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ABSTRACT
Sensory cells located in the pancreas, the liver, the stomach and the intestines sense
nutrient and peptide levels. A change in blood glucose concentration is one of the
primary signals monitored by this cell type and alterations in the sensing capabilities of
these glucose sensing cells may underlie the pathophysiology associated with obesity and
diabetes. To understand how these glucose sensing cells function and what components
are essential for maintaining glucose homeostatic mechanisms in the body, we
characterized these cells by isolating and characterized the responses of these cells to
glucose using functional assays.
The principal glucose sensing cells of interest for our research were the neurons
located within the hypothalamus, which are believed to integrate signals from sensory
cells throughout the body to maintain energy homeostasis. We proposed that the
mechanisms by which hypothalamic neurons sense glucose are similar to those used by
pancreatic beta cells. By suggesting that hypothalamic neurons and pancreatic beta cells
use similar mechanisms to sense and respond to changes in glucose levels, we hoped to
identify the shared components to help us leam more about this unique and rare cell type.
We found that that the enzyme glucokinase (GK) was expressed throughout all stages of
development along with the GLUT-1, GLUT-3 and GLUTX-l glucose transporters, but
that the liver form of GKRP was not found in the hypothalamus. The enzyme GK was
also found in tissues of the distal stomach and proximal intestine of adult rats. Each of
the 3 methods we employed, RT-PCR, in vitro functional assays and the development of
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a transgenic animal enabled us to initiate a line of research that may one day lead to a
further understanding of how the body maintains energy homeostasis.
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CHAPTER I
1.1 ABSTRACT
Glucose sensitive cells located in the pancreas, the liver, the stomach and the
intestines sense nutrient and act to maintain cellular function while the neurons located
within the hypothalamus are believed to integrate these signals and maintain energy
homeostasis. Changes in glucose are one of the primary signals monitored by these cell
types and alterations in this sensing may underlie the pathophysiology associated with
obesity and diabetes. To understand how glucose sensing cells function and what
components are essential for maintaining glucose homeostatic mechanisms in the body,
we proposed to characterize these cells by isolating and identifying populations of these
cells and describing how these cells respond to increases in glucose.
The most studied and best-known nutrient sensing cell type is the pancreatic beta
cell. These cells are responsible for sensing increases in the blood glucose levels and
releasing insulin to induce translocation of glucose transporters to the cellular membrane
in muscle and adipocytes. Several components required for glucose metabolism are also
involved in beta cell glucose sensing. These components are the glucose transporter,
GLUT-2, the enzyme glucokinase (GK) and the ATP-sensitive potassium channel.
While hypothalamic neurons may share a few, if not all, of these components, the
mechanism by which these neurons sense glucose is unknown. The overall goal of this
thesis was to determine if these specific parameters required for beta cell glucose sensing
are also present in neurons of the hypothalamus. We were specifically interested in the
role of GK in the hypothalamus because of its functions in the pancreatic beta cell.
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While the enzyme hexokinase is ubiquitously found in all cell types, the enzyme
glucokinase is specific to glucose sensing cells. Glucose sensing cells are responsible for
sensing and responding to changes in blood glucose concentrations and ensuring that
glucose homeostasis is maintained. Because glucose sensing cells are capable of sensing
and responding to glucose concentrations that hexokinase cannot convert, glucokinase
becomes an essential enzyme in these cells. When blood glucose levels rise, glucose is
transported across the beta cell membrane and converted to glucose-6-phosphate by
glucokinase. After completing glycolysis, the products enter into the Kreb cycle and
result in the alteration of the ATP to ADP ratios within the cell causing the closure of the
ATP-sensitive potassium channel. This results in a rise in intracellular potassium,
leading to depolarization of the membrane and allowing voltage-gated calcium channels
to open with the ultimate goal of insulin released from the cell. Therefore, the role of GK
is essential to sensing, responding to and maintaining glucose regulation in the body.
Because of the similarities in function, and the suggestion that glucose sensitive cells may
require cell specific components, such as glucokinase, we propose that the mechanisms
by which hypothalamic neurons sense glucose are similar to those used by pancreatic
beta cells.
The development of an in vitro model to study hypothalamic neurons may help solve
part of this puzzle by facilitating a reductionist approach to understanding these cells.
Neurons were isolated from the hypothalamus of newborn (day 4) rats brains and were
loaded with the Ca~^ fluoroprobe Fluo-3 AM. When neurons were exposed to low
glucose concentrations (0.1mM) in the bath, many neurons demonstrate Ca"^ oscillations.
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but these oscillations are blocked by addition of 0.5mM glucose. One percent of neurons
in a culture exhibit elevations, depressions or oscillations in cellular Ca"^ concentration in
response to increasing glucose from O.SmM to 25mM. Neurons that showed an elevation
in Ca"^ in response to increasing glucose concentrations were classified as glucose
excitatory (GE; Song, 2001) and it was these neurons that were of interest. All GE
neurons were not activated at the same glucose concentration; rather a given neuron
appeared to have a specific set point for activation and many neurons responded to
glucose with great temporal variance. Only 1% of the cultured cells responded to
increasing concentrations of glucose.
To determine if components active in the beta cell were also present in GE
neurons, we utilized reverse transcriptase polymerase chain reaction (RT-PCR) to verify
the existence of mRNA for the components required for beta cell glucose sensing in the
hypothalamus. Specifically, hypothalamic samples were probed for expression of mRNA
for GK, the glucokinase regulatory protein (GKRP) and several different glucose
transporters (GLUT-1, 2, 3, and X-1). We found that GK, GLUT-1, GLUT-3 and
GLUTX-1 mRNA were expressed in postnatal days 4, 10 and 21 and in adult rat
hypothalamus. GKRP was not found in these tissues. GK was selectively expressed in
the arcuate nucleus (ARC), the ventromedial nucleus (VMN), the lateral hypothalamus
(LH) and the paraventricular nucleus (PVN) of the hypothalamus. It appears the highest
level of GK expression was found in the arcuate nucleus of the hypothalamus.
Sequencing of the GK RT-PCR product fi"om the adult arcuate nucleus revealed an
identity of this sequence with islet GK. GK, GLUT-1, GLUT-3 and GLUTX-1 mRNA
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expression were also demonstrated in hypothalami of embryonic day 18 rat pups. By
utilizing RT-PCR, we were able to verify the presence of specific glucose sensing
components in the hypothalamus.
A primary limitation to our approach was that the analyzed tissue samples are
composed of many neuronal and supportive cell types. Though cell specific expression
often can be demonstrated by immunocytochemistry and in situ hybridization, these
approaches require destroying the cells so that no functional studies can be performed.
To develop a unique model to study the functional relationship between glucose energy
metabolism and neuronal activation in the hypothalamus, we created a transgenic mouse
utilizing the promoter for glucokinase and the protein isolated from Aequorea victoria
Green Fluorescent Protein (GFP). GPP was attached to the GK promoter, so that GFP
was produced in all cell types that use GK and act as a marker for glucose sensing cells.
This technique would then provide for easily identifiable cells that could be isolated for
cell culture, in vivo assays and immunocytochemical techniques. We have preliminary
data indicating that GFP expression has been noted in the ARC of the hypothalamus, beta
cells of the pancreas and cells in the distal stomach and proximal intestine.
Each of these three experiments has helped refine the role of the hypothalamus in
energy homeostasis and suggested that our overall hypothesis that the mechanisms by
which hypothalamic neurons sense glucose are similar to those used by pancreatic beta
cells, is applicable.
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Significance and Literature Review
1.2 SIGNIFICANCE
Hypothalamic energy homeostasis is regulated by a variety of signals, hormones
and nutrient factors, such as glucose, leptin, insulin, and ghrelin. While glucose is
ingested, most of the other factors are hormones produced in different cells throughout
the body. Leptin is a hormone released from adipocytes which suppresses the appetite
and its circulating levels are proportionate to the amount of fat stored in the body, insulin
is a counter-regulatory hormone released from the pancreatic beta cell in response to high
glucose levels and ghrelin is a hormone found in the distal stomach that acts as a
powerful appetite stimulant. Each of these factors, along with others, is believed to
function as part of the feedback controls for maintaining energy homeostasis. Deviations
in the sensing capabilities of the hypothalamus may increase the risk of disease (such as
obesity or diabetes) and result in a shortened life span or decreased quality of life
(Wilding, 2002). Understanding the components involved in regulation of metabolic
energy and how each component can be altered may help eventually lead to a cure for
these diseases.
Food intake, digestion and absorption are followed by utilization of the simple
nutrients. The breakdown of carbohydrates and fats lead to increased levels of glucose
that can be used as an energy source. Glucose's uptake into various regions of the body
is assisted by insulin, which is released from the pancreatic beta cell in response to
elevated blood glucose concentrations (Ashcrofl, 1976). While the mechanisms involved
in the release of insulin in response to elevated levels of glucose are still being studied, it
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is known that without insulin, many cell types could not utilize glucose as a fuel source.
Through precise sensing of glucose by the pancreas, the body is able to effectively
regulate glucose levels (Newsholme, 1976; Rezek, 1976). While the pancreas plays a
major role in glucose metabolism throughout the body, the liver, stomach, intestines and
hypothalamus also are believed to contain glucose sensing cells (Jetton, 1994). The
hypothalamus, in particular, is of interest due to suggested functional similarities between
it and the pancreas. Both cell types appear to sense increases in glucose and respond to
these changes through closure of an ATP-dependent potassium channel and opening of a
calcium channel. This channel allows calcium into the cell and eventual release of
insulin into the bloodstream. The sensing and release of insulin in response to a glucose
load, has been studied extensively in the pancreatic beta cell and therefore provides an
excellent model for studying glucose regulation in the brain.
Because the hypothalamus is believed to be the ultimate arbiter of energy
homeostasis, focusing research on specific homeostatic nuclei in the brain may elucidate
how the brain senses and controls weight. Specialized neurons in the arcuate nucleus,
ventromedial nucleus and other hypothalamic (HT) centers respond to elevated blood
nutrients or circulating factors to set the feeding drive. By looking at the effects of
certain factors (e.g., glucose) on specific nuclei of the hypothalamus and comparing them
to the pancreatic beta cell we hope to eventually develop a model to study the underlying
changes in hypothalamic function associated with the development of obesity and
diabetes.
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1.3 LITERATURE REVIEW
Hypothalamus
The main function of the hypothalamus is maintenance of such processes as blood
pressure, hormone release, body temperature, fluid and electrolyte balance, and body
weight (Flament-Durand, 1980; Goodman, 1996). All of these aspects of normal
physiology are held to set point, and although this set point can vary over time any
change is usually small. To accomplish this function, the hypothalamus can sense
changes in hormone levels and receives inputs from the autonomic nervous system about
the condition of the body, and must be able to initiate changes to compensate for
alterations from the normal state. There are many neural regions that send inputs to the
hypothalamus and each of these systems is crucial for the overall homeostatic control in
the body. Signals received from the periphery such as visceral sensory information like
blood pressure and gut distension are collected by the nucleus of the solitary tract from
vagal afferents (reviewed in Lenkei, 1997; Haeusler, 1981; Szekely, 2000). Skin
temperature is sensed by the reticular formation through the spinal cord (reviewed in Van
Someren, 2000) while information collected from the retina is sent directly to the
suprachiasmatic nucleus (reviewed in Redlin, 2001; Pando, 2001; Herzog, 2001; Chang,
2001). To screen the blood, unique structures called the circumventricular organs take
advantage of the lack of a blood-brain barrier. These nuclei, located along the ventricles,
can monitor substances in the blood that would normally be shielded from neural tissue
(Vigh, 1998; Markakis, 2002). The organum vasculosum laminae terminalis (OVLT) and
the area postrema, are sensitive to changes in osmolarity and to toxins in the blood.
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respectively (reviewed in Zaborszky, 1982; Wade 1972). Both the limbic and olfactory
systems contain structures such as the amygdala, the hippocampus, and the olfactory
cortex that help to regulate behaviors such as eating and reproduction (reviewed in
Zaborszky, 1982; Wade 1972). The hypothalamus also has intrinsic receptors for
evaluating metabolic status, thermoreception (temperature) and osmoreception (ionic
balance). After integrating all inputs from each of the previously listed areas, the
hypothalamus sends outputs through the lateral hypothalamus or pituitary. Outputs from
the lateral hypothalamus send neural signals to the autonomic system through the lateral
medulla, where the cells that drive the autonomic systems are located, allowing the
hypothalamus to control heart rate, central blood pressure, digestion, and heat loss. The
hypothalamus can also send outputs through both the anterior and posterior pituitary.
Through these outputs the hypothalamus can control every endocrine gland in the body to
help maintain homeostasis.

Diabetes Meilitus
Diabetes meilitus is a metabolic disease involving glucose regulation. It affects
the way your body absorbs sugar and is a leading cause of heart disease, blindness, and
amputations. The three categories of diabetes meilitus are type I diabetes, type II
diabetes and diabetes meilitus of indeterminate origin. A small percentage of the
population, I million people, suffer from type I diabetes (Insulin Dependent Diabetes
Meilitus; IDDM) (www.diabetes.org). Type I diabetes meilitus has a strong genetic
component and results from an autoimmune disorder in which the immune system attacks
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and destroys the insulin producing cells of the pancreas (reviewed in Mathis, 2001). The
more common form of diabetes. Type II or Non-Insulin Dependent Diabetes Mellitus
(NIDDM), accounts for 90 to 95 percent of all diabetics (www.diabetes.org). Type II
diabetes is a metabolic disorder characterized by the inability to make enough insulin or
to properly utilize insulin. Typically when insulin binds to its receptor on a muscle cell
surface, it initiates a chain of events that leads to the insertion of glucose transporters
(GLUT 4) in the plasma membrane where they form a channel that permits the facilitated
diffusion of glucose into the cell. Normally skeletal muscle is a major site for disposal of
excess glucose from the blood. Thus the ability of skeletal muscle to take up glucose in
response to insulin and convert it to glycogen is severely diminished.
Type II diabetics have a strong familial element and the onset of diabetes is
generally thought to be caused by the combination of certain factors such as obesity and
lack of exercise; therefore, understanding what components are involved and how they
function can help find a cure for this diabetes.

Obesity
Obesity, or the accumulation of an abnormal amount of fat relative to skeletal mass, is
the result of an imbalance between food intake and energy expenditure. Almost one-third
of the U.S. population is considered to be obese with a body mass index (BMI) >
30kg/m^ and have increased risk of heart disease, diabetes and cancer (Flegal, 1998). It is
hypothesized that the location of fat deposition (abdominal fat) may provide a clue to
understanding the connection between obesity and other diseases. While the underlying
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cause of obesity is usually complex and difficult to diagnose, a link between stress
hormones such as Cortisol, and insulin resistance may provide clues to understanding of
the relationship between obesity and type II diabetes (Wickelgren, 1998).
The primary substrate for energy metabolism in the brain is glucose. It has an
abundant number of uses in the body, the most prominent of which is to provide energy.
Glucose is required for every cell in the body to duplicate its DNA and to make proteins,
while playing a crucial role in neurotransmission signaling pathways and for the immune
system. Maintenance of blood glucose is multifactorial, with the release of insulin from
beta cells of the pancreas acting as the primary regulator for maintenance of blood
glucose levels. Insulin signals muscle and adipocytes to remove glucose from the
circulation while other factors working in concert with insulin, such as leptin, produced
in adipocytes, act as signals to the brain to regulate long-term nutrient homeostasis.
Because adiposity is a primary regulator of long-term energy balance, it is thought
that the amount of fat on an animal is somehow represented in the brain and that the
hypothalamus directs metabolic processes to maintain this level of adipose tissue (Woods
& Seeley, 2000; McMinn et al., 2000; Jequier, 2002). It is therefore believed that
specific regions in the hypothalamus play a role in establishing the weight set point while
helping to regulate both short and long term energy homeostasis (McMinn et al., 2000;
Woods et al., 2000; Elmquist, 2001; Spiegelman & Flier, 2001; Jequier, 2002). If this is
true, then both diabetic and obese conditions may be initiated or exacerbated by changes
in the brain, specifically the hypothalamus.
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Energy Homeostatic Systems
The regulation of ingestive behavior is coordinated by a variety of mechanisms
and hormones, and while it was once believed that the hypothalamus acted as the
principal arbiter in determining the amount of food an animal consumes, advances in
research over the last 50 years has helped redefine this view. The relation between the
regulation of feeding, metabolism and the hypothalamus was first formulated in the
1940s and 1950s when researchers, evaluating the effects of site specific lesions in the
hypothalamus, determined that both the ventromedial hypothalamus (VMN) and the
lateral hypothalamic area (LH) play critical roles in metabolism, regulating energy
homeostasis (Hetheringon, 1940; Anand, 1951). Due to this pioneering research, it was
concluded that the neural control of eating resided in the interaction between the lateral
hypothalamic feeding and ventromedial hypothalamic satiety centers (Stellar, 1994).
These initial studies, combined with subsequent investigations, helped provide the
foundation for several theories to elucidate how this energy balance was maintained.
Several of the key theories that dominated the field endeavored to describe how
hunger, feeding and satiety were intertwined. The glucostatic theory took a reductionist
approach in suggesting that the initiation of eating was due simply to a decline in blood
glucose levels (Mayer, 1953). It was suggested that deviations from the "glucostat", a
theoretical set point for glucose levels in blood, acted as the primary stimulus for hunger
or the signal for satiety and that these deviations could be detected by putative
glucoreceptor sensing cells. These glucoreceptors were envsioned as being responsible
for monitoring glucose utilization by comparing glucose levels in the brain and in the
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body to then stimulate or inhibit feeding to maintain the glucose set point. To isolate
where these predicted control centers and glucoreceptors resided in the brain, Mayer and
Arees (1968) injected rats with the neurotoxin gold thioglucose. They hypothesized that
it would bind to and destroy glucoreceptors; the outcome was the destruction of the
ventromedial hypothalamus (VMH), resulting in hyperphagia. The destruction of the
ventromedial nucleus leading to hyperphagia and the ablation of the lateral hypothalamus
resulting in aphagia helped validate the idea that the VMH and LH act as satiety and
feeding centers, respectively. While data supported this theory and adaptations to this
premise have helped clarify different facets of feeding behavior, not everyone agreed that
energy homeostasis could be so easily defined.
A second hypothesis, the lipostatic theory (Kennedy, 1953), suggested that
instead of a set point for glucose, the body has a "lipostat", a hypothetical set point for
body adiposity so that the degree of fat is maintained at a relatively constant level. This
idea gained favor when it was added to the glucostat theory, with the thought that the
lipostatic system would provide long-term regulation, whereas the glucostatic system
would explain short-term regulation (Mayer, 1996).
It is now recognized that a multitude of factors and complex interactions between
the endocrine, gastrointestinal and nervous systems affect food intake, energy
expenditure and the overall maintenance of body weight. And "although these early
notions are now recognized as simplistic, they provided a conceptual framework upon
which subsequent work in the obesity research field has been built" (Flier, 1998).
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Figure 1.1; Coronal section from a rat brain illustrating nuclei in the hypothalamus
involved in energy homeostasis. The nuclei believed to play a role in energy homeostasis
are the ARC - arcuate nucleus, VMH - ventromedial nucleus, LH - lateral
hypothalamus, and PH - paraventricular hypothalamus. This diagram was adapted from
the Paxanos atlas.
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1.4 STUDY OBJECTIVE
By characterizing glucose sensing neuroendocrine cells, this research has contributed
to both the fields of obesity and diabetes and specifically type II diabetes research. We
proposed to use the pancreatic beta cell as a model for other glucose sensing cells found
in the body. Therefore, the components required by these cells to sense glucose and
respond to variable levels of glucose throughout the day are significant for the
understanding how the body maintains energy homeostasis.
The ability of the beta cell to respond to a relatively wide range of glucose
concentrations has made it difficult to state that its glucose sensing abilities are the same
as other neuroendocrine cells, but interestingly enough, it is thought that neurons located
in specific nuclei of the hypothalamus have a similar type of differential sensitivity to
glucose. These neurons are referred to as Glucose Excitatory (GE) due to their increased
firing rate after exposure to glucose. If hypothalamic GE neurons do have the same
differential sensitivity to glucose, perhaps glucose sensing components in the pancreatic
beta cell can also be found in the hypothalamus. Therefore, using the beta cell as a model
to suggest how hypothalamic glucose sensing neurons respond to glucose may help
explain how the brain senses and responds to glucose.
Since much is known regarding the mechanisms by which the beta cell senses
changes in glucose, it was advantageous to use this information as a model for neuronal
glucose sensing. Isolating the cells of interest and studying specific details of how
glucose excitatory neurons sense glucose, while looking at developmental expression of
ftindamental components required for glucose sensing by the beta cell (i.e. glucokinase).
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helped establish that some of the glucose sensing machinery is expressed in a manner
similar to the beta cell.
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1.5 HYPOTHESIS AND SPECIFIC AIMS
The proposed studies were initiated to determine if the mechanisms involved in
glucose sensing in the beta cell are present in other neuroendocrine cells. Specific cells
of interest were in the hypothalamus and stomach and were thought to act with the
pancreas to maintain energy homeostasis. To determine which components required by
the beta cell for glucose sensing (i.e. glucokinase) are expressed during embryonic
development, mRNA expression in the hypothalamus was analyzed using reverse
transcriptase polymerase chain reaction (RT-PCR). This study is presented in CHAPTER
2. To understand how specific glucose sensing components respond to glucose, we
developed an in vitro model. Neurons from the hypothalamus were grown in culture and
their responses to changes in glucose concentrations were monitored. These studies are
addressed in CHAPTER 3. In order to help further characterize these rare glucose
sensing neuroendocrine cells, we needed a way to effectively identify these cell.
Therefore, we decided to create a transgenic mouse utilizing the GK promoter and the
marker. Green Fluorescent Protein (GFP). The development of this animal model and its
importance is discussed in CHAPTER 4.

