice (this is Fc), hit F8

12. The postfix image is open again, draw a circular shape outside of the slice (this is

Fy), hit F9

13. New files will be in your “12” folder, and a new file titled “12results.txt”

will be in the excel folder 

Start over with a new slice and repeat Steps 1-12 until all slices have been processed.
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// avgy = getResult("Mean",7);

http://rsb.info.nih.gov/ij/


Your fluorescence intensity values are listed in your text file in the column titled “mean” 

in the order which you drew them, percent cell death can be calculated manually at this 

point without using the excel file.

A.4 Using the PI excel program

Use Sample excel for Pi.xls file.

To open the excel file, select “enable macros” when prompted.

1. The first worksheet of the file needs to contain a list of the txt files:

in column A starting in row 1: “12results.txt” and proceeding down the column

2. Worksheets Y and X are not used

3. In Worksheet B, keep the header row, but list the animal number, treatment and slide

ID number in their respective columns

4. Sheet A should be blank except for the header row

5. Have Worksheet A open, and go to Tools: Macro: Macro (Play symbol)

buildSpreadsheet should be highlighted, just hit run

6. Your slice id should appear in column d and the values in the columns to the right of it,

and the calculated percent cell death values as fa (CA1), fb (DG upper blade) 

and fd (DG lower blade)

7. You can copy and paste the fa, fb, and fd values over to Worksheet B to match up

with your slice number, treatment, and animal number

8. Save your excel file
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Appendix B

Neuron survival analysis using NeuN immunocytochemistry 

in hippocampal slices

B.1 Image acquisition

All images should be taken at 40X on the confocal microscope midway through the slice. 

Images should be named as a three digit number followed by a letter a -f. (Ex. 115a) 

a = ca1 closest to ca2 

b= ca1 middle section 

c= ca1 farthest from ca2

d= upper blade of dg closest to where the 2 blades come together 

e= upper blade of dg

f= upper blade of dg farthest from where the 2 blades come together 

Images will have to be saved as Ism files.

B.2 Changing file type

When images are acquired they will be Ism files, but must be later imported into LSM 5 

Image Browser (free download from Zeiss) and exported as tif’s.

Converting images from LSM to TIF format:

1. Make a folder for each slice/ slide number

2. Put the corresponding Ism files to be converted into each folder

3. Open Zeiss LSM 5 Image Browser

4. Click “Import” and open each Ism image file to be converted

5. Click “Export”



Select:

Image type: “Raw data -  single plane”

Channels: Turn off G (Green) and B (Blue) by making the selection in 

the scroll choices 

Compression: no compression 

Save as type: “Tagged Image file (* tif)”

Type the original file name in the “File Name” blank

For example, 115x would be saved as 115x.tif instead of the original 

115x.lsm

Save in: corresponding folder (Ex. 115)

6. Click save

7. Close your AIM image and continue Steps 1-6 until all images have been converted

8. Go into the new folder and put all of the Ism files into another folder 

The example folder “115” should now contain:

115a.tif, 115b.tif, 115c.tif, 115d.tif, 115e.tif, 115f.tif

B.3 Placing regions of interest

You will need a master region of interest (roi).

1. Start Image J and open one of your images

2. Open an oval from the tool bar and size it so that 3 ovals of that size can be placed

along CA1 (or a blade of dentate gyrus) of each 40x image

3. Save as: selection: master roi.roi
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To place rois:

1. Start Image J

2. Open tif image from your first folder

3. Open master roi and drag to region of interest (starting at ‘top’ of image’)

4. Go to File, Save as, Selection: file name is your image name plus ’1 ’.roi

(Ex. 100a1.roi)

5. Drag your roi down to next ‘lower’ region of interest

6. Save as selection: your image name plus ‘2’.roi (Ex. 100a2.roi)

7. Drag your roi down to next ‘lower’ region of interest

8. Save as: Selection: your image name plus ‘3’.roi (Ex. 100a3.roi)

9. Close image, follow steps 3-8 for images b and c

At this point, you can manually count in your roi’s or continue using Image J and Excel 

as follows.

B.4 Austin cell count (pick threshold) macro.txt

The text in this section must be typed exactly as it appears here.