Global Hypothesis: The mechanisms by which hypothalamic neurons sense glucose
are similar to those used by pancreatic beta cells, thereby providing a model to
study the effects of obesity and diabetes on these centers.
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The specific aims to test this hypothesis are:

Specific Aim 1:

Determine the developmental pattern of expression of GK, GKRP
and facilitated glucose transporter (GLUT) isoforms in the rat
hypothalamus. Hypothesis: Components specific to pancreatic
beta cells, such as GK, may be found in the hypothalamus of
embryonic, postnatal and adult rats.

Specific Aim 2:

Characterize Glucose Excitatory neurons cultured from the rat
hypothalamus.
Hypothesis: Cultured glucose sensing hypothalamic neurons will
increase their intracellular calcium concentrations in response to
increases in glucose concentrations in a manner similar to the
pancreatic beta cell.

Specific Aim 3;

Create a transgenic animal using the GK promoter to drive GPP
expression to facilitate identification of GK expressing glucose
sensing cells.
Hypothesis: By utilizing the GK promoter to drive GFP expression
in the GK-GFP transgenic animal, GFP can be used as a marker
to identify glucose sensing cells.

The experiments to address Specific Aim 1 are described in CHAPTER 2;
Specific Aim 2 is addressed in CHAPTER 3, followed by experiments to address Specific
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Aim 3 in CHAPTER 4. A summary of the results and broader implications of these
studies are addressed in CHAPTER 5.
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CHAPTER 2
Developmental Expression of Glucokinase
2.1 ABSTRACT
The hypothalamus plays a primary role in regulating energy homeostasis by
monitoring a range of humoral and nutrient signals. For example, the activity of neurons
within specific hypothalamic nuclei sense changes in ambient glucose concentrations
(reviewed in Grill & Kaplan, 2002). To evaluate if these neurons sense glucose by
mechanisms similar to those used by the beta cell of the pancreas, the expression of two
genes involved in glucose sensing (e.g. glucokinase (GK) and glucokinase regulatory
protein (GKRP)) were evaluated by RT-PCR from Sprague Dawley rats. All
hypothalamic samples examined express the enzyme glucokinase, but not the liver form
of its regulatory protein, GKRP. Enzymatic activity assays on tissue punches show that
the GK activity accounts for approximately 20% of the total soluble glucose
phosphorylating capacity in adult hypothalamic samples from the arcuate nucleus (ARC)
and ventromedial nucleus (VMN), though neuron-specific activity could not be
distinguished from non-neuronal activity. Similar activity was observed in the
hypothalamus from neonatal day 1 Sprague Dawley rats, whereas no GK specific activity
was observed in cortical samples. These data suggest that the glucose sensing nuclei of
the adult rat hypothalamus express an important enzyme of the glucose sensing
components found in glucose sensing cells.
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2.2 INTRODUCTION
Changes in energy expenditure or consumption require aUerations in food intake
to maintain energy homeostasis. Peptides such as leptin, insulin and gastric inhibitory
peptide as well as circulating levels of glucose, fatty acids and amino acids reflect
ambient energy status and thereby may regulate feeding behavior (Schwartz et al., 1999).
It is believed that neuronal structures within the hypothalamus play a central role in
coordinating energy homeostasis. A specific type of neuron, whose firing rate is
sensitive to changes in ambient glucose concentrations, and potentially responds to
several other metabolic mediators, has been described in these hypothalamic centers
(Oomura et al., 1992; Levin & Routh, 1996; Levin 2001; Grill & Kaplan, 2002).
Although the presence of glucose sensing neurons in these hypothalamic centers and
knowledge of some basic inputs which regulate energy homeostasis have been known for
decades, the mechanisms by which the hypothalamus detects changes in glucose levels
and modulates feeding behavior to establish energy homeostasis has not been completely
defined.
Two classes of glucose sensing neurons have been identified in the hypothalamus.
Glucose Inhibitory (GI) neurons decrease their firing rates when glucose concentrations
increase whereas Glucose Excitatory (GE), referred to as glucose responsive neurons,
increase their firing rate (Oomura et al., 1992; Treheme & Ashford, 1992; Song et al.,
2001). Like the pancreatic beta (P) cell, which is stimulated to secrete insulin when
blood glucose concentrations are elevated, glucose is believed to be a signaling molecule
that stimulates the secretory activity of glucose excitatory neurons. Hence, the
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mechanism by which the pancreatic P cell senses glucose has been used as a model to
help explain how GE neurons in the hypothalamic "feeding centers" sense increases in
brain glucose concentrations.
Pancreatic P cells express two isoforms of the facilitated glucose transporter
family: the widely expressed high affinity GLUT-1 (Km ~ ImM) and the more restricted
low affinity GHJT-2 (Km ~ 8 -17.5mM; Meglasson & Matschinsky, 1984; Fukumoto et
al., 1988; Liang et al., 1990; Chen, et al., 1990; Johnson et al., 1990). The expression of
GLUT-2 appears to be required for proper glucose sensing in the pancreatic P cell (Ferber
et al., 1994). Blood glucose concentrations range from 5 - 8mM in the fasted and fed
states, respectively. Therefore, a transporter sensitive to increases in glucose is essential.
Because GLUT-2 is present, it is thought that glucose transport is not a rate-limiting step
for metabolism of glucose in the pancreatic p cell. Previous research has found GLUT-2
in the hypothalamus (Jetton et al., 1994; Leioup et al., 1994; Alvarez et al., 1996;
Navarro et al., 1996); however, glucose concentrations of the rat cerebrospinal fluid
range from 2mM in the fasted state to approximately 5mM after a large glucose load
(Silver & Erecinska, 1998), concentrations at which glucose transport by GLUT-2 is
relatively limited. Thus, the role GLUT-2 plays in the hypothalamus is not clear. Since
glucose transport is not a rate-limiting factor in the P cell, the first step in glucose
metabolism, the phosphorylation of glucose catalyzed by the enzyme hexokinase, likely
plays a key role in glucose sensing (Trus et al., 1981).
Pancreatic p cells express two isofonrs of the hexokinase family: the ubiquitously
expressed Hexokinase I (HKI) and the more selectively distributed Glucokinase (GK).
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Both of these enzymes catalyze the phosphorylation of glucose to glucose-6-phosphate
(G-6-P), however, the kinetic properties and regulation of these two enzjuies are ver>'
different from one another. HKJ activity is saturated at low glucose concentrations
(Km-100 |iM) and is inhibited by its product G-6-P. On the other hand, GK activity is
saturated at much higher concentrations (Km ~10 mM) and is not inhibited by G-6-P.
Since the activity of HKI is saturated at normal blood glucose levels, HKI is thought to
maintain the glucose phosphorylating capacity of the P cell under resting conditions and
set the basal level of insulin secretion. Conversely, GK is thought to play a role when
plasma glucose concentrations rise. In this respect, GK has been shown to play a role in
setting the threshold for glucose-activation in the pancreatic p cell (Trus et al., 1981).
Neuron-specific GK expression also has been demonstrated in the adult rat hypothalamus
by in situ hybridization and RT-PCR in the arcuate nucleus (ARC), lateral hypothalamus
(LH), paraventricular hypothalamus (PVH), and ventromedial nucleus (VMN) (DunnMeynell et al., 2002; Alvarez et al., 1996; Lynch et al., 2000; Navarro et al., 1996; Jetton
et al., 1994). Thus it appears that GK also may play an important role in glucose sensing
in the hypothalamus.
GK is differentially expressed in liver and beta cells during development. GK
expression in beta cells has been documented in the pancreas of animals as young as
embryonic day 16 and increases linearly from embryonic day 16 to day 22 (Tu et al.,
1999). On the other hand, GK is first evident in the rat liver 16 days after birth and it has
been suggested that its appearance is likely related to both liver maturation and a change
in the animal's diet from milk to solid foods (Walker & Holland, 1965; Bossard et al..
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1993; lynedjian, et. al., 1987). Although diffeient transcriptional factors may play a role
in the expression of GK, previous research in both our lab and the Blasquez lab
determined that the beta cell specific isoform appears to be expressed in the adult
hypothalamus (Lynch et al., 2000; Roncero et al., 2000). This evidences along with the
time GK first appears in the embryo and that hypothalamic GK is regulated like the beta
form of GK, suggests that the GK expression in the hypothalamus may be driven by the
beta cell promoter rather than the liver form.
GK promoter regulation or an array of transcription factors may determine which
GK isoform is present in the hypothalamus. While research is being conducted to assess
which transcription factors may play a role in determining the GK isoform present in a
specific tissue, there is some data on the regulation of the two GK promoters. In the rat,
the enzyme GK is encoded for by a single gene, but the presence of two distinctive
promoters, located at different sites, promotes tissue specific expression. The liver
promoter, found downstream, and the beta cell GK promoter, found upstream, differ by
15 amino acids at the amino terminus (Magnuson & Shelton, 1989). The liver specific
form of GK is regulated by insulin as well as several other factors, cAMP, glucagon,
biotin and thyroid hormone (lynedjian et al., 1988; lynedjian et al., 1989 & 1989;
Magnuson et al., 1989); whereas, the beta cell form of GK is thought to be controlled
post translationally by glucose (Bedoya et al., 1986; Chen et al., 1994; Liang et al, 1992;
Niswender et al., 1997). A regulatory protein, Glucokinase Regulatory Protein (GKRP),
also regulates liver GK but to date no regulatory proteins have been confirmed in the beta
cell. It has been suggested that GKRP is present in the hypothalamus (Roncero et al..
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2000), but if the pancreatic form of GK, not the liver isoform, is present in this brain
region and GKRP is not present in the pancreas, the occurrence of the liver form of
GKRP in the hypothalamus remains questionable. If the neurons in the hypothalamus
respond to glucose in a similar manner as the beta cell, are responsible for glucose
homeostasis and respond in the same differential manner as the beta cell, then perhaps the
suggestion that GK in the hypothalamus is also regulated by glucose is valid. The
flexibility of this enzyme appears to be necessary for the overall maintenance of energy
homeostasis.
Unlike HKI, which is inhibited by its product G-6-P, there appears to be no direct
metabolic regulation of GK activity in the hepatocyte or beta cell. However, regulation
of GK at both the transcriptional and posttranscriptional levels is believed to occur via
regulatory proteins. A regulatory protein, GKRP, isolated from rat and mouse
hepatocytes, binds to GK and inhibits hepatic GK activity by decreasing its affinity of
GK for glucose (Van Schaftingen, 1994), although high levels of glucose can dissociate
GK from GKRP (Van Schaftingen, 1994; Brown, 1997; Agius et al., 1995; Agius &
Peak, 1995). GKRP competitively inhibits GK activity and also induces the translocation
of GK from the cytoplasm into the nucleus under certain metabolic conditions (Agius et
al., 1995; Agius & Peak, 1993). While expression of regulatory factors for GK in the
beta cell remains controversial, it has been suggested that pancreatic beta cells express a
factor that functions like the hepatic GKRP (Tiedge et al., 1999). Recent studies indicate
that GKRP immunoreactivity is present in the rat hypothalamus (Roncero et al, 2000),
but to date the specific location of expression within adult hypothalamus and the

37

developmental expression of this factor in any of these tissue types has not been
documented.
To investigate the regulation of GK activity in specific hypothalamic nuclei,
GKRP expression also was examined. Furthermore, the expression of GK and its
regulatory protein during development were evaluated to determine whether
hypothalamic GK expression is similar in onset to that in beta cells or hepatocytes. Thus,
these studies provide a detailed comparison of key steps in glucose utilization and
thereby the glucose sensing mechanism between the pancreatic beta cell and glucose
excitatory neurons in the embryonic, neonatal and adult rat hypothalamus.

Global Hypothesis: The mechanisms by which hypothalamic neurons sense glucose
are similar to those used by pancreatic beta cells, thereby- providing a model to
study effects of obesity and diabetes on these centers.

Specific Aim 1;

Determine the developmental pattern of expression of glucokinase
(GK), glucokinase regulatory protein (GKRP) and facilitated
glucose transporter (GLUT) isoforms in the rat hypothalamus.

Hypothesis: Components specific to pancreatic beta cells, such as GK, may be found in
the hypothalamus of embryonic, postnatal and adult rats.
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2.3 MATERIALS AND METHODS
Isolation of Tissue from Rat Hypothalami
Animals were kept on a 12:12 h lightrdark cycle at 22-23°C with food and water
ad libitum. Whole hypothalamus was collected from embryonic (E18), neonatal {PN 4,
10, 21) and adult (12-14 weeks) animals by lACUC approved procedures. Rats were
anesthetized with CO2 and euthanized by decapitation after which, the brains were
removed for isolation of hypothalamus and cortical samples. All dissecting instruments
were steam sterilized and rinsed with sterile Hank's Balanced Salt Solution (HBSS)
containing 5mM glucose and4mM vanadyl ribonucleoside complex (VRC; GIBCO
BRL, Gaithersburg, MD) to inhibit RNase activity. The HBSS contained (in mM): 138
NaCl; 5.0 KCl; 0.3 KH2PO4; 2.0 NaHCOs; 0.3 NajHROa; 10.00 N-[2Hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid] (HEPES); 1.3 CaCb; 5.0 MgCN; 0.4
MgS04. Whole hypothalamus from both the embryonic and neonatal brains were
removed using dissecting forceps and placed in ice-cold saline with 4mM vanadyl
ribonucleoside complex (VRC). For isolation of specific nuclei on postnatal day 10
animals and adult rats, brains from 5 to 6 male Sprague-Dawley rats were utilized.
Isolated brains were placed in a rat brain matrix (Ted Pella, Redding, CA) and 1 to 2 mm
coronal sections were obtained just posterior to the bifurcation of the optic tract. The
slices were placed in ice-cold dissecting saline with 4mM VRC. Tissue cores
approximately 0.5mm in diameter were taken from the arcuate nucleus (ARC), lateral
hypothalamus (LH), paraventricular hypothalamus (PVH), and ventromedial nucleus
(VMN) under a dissecting microscope using a blunt polished 18-gauge needle. The
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ependymal cells lining the third ventricle were avoided. Tissue punches from each
specific nucleus of four to six adult rats were pooled. All tissue samples were briefly
rinsed in ice-cold dissecting saline and taken through Qiagen's RNeasy mini prep
procedure (Qiagen, Valencia, CA). Briefly, either whole hypothalamic samples (e.g.
embryonic) or pooled nuclei from adult animals were placed in individual tubes with
Qiagen's RLT Buffer and homogenized with a PowerGen homogenizer 125 (#54682 CE)
for 30 seconds. After each sample was homogenized, the homogenates were placed into
individual Qiashredders and all tubes were centrifuged at 13.2K for 2 minutes. Ethanol
was added to the flow-through and this mixture was placed over an RNAeasy mini
column and centrifuged at 10,000rpm for 15 seconds. DNases were removed using the
DNase-RNase free set in the Qiagen kit. Buffer RPE was added to each column twice
and the columns were again centrifuged at 10,000rpm. RNase free water was pipetted
directly onto the RNeasy silica-gel membrane, to elute off the RNA, and the columns
were centrifuged for 1 minute at 10,000rpm. The RNA concentration of all samples was
determined using a Beckman Coulter Spectrophotometer (#605168-AA). One and one
half microliters of RNA was added to 298.5^1 of water, samples were briefly vortexed
and values were recorded at 260nm and 280 nm to determine the concentration of RNA
obtained. Samples were placed in an -80°C freezer overnight after the addition of 75%
ethanol and 3M sodium acetate.
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Total RNA Isolation and Reverse Transcription Polymerase Chain Reaction
(RT-PCR)
A rat insulinoma cell line (pC 40/110) transfected to overexpress the pancreatic
beta cell form of GK was used as positive controls. Additionally, adult liver samples
were used as positive controls for both GK. Negative RT-PCR control samples to test for
cross-contamination or genomic DNA contamination were either filter sterilized
autoclaved water, cDNA collected from tissues that do not express the gene of interest, or
1 ng of sample-matched DNase-treated RNA. At least three different total RNA samples
were reverse transcribed and PCR analysis was performed for each gene of interest to
ensure accuracy of results. Specific details will be given in each section.
All samples were removed from the freezer and centrifiiged for one hour at I4K.
The supernatant was removed and the pellet was washed with ethanol before recentrifuging and then air-drying the pellet. All samples were resuspended in 20|aL
diethylpyrocarbonate (DEPC) treated water and reverse transcribed. 2fig of RNA was
used to synthesize single stranded cDNA in the following reaction carried out at 37°C for
I hour: l|ig of random primer (Invitrogen #48190-011) 200ng of oligo dTPs (Invitrogen
#N42001), 2mM dithiothreitol (Invitrogen #15508013), 50 units of RNase Inhibitor
(Invitrogen #10777019), 50 units of M-MuLV Reverse Transcriptase (Invitrogen #2802513) and ImM dNTPs (Fisher #£0032003303) in buffer containing (in mM): 50 Tris-HCl,
pH 8.3; 75 KCl; 3 MgC^. lOOng of cDNA template were used in the following 50|aL
PCR reaction: lOOpmol of sense and antisense primers, 10 X Taq buffer, 0.4mM dNTPs
and 2.5 units of Taq polymerase (Fisher #£0032007724). The 10 X Taq buffer
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contained: lOOmM Tris-HCl, pH 8.3; 500mM KCl; 1% Triton X-100 and 15mM MgCN.
As 3 control for genomic contamination, l^ig of DNase-treated RNA was used. The PCR
reactions were carried out in an Eppendorf mastercycler gradient (Fisher #12910) in the
following sequence: 5 minutes at 94°C to denature the templates, then 30 cycles of 1
minute at 94°C, 2 minutes at 50°C and 1.5 minutes at 72°C with a final 10 minute hold at
72°C before storage overnight at 4C. 8(aL of each PCR product was loaded onto a 2%
agarose-TAE gel and electrophoresed at 80V for 2 hours. DNA was visualized by
ethidium bromide staining and photographed.

PCR primers
Cyclophilin PCR product 260 bp (Danielson, 1988)
GenBank Accession # M19533
Forward 5' GGG GAG AAA GGA TTT GGC TA 3'; bases 165-85
Reverse 5' ACA TGC TTG CCA TCC AGC C 3'; bases 422-404

Rat islet GK PCR product 340 bp (Wang, 1998)
GenBank Accession # X53598
Forward 5' GTG GTG CTT TTG AG A CCC GTT 3'; bases 1071-91
Reverse 5' TTC GAT GAA GGT GAT TTC GCA 3'; bases 1411-1391
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Rat liver GKRP PCR product 353 bp (Detheux, 1993; Alvarez, 2002)
GenBank Accession # X68497
Forward 5' CAT GCC AGO CAC CAA ACG ATA TC -3'; bases 21-43
Reverse 5' CAC AG A GAT GCC TAT GAC GAC C - 3'; bases 540-561

Hexokinase Enzyme Activity Measurements in Rat Hypotliaiamic Samples
The activities of HKI and GK (HK IV) were determined using standard enzyme
linked assays (Passanneau et al., 1967) with NADPH as the indicator. The production of
NADPH was determined by measuring the absorbance of NADPH at 340 nm on a
Perkin-Elmer spectrophotometer (model #C618-0437). To determine the GK and HKI
activity in the arcuate nucleus (ARC) and ventromedial (VMN) nuclei of the
hypothalamus, tissue cores were taken from 2mm coronal slices under 20X magnification
using a blunt polished 18-gauge needle (~ 1mm inner diameter). The ependymal cells
lining the third ventricle were avoided. Approximately 30mg of ARC and VMN tissue
cores from four rats were pooled and rinsed in ice-cold HBSS (without glucose) to
remove any traces of blood. After a brief centrifugation at 1000 x g to pellet the tissue,
the saline was removed and the tissue was homogenized in 100|iL homogenization buffer
(1:3 tissue:buffer dilution), then centrifuged for 30 minutes at 4°C. The homogenization
buffer contained (in mM); 320 sucrose; 0.5 EDTA-Na^; 10 Tris-HCL, pH to 7.4 with 1 N
KOH. 15|aL of the homogenate supernatant was assayed in 300|il final volume of 1 X
Assay buffer containing: 0.4mg NADP"; 0.1 U glucose-6-phosphate dehydrogenase
(Sigma, G7750), 45mM HEPES, 7.5mM MgCh, 1.1% vol/vol monothioglycerol, pH 8.5.
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A significant background rate was recorded after the addition of 300ug ATP to the
reaction mixture, but prior to the addition of glucose to the cuvette. The soluble HKI
activity was measured at ImM glucose. 0. ImM thio-D-glucose-6-phosphate was used to
inhibit HKI activity, while raising glucose concentration from ImM to > 25mM glucose
was used to evaluate GK activity. Absorbance (at 340nm) measurements made during
the first 30 seconds following the addition of each reagent were discarded to ensure the
reagents were completely mixed. We used this approach to correct for small differences
in the sample volume since hexokinase I activity represents the primary isoform and it is
ubiquitously expressed. Additionally, the activity values are reported as a percentage of
the total hexokinase activity per sample.
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2.4 RESULTS
Expression of Glucokinase (GK) in the Rat Hypothalamus
Both HK and GK are enzymes responsible for the conversion of glucose to
glucose-6-phosphate, and while HK is found ubiquitously, GK is located only in a
paucity of cells throughout the body. To verify the presence of GK, and substantiate the
connection between glucose sensing in the pancreas and glucose sensing in the
hypothalamus, we evaluated GK mRNA expression in embryonic, neonatal and adult
hypothalami. GK mRNA was detected in embryonic (n=10), and neonatal hypothalami
(n=10) and specifically in the ARC, LN, PVN, and VMN of the day 10 neonatal and
adult rat hypothalamus (Figure 2.1). No GK mRNA expression was observed in the
cortex of adult, embryonic or neonatal rat brain. Autoclaved water samples were run to
check for contamination of chemicals and l|ig of DNase-treated RNA was used was
utilized as a negative control to rule out genomic contamination. Thus, GK expression
was found in the hypothalamus at all stages of development tested, but not in cortex at
any age. Previously, we demonstrated that the GK expressed in adult hypothalamus is
identical in sequence to that expressed in rat pancreas beta cells (Lynch, 2000).
Similarly, sequence analysis of the embryonic GK PGR product indicates that it is also
identical to the adult beta cell form of GK.
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Figure 2.1: Glucokinase mRNA expression at each stage of development. A PCR
product for GK at 340bp is seen for the embryonic (n = 5), neonatal day 10 (n = 1) and
adult samples (n = 6). Two different whole hypothalamus samples were run on the
embryonic gel while each of the hypothalamic nuclei of interest (ARC-arcuate nucleus,
LH-lateral hypothalamus, PVN- paraventricular nucleus, VMN-ventromedial nucleus)
were run on the day 10 and adult gels. The cortex (CRT) served as a negative control for
the presence of GK and autoclaved water (AW) was run to check for contamination of
PCR chemicals. cDNA from the adult liver was used as a positive control (+).
Cyclophilin (Cy) was also run to serve as an internal control for loading (220bp).
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Analysis of GK and HKI Enzyme Activity in the Hypotiialamus
To establish whether the hypothalamus contains functional GK protein, specific
hypothalamic nuclei where GK mRNA expression was high were assayed for GK
specific enzymatic activity. Soluble HK measured at ImM glucose was used to
normalize each sample for cell mass, since high affinity HK activity is ubiquitously
e.xpressed in brain tissue. HK activity was assessed at ImM glucose, while GK activity
was evaluated after glucose concentration was raised to 25mM. Following the
measurement of glucose phosphorylation, HK activity was specifically inhibited by
0.1 mM thio-D-glucose-6-phosphate, and GK specific activity was again evaluated.

In

the soluble fraction of the adult ARC and VMN pooled-samples, GK activity amounted
to 20% of the total soluble hexokinase activity. Cortical samples assayed for HK activity
exhibited only high affinity HK activity, but no GK activity. In hypothalami from
embryonic tissue, GK activity was also observed, amounting to 20% of total HK activity,
with a concentration dependence Km value of 1 ImM (Figure 2.2), but again only high
affinity HK was observed in the cortex.
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Figure 2.2: The concentration dependence of GK activity in homogenates from
embryonic hypothalamus. The graph depicts the activity of GK as glucose concentration
is increased. In order to normalize for differences in absolute GK activity in the different
hypothalamic samples, all data were divided by the activity measured at the maximum
glucose concentration. The Km calculated from the curve fit is approximately 1 ImM.
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Expression of Glucokinase Regulatory Protein (GKRP) in tiie Rat Hypothalamus
In the rat hepatocyte, GK is translocated to the nucleus to regulate cytosolic GK
activity. This translocation is thought to be mediated by a specific GKRP (Tiedge, 1999).
To test if this protein is important for regulating GK activity in the glucose excitatory
neurons of the HT, the expression of the GKRP gene was examined in specific
hypothalamic nuclei of the adult rat, and in whole hypothalamic samples in the
embryonic animals (Figure 2.3). As a positive control for GKRP, lOOng of cDNA from
the liver was used. A 353bp product for the GKRP mRNA was not detected in any of the
embryonic or adult hypothalamic samples. GKRP mRNA was not detected in the cortex
samples. Thus, the liver form of GKRP is not expressed in the brain at any stage of
development.
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Figure 2.3: Glucokinase Regulatory Protein (GKRP) expression in embryonic and adult
hypothalamus. A PGR product of 353bp is seen in the positive control, liver (LV), but
not in any of the adult hypothalamic nuclei tested (ARC-arcuate nucleus, PVNparaventricular nucleus, VMN-ventromedial nucleus, LH-lateral hypothalamus) and
cortex (CRT). GKRP was not found in any of the embryonic whole hypothalamic
samples (El, E2 & E3) or in embryonic cortex (ECRT).
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2.5 DISCUSSION
Specific neuronal nuclei within the hypothalamus have been shown to express the
low affinity glucose-phosphorylating enzyme GK (Jetton 1994; Postic 1999; Lynch
2000). This has led to speculation that glucose excitatory (GE) neurons in the
hypothalamus utilize a glucose sensing mechanism similar to that of the pancreatic P cell,
which also expresses GK. The present study was undertaken to examine the hallmark
features of the P cell mechanism with emphasis on the initial steps of glucose
metabolism, and to specifically assess what extent ftinctional GK protein and GKRP are
present in the hypothalamus. With respect to GK expression, both RT-PCR and
enzymatic assays were performed to verify the presence of GK in specific nuclei of the
adult hypothalamus and to determine if GK is also expressed in the developing embryo.
Our research corroborates previous findings that GK is expressed specifically in the
arcuate, paraventricular, lateral and the ventromedial nuclei in the adult hypothalamus
(Dunn-Meynell, 2002; Alvarez, 2002; Lynch, 2000; Roncero et al., 2000; Navarro, 1996;
Jetton, 1994). We have also found expression of GK in each of these nuclei in the 10day-old neonate, and discovered that GK is expressed as early as embryonic day 18 in
whole hypothalamus. Therefore the presence of GK mRNA is first found in the embryo
and continues through to the adult. Analysis of substrate affmity of the enzymatic
activity from the embryonic samples was also consistent with the adult GK having a Km
for glucose of 1 ImM. To help further assess GK expression, we sequenced both the
adult (Lynch, 2000) and embryonic GK and found that the hypothalamus expresses the
pancreatic form of GK. GK expression in the pancreas begins as early as embryonic day
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16 (Tu et al., 1999) while the liver form of GK does not appear until postnatal day 14
(Walker & Holland, 1965; Bossard et al., 1993; lynedjian, et. al., 1987). Both the time
GK first appears in the brain and the sequence verification matching the pancreatic form
of GK to the hypothalamic form, suggests that the pancreatic GK promoter drives GK
expression in the hypothalamus. While we did not test for the presence of GK mRNA in
each nuclei from animals younger than postnatal day 10, it is possible that the
developmental expression pattern and sequence homology of this pancreatic glucose
sensing enzyme plays a role in each of these nuclei in the developing embryo.
The effect of the differential expression of HKI and GK on glucose sensing in
insulin secreting cells has been thoroughly investigated (Postic, 2001; Liang, 1992;
Wang, 1997; Trus, 1981) and it can be concluded that an increased level of HKI relative
to GK shifts the glucose sensitivity of the P cell resulting in the lowering of the threshold
for glucose-stimulated insulin secretion. Since glucose excitatory neurons are likely to
respond over a range of l-5mM glucose (Silver, 1998; Song, 2001), the relative
expression of these two isoforms may be important for setting their level of sensitivity.
Roncero (2000) found that the contribution of GK to the total soluble hexokinase
activity is 25% in the hypothalamus and 20% in the cerebral cortex compared to 70% in
the liver. The cerebral cortex observation proved surprising in that GK activity in the
cerebral cortex is not expected and we did not find it in our studies. If the suggestion that
GE neurons are located only in the hypothalamus and that these cells are responsible for
sensing and responding to changing glucose levels, the presence of GK in other regions
of the brain seems unwarranted. In the present study, the enzymatic activity levels of GK
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relative to HKI were investigated in ARC, VMN and cortex samples to obtain a rough
estimate of the threshold of glucose sensitivity. Glucose sensing neurons are likely to
comprise at most 30%, likely less (Routh, 2002) of the neuronal population in the regions
where they are found at their highest density: ARC and VMN. To evaluate the level of
GK activity in glucose sensing hypothalamic nuclei, tissue from the adult ARC and VMN
were pooled and assayed and tissue from embryonic whole hypothalamus was also tested.
Our data show that GK activity comprises about 20% of the HKI activity found in the
soluble fraction of adult tissue extracts. Although the contribution of HKI activity from
non-neuronal cells complicates the analysis of these data, if 30% of neurons in the ARC
and VMN express GK and 20% of the soluble glucose phosphorylation capacity is due to
GK, then approximately 60% of this capacity is related to GK activity in these glucose
excitatory neurons. This is comparable to the relative GK activity in the pancreatic beta
cells (Postic, 2001; Liang, 1992; Wang, 1997; Trus, 1981). Unlike the pooled
VMN/ARC tissue samples or embryonic hypothalamic samples, no GK activity was
detected in the cortex.
The expression of the GKRP gene was examined because of GKRP's role as a
competitive inhibitor of GK in the liver (Van Schaftingen, 1994; Brown, 1997; Agius,
1993 and 1995) and demonstration of its presence in the hypothalamus could help further
elucidate glucose sensing mechanisms in the brain. It is conceivable that GKRP also may
be modifying the activity of hypothalamic GK, regulating the mobilization of a functional
pool of GK or protecting GK from degradation within these hypothalamic GE neurons.
The expression of GKRP was investigated by RT-PCR using published primer sequences

53

(Detheux et al., 1993; Alvarez et al, 2002). Previous research has demonstrated the
presence of GKRP in the hypothalamus (Roncero, 2000; Alvarez, 2002) using RT-PCR.
However, Detheux did not detect the liver form of GKRP in whole brain mRNA samples
using Northern blot analysis and we did not find it using RT-PCR. While the liver form
of GKRP was not found in the brain, it does not rule out the possibility of a different
regulatory protein for GK in the hypothalamus. It could be suggested that since the
hypothalamus expresses the islet form of GK and not the liver form, that perhaps the
presence of a regulatory protein in the hypothalamus may be more similar to any
regulatory proteins that are proposed to be in the pancreas (Malaisse et al., 1990;
Vanhoutte et al., 1996). Further studies on protein expression or elucidation of the
regulatory proteins in both the pancreas and hypothalamus may yield the answer.
To summarize, it was determined that GK, but not GKRP is expressed in the
ARC, LH, PVH, and VMN, and GK activity comprised -20% of the total soluble HK
activity in the regions where expression was the highest. These data suggest that the
pancreatic beta cell model of glucose sensing may be generally applied to glucose
sensing neurons in the hypothalamus, but there may be differences as to the modification
of glucose transport (i.e. GLUT-2) and regulation of GK activity. This is not entirely
unexpected due to the differences in ambient glucose concentrations to which the two cell
types are exposed. The pancreatic P cells monitor blood glucose and the hypothalamus
likely senses brain parenchymal glucose concentrations as well as blood glucose levels,
but the verification that the sequence for GK in both the embryonic and adult
hypothalamus matches the sequence of GK found in the pancreas strengthens the
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argument that glucose sensing in the hypothalamus closely mimics glucose sensing in the
pancreas. Currently, studies are addressing the differences in expression between the
hypothalamic nuclei and pancreatic beta cell, which allow the hypothalamic GE neurons
to play a role in modifying glucose homeostasis.
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CHAPTERS
Glucose Responsive Neurons in the HT

3.1 ABSTRACT
Neurons in specific regions of the hypothalamus sense changes in ambient glucose
concentrations. These neurons may use mechanisms similar to those used by pancreatic
beta (P) cells to sense blood glucose. The pancreatic P cell senses an increase in blood
glucose concentration and responds by releasing insulin. Components central to glucose
sensing by the P-cell are believed to be the transmembrane GLUT 2 glucose transporter,
the ATP dependent K" channel, and the enzyme glucokinase (GK). There are two
categories of glucose sensitive neurons, glucose-inhibited (GI) neurons, cells that do not
depolarize their membranes in response to an increase in glucose, and GE neurons, cells
that depolarize and allow calcium into the cytoplasm when glucose concentrations
increase (Song et al., 2001). The GE neurons are of interest because they and pancreatic
beta cells may have similar mechanisms for sensing glucose. While GE hypothalamic
neurons may share a few, if not all, of the glucose sensing components of the pancreatic
P-cell, the mechanism by which these neurons sense glucose is unknown. We decided to
develop an in vitro model to study GE neurons and how they respond to increases in
glucose. Because GK is present through all stages of development and both embryonic
and neonatal tissue grow well in culture, we used hypothalamic tissue from embryonic or
postnatal day 4 pups. The hypothalamus was dissociated and cultured for 5 to 11 days or
dissociated and placed on coverslips for immediate examination. All neurons were
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loaded with a calcium dye and exposed to varying levels of glucose. One percentage of
neurons responded to increased concentrations of glucose and this fraction of neurons
could be further subdivided into groups that responded to different concentrations of
glucose. Due to the problems in obtaining sufficient numbers of GE neurons, isolating
and culturing cells from the hypothalamus to study glucose sensing components in GE
neurons has proven to be difficult. As such, hypothalamic cell culture methods may still
help elucidate the relationship between glucose energy metabolism and neuronal
activation in the hypothalamus, but only after a further analysis of how to effectively
isolate a higher percentage of GE neurons and maintain them and their glucose sensing
components (i.e. glucokinase) while in culture.