// This macro is designed to get counts for data already examined

var fnamelessextstring; 
var fname:string; 
var path:string; 
var roicountl:integer;

macro "open file and binarize [f1 ]"

{
// First open up the image file and massage it a bit.

runfOpen..."); 
run( "8-bit"); 
fname = getTitle;
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fnamelessext = substring(fname,0,lengthOf(fname)-4);

info = getlnfo();
// showMessage(info);

indexl = indexOf(info, "P ath :");
index2 = indexOf(info, "\n", indexl )-lengthOf(fname);
path = substring(info, index l+6, index2);

run("Subtract Background...", "rolling=15");
run("Despeckle");
run( Despeckle");
run("Enhance Contrast", "saturated=0.5"); 
run("Duplicate...", "title=filtered");

// Make a duplicate copy and filter in frequency space. The user adjusts the threshold 
and binarizes the 
// image.

runf'Bandpass Filter...", "filter_large=12 filter_small=15 suppress=None 
tolerance=1 autoscale saturate");

run("Brightness/Contrast...");

}
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// This macro reads in the old ROIs and does the counts.

macro "save the binarized file and do the ROIs [f2]"
{

// Housekeeping

run ("Tiff...", "save-"+path+fnamelessext+" filt.tif"');
selectWindow(fname);
runfClose");
selectWindow("B&C");
run("Close");

// First ROI

showMessage(path+fnamelessext); 
run("Open...", "open-"+path+fnamelessext+"1 .roi'"); 
run("Clear Outside"); 
run("lnvert");
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runfAnalyze Particles...", "minimum=10 maximum=500 bins=20 show=Nothinq 
display clear summarize"); 

summary = getlnfo(); 
indexl = indexOf(summary, "Count:"); 
index2 = indexOf(summary, "\n", indexl); 
roicountl = substring(summary, indexl +7, index2); 
run("Close");
selectWindow("Results");
results1=getlnfo();

// run("Text...", "save='"+path+fnamelessext+" sizes 1'"); 
run("Close"); 
runfC lose");

// Second ROI

runfOpen...", "open='"+path+fnamelessext+" filt.tif"); 
runfOpen...", "open="'+path+fnamelessext+"2.roi'"); 
runfC lear Outside"); 
run("lnvert");
runfAnalyze Particles...", "minimum=1 maximum=999999 bins=20 

show=Nothing display clear summarize"); 
summary = getlnfo(); 
indexl = indexOf(summary, "Count:"); 
index2 = indexOf(summary, "\n", indexl); 
roicount2 = substring(summary, indexl+7, index2); 
runfC lose");
selectWindowfResults");
results2=getlnfo();

// runfText...", "save-"+path+fnamelessext+" sizes 2'"); 
runfClose"); 
runfClose");

// Third ROI

runfOpen...", "open='"+path+fnamelessext+" filt.tif'"); 
runfOpen...", "open-"+path+fnamelessext+"3.roi'"); 
runfC lear Outside"); 
runflnvert");
runfAnalyze Particles...", "minimum=1 maximum=999999 bins=20 

show=Nothing display clear summarize"); 
summary = getlnfo(); 
indexl = indexOf(summary, "Count:"); 
index2 = indexOf(summary, "\n", indexl); 
roicount3 = substring(summary, indexl+7, index2); 
runfClose");
selectWindowfResults");
results3=getlnfo();

// runfText...", "save-"+path+fnamelesstxt+" sizes 3'");
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runfClose");
runfClose");

// Cleanup

// roicount = "ROM has "+roicount1+" counts\nROI2 has "+roicount2+"
counts\nROI3 has "+roicount3+" counts";
// print(roicount);
// ru n f Text...", "save='"+path+fnametxt+" ROIcounts'")-
// runfClose");

results = "ROM distribution\n\n"+results1+"\n\nROI2 
distribution\n\n"+results2+"\n\nROI3 distribution\n\n"+results3"; 

print(results);
ru n f Text...", "save='"+path+fnamelessext+"SpotSizes.txt'"); 
runfClose");

}

B.5 Using cell count macro developed by Austin Ross and Dr. John Pender

1. Start Image J

2. Go to Plugins: Macro: Install: Select “Austin Cell Count (pick Threshold) macro.txt “ 

and open

3. Hit F1

4. Open tif

5. Wait until image has completely been filtered

6. Using B&C box, click on Thresh

7. Slide Brightness bar until desired cells are visible (can open original image to 

compare), then click on apply

8. Hit F2, Click “OK” on popup box

Your rois will appear and counts put into a text file named “slidenumberletter 

SpotSizes.txt” (Ex. 100aSpotSizes.txt)
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B.6 Using program developed by Dr. Kara Nance to put values into excel

1. Put KaraProgramNEUN.xls in a folder with all of the SpotSizes files

2. Open KaraProgramNEUN.xls (enable macros) and make sure that all of the text

file names are listed on the 1st w orksheet1 files’

3. On the ‘B’ worksheet list your sample and slide ID

4. Go to Tools: Macro: Macro (Play symbol) 

buildSpreadsheet should be highlighted, just hit run

5. Your count values for a1 to c3 should appear on sheet ‘A ’, now total them across 

the row to get the total number of neurons (in CA1 for example), and save excel
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