Global Hypothesis: The mechanisms by which hypothalamic neurons sense glucose
are similar to those used by pancreatic beta cells, thereby- providing a model to
study effects of obesity and diabetes on these centers.

Specific Aim 2:

Characterize glucose excitatory neurons cultured from the rat
hypothalamus.

Hypothesis: Cultured glucose sensing hypothalamic neurons will increase their
intracellular calcium concentrations in response to increases in glucose
concentrations in a manner similar to the pancreatic beta cell.

57

3.2 INTRODUCTION
There are many peptide hormones that have been identified as modifiers of
feeding behavior. Some increase and others decrease food intake, while some modify
meal size (Yoshihara et al., 2002; Jequier, 2002; Attele eta 1., 2002; Gundlach et al.,
2002; Hagan, 2002; McMinn et al., 2000; Shizgal et al., 2001). Each molecule acts on
specific receptors within one of the known feeding centers in the hypothalamus. Because
there are a diversity of peptides and probably redundant pathways for energy feedback
within the hypothalamus, the role of specific neuronal cell types in detecting homeostatic
signals is difficult (Baskin etal., 2001; Schwartz, 2001; Woods, 2001). However,
extracting neurons into culture allows precise control of the environment.
In order to predict what will happen to these cells upon application of glucose, a
model to associate reaction to response was needed. Fortunately, glucose sensing has
been studied for over fifty years in the pancreatic beta cell and it provides a good starting
point to examine other glucose sensing cells within the body (Figure 3.1). Using this
model as a reference point to build an appropriate paradigm for glucose sensing neurons,
we predicted that hypothalamic neurons sense glucose by a mechanism similar to that
used by pancreatic beta cells.
Blood glucose ranges from 5mM to lOmM after a high sugar containing meal and
neither the beta cell nor a glucose sensing neuron would have access to these higher
concentrations of glucose unless it could be transported across the cell membrane in a
non-saturable manner. Therefore, the first step in the pathway for utilization of glucose
by a cell is the transport of glucose across the plasma membrane. The majority of cells
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only need the GLUT-1 transporter (Km ~lmM) to transport enough glucose across the
membrane to provide for the basic cellular processes, but the GLUT-2 isoform appears to
be present in most glucose sensing cells. This isoform appears to be necessary for
enhanced transport capacity in these cells. GLUT-2 has a Km of approximately 15mM
so it will allow a higher glucose concentration to equilibrate across the membrane. After
transport into the cell, the next rate-limitation step is glucose phosphorylation.
Hexokinase is the rate-limiting enzyme in glycolysis, with a Km of approximately ImM.
This enzyme is inhibited by its product, glucose-6-phosphate. The hexokinase IV
isoform, glucokinase, has been identified in the liver, the pancreatic beta cells and the
hypothalamus, and appears to avoid this problem with a Km of lOmM. Studies have
suggested that the ratio of these two enzymes sets the sensitivity of beta cells to glucose.
A third factor, the ATP sensitive potassium channel, is thought to convert this metabolic
signal into an electrical response. It contributes to the leak current responsible for
maintaining the resting membrane potential of the cell. An increase in the ATP to ADP
ratio is believed to decrease potassium permeability through the channel, leading to a
depolarization of the resting potential. Voltage-gated calcium channels open and allow
calcium into the cell, which leads to exocytosis of the vesicular messenger (insulin or a
neurotransmitter). Because GK has been identified in the hypothalamus (Jetton et al.,
1994; Lynch et al., 2001) using in vitro hybridization techniques (Figure 3.2), we decided
to isolate these cells and study them in an in vitro system to help identify these
components in glucose sensing neurons and link them with the ability to sense changes in
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glucose concentration. This would support modeling glucose sensing hypothalamic
neurons after the pancreatic beta cell.
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Figure 3.1 Beta Cell Model. As glucose levels in the blood increase, glucose is
transported into the pancreatic beta cell by the GLUT-2 transporter, and is converted into
glucose-6-phosphate using the enzyme glucokinase (GK). Factors produced by
glycolysis and the Kreb cycle both act to alter cell metabolic state to close ATP-sensitivechannels. Closure of the KATP channel leads to membrane depolarization and Ca"'
entry through voltage gated Ca*" channels. The increase in intracellular Ca " initiates
secretion of insulin. Both the GLUT-2 transporter and glucokinase are believed to be
required for glucose sensing by the pancreatic beta cell. We propose that there are
similar mechanisms, which account for the ability of both the pancreatic beta cell and the
glucose excitatory (GE) neuron to be activated by glucose (i.e. GLUT-2 glucose
transporter, glucokinase and ATP sensitive K" channel).
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Figure 3.2: In situ hybridization of GK specific riboprobes in the rat hypothalamus:
Autoradiograph demonstrating the hybridization of antisense GK probe in a coronal
section through the hypothalamus and amygdala. Both sense and anti-sense probes
were tested along with a scrambled sequence to verify the results. DMN, dorsomedial
nucleus; LH, lateral hypothalamus; MAN, medial amygdalar nucleus; VMN,
ventromedial nucleus (data from Lynch et al., 2000).

62

3.3 MATERIALS AND METHODS
Cell Culture of Hypothalamic Neurons
To precisely determine how these hypothalamic neurons sense glucose, we
cultured neurons from hypothalami extracted from neonatal rat pups, and characterized
their responses to glucose. Before obtaining tissues, sterile 25mm" #l glass coverslips
were placed into each well of four separate 6-well tissue culture dishes (Fisher #3516)
and coated with sterile Poly-L-lysine (Sigma #P1399). To coat coverslips, I ml of Poly L-lysine was pipetted onto each coverslip and allowed to sit for 15 minutes. 80-90% of
the Poly-L-lysine was then aspirated off and the remaining solution was allowed to air
dry in a sterile culture hood. After the poly-lysine dried, 2ml of Minimum Essential
Medium (MEM; Gibco # 11430-030; supplemented with 5mM KCl, 2mM L-Glutamine
and 26.2mM Sodium Bicarbonate) were placed into each well and all four 6-well dishes
were placed into a 95%:5% air:C02 humidified atmosphere at 37°C.
To isolate neurons, hypothalami were removed from four-day-old Sprague
Dawley rats and placed in sterile Dissecting Saline (DSG; 5.4mM KCl, 137mM NaCl,
0.22mM KH2PO4, 0.17 Na2HP04, lOmM HEPES, 5mM Glucose, 72.1mM Mannitol, pH
7.3). Typically, 8-10 hypothalami were combined in one sterile I5ml conical tube with
1.-3ml of DSG on ice. These tissues were then gently triturated with a fire polished glass
pipette, taking care to not introduce bubbles into the mixture. After a slurry of
dissociated cells was obtained, several drops of this mixture were added to each well in
the 4 separate 6-well plates, previously treated with Poly-L-lysine and containing 2ml of
MEM warmed medium. Cells were grown in the supplemented MEM with 10% Fetal
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Bovine Serum (Sigma #F2442), 10% Horse Serum (Sigma # HI 138) and 1% Pen/Strep
(Sigma #P078l) and with either ImM or 5mM glucose. Two milliliters of MEM medium
were added to each well the next day and cells were grown for 5 days before experiments
started. Experiments on cells were performed from culture day 5 to day 14.

Acutely Dissociated Celts from the Hypothalamus
To characterize the neuronal response to changing glucose concentrations of acutely
dissociated cells, whole hypothalami were removed from four-day-old Sprague Dawley
rats and placed in sterile Dissecting Saline. These tissues were gently triturated with a
fire polished glass pipette. After the slurry of dissociated cells was obtained, several
drops were placed onto the center of a Poly-L-lysine pretreated coverslip along with
several drops of HEPES buffered saline (HERS; NaCl, 145mM; KCl, 5mM; MgCb,
2mM; CaCh, 2mM; NaHC03, 2mM; HEPESpH7.3, lOmM; Glucose, ImM or 5mM). This
coverslip was placed into a temperature controlled microscope chamber, specifically
designed to hold 25 mm" coverslips. The cells were allowed to settle and attach to the
coverslip for 30 minutes before experiments were initiated.

Identification of GK Expression in Cultures: Immunocytochemistry and RT-PCR
To verify the presence of specific components in these neurons, immunocytochemical
techniques and RT-PCR were performed. A rabbit polyclonal antibody against rat GK
was developed by purifying serum from an inoculated rabbit. This antibody was used to
verify the presence of GK in the following experiments. For immunocytochemistry, cells
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were fixed with 4% paraformaldehyde at room temperature and placed into 50mM
glycine, pH 7.4 for 2 x 5 minutes and then permeabilized with 0.1% Triton X-100 (50ml
of 20X SSC (20X SSC: 88g NaCl, 44g Sodium Citrate per 500ml, pH 7.4), 500|al Triton
X-100 per 500ml). Cells were incubated with the primary antibody (anti-GK) (Becker,
1996) at a 1:50 dilution for I hour, rinsed 3 times in antibody wash (50ml of 20X SSC,
250til Triton X-100) and the secondary antibody (Rabbit anti-Rat FITC labeled, 1 ;200)
was applied for 1 hour. After labeling, slides containing the cells were mounted in a
glycerol buffer containing the antioxidant paraphenylendiamine (the mounting mixture
contained: 2ml lOX PBS, 18ml glycerol, 20mg p-phenylenediamine per 20ml) and
analyzed for glucokinase.
To perform RT-PCR on day 5 or day 6 cultured tissues, ImL TRIzol (GIBCO
BRL; Gaithersburg, MD) was added into each well of a 6 well plate and allowed to sit for
5 minutes before removal and homogenization. Sample isolations were performed at
least in triplicate to verify results. For control reactions, 10^ insulinoma cells (PG
40/110, passage 26; a gift of Dr. Sam Clark, BetaGene, Dallas, TX) overexpressing the
islet form of GK were homogenized in 7.5mL TRIzol. Total cellular RNA was isolated
using phenol/chloroform extraction. The RNA was preciptated using isopropanol, rinsed
with 70% ethanol and air-dried. The total RNA pellet was resuspended in 10|iL
diethylpyrocarbonate (DEPC) treated water. To remove genomic contamination, 5|ag of
total RNA was treated with 50 units of RNase-free DNase for 1 to 2 hours at 37°C in the
presence of 2mM dithiothreitol, 50 units of RNase Inhibitor and reaction buffer which
contained (in mM): KCl, 50; 10 Tris-HCl, pH 9.0; 0.1% Triton X-100 and 5mM MgCli.
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The RNA was phenolrchloroform (acid-phenol:chloroform, 5:1, pH 4.5) extracted and
precipitated overnight with a sodium acetate ethanol mixture (3M sodium acetate, pH 5.2
mixed with 2.5 DNA volumes of 95% ethanol). The RNA pellet was rinsed with 70%
ethanol, air-dried and resuspended in DEPC-treated water. 2(ig of RNA was used to
synthesize single stranded cDNA in the following reaction carried out at 37C for 1 to 2
hours: l|ig of random primer (Roche; REF) 200ng of oligo dTTP (Roche, REF), 2mM
dithiothreitol, 50 units of RNase Inhibitor, 50 units of M-MuLV Reverse Transcriptase
(Roche, REF) and imM dNTPs in buffer containing (in mM): 50 Tris-HCl, pH 8.3;
75mM KCl; 3mM MgCN. lOOng of cDNA template were used in the following 50|iL
PCR reaction: lOOpmol of sense and antisense primers, lOX Taq buffer, 0.4mM dNTPs
and 2.5 units of Taq polymerase (Promega; Madison, WI). The lOX Taq buffer
contained: lOOmM Tris-HCl, pH 8.3; 500mM KCl; 1% Triton X-lOO and I5mM MgCh.
The PCR reactions were carried out in a Perkin-Elmer GeneAmp Model 2400
thermocycler in the following sequence: 5 minutes at 94°C to denature the templates,
then 30 cycles of 1 minute at 94°C, 2 minutes at 50C and 1.5 minutes at 72°C with a final
10 minute hold at 72°C before storage overnight at 4°C. 8|iL of each PCR product was
loaded onto a 2% agarose-TAE gel and electrophoresed at 80V for 2 hours. DNA was
visualized by ethidium bromide staining and photographed. Either filter sterilized
autoclaved water or 1 fig of sample-matched DNase-treated RNA were used as negative
RT-PCR control samples. The cyclophilin PCR product was separated on all gels as a
control for loading level of samples.
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PGR primers
Cyclophilin PGR product 260 bp (Danielson, 1988)
GenBank Accession # M19533
Forward 5' GGG GAG AAA GGA TTT GGG TA 3'; bases 165-85
Reverse 5' ACA TGG TTG CCA TCC AGG C 3'; bases 422-404

Rat islet GK PGR product 340 bp (Wang, 1998)
GenBank Accession # X53598
Forward 5' GTG GTG CTT TTG AG A CCC GTT 3'; bases 1071-91
Reverse 5' TTC GAT GAA GGT GAT TTG GCA 3'; bases 1411-1391

Loading of Fluorescent Dyes
Neurons were loaded with a calcium fluoroprobe Fluo-3 AM (Molecular Probes
#F1241), and were monitored using digital imaging microscopy for changes in Ca"*
following the addition of glucose. To load Fluo-3 into cultured neurons, coverslips were
placed into 2ml of HERS (HEPES buffered saline; NaCl, 145mM; KCl, 5mM; MgCli,
2mM; CaCN, 2mM; NaHCOs, 2mM; HEPESpH7 3, lOmM; Glucose, ImM or 5mM) and
incubated with Fluo-3AM (5|JM) for 30 minutes, and then washed in the HEPES buffered
saline and incubated for an additional 30 minutes in HERS to allow for fiill activation
(de-esterification) of the dye. Altematively, acutely dissociated cells were loaded on the
microscope stage after they attached to the coverslip. Two milliliters of HERS containing
F1UO-3AM (5(aM) was carefully pipetted onto the cells and allowed to incubate for 30
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minutes prior to washing. Due to the intact acetoxymethyl (AM) ester derivative of
FIuo-3, this dye can easily cross over any cell membrane, but we have found that the dye
is much more fluorescent in neurons than glia. This difference in fluorescence is
probably due the ability of neurons to better cleave the AM moiety and trap more dye,
thereby enabling us to easily identify neurons.

Experimental Protocols
After the 30-minute incubation in HERS, 2mls of fresh HERS was placed onto the
coverslip, and images were taken every 5 minutes for 15 - 20 minutes to establish a
baseline fluorescence for each neuron in the field of view. For all of the experiments, the
cells were bathed in 2mls of solution. Subsequently, two different types of experiments
were performed. The first experiment was designed to elicit a repetitive response from
glucose sensing neurons to determine if neurons respond to more than one exposure of
glucose. The concentration of glucose was increased from a baseline concentration of
0.5mM (ImM and 5mM glucose concentrations were also used as baseline measurements
in our earlier experiments) glucose to 25mM glucose and the changes in fluorescence
were monitored for each neuron; images were taken at 1,2, 3,5, and 10 minutes after any
change to the surrounding solution. The 25mM glucose solution was then replaced with
5mM glucose by one of two methods. Most of the solution on the cells was removed and
replaced with fresh solution using a pipettor or the solutions surrounding the neurons
were carefully pumped into and out of the chamber with a peristaltic pump and Tygon
plastic tubing. In each case, images were collected for another 10-20 minutes (at 1, 2,
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3, 5, 10, 15, and 20 minutes) before once again adding 25mM glucose. At the end of this
biphasic experiment, a bolus of 30mM KCl was added to the surrounding HERS to elicit
the maximal fluorescence from each cell in the field of view for normalization purposes.
Potassium chloride acts to completely depolarize the cell, opening voltage gated calcium
channels and allowing the maximal amount of calcium into the cell. This response is
taken as a saturation of the Fluo-3 fluorescence and subsequently used to normalize each
experiment for Fluo-3 loading. Our original experiments used 5mM glucose as a baseline
until lower concentrations were tested. By testing lower concentrations of glucose on
neurons and assessing their reactions, we found that the neurons could sustain activity in
0.5mM and ImM glucose, we subsequently used either one of these concentrations as a
starting baseline. Therefore, some data are presented with different baseline
measurements, but the types of responses remained the same.
The second type of experiment employed two different stepwise techniques to
determine the threshold concentration at which a given neuron responded to glucose. The
first stepwise method was to raise the concentration of glucose in the solution from
0.5mM to ImM, from ImM to 5mM, increased to lOmM, and then 15mM, followed by
20mM, 25mM and then 30mM glucose in sequential steps. The cells start in a 0.5mM
HERS solution and after establishing baseline readings for 10 - 20 minutes (images taken
every 5 minutes), the glucose concentration was increased to ImM glucose. Images are
taken at 1,2, 3, 5, and 10 minutes and between 11 and 15 minutes, the glucose
concentration was then raised to 5mM. Each increase (from ImM to 5mM to lOmM, to
15mM to 20mM to 25niM and then to 30mM) was done in the same manner. Therefore,
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each addition of glucose was 10-15 minutes apart, with GE neurons responding to the
change within 1- 2 minutes and over a 1 - 10 minute time period. We carefully raised the
glucose concentrations by adding a small bolus of concentrated glucose to the solution.
Mixing occurs rapidly (within 15-30 seconds), as deduced by analyzing signal
stabilization after addition of a similar bolus of a fluorescent dye (Calcein).
The second stepwise method was to change the concentrations of glucose in the bath
by slowly removing the solution containing the low glucose concentration while
perfusing in a solution containing a higher concentration of glucose. The use of a
peristaltic pump allowed us to increase the glucose concentration from 5mM to 30mM
glucose in a more gradual manner.

Experiment 1: Neurons were placed in a bath containing 5mM glucose. The glucose
concentration was increased to 25mM glucose and then brought back to 5mM glucose. A
second increase to 25mM glucose preceded the addition of 30mM KCl.

Experiment 2: Neurons were placed in a bath containing 0.5mM glucose. The
concentration of glucose in the solution was carefully increased to ImM glucose and then
to 5mM glucose, and eventually to 25mM glucose (in 5mM steps) before the addition of
30mM KCl.

Digital Imaging Miscroscope and Optics
An Olympus IMT-2 microscope, with a 40X oil immersion objective (NA 1.4) and
standard epifluorescence imaging capabilities were employed to view all cells. A lOOW
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mercury lamp coupled with a lOnm bandpass excitation filter centered at 480nm was
used for excitation of fluorescence. A longpass dichroic mirror reflected the excitation
light to the sample and transmitted wavelengths of 500nm and higher. Fluo-3AM
fluorescence was visualized through a lOnm bandpass emmision filter centered at 530nm.
A 6.7X imagine eyepiece was used to focus the microscope image plane onto the CCD
chip of a Photometries AT-200 liquid cooled CCD camera (Photometries, Tucson, AZ)
and to monitor changes in intracellular Ca*" levels (Kao, 1989). Photometries Imaging
Software, version 1.5.0 was used to acquire and store images. Images were also analyzed
with the Photometries Imaging software. A line plot was drawn through each neuron in
the field of view for each time period and intensity data was obtained from the resulting
histogram. The data is presented as fluorescent intensity units. Background histograms
were also obtained of regions on the dish with no cells and regions with glia cells. All
data are plotted in excel with time in minutes as the x-axis and fluorescent intensity as the
y-axis.
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3.4 RESULTS
EXPRESSION OF GK IN CELL CULTURE
The presence of GK in cultured neurons was determined using both
immunocytochemical and molecular techniques. Neuronal cultures were analyzed after 5
days in culture, a time at which inter-neuronal connections are formed, and cultures were
useable for analysis of intracellular calcium. GK labeling was found in a few samples of
neuronal cultures (Figure 3.3) using a rabbit anti-GK polyclonal antibody developed by
R. Lynch and C. Newgard. However, for many of the cultures evaluated no positive GK
labeling was observed, RT-PCR also verified the presence of GK in cell cultures at day 5
and day 6 (Figure 3.4), but no GK was found in day 10 cultures. Therefore, even though
GK is expressed in both neonatal and embryonic stages of development (Chapter 2),
expression of GK in cultures appears to be downregulated. For this reason, experiments
on cultured glucose sensing cells should be performed within 5 days.

CULTURED NEURONS
To characterize the sensitivity of hypothalamic neurons to glucose, calcium-imaging
techniques were utilized. Neurons were grown in culture for several days in either ImM
or 5mM glucose, prior to analysis. Each coverslip was used for only 1 experiment.
To determine if neurons in culture could be a viable option for studying glucose
excitatory cells, we designed several experiments. The first set of experiments assessed
responses of neurons to repetitive challenges with glucose. This biphasic experiment
involved identifying glucose sensing neurons with a glucose challenge and determining
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their ability to respond to a second glucose load after a washout period. Typically, the
experiment involved increasing the glucose concentration from 5mM to 25mM, waiting
10-15 minutes, and then decreasing the level back to 5mM for another 10-15 minutes
before increasing again to 25mM glucose. Neurons that responded to glucose were
deemed glucose excitatory (Figure 3.5). In our experiments, the response to glucose was
characterized by an increase in calcium concentration as monitored by a change in the
fluorescence intensity of Fluo-3. Of the 20 different experiments (20 coverslips)
performed, 9 GE neurons were found out of 112 tested. During these experiments it was
noted that not all GE neurons responded to increases in glucose in the same manner
(Figure 3.6 & Figure 3.7). Two of the neurons in Figure 3.6 and one in Figure 3.7
respond to a second challenge of glucose by increasing their fluorescent intensity within a
comparable time period to the first glucose challenge. For a percentage of neurons, the
pattern of the second response was similar to the pattern of the first response, but for
other neurons, glucose did not elicit the same pattern of activation each time.
Oscillations in intracellular calcium and therefore Fluo-3 fluorescence, transient increases
in calcium that produced a peak in fluorescence (Figure 3.6) and sustained increases in
calcium resulting in a slow steady rise in Fluo-3 fluorescence were the types of GE
neuronal responses elicited from an increase in glucose concentration. These responses
suggested that GE neurons can react in different manners for the same increase in glucose
concentration, leading us to postulate that there are either subsets of glucose excitatory
neurons or that some of these responses may be from neurons not classified as glucose
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excitatory, but from neurons innervated by a GE neuron and therefore activated when a
GE neuron responds to glucose.
Glucokinase and Mannoheptulose
To determine if glucokinase is involved in this response, the glucokinase
inhibitor, mannoheptulose (2mM, Sigma #M0420), was added prior to the second
stimulus with glucose (Figure 3.8). A glucose excitatory neuron was first identified by an
observed increase in fluorescent intensity to an increase in glucose. The glucose
concentration was then brought back to baseline and the calcium concentration was also
allowed to return to baseline and mannoheptulose was added at least 5 minutes before the
second increase in glucose concentration. Ten experiments were performed with a total
of 37 glucose excitatory (GE) neurons identified and studied. Of the 37 GE cells, 4
neurons responded to the first addition of glucose (11%) but none of these 4 neurons
responded to the second addition of glucose after an incubation with mannoheptulose.
The experiments to determine if inhibition of GK altered the response to glucose, no
second response was elicited from any of the 4 glucose excitatory neurons tested with
mannoheptulose (Figure 3.8), suggesting that glucokinase was present and required for
these neurons to sense the change in glucose.
Analysis of Glucose Concentration Required for Maintenance of Stable Baseline Activity
To determine the basal level of glucose required to maintain neuronal function
and therefore the lowest concentration at which we could start experiments, neurons were
incubated in low glucose and changed to higher glucose concentrations and cell calcium
was monitored. In each of the 3 different experiments, the glucose concentration was
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decreased to 0.1mM glucose. After 5-10 minutes in the presence of 0.1 mM glucose, 15
of the tested neurons increased intracellular calcium levels. This was observed as
sustained oscillations in the fluorescent calcium dye, Fluo-3. This activity stabilized
only after the glucose concentration was increased to 0.5mM (Figure 3.9). The changes
in the baseline activity were only observed when the glucose concentration was dropped
below 0.5mM. Thus, in all subsequent experiments, cultured neurons were maintained at
0.5mM or ImM glucose and were increased from this baseline.
Threshold of Activation
Since culture conditions may decrease the number and/or response of GE neurons,
neurons dissociated from the hypothalamus were also directly analyzed.
The following experiments were designed to determine the set point for activation by
glucose. In the first series of experiments, neurons were placed in a bath containing
0.5mM or ImM glucose and the concentration of glucose in the solution was carefully
increased to 5mM glucose and then to lOmM glucose, and eventually to 25mM glucose,
in 5mM steps. In the second series of experiments, we increased the glucose
concentration from ImM glucose to 5mM glucose, decreased the glucose concentration
down to ImM glucose and then increased the level up to lOmM. To determine the
underlying basis for differences in the set point for activation by glucose, the data are
presented as the total number of cultured neurons that responded to increases in glucose
concentrations. To determine the overall percentage of cultured glucose excitatory
neurons, the total number of cultured neurons that responded at a given increment of
glucose concentration was divided by the total number of neurons that were viewed (see
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Table 3.1 for typical responses). Of the 4,168 cultured neurons analyzed, 44 of these
neurons responded to increases in glucose concentration. This suggested that only 1% of
the neurons in culture were glucose excitatory. The neurons that responded to an
increase in glucose concentration were divided by the number of neurons in the field of
view on one coverslip. If no neurons on a coverslip responded to the changes in glucose,
these data were not included in our analysis.
The glucose concentration at which individual neurons were activated (threshold)
was also analyzed. The responses of the cultured neurons could be broken into 5 groups,
those responding to glucose between 0.5mM - ImM, ImM - 5mM, 5mM - lOmM, lOmM
- 15mM and those responding at glucose concentrations greater than 15mM (Figures
3.10). The greatest number of GE neurons responded in the ImM to 5mM group (41%).
An overall analysis indicated that the concentration of glucose that these GE neurons
respond to is less that the level beta cells respond to, verifying that the concentration of
glucose that the brain senses may be lower than blood levels (Figure 3.11). In each case,
the entire hypothalamus was dissociated and used for these studies. This approach
allowed us to determine actual numbers of GE neurons present, but the lack of
connections between the cells may actually lead one to believe that only 1% of neurons
are involved in glucose sensing. We suggest that it is only 1 % of hypothalamic neurons
that are actually glucose excitatory, but that connections to other neurons throughout the
hypothalamus allow for a much larger percentage of neurons that are involved in glucose
sensing. Other problems posed by this method are the desensitization of neurons to
glucose and the inability to determine where GE neurons are located. The majority of the
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neurons studied did not respond to more than one glucose addition suggesting that once
these neurons are activated by ghicose, they are not involved in any further changes to
glucose concentrations. This may simply be a time dependent matter or it may be related
to a glucose set point for each neuron. By dissociating the entire hypothalamus, we may
have diluted the number of actual GE cells. We have suggested that neurons in the
arcuate nucleus may have the ability to sense blood glucose levels as well as brain
glucose concentrations. If we were to isolate neurons from only the arcuate nucleus, we
may find that the number of GE neurons is much higher than other nuclei in the
hypothalamus. While these issues may pose limitations to our initial studies, they do
provide a framework for future research in the field.

ACUTELY DISSOCIATED NEURONS
Neurons were obtained from the whole hypothalamus and placed onto coverslips and
allowed to adhere for 15 minutes to 6 hours. To determine the basis for differences in the
set point for activation by glucose, the data are presented as an average between data sets.
The neurons that responded to an increase in glucose concentration were divided by the
number of neurons in the field of view on one coverslip. If no neurons on a coverslip
responded to the changes in glucose, these data were not included in our or published
analysis. Of the 37 coverslips with acutely dissociated cells, only 8 of these coverslips
had glucose excitatory cells in the field of view. A total of 280 acutely dissociated cells
were assayed on the 37 different coverslips, with approximately 110 cells viewed on the
8 coverslips. An average of 14 cells were in the field of view on each of the 8 coverslips
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and typically I to 2 neurons out of 14 neurons in the field of view responded to glucose,
suggesting that approximately 15% of the acutely dissociated neurons were glucose
excitatory. This type of analysis, previously published (Ashford et al., 1990; Ashford et
al., 1990; Routh et al., 1997), was applied only to the acutely dissociated neurons. We
choose to look at the data in this manner to not only to assess the number of excitatory
cells in the field of view, but also to analyze only data including excitatory neurons. This
method allowed for presentation of these data to be consistent with analysis in this field
of research. Our data and published data differ, but the methods for gathering these data
are also different. While we used fluorescent calcium imaging and the number of GE
neurons was summed across data sets, others in the field recorded electrical spike activity
and averaged their responses between data sets. Another difference in data analyses was
in the absence of responses within a field of view. We chose to count the number of
responders versus the total number of cells in all fields of view, and if there were no GE
neurons present, these non-responders were added to the total sum, but published reports
indicate that those data were ignored for electrical spike studies. Analyzing the acutely
dissociated data by summing the data across data sets, instead of in the published manner,
of the 280 acutely dissociated neurons tested, only 13 responded to increased glucose
concentrations. This method suggested that at most 5% of the acutely dissociated
neurons are glucose excitatory. Because neurons in this configuration are not tightly
attached to the coverslip, continuous perfusion or repeated bath changes could not be
accomplished. Therefore, threshold protocols could not be carried out.
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(iliicokinase:

Figure 3.3: Antibody labeling for GK indicates that the enzyme is present in cultured 5day-old neurons. Both the left and right images are of different neurons labeled for GK.
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Figure 3.4: RNA from 5-day-old cultured hypothalamic cells (5 DIV). 4 different 5-dayold cultures were tested for the presence of GK and neurofilament (NF), a marker of
neurons. Of the 4 cultures tested, 3 (lanes 2-4) indicated an obvious presence of NF,
while cells in lane 5 tested positive for GK with a possible band for NF. Embryonic and
4 day old cortexes were used as positive controls for NF and negative controls for GK.
The BG 49/206 cell line is a positive control for GK. This gel demonstrates some of the
difficulties with the cultured hypothalamic cells. Of the 4 separate cultures tested, each
harvested and grown in the same manner, only 1 culture demonstrated GK presence.

Figure 3.5 An example of a glucose excitatory (GE) neuron in the field of view. The
image on the left was taken as a baseline image with neurons at 5mM glucose. The
image on the right was taken after the glucose concentration was increased from 5mM to
25mM. The arrow indicates the GE neuron before and after the glucose increase.
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Figure 3.6 Biphasic response of cultured hypothalamic neurons to repetitive challenges
with elevated glucose. 2 neurons (circles and squares) in the field of view that responded
to an increase in glucose concentration, a third neuron (triangles) is shown as an example
of a neuron that does not respond to glucose. 25mM glucose was added after a baseline
measurement of fluorescence, calcium entering the cell increases the fluorescence
intensity of glucose excitatory neurons. Baseline glucose concentration was 5mM in this
experiment.
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Figure 3.7 Cultured hypothalamic neuronal response to repetitive challenges with
increases in glucose concentration. In 8% of glucose excitatory neurons the response to
elevated glucose is a sustained elevation in calcium and the second response is similar to
the first (diamonds). However, some neurons exhibit increases in Ca^", which are
different with respect to the time course of activation and de-activation. As seen by the
neuron depicted by the squares, the second response to glucose was more rapid than the
initial response and it was not sustained. Baseline glucose concentration and washes
were 5mM in this experiment and 25mM glucose was applied to all cells to determine the
presence of a GE neuron.
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Figure 3.8 GK inhibition with mannoheptulose. One glucose excitatory neuron in the
field of view (diamonds) responded to a glucose concentration of 2mM glucose, but did
not respond to a second application of glucose after mannuheptulous (MH; glucokinase
inhibitor) indicating that this neuron uses glucokinase. Baseline glucose concentration
was ImM in this experiment. 4BrA23-l87 is a calcium ionophore used to allow the
maximal amount of calcium into a cell.
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Figure 3.9 Response of hypothalamic neurons exposed to low glucose concentrations.
This graph illustrates that neurons exposed to glucose concentrations less than 0.5mM
lose their baseline stability (established from O-IO minutes) and increase their fluorescent
intensity. Neurons become stable after the addition of 0.5mM glucose
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Figure 3.10 Response of GE neurons to the sequential step elevations in glucose. This
graph illustrates that individual neurons respond at different concentrations of glucose,
indicating the possible presence of a heterogeneous population of glucose excitatory
neurons. Notice in the time course depicted in (circles), this neuron responds when
glucose is raised from ImM to 5mM, while the neuron depicted the triangles reaches a
maximum response between 5 and lOmM and the neuron depicted by the squares is
initially activated at 5mM, but calcium continues to increase as glucose continues to be
elevated, suggesting a gradual effect. Data are presented as a percent maximum of the
KCl response allowing each cell to serve as its own control. Each cell fluorescence was
divided by its maximal fluorescence to obtain the percent maximum. Baseline glucose
concentration was 0.5mM.
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Condition

0.5-lmM

l-5mM

5-lOmM

10-15mM

15-20mM

Total

Cultured
Neurons
%of
response

6

18

10

4

6

14%

41%

22%

9%

14%

44 of 4168
neurons
1.05%

Table 3.1 Set point of activation for glucose excitatory neurons using the step increase
protocol. Baseline glucose concentration for all cells analyzed for this table was 0.5mM.
If a neuron responded to more than one concentration of glucose, the lower concentration
was determined to be its threshold of activation and all other responses were ignored.
The percentage of glucose excited neurons is listed below the number of actual
responders and is obtained by simply dividing the number of neurons that responded in a
category by the total number of responding neurons (44). The final % category under the
Total column was obtained by dividing the number of responding neurons (44) by the
total number of neurons assayed (4168).
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Figure 3.11 Heterogeneity of glucose sensitivity. This diagram is a graphical
representation of the threshold of activation data. The number of beta cells (dark circles)
that are recruited to release insulin increases as the glucose levels in the blood increase
and eventually the number of beta cells recruited begins to decrease after a certain
glucose concentration (15mM). This same model can be applied to glucose excitatory
neurons in the hypothalamus. The number of GE neurons that are activated increases
with increasing brain glucose concentrations to a maximum point (3mM), decreases and
appears to rises again (llmM). It appears that GE neurons in the hypothalamus may
have a biphasic response to increasing glucose concentrations.
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3.5 DISCUSSION
Isolating cells and growing them in culture is a reductionist approach we utilized to
study the function of cells found within a heterogeneous tissue. We took this approach to
analyze the components involved in glucose sensing in hypothalamic neurons.
Immunocytochemical data indicated the presence of GK in some cultured
hypothalamic neurons, but it was difficult to consistently obtain antibody labeling for this
enzyme. The expression of GK mRN A was also evaluated using RT-PCR. Figure 3.9
shows that while GK expression was observed, again GK expression was not consistent.
It may be that culture conditions were simply not optimal for GK expression because
expression in beta cells is known to be regulated by several factors (Tu et al., 1999; Gasa
et al., 2001; Shiraishi et al, 2001; Femandez-Mejia et al., 2001; Moede et al., 2001; Wang
et al, 2001). The presence of insulin or the addition of other important homeostatic
hormones, such as leptin, may not only prove to be useful additions to help identify the
number of GE neurons growing in hypothalamic cultures, but may well be required for
upregulation of GK in these neurons.
Our data from calcium imaging experiments also demonstrated the difficulty of
maintaining GK expressing cultured hypothalamic neurons. Neurons can easily be
isolated from the rat hypothalamus; however, only a small percentage responds to
increases in glucose concentrations. Approximately 5% of acutely dissociated neurons
respond to increases in glucose, whereas, at best, 1% of cultured neurons were classified
as glucose excitatory. And while the literature (Oomura et.al., 1992; Ashford et.al.,
1990) suggests that these percentages are higher (around 30%) than what we saw, it may
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simply be due to the differences in culture conditions or how the data are analyzed. GK
is present in both embryonic and neonatal hypothalamus (Chapter 2), but its occurrence
in cultured neurons is sporadic at best. This suggests that GK may be lost or
downregulated in these cultures.
Cultured neurons can be separated into different categories, as shown in Table 3.1,
based on their set point of activation by glucose. The majority of neurons (41%)
responded in the l-5mM range. This concentration range is consistent with levels of
glucose observed by Silver and Erecinska (1998) in the hypothalamus at rest and after
significant elevations in blood glucose (20mM). It is also interesting that some neurons
responded to levels both above and below the ImM - 5mM range. The fact that GE
neurons can sense and respond over a wide range of glucose levels suggests that other
factors (i.e. insulin or leptin) may play a role in setting the threshold for activation,
possibly by altering the resting membrane potential. Leptin is a protein produced by
adipocytes that appears to play an important role in how the body manages its supply of
fat. The levels of leptin in the body are sensed by cells in the hypothalamus, indicating
that leptin may play a role in the feeding drive. Leptin, insulin and glucose are 3 of the
main factors that are involved in long term energy homeostasis (Cone et al., 2001;
Williams et al., 2001; Havel, 2001). Thus, our data are consistent with the hypothesis
that each glucose sensing neuron may have a unique set point for activation. Data from
Pipeleers (1992) suggest that the pancreas also has a diverse P-cell population with
respect to threshold for activation by glucose. Pipeleers determined that sub-populations
of P-cells could be isolated based on their activation in different glucose concentrations
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demonstrating intercellular differences in glucose sensitivity. Further research has
suggested that this intercellular diversit>' could be due to different thresholds in the ATP
dependent potassium channel (Misler et al., 1986), differences in the cellular rates of
glucose utilization (De Vos et al., 1998) or different levels or isoforms of key
components involved in the glucose sensing pathway, such as GK and GLUT-2
(Meglasson et al., 1983; lynedjian et al, 1986; Thorens et al., 1988). Because these data
suggest that P-cells are functionally heterogeneous and our data support that glucose
sensing hypothalamic neurons also have this heterogeneous response to varying
concentrations of glucose, it strengthens the hypothesis that glucose sensing neurons and
beta cells have similar mechanisms for handling glucose.
Another finding, which suggests that multiple inputs may regulate neural activity in
response to glucose, is the observation that the pattern of responses is variable. Some
neurons responded to glucose with a rapid spike in fluorescence that returned to baseline
after a wash. A few cells showed oscillations in fluorescence, while a third group of GE
neurons exhibited a sustained increase in calcium in response to glucose. The low
number of GE neurons in our hypothalamic cultures and the types of responses seen
suggests that not only is the hypothalamus made up of a heterogenous mix of cells, but
that even the GE neurons themselves are heterogeneous with individual set points for
activation, and several unique patterns of activation can also be elicited.
Research from the lab of Erecinska (1998) indicated that brain glucose levels are
approximately half of the plasma glucose concentration (Silver and Erecinska, 1998).
This observation led us to diverge from the published protocols in the field that
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commonly use glucose concentrations of 30mM or OmM to activate neurons in
hypothalamic slices. Interestingly, 30mM concentrations of glucose are frequently used
to maintain neurons in culture. To approximate the in vivo condition, we grew neurons
in ImM or 5mM glucose and experiments were conducted starting with a baseline
glucose concentration of 0.5mM, ImM or 5mM. Again, our earlier studies utilized 5mM
glucose as a baseline measurement until it was determined that hypothalamic cells could
be placed in either 0.5mM or ImM glucose without loss of stable intracellular calcium
and still function. While neuronal fluorescent intensity was stable at both 0.5mM and
ImM glucose, decreasing glucose concentrations down to O.lmM elicited changes in
fluorescence and a loss in baseline stability, regained only after the concentration was
increased to 0.5mM or ImM, suggesting that these cells need a minimal amount of
glucose for normal cellular activity. This observation was of great interest because until
we performed these studies, most researchers in energy metabolism continually start their
experiments in 30mM glucose and then completely remove glucose (or vice versa) to
characterize neurons from the hypothalamus. Our findings indicate that most GE neurons
will be activated in these protocols in a time dependent manner. Although we have not
published these reports, we have presented this data at the Neuroscience and FASEB
conferences.
Thus, our data suggest that neurons within the hypothalamus require a baseline level
of glucose to effectively operate (>0.5mM) and that GE neurons are capable of
responding over a wide range of elevations in glucose concentrations. Most of the
neurons tested responded to concentrations between l-5mM glucose, but others were
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capable of responding to much higher levels. This could suggest that while these neurons
typically sense and respond to normal glucose concentrations found in the brain (~13mM glucose), they are still capable of responding to much higher levels simply because
they have the components (e.g. GK) to allow them to respond. Moreover, these findings
suggest that other inputs to the GE neurons may alter their sensitivity to activation. Thus,
other information regarding metabolic status could alter the firing threshold. Considering
our observation that glucose sensing neurons have unique set points for activation by
glucose, and that GK is required for activation, it seems appropriate to apply the
pancreatic beta cell model to glucose sensing cells within the hypothalamus.
Furthermore, our initial studies in describing glucose excitatory neurons demonstrate that
alternative techniques for identifying and potentially isolating these rare glucose sensing
cells is required if more detailed studies regarding how individual set points for activation
are determined. Since all observations suggest that the presence of glucokinase is
required for glucose sensing, potentially at all stages of development, we focused the
final stage of the thesis on utilizing GK expression as a marker for GE cells.
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CHAPTER 4
Development of the GK-GFP Transgenic Mouse
4.1 ABSTRACT
A limited number of cell types are activated by elevations in glucose concentration, of
which pancreatic beta cells are the best characterized. There are also other relatively rare
glucose sensing cells located in the liver, distal stomach, proximal intestine and
hypothalamus. Little is known regarding the mechanisms by which these rare glucose
sensing cells sense changes in nutrient levels, because it has been difficult to obtain them
in significant numbers or in purified form. The enzyme glucokinase (GK) is required by
the pancreatic P-cell for glucose sensing. Previous studies indicate that the enzyme GK
also is expressed in the pancreas, pituitary, brain, gut, thyroid and lungs of mice (Jetton,
1994). Therefore, to help isolate and identify populations of these exclusive
neuroendocrine cells involved in nutrient sensing, we developed a transgenic mouse line
in which the P-cell glucokinase (GK) promoter drives the expression of green fluorescent
protein (GFP). Because GK is believed to be a crucial element in glucose sensing and
appears to be expressed in the glucose sensing cell, creating a reporter construct with
GFP should allow for detection of these nutrient sensing cells based on expression of
GFP fluorescence. The development of this animal model involved isolation of the
glucokinase promoter from the mouse genome, insertion of this sequence into a plasmid
containing the GFP sequence and the addition of a SV40 intron to promote RNA
expression and stability. After insertion of this gene construct in the germ line of mouse
blastocytes, a GK promoter driven GFP expressing line was propagated. Samples of
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specific organs (pancreas, distal stomach, proximal intestine and hypothalamus) from
heteroz>gous micc were obtained for both RT-PCR and immunoc>'tochemistal analyses.
GFP fluorescence was noted in the transgenic animal in the pancreas and distal stomach.
Occasional faint labeling was seen in the proximal intestine and the hypothalamus. Colabeling studies with anti-insulin verified the presence of GFP in the islets of Langerhans,
however high levels of autofluorescence and low levels of GFP made a complete and
accurate assessment difficult. By redesigning the construct to enhance the GFP
fluorescence or targeting the construct to smaller organelles within the cell, where the
signal (GFP concentration) can be enhanced, the GK-GFP transgenic mouse may provide
a unique model to study the relationship between cell glucose metabolism and
neuroendocrine function.

Global Hypothesis: The mechanisms by which hypothalamic neurons sense glucose
are similar to those used by pancreatic beta cells, thereby providing a model to
study effects of obesity and diabetes on these centers.

Specific Aim 3:

Create a transgenic animal using the GK promoter to drive GFP
expression to facilitate identification of GK e.xpressing glucose
sensing cells.

Hypothesis: By utilizing the GK promoter to drive GFP expression in the GK-GFP
transgenic animal, GFP can be used as a marker to identify glucose sensing
cells.
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4.2 INTRODUCTION
To help identify, isolate and ultimately characterize glucose sensing cells, we
designed a GK-GFP transgenic animal. This animal line, in which the P-cell glucokinase
(GK) promoter drives the expression of green fluorescent protein (GFP), was created to
provide a marker for nutrient sensing neuroendocrine cells in the body.

Green Fluorescent Protein (GFP)
The Pacific Northwest jellyfish, Aequorea Victoria, produces a green fluorescent
protein (GFP) (Prasher, 1992; Chalfie, 1994). Since this fluorescent molecule is a
protein, its structure and expression are encoded within DNA. The coding sequence of
this fluorescent protein has been fused to various genes of interest to allow for detection
of the gene expression in living cells (Hadjantonakis, 2001) by monitoring expression of
the GFP fluorescence signal. Moreover, by fusing the GFP sequence to a gene of
interest, when the tagged gene is activated in a cell, GFP fluorescence is expressed
(Hadjantonakis, 2001). It is very important that GFP not interfere with protein function,
but equally important that the protein not affect the fluorescent capabilities of the tag.
The compact and stable nature of GFP helps prevent proteins from interfering with its
fluorescent potential and to date, no thorough analysis of GFP affecting protein function
has been published. However, there are examples of when proteins are targeted correctly
(Tompkins et al., 199x). Due to these properties, many variants of GFP have been made
where fluorescence is enhanced or the spectral characteristics are shifted.
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The wildtype GFP has two absorbance peaks, a major absorbance peak at 395 nm
and a minor absorbance peak at 470 nm, allowing it to be excited by UV or near LfV
wavelengths (Margolini, 2000). Illuminating cells with near-ultraviolet light elicits a
bright green fluorescence. Variants of GFP have distinct advantages over the wild type
protein. Specifically, a red-shifted variant of enhanced green fluorescent protein (EGFP)
has its excitation spectra shifted toward a longer wavelength, 480nm, while maintaining
its emission spectra around 5 lOnm. This shift to a longer wavelength has 2 distinct
advantages, UV light is not required for excitation of EGFP, and EGFP can be used in
concert with the wild type GFP. Exciting the red-shifted GFP with blue light instead of
UV light decreases the amount of photodamage to cells or tissues. A variety of the
mutant GFPs have been engineered to fluoresce more brightly; that is, with a higher
quantum yield (Cormack, 1996). Several other GFP mutants emit colors ranging from
blue to yellowish green (Tsien, 1998). While the EGFP variant is useful due to its high
resistance to photobleaching, the Enhanced Cyan Fluorescent Protein (ECFP) and
Enhanced Yellow Fluorescent Protein (EYFP) provide alternative choices for tagging
specific genes. Neither of these two mutants can easily be used with GFP due to their
overlapping spectral peaks, but they can be used together. ECFP and EYFP have
excitation peaks at 434nm and 514nm and emission peaks at 477nm and 527nm,
respectively, and ECFP is fairly resistant to photobleaching (Patterson, 2001). The
addition of Red and Blue Fluorescent Proteins (dsRed and BFPs) (Matz, 1999; Miyawaki,
1997; Heim, 1994) has broadened the molecular capabilities of fluorescent tags. BFPs
are excited by near UV light with an excitation peak at 383nm and emission peak at
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445nni (Patterson, 2001) and can be used in dual-labeling studies, but their fluorescence
intensity is low and the UV light poses photobleaching problems. Red fluorescent
proteins are further red-shifted with an excitation peak at 5S8nm and emission peak at
583nm and can easily be used for dual-labeling studies with any of the previously listed
fluorescent proteins (Patterson, 2001). Red fluorescent proteins also have the noticeable
advantage of being the most resistant tag to photobleaching.
Selection of a fluorescent probe should therefore take into account the
wavelengths of the probe of interest, its ability to be used with other probes for dual
labeling studies and its photobleaching characteristics. Picking the fluorescent protein in
a range where tissue and cell autofluorescence is minimal is a primary factor to consider.
Most tissues autofluoresce yellow-green, so choosing a probe that fluoresces in this range
may make identification of labeled cells difficult. Information about each of these details
can help perfect the use of this versatile protein to see when and where a gene is
expressed in the living organism.

Glucose Sensing
Specific cells that sense changes in ambient glucose concentrations is located
within specific organs in mammals. The pancreatic P-cell responds to increases in
ambient glucose concentrations by initiating a controlled secretion of insulin. The P-cell
is the best characterized of a small subset of nutrient-sensing cells because it is the most
abundant, although it accounts for only 5% of the pancreatic cell mass. Several other, but
less numerous, nutrient sensing cells are found in specific regions of the hypothalamus.
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distal stomach and proximal small intestine (Jetton et al., 1994). Each of these regions is
believed to be involved in elaborating signals that are used for maintaining energy
homeostasis (Jetton et al., 1994). Certain nuclei in the hypothalamus have been shown
to play a role in glucose sensing (Oomura, 1992; Jetton, 1994; Navarro, 1996; Levin,
1996; Schwartz, 1999; Roncero, 2000; Lynch, 2000; Song, 2001; Alvarez, 2002), along
with cells in the distal stomach (Jetton, 1994; Schuit, 2001 and proximal intestine (Bell,
1990; Jetton, 1994; Waeber, 1995; Schuit, 2001), but each of these cell types seems to be
responsible for different roles in the overall maintenance of body weight. Glucose
sensing cells in the distal stomach and intestine may sense glucose within a meal as well
as discern different types of nutrients, allowing them to be involved in the beginning
stages of the response to a meal. These cells probably act as sensors to initiate a cascade
of events resulting in a release of insulin from the beta cell as well as to communicate
with the hypothalamus about the levels or types of nutrients consumed. Typically, the
plasma glucose concentration is approximately 5mM, but neurons within the
hypothalamus are normally exposed to concentrations that range from 1 mM to 3mM
(Silver, 1998). However, there may be regions in the brain such as the arcuate nucleus in
the hypothalamus that can sense plasma glucose concentrations due to the fenestrated
capillary network surrounding this region. The difficulty in obtaining these cells in
substantial numbers or purities, has made it difficult to characterize these subtle
discrepancies or the mechanisms by which these cells sense changes in nutrient levels.
Therefore, our intent was to design a system where nutrient sensing cells can be
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identified within an organ and possibly isolated and purified in significant numbers for
further study.
The enzyme glucokinase (GK) is required by the pancreatic P-cell for glucose
sensing and appears to be exclusively expressed in glucose sensing cells (Jetton, 1994;
Navarro, 1996; Roncero, 2000; Lynch, 2000; Alvarez, 2002). Our previous work on
developmental expression of GK (Chapter 2) demonstrated the specificity of GK found in
the hypothalamus. Since the GK in the hypothalamus is identical to the pancreatic form
of GK and this form of GK is only expressed in the p-cell, hypothalamus and possibly in
the gastrointestinal tract (Jetton, 1994), using the beta cell form of the GK promoter to
identify these nutrient sensitive cells seemed ideal. GFP was attached to the p-cell GK
promoter along with the SV 40 intron to create a transgene. This GK-SV40-GFP
transgene was injected into a pseudo-pregnant mouse to produce a transgenic animal
expressing GFP in all glucose sensing cells. Previous research (Jetton, 1994;
Hadjantonakis, 2001; Spergel, 2001; Matsushita, 2002; Van Den Pol, 2002) indicates that
expression of GFP fluorescence in a transgenic mouse allows for identification of cell in
which it is expressed. Thus to facilitate the identification and isolation of these nutrientsensing cell types, we engineered a transgenic mouse line in which the P-cell GK
promoter drives expression of Green Fluorescent Protein in all glucose sensing cells.
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4.3 MATERULS AND METHODS
Overview of Transgenic Strategy
The overall goal in creating this mouse was to establish a line of transgenic
animals that express GFP only in cells that sense changes in glucose concentrations. To
do this, we inserted the coding region for GFP distal to the sequence encoding the GK
promoter. An intron was inserted to optimize the release of mRNA from the nucleus to
facilitate protein translation (Brinster, 1988; Palmiter, 1991) (Figure 4.1). TheGK
promoter was isolated from the mouse genome and ligated into the Multiple Cloning Site
(MCS), a region of the plasmid containing a large number of restriction enzymes for
ligations, of the EGFP plasmid. The Enhanced Green Fluorescent Protein (EGFP)
plasmid contained the GFP of interest, the Cytomegalovirus Beta (CMVP) plasmid
included the SV40 intron, and the GEM-3Zf(-) plasmid was utilized to match specific
restriction enzymes in the EGFP plasmid for the final ligation.
The beta cell form of the GK promoter was cut from the GK gene and amplified
with PCR. Using the restriction enzyme cut sites for Eco47 III and Bgl II, the GK
promoter was ligated into the MCS region of the EGFP plasmid. The SV 40 intron was
cut out of the CMVp plasmid using Xho I and Xma I enzymes and ligated into the GEM3Zf(-) plasmid to obtain restriction enzyme sites that would allow us to ligate the intron
into the EGFP plasmid. The intron was then cut out of the GEM-3Zf(-) plasmid with
Xma I and Hind III and ligated into the EGFP plasmid between the GK promoter and the
GFP coding sequence.
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1. CMVp plasmid: cut plasmid with Xho I and Xma I
Xho I

Xma 1
SV40iiitioa

—\

2. GEM-3Zf(-) plasmid: cut plasmid with Xma I and Sal I
EcoRJ

Xma I

Sal 1

Hind III

3. Ligate the purified ~200bp SV 40 intron into the cut GEM-3Zf(-) plasmid

EcoRJ

Sal I/Xho I
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Xma 1
SV 40 intron

Hind III

~

4. Cut this product with Hind III and Xma I and cut the EGFP plasmid with Hind III and
Xma I, then ligate the product into the MCS region of the EGFP plasmid between the GK
promoter and the GFP:
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5. This final product is then cut out of the EGFP plasmid using the Eco47 III and Afl II
restriction enzymes. The final product before the final cut is seen in Figure 4.1.

102

GK promoter

kanamycin

An II

EGFP

Bgl II
Sac I
Hind III
. Sph I
PstI
f| Hindi
SV40
g Acc I
f Hpa I
PpuM I
BamH I
Sac II
Xma I
Bam HI
Age I

Figure 4.1 Diagram of the final GK-GFP plasmid containing the GK promoter and the
SV40 intron ligated into the EGFP plasmid. This is the plasmid construct design before
the final cut to linearize the DNA for microinjection into a mouse oocyte. The linearized
product contained the GK promoter, the SV40 intron and the EGFP segment.
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Enhanced Green Fluorescent Protein (EGFP) Plasmid
The pEGFP-l (Genbank Accession # U55761) 4.2kb plasmid from BD
Biosciences Clontech (#6086-1) is a red-shifted variant of the wild type OFF (Figure
4.2). This plasmid has been optimized to elicit a higher expression number and produce a
brighter fluorescence in mammalian cell types (excitation at 488nm, emission at 507nm).
Because this vector does not contain a promoter, it can be used to monitor transcription
from any promoter inserted into the multiple cloning site (MCS) located upstream of the
EGFP coding sequence. The MCS region contains a multitude of restriction enzyme
sites that can be utilized to insert the promoter of interest.
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fco47lll
BglW Uto\ \ N//idi|l fcufll P$t\ Ml Kpal~\ Tpal \ S«aiHI *g«[
SacI
A;cl ibpTISI \ flsplMI
Xau\
CcfiX II
Sac II
Sttu I

Figure 4.2 Clontech's diagram of the EGFP plasmid showing the MCS, Multiple
Cloning Site, region containing a large number of restriction enzymes, the EGFP gene
and Kanamycin (Kan) specific region.
http://www.clontech.com/techinfo/vectors/vectorsE/pEGFP-1 .shtml
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Mouse GK Promoter
The mouse P-cel! glucokinase promoter was isolated from the mouse genome (a
gift from Dr. Jay Hoying) by utilizing primers specific to the 556 base pair promoter and
standard PCR technology (Wang, 1988). Because the MCS region in the EGFP plasmid
and the beta cell promoter region have Eco 47III and Bgl II restriction sites, we chose the
primers to match these regions. After isolation of the GK promoter, restriction sites for
both Eco47 III and Bgl II were engineered into the promoter to enable ligation into the
MCS region of the EGFP plasmid. The GK promoter region was sequenced to verify that
we had the region of interest. The primer sequences used are listed below.

Mouse Islet GK Promoter PCR product 556 bp (Wang, 1988)
GenBank Ascension # L38989
Forward 5' TAG AGG GCT CTG CTC CTT AG 3'
Reverse 5' GGC TCA GTC ACA GTC GGT GC 3'

Mouse Islet GK Promoter PCR product 573 bp
GenBank Ascension # L38989
Eco47 III Forward 5' GAG CCA GCG CTG TTC AGG TC 3'
Bgl II Reverse 5' TTC CAG ATC TGC TGA GCT G 3'
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Cytomegalovirus Beta (CMVP) Plasmid - Synthetic Intron (SV 40 SD/SA)
The CMVp (Genbank Accession it U02451) 7.2k:b plasmid is a reporter vector
designed to express P-galactosidase in mammalian cells (Figure 4.2). The plasmid is
from BD Biosciences Clontech (#6177-1) and was of primary interest in the development
of the transgenic mouse due to its SV40 splice donor/splice acceptor intron. Intron I in
the mouse GK gene is approximately 7000 bases (Ishimura-Oka et al, 1995), and
therefore too large to use as an intron to effectively help optimize the release of mRNA
from the nucleus. Brinster et al., (1988) determined that there was an average 10-100
fold increase in mRNA produced from an intron containing construct. Hammer and
Leder (1979) demonstrated that if at least one splice site was retained, the stable mRNA
was produced and it has even been shown that the addition of a heterologous intron could
stabilize transcripts that were missing a late gene intron (Gruss, 1979 and 1980). Introns
can function to accelerate the evolution of proteins with different properties (Gilbert,
1978; Sudhof, 1985), allow differential joining of exons during splicing (Breitbart, 1985;
Leff, 1986) or facilitate transcription of specific genes (Brinster, 1988). While it has
been shown that some genes will produce approximately equal amounts of mRNA
regardless of the presence an intron (Carlock, 1981; Triesman, 1981; Ng, 1985; Chee,
1986; Gross, 1987), it is because these introns can function to accelerate the development
of proteins with various properties (Gilbert, 1978; Sudhof, 1985), allow differential
joining of exons during splicing (Breitbart, 1985; Leff, 1986) or facilitate transcription of
specific genes (Brinster, 1988), that we decided to add an intron to the GK-GFP
construct.
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Figure 4.3: Clontech's CMVp plasmid. The SV40 SD/SA section was cut out with Xho
I and Sma I to be inserted into the EGFP plasmid after the GK promoter and before the
GFP segment. http://www.ciontech.coni/techinfo/vectors/vectorsC/pCMVbeta.shtml
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pGEM -3Zf (-) Vector
The pGEM -3Zf(-) (Promega #P226I) vector was utilized to provide more
restriction enzyme cut sites in the EGFP piasmid (Figures 4.3 and 4.4). Both the Sma I
and Sal I sites were used to cut open a section in the MCS region of the pGEM -3Zf(-)
vector. Xho 1 and Xma I were used to cut the sites surrounding the SV40 intron In the
CMVp piasmid and this SV40 intron was then ligated into the pGEM-3Zf(-) vector. The
resulting vector, pGEM-3Zf(-) with the SV40 intron, was cut using the enzymes Xma I
and Hind III, to section out the SV40 intron with restriction enzymes now attached that
enabled ligation of the intron into the EGFP piasmid.
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Figure 4.4: Promega's GEM-3Zf(-) plasmid was utilized to obtain specific restriction
enzyme sites to match those in the pCMB vector and the pEGFP plasmid, to allow for
ligation of the pCMVp intron into the EGFP plasmid.
http://www.promega.eom/tbs/tb045/tb045.html
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DNA Miniprep for Plasmids
To obtain plasmid DNA and eventually isolate the sections of interest from each
of the 3 different plasmids, we utilized a DNA miniprep designed by our collaborators in
the Galbraith laboratory. Two microliters of the EGFP plasmid was added to 1 vial of
One Shot competent cells, 2 fil of the CMVp plasmid was added to a second tube of One
Shot cells, and 2\xl of pGEM -3Zf(-) vector was added to a third tube of One Shot cells
(Invitrogen # C4040-I0) and each tube was gently mixed. The reactions were incubated
on ice for 30 minutes and at the end of this time period the cells were heat shocked at
42°C for 30 seconds and then placed back onto ice. Two hundred and fifty microliters of
SOC medium (200ml - 4g bacto-tryptone, DIFCO Laboratories #0123-01-1; Ig bactoyeast extract, Gibco #30393-029; O.lg NaCl, Sigma #S-9888; 250mM KCI, Sigma #P3911; 0.41g MgCN, Sigma #M-8266; 0.72g Glucose, Spectrum #D1017; pH 7.0) was
added to each mixture and the tubes were placed in a 37°C shaking incubator overnight.
The next morning, 20|il - 200|il of the cells were plated onto Kanamycin (50fig/ml) LB
solid plates (lOg bacto-tryptone, 5g bacto-yeast extract, lOg NaCl, 7.5g bacto-agar,
Sigma #A-5306), for the EGFP plasmid and onto Ampicillin LB plates for the CMVp
and pGEM -3Zf(-) plasmids, and incubated overnight at 37°C. A colony from the EGFP
plate was chosen, placed into 2ml of Kanamycin (50(ag/ml) liquid LB Broth (lOg bactotryptone, 5g bacto-yeast extract, lOg NaCl) and a colony from the CMVp and pGEM 3Zf(-) plates were placed into separate 50|ag/ml Ampicillin in liquid LB Broth and grown
overnight.
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The liquid cultures were removed from the 37°C shaking incubator and
centrifiiged for 5 minutes at SOOOrpm.. The supematants were removed and each pellet
was resuspended in 300(al STET (20g sucrose, Sigma #S-5016; 250fal of 0.1% Triton X100, Sigma #X-100; 50mM EDTA, Sigma #ED2SS; 50mM Tris-Base, Sigma #T-1503;
pH 8.0) and 20fil of a lysozyme/RNase mixture (add lO^il of RNase A to SOO^il of 50mM
Tris, pH=8.0, lOmg/ml lysozyme) at room temperature for 1 - 10 minutes. Each tube
was covered and placed in boiling water for 2 minutes. At the end of this period, the
tubes were centrifiiged at MOOOrpm for 5 minutes at room temperature. The pellets were
suspended in a volume of 75% isopropanol:2.5M NH4OAC equal to the supernatant. The
tubes were again centrifiiged at I4000rpm for 5 minutes and the supematants were
discarded. Pellets were washed with 70% ethanol and air-dried. Each DNA pellet was
resuspended in lOOjal of water and used in restriction digest experiments. This protocol
was obtained through personal communications with M. Deyholos, Ph.D., University of
Arizona.

Restriction Enzymes
Table 4.1:
Company

Catalog #

Cut Sites

Eco47 III

Promega

R6731

AGCGCT

PstI

Gibco

15215-015

CTGCAG

Hind III

NEB

104S

AAGCTT

Xma I

NEB

180S

CCCGGG

Xhol

Gibco

15231-012

CTCGAG

Sail

Gibco

15217-011

GTCGAC

BamH I

NEB

R0136S

GGATCC

Bgl II

NEB

144S

AGATCT

Kpn I

Gibco

15232-010

GGTACC

Afl II

Gibco

15466-014

CTTAAG

EcoR I

NEB

lOlS

GAATTC

Restriction
Enzyme
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Development of the GK-GFP Plasmid
To insert the glucokinase promoter into DNA from the EGFP plasmid,
complementary restriction sites in the MCS region were utilized. The pEGFP-1 plasmid
was cut using Eco47 III and Bgl II and the GK promoter was ligated into this region. For
each restriction digest, 5|il of the plasmid DNA from the miniprep was added to 4|il of
the appropriate lOX restriction enzyme buffer, Ifal of restriction enzyme (Table 4.1) 30|il
water and incubated for 30 minutes at 37°C. After the GK promoter was inserted into
pEGFP, the SV40 region from the pCMVp was cut out and spliced into the pGEM3ZF9(-) vector. The region in the pGEM-3ZF9(-) vector, now containing the SV40
intron, was cut from the vector and ligated into the EGFP plasmid with Hind III and Xma
I. Controls for each step involved further cutting the plasmid and running products out
onto agarose gels tested size of products after transformations, restriction enzyme cuts or
ligations. The final plasmid consisted of the GK promoter, SV40 intron and GFP
sequence followed by the rest of the vector. This plasmid was then linearilized using the
Afl II restriction enzyme for a 1.3kb DNA product for oocyte injections.

DNA Tail Clips
PRODUCTION OF TRANSGENIC MICE
Transgenic mice expressing the GK promoter GFP construct were developed
using standard transgenic technology in the laboratory of Functional and Molecular
Imaging at the NIH. Briefly, the linear construct was microinjected into a mouse oocyte.
The oocyte was placed into a pseudopregnant female and the pups were tested for
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presence of the transgene. Animals testing positive for the GK-GFP DNA were
crossbred to develop a line of homozygous transgenic animals. Tail clips from mice were
collected by cutting a small 1mm piece of tail and placing it in 1.5ml Eppendorf tube on
ice, to which 20(il of Proteinase K (Qiagen #19131,10mg/ml) and 500|al of a DNA tail
solution (50ml IM Tris-Cl, pH 8.0; 5 ml EDTA; 20ml NaCI; 5 ml 20% SDS; 420 ml
dH20) are added. The mixture was slowly swirled before placed in a 55°C water bath for
3 hours. After the incubation, the tube was vortexed and centrifuged at 13,000rpm, 4°C
for 30 minutes. After centrifiiging, the supernatant was poured into a new tube and 500|al
of ice-cold isopropanol was added and the tube was shaken until DNA pellet forms. The
pellet was placed into a new tube with 200(il of Tris-EDTA, pH 8.0 and the tube was put
in a 55°C water bath for 1-2 hours to further dissolve the DNA pellet. Using the primer
sequences listed below for analysis of GFP genomic DNA. 18.25|al dH20 was added to
2(il dNTP's (Perkin Elmer #N808-0007), 2.5fil Reaction Buffer (with 15mM MgCl^),
l.Ojil of each Primer, 0.25 ul Taq (Promega #M2665, in storage Buffer B) and 1.5|al of
DNA for a 25^1 PGR reaction. The PGR program was as follows: 94°G for 1 minute,
60°C for 1 minute, 72°C for 2 minutes for 30 cycles. Founder mice identified as positive
for the DNA construct were propagated to establish several transgenic lines.

GFP PGR product 340 bp (Wang, 1998)
GenBank Accession # X53598
Forward 5' ATG GTG GTG GAG GTG GAG G
Reverse 5' TGG TCA GGT AGT GGT TGT GG

115

RT-PCR on Transgenic Mice
Animals were kept on a 12:12 h light:dark cycle at 22-23°C with food and water
ad libitum. Brain, heart, liver, pancreas, stomach, muscle, and intestines were collected
from adult control and transgenic animals by lACUC approved procedures. Mice were
anesthetized with CO2 and euthanized by decapitation after which the tissues were
removed. All dissecting instruments were steam sterilized and rinsed with sterile Hank's
Balanced Salt Solution (HBSS) containing 5mM glucose and 4mM vanadyl
ribonucleoside complex (VRC; GIBCO BRL, Gaithersburg, MD) to inhibit RNase
activity. The HBSS contained (in mM): 138 NaCl; 5.0 KCl; 0.3 KH2PO4; 2.0 NaHCOj;
0.3 Na2HP04; 10.00 N- [2-Hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]
(HEPES); 1.3 CaCh; 5.0 MgCb; 0.4 MgS04. All tissue samples were briefly rinsed in
ice-cold dissecting saline and taken through Qiagen's RNeasy mini prep procedure
(Qiagen, Valencia, CA). Briefly, samples from adult animals were placed in individual
tubes with Qiagen's RLT Buffer and homogenized with a PowerCen homogenizer 125
(#54682 CE) for 30 seconds. After each sample was homogenized, the homogenates
were placed into individual Qiashredders and all tubes were centriftjged at 13.2K for 2
minutes. Ethanol was added to the flow-through and this mixture was placed over an
RNAeasy mini column and centrifliged at 10,000rpm for 15 seconds. The DNase-RNase
free set was utilized to remove any DNases. Buffer RPE was added to each column twice
and the columns were again centriftjged at 10,000rpm. To elute off the RNA, RNase free
water was pipetted directly onto the RNeasy silica-gel membrane and the columns were
centrifuged for 1 minute at 10,000rpm. The RNA concentration of all samples was
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determined using a Beckman Coulter Spectrophotometer (#605168-AA) and samples
were placed in an -80°C freezer overnight after the addition of ethanol and 3M sodium
acetate.
The original plasmid construct and tissue from the original positive transgenic
founder were used as positive controls. Negative RT-PCR control samples to test for
cross-contamination or genomic DNA contamination were either filter sterilized
autoclaved water, cDNA collected from tissues that do not express the gene of interest, or
1 fig of sample-matched DNase-treated RNA. At least three different total RNA samples
were reverse transcribed and PCR analysis was performed for each gene of interest to
ensure accuracy of results. Specific details will be given in each section.
All samples were removed from the freezer and centrifuged for one hour at
14,000g. The supernatant was removed and the pellet was washed with ethanol before
re-centrifuging and then air-drying the pellet. All samples were resuspended in 20(aL
diethylpyrocarbonate (DEPC) treated water and reverse transcribed. 2^g of RNA was
used to synthesize single stranded cDNA in the following reaction carried out at 37°C for
1 hour: Ifig of random primer (Invitrogen #48190-011) 200ng ofoligo dTPs (Invitrogen
#N42001), 2mM dithiothreitol (Invitrogen #15508013), 50 units of RNase Inhibitor
(Invitrogen #10777019), 50 units of M-MuLV Reverse Transcriptase (Invitrogen #2802513) and ImM dNTPs (Fisher #E0032003303) in buffer containing (in mM): 50 Tris-HCl,
pH 8.3; 75 KCl; 3 MgCli. lOOng of cDNA template were used in the following 50^L
PCR reaction: lOOpmol of sense and antisense primers, 10 X Taq buffer, 0.4mM dNTPs
and 2.5 units of Taq polymerase (Fisher #£0032007724). The 10 X Taq buffer

contained: lOOmM Tris-HCl, pH 8.3; 500mM KCl; 1% Triton X-IOO and 15mM MgCb.
As a control for genomic contamination, Ifig of DNase-treated RNA was used. The PCR
reactions were carried out in an Eppendorf mastercycler gradient (Fisher #12910) in the
following sequence: 5 minutes at 94°C to denature the templates, then 30 cycles of 1
minute at 94°C, 2 minutes at 50°C and 1.5 minutes at 72°C with a final 10 minute hold at
72°C before storage overnight at 4C. 8^L of each PCR product was loaded onto a 2%
agarose-TAE gel and electrophoresed at 80V for 2 hours. DNA was visualized by
ethidium bromide staining and photographed.

EGFP - Sections
To determine if GPP fluorescence was present in nutrient sensing cells in specific
organs, transgenic animals were perfusion fixed with 4% paraformadehyde and 0.1%
gluteraldehyde. Briefly, mice were anesthetized with Avertin (IP), and the abdominal
cavity exposed. A 24-gauge needle was inserted into the left ventricle of the heart, and
perfusion of saline initiated. An incision was made in the right aorta to release systemic
resistance. After the liver cleared of blood (normally 5-10 minutes of saline perfusion),
the perfusion solution was changed to 4% paraformaldehyde: 0.1% gluteraldehyde and
perfusion was continued for another 10 minutes. Stiffness of the musculature and
blanching of the liver were used to verify a proper fixation. Each tissue of interest was
removed and either sent to the Histology Laboratory for paraffin embedding and 7|am
sections or embedded in agar (Sigma #A-7002), sectioned (20-60nm) and viewed for the
presence of GFP. The agar embedded tissue segments were sectioned (20|im to 60|im
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thickness) using a vibratome (Pelco 101 #054018). For all samples, EGFP expression
was analyzed using an Olympus 1X70 wide field microscope equipped with a Mercury
lamp for excitation. Dual-label studies were performed to evaluate cell type specific
expression. The student's unpaired t-test was used to determine significance and
significance was placed at p< 0.05.

Immunocytochemsistry
Tissue sections from fixed animals were removed from the paraformaldehyde
gluteraldehyde IX PBS solution and placed into 50mM glycine, pH 7.4, for 2 x 5 minutes
and then permeabilized with 0.1% Triton X-100 (50ml of 20X SSC (20X SSC: 88g NaCl,
44g Sodium Citrate per 500ml, pH 7.4), 500fil Triton X-100 per 500ml). Tissues were
incubated with the primary antibody (Anti-Porcine Insulin, ICN #651041; Anti-Rabbit
GFP, Clontech #8367-1; Anti-Rat GK antibody is a product of the Lynch Lab) at a 1:200
dilution for 1 hour, rinsed 3 times in antibody wash (50ml of 20X SSC, 250|il Triton X100) and the secondary antibody was applied for 1 hour. After labeling, slides containing
the tissues were mounted in a glycerol buffer containing the antioxidant
paraphenylenediamine (2ml lOX PBS, 18ml glycerol, 20mg p-phenylenediamine per
20ml) and analyzed for insulin, EGFP or GK.

119

4.4 RESULTS
A gene construct was made by inserting the glucokinase promoter and an SV40 intron
into a plasmid containing the enhanced green fluorescent protein (EGFP). By driving
expression of the EGFP in sequence with the glucokinase promoter, every cell that makes
glucokinase will also produce GFP and in theory enable location of glucose excitatory
cells by visualizing for GFP fluorescence. This construct was transfected into an
insulinoma cell line that overexpresses GK to verify that the sequence would produce the
green fluorescent protein. The SV40 intron was inserted to help optimize the release of
mRNA from the nucleus. Mice were then produced by standard transgenic technology.
Tail clips from the original colonies verified the presence of the transgene (Figure 4.5) in
2 separate founders. Preliminary data indicate that GFP RNA is present in the pancreas
of transgenic animals (data not shown) and that pancreatic tissues express GFP in the
transgenic animals from founder 1. Because no positive RNA was obtained or GFP
fluorescence seen in the second line of transgenics, these animals were believed to have
incorporated the GK-GFP transgene into their genome but were incapable of expressing
the protein; therefore, we focused on animals from founder 1. We decided to focus on
GFP fluorescence in pancreatic islets because these cells are organized within discrete
structures, the islet of Langerhans. Data from the first founder line showed that GFP can
be visualized in the transgenic pancreas, but not in the litter matched control (Figure 4.6).
Because the islet promoter was used to make the transgene, expression levels of GFP
should theoretically be easiest to find in the pancreas. Expression levels appear highly
variable between islets in a given transgenic animal. Although GFP fluorescence in these
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transgenic animals was erratic, the percent fluorescent intensity from transgenic samples
was statistically higher than the intensity from controls (Figure 4.7). GFP fluorescence in
an islet decreased with time from sectioning (Figure 4.7). To verify that the GFP
fluorescent was present specifically in islets, anti-insulin labeling was performed. Insulin
labeling was done on both control animals (Figure 4.8) and on transgenic animals (Figure
4.9 and 4.10) to verify the presence of an islet and in the case of a positive transgenic
animal, to verify the presence of an islet that also expressed GFP fluorescence. A
significant problem that we observed with this model is a decline in fluorescence levels
of GFP over tim.e in positive samples. The majority of the samples were analyzed within
a day or two of sectioning, but samples analyzed after this time period showed decreased
levels of GFP fluorescence. To determine if the fluorescence level of GFP decreased
with time, fluorescent intensity in several positive islets was analyzed on day 1 and again
6 days after sectioning (Figure 4.7). GFP fluorescence in the transgenic animals was
statistically higher (p<0.05) than that in control animals and the GFP fluorescence in
transgenic animals 1 day after sectioning was statistically higher (p<0.05) than the GFP
fluorescence 6 days after sectioning.
GFP expression also was analyzed in other regions where glucose sensing cells were
observed, specifically cells in the stomach. GFP has been found in a small number of
cells in the distal stomach (Figure 4.11), proximal duodenum and arcuate nucleus of the
hypothalamus (data not shown). Data from the stomach suggest that glucose sensing
cells are located only in the distal region near the pylorus. The majority of GFP
expression seen appeared to be present in the crypt cells, although some expression was
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seen in microvilli. Data from the proximal intestine and arcuate nucleus were very hard
to come by and an accurate assessment of which cells GFP was present in was difficult to
make. Expression in these areas was inconsistent, even when GFP fluorescence was seen
in the pancreas from the same animal.

Figure 4.5 Tail clip data from the original colony. Two different mice expressed the
GK-GFP transgene allowing 2 separate colonies to be established (Founder #1 and
Founder #2).
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Transgenic Islet

Control Islet

Figure 4.6 The image on the left depicts a transgenic mouse pancreatic P-cell with GFP
fluorescence. The photo on the right is a litter matched negative control. GFP
fluorescence from control animals was either non-existent (depicted as a dark cell) or
slightly above background fluorescence. GFP fluorescence from a transgenic animal was
statistically higher (p = 0.0009) than fluorescence from controls.
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Figure 4.7 Graph depicting the percent fluorescent intensity of control animals versus
GFP fluorescent intensity of transgenic animals on day 1 and day 6. Values were
obtained by dividing the islet GFP fluorescence by the background fluorescence of nonislet tissue 1 or 6 days after sectioning. GFP fluorescence in the GK-GFP transgenic
animals was statistically higher than fluorescence in controls, * (p = 0.0009) and GFP
fluorescence was statistically higher in day I transgenics versus day 6 transgenics, **
(p=0.0045).
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GFP Fluorescence

Insulin

Figure 4.8 GFP fluorescence in control animals. The image on the left shows that there
is no natural GFP fluorescence in a control pancreas (the small amount of bright
fluorescence in the image on the left is from red blood cells not completely perfused out
of the pancreas). The image on the right shows the same control pancreas labeled for
anti-insulin. Anti-insulin labeling was used to identify the spatial domain of an islet of
Langerhans.
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GFP Fluorescence

Insulin

Figure 4.9 Transgenic islet with GFP fluorescence. The image on the left is an islet from
a GK-GFP transgenic mouse expressing the construct. GFP fluorescence is visible in the
islet of Langerhans, but not in the surrounding tissues. The image on the right is the
same islet labeled with anti-insulin.
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GFP Fluorescence

Insulin

Figure 4.10 Transgenic P-cells with GFP fluorescence. These photos are from a GKGFP transgenic mouse. GFP fluorescence is seen in the photo on the left in a small goup
of cells believed to be pancreatic beta cells. The anti-insulin labeling is depicted in the
photo on the right.
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Control Stomach

Transgenic Stomach

Figure 4.11 Control and transgenic images from the distal stomach. The photo on the
left was obtained from a control animal. The photo on the right depicts GFP fluorescent
labeling in the distal stomach of a GK-GFP transgenic mouse.
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4.5 DISCUSSION
By driving EGFP expression with the GK promoter, every cell that manufactures GK
also should produce GFP, thereby enabling visualization of glucose sensitive cells
throughout the body. Using this logic we attempted to design an animal model that
would enable researchers to not only view GFP in specific cell types, but to allow GFP to
act as a marker targeting these cells for in vitro or in vivo assays, immunocytochemical
techniques and RT-PCR technology to fully characterized these glucose sensing cells.
Our preliminary results indicate that the heterozygote animal has highly variable
expression levels of GFP in the neuroendocrine cells tested. GFP RNA was detected in
some transgenic pancreatic tissues and GFP fluorescence was seen in the pancreas, with
variable expression also observed in the distal stomach, proximal intestine and
hypothalamus. To verify that the GFP fluorescence was targeted to the correct tissue
types, antibody labeling was used. Anti-insulin labeling confirmed that GFP
fluorescence coincided with pancreatic islets of Langerhans in all cases where GFP
fluorescence was seen. Moreover, non-islet regions didn't express GFP, indicating that
the promoter is not promiscuous.
Development of this transgenic line has presented a multitude of challenging
problems, most notable being the lack of protein expression in several lines of animals
that tested positive for the GK-GFP DNA. In separate lines expressing the protein, the in
vivo regulation of the GK promoter may have influenced expression levels in any given
animal and the low copy number may act to impede visualization of GFP. The GK
promoter has a very low activity rate; therefore, altering conditions to increase promoter
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activity may enable us to increase the yield of GFP. It has been suggested that the
majority of successful expression of wild type GFP fluorescence in mammalian cells
required strong promoters such as that from cytomegalovirus (Rizzuto, 1995; Pines,
1995; Cubitt, 1995). If this is true for wildtype GFP, it may also hold true for any of the
other fluorescent proteins. Because the GK promoter initiates GK gene transcription, its
utilization for design of the transgenic animal was essential to ensure that only cells of
interest were targeted with the transgene. However, the subsequent low level of
expression (Magnuson, 1992 and personal communication with D. Piston) has proven to
be a difficult problem to overcome. Suggestions for increasing tissue specific GK and
thereby EGFP expression in vivo involve modifying the animal's diet or changing the
time of day the animal is sacrificed to select tissue only when promoter activity is
highest. Alternatively, re-designing the construct also may help improve expression.
Several approaches with respect to re-designing the construct could be undertaken. More
EGFP coding regions could be added in sequence to the construct to amplify the overall
amount of GFP produced or increasing the length of the poly A tail to slow mRNA
degradation may help increase GFP expression. Enhancers or cis-acting elements, which
bind to proteins that influence transcriptional initiation or elongation, could be added into
the construct to increase GFP expression levels or increase the activity of the promoter.
However, this suggestion may also create a problem, for if we increase GFP expression in
a cell, it may be toxic and damage the cell. Another suggestion could be to choose a
different variant of GFP which may make visualizing expression levels much easier,
especially if a red form of the fluorescent protein (FP) was used. Tissue autofluorescence
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tends to be broad, peaking in yellow-green using standard filter sets for fluorescein (480
excitation/530 emission), INDO for the blue (430 excitation/480 emission), and some in
the red wavelengths, TxRed (590 excitation/610 emission), we observed significant
autofluorescence. However, little or no autofluorescence was observed at far red
wavelengths used for Cy5 (640 excitation/670 emission) imaging. Thus utilizing a Cy5
red tag may be optimal. Hence, this variant form of the fluorescent tag would optimize
fluorescence from the expressed tag relative to the tissue autofluorescence ensuring that
the imaging and identification of a glucose sensing cell marked with a Cy5 GK promoter
driven red tag is optimized. The last suggestion and most interesting could be to target
the construct to a compartment where it is concentrated and perhaps tightly bound so that
it is not turned over quickly. For example, by targeting the FP to the nucleus,
fluorescence would be concentrated to increase the signal relative to the organelle
volume. And if the transgene is designed to bind to a nuclear component, such as
histones, the transgene may have a decreased turnover time. To address the fixation
problem, the transgene could be designed to contain several free NH4 side groups, which
should prevent the GFP from diffusing out of the cell when fixed with paraformaldehyde.
Initially, this would ensure that even if small amounts of GFP are made, their presence in
such a tiny organelle versus diffusion throughout the cytoplasm and attachment to a
nuclear component could increase GFP visualization and enable easy identification of
these nutrient sensitive cells.
The last and perhaps most interesting problem associated with the GK-GFP
transgenic line is the decrease in GFP fluorescence in sectioned tissues over time. This
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problem was noted, but initially dismissed with the belief that perhaps our original
assessment of the section was incorrect. After discussions with the Magnuson and Piston
group, we learned that they also noted this decrease or disappearance of GFP expression
in sectioned tissues stored for more than a week. Neither group has yet resolved how to
deal with these issues, but targeting the transgene to the nucleus, re-designing the
transgene to contain elements to bind to nuclear components or using a different GFP
variant may allow us to overcome these problems. One thing is definite, the accurate and
immediate evaluation of sectioned tissues is necessary.
Our venture into the transgenic realm has been enlightening, but problematic. To
study glucose sensitive cells throughout the body, we designed a transgenic mouse to
enable us to view GFP in specific cell types containing the enzyme GK. While our data
indicate that the current animal model does not express high levels of GFP, it does
suggest that the development of this animal is feasible. The re-designing of the transgene
or use of different GFP analog may help establish a reliable GK-GFP transgenic line of
animals to further study energy metabolism in GE cells.
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CHAPTER 5
Summary
Glucose is a molecule that plays a central role in normal animal physiology and is
maintained within a very narrow range due to regulatory factors such as insulin. It is the
primary nutrient for the brain, principally sensed by the cells in the hypothalamus, and is
important in regulation of energy balance. Moreover, gut hormones such as ghrelin and
adipocyte hormones such as leptin are secreted in response to glucose, along with other
factors, and each plays a role in creating an axis of regulation for glucose. However, as
little is known about how this axis of cells senses nutrients to coordinate metabolic
homeostasis, we took a reductionist approach to this subject by isolating and
characterizing the specific cell types involved in glucose regulation.
Our hypothesis suggested that the mechanisms by which hypothalamic neurons
sense glucose are similar to those used by pancreatic beta cells. Hypothalamic regulation
of energy homeostasis is distinguished by multiple factors. Several nuclei in the
hypothalamus are believed to play a role in the onset of feeding, the cessation of feeding,
sensing blood glucose levels and the integration of signals from within the hypothalamus
and from the body. Hypothalamic responses to changes in glucose, regulatory hormones
and other factors, such as insulin and leptin, contribute to fine-tuning the processes
involved in energy homeostasis. To determine if hypothalamic nuclei sensed glucose in a
manner similar to the pancreatic beta cell, we performed studies to assess a component
crucial to energy homeostasis, GK. Because GK is essential for the beta cell's response
to increased glucose concentrations, we proposed that its presence in other cells
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throughout the body indicate that they are glucose senjing cells and therefore may play a
role in energy homeostasis.
Our first aim focused on determining if GK was present in specific hypothalamic
nuclei (the lateral hypothalamus, LH, the ventromedial nucleus, VMN, the arcuate
nucleus, ARC and the paraventricular nucleus, PVN), and assessing its developmental
expression pattern. GK was found in postnatal day 10 and adult LH, VMN, PVN and
ARC as well as in embryonic whole hypothalamus, but it was not located in the cortex.
Thus this important enzyme is present in each of the hypothalamic nuclei and in each
stage of development tested, suggesting that the hypothalamus and the pancreatic beta
cell may have similar methods for managing increased glucose concentrations. The
glucokinase regulatory protein (GKRP) was not found in the hypothalamus at any stage
of development and although GKRP is present in the liver, it has not yet been noted in the
pancreas. If the pancreas and hypothalamus have a glucose regulatory protein, it is
different from the liver GKRP.
Our second aim was to characterize cultured hypothalamic glucose excitatory
neurons. Because GK is present in the hypothalamus, we decided to take a reductionist
approach in our next series of experiments. To accurately determine if these
hypothalamic neurons respond to increases in glucose concentrations, we cultured these
cells and exposed them to changes in glucose. By loading neurons with a fluorescent
calcium dye and increasing glucose levels in the bath, we were able to characterize a
limited number of these glucose excitatory cells. We found that hypothalamic neurons
require a minimal level of glucose in the bath, 0.5mM, to remain stable and that there are

135

subsets of glucose excitatory neurons that respond to varying glucose concentrations.
The difficulty in obtaining a large number of glucose sensitive cells and the variability in
responses suggests that the amount of glucose excitatory neurons in the hypothalamus
might be very low. It may also suggest that our culture conditions for these cell types
may not have been optimal. Hjqjothalamic cells have receptors for many of the
hormones and factors involved in the feeding drive, but in applying a reductionists model
to our assays, none of these factors was added to our cultures. It may simply be that one
or more of these hormones was necessary to effectively maintain glucose excitatory
neurons in a responsive state. If culture conditions led to a downregulation of GK, we
may not have obtained an accurate number of glucose excitatory cells and therefore were
unable to accurately characterize this cell type.
Each of the previous stages of these experiments led to the idea that the
development of a model system where GE neurons could be identified and potentially
isolated would be an ideal objective to undertake. To approach this, we developed an
animal model using the GK promoter to drive GFP expression in glucose sensitive cells
within the body. The ability to develop an animal where GFP is expressed in each cell
expressing glucokinase will enable researchers to focus on specific cells thought to be
involved in energy homeostasis. Or stated another way, each cell involved in glucose
sensing throughout the body now has a fluorescent marker to identify it and to ultimately
help characterize it. Our preliminary studies with this mouse model suggest that GK
promoter driven GFP is present in the hypothalamus, the pancreas, the distal stomach and
the proximal intestine. Each of these areas has previously been shown or suggested to
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have GK and be involved in some aspect of energy homeostasis, therefore the
development of this animal proved useful. Like the previous studies, this aim was
undertaken to ultimately help characterize glucose sensitive ceils in the body, but each
phase has had its difficulties. GFP fluorescence can degrade with time and can easily be
lost during the paraformaldehyde perfusion stage. There is also the suggestion that by
embedding tissue samples in paraffin can result in a loss of 98° o of the protein that is
being sought. These aspects, along with the rarity of glucose sensing cells, made the
isolation and characterization of GE cells difficult. By redesigning the construct to target
an organelle such as the nucleus, we may be able to increase GFP fluorescence by simply
directing all GFP to a much smaller area of the cell (i.e. concentrate the signal). The use
of an alternate fluorescent protein may also be advantageous. Due to the high level of
yellow green tissue autofluorescence, identifying green cells was complicated and time
consuming. In addition, targeting the construct to structures within the nucleus, such as
histones, may allow GFP to remain in the nucleus when fixatives are added to the tissues.
Therefore, redesigning the GK-GFP construct may help improve a novel idea.
This research has illustrated that glucose excitatory neurons exist in nuclei in the
hypothalamus and that specific components of the glucose sensing machinery found in
the beta cell are also present in these neurons. While each of these studies has proved to
be difficult, they have helped re-direct the approach that researchers should take to help
define future studies in this field. Continued research to understand energy homeostasis
may not only help provide a cure for diabetes or drugs against obesity, but may well
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provide a better understanding of the basic homeostatic mechanisms by which the body
responds to its environment.
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