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ABSTRACT

The possible functional roles of various endogenous opioids in regulating
hibernation were investigated by monitoring changes of endogenous opioid
activity, including alterations in sensitivity of opioid receptcr to exugenous
opioids in physiological and pharmacological responses, receptor binding, and the
content and apparent turnover rates of endogenous opioids i-. (i« inibic system

throughout an annual hibernation cycle.

In vitro brain slice perifusion studies demonstrated ! otht 18 agonists
inhibited, while the x agonist enhanced K*-stimulsied 5-HT release {.om the
hippocampus of non-hibernating ground squirrels. The inhibitior by a * agonist
and stimulation by a x agonist on 5-HT release was attenuated during
hibernation but the inhibitory modulation of a u agonist rem - ined unaltered. In
the septum of non-hibernating animals, in vivo microdialysis studie: indicatcd
only the & agonist stimulated 5-HT apparent turnover but the stimulation was
also diminished during hibernation. Together, the minimization of
responsiveness of & and x receptors on K*-stimulated 5-HT release and &
receptors on 5-HT apparent turnover indicates a decrease in opioid receptor
sensitivity during hibernation. This was further supported by a decrease in
thermoregulatory responsiveness to intra-hippocampal application of & agonist

in the hibernation season.

Quantitative receptor autoradiography provided direct evidence of a significant
reduction in the binding of u and § receptors in the septo-hippocampal area of
the hibernating animals. A decrease in x receptor binding was also observed in
the claustrum and CA3 of the hippocampus during hibernation. Associated with
the decreases in opioid receptor responsiveness, endogenous opioid content of the

corresponding CNS regions increased during hibernation. Microdialysis further



showed that the elevation of endogenous cpioid contents were due to a rise in
extracellular opioid concentration in the hibernating state and a significant
increase in apparent turnover of dynorphin A and 8-endorphin was also observed

during hibernation after correcting for the Q,, effect.

In conclusion, the present study indicates that the reduction of opioid receptor
efficacy during hibernation is due to an increased endogenous opioid activity.
The changes in opioid concentration and opioid receptor sensitivity and binding
are state-dependent, type-specific, and site-specific. This implies that different
opioids may play different roles in entry, maintenance, and arousal from
hibernation and they may elicit their effects by modulating the activity of other

neurotransmitters, such as 5-HT.
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CHAPTER ONE

Introduction

Under seasonal cold and foed shortage, many small m#::.~:2ls and birds utilize
torpor or hibernation to cope with the extremely harsh ¢:u.:rions (Lyman et al.
1982). Hibernation, characterized by inactivity of the aniinal with a general
depression of metabolic rate, body temperature (Tb), and neuronal activity, is a
very successful adaptation in behavioral, ecological, physiclogical, and
biochemical aspects. Although some invertebrates, amphibians, and reptiles also
exploit torpor for escaping unfavourable circumstances (Kayser 1961), torpor and
hibernation in birds and mammals are totally different from that of the
ectotherms. The Tb of a hibernating bird or mammal is always controlled within
a degree or a few degrees above the environmental temperature and never drops
below a critical temperature (Wang 1988) whereas the Tb of a torpid ectotherm
is essentially the same as the environmental temperature. Additionally, the
hibernating bird or mammal can spontaneously arouse from hibernation using
exclusive endogenous thermogenesis (Lyman et al. 1982). In contrast, the torpid
ectotherm has to be warmed up by exogenous heat. Therefore, hibernation of
birds and mammals is an actively controlled, modified form of thermoregulation.
In this thesis, mammalian hibernation was studied using ground squirrels. Thus,
unless otherwise specified, "hibernation” and "hibernator" used in this thesis refer

to mammalian hibernation and mammalian hibernator, respectively.

Among mammals, members from at least six orders are capable of exhibiting
torpor or hibernation (Lyman et al. 1982). They can be classified into two
groups according to their torpid pattern: non-seasonal and seasonal. Non-
seasonal torpidity is largely entrained by food availability, environmental

temperature, photoperiod, and/for other external factors (Kilduff 1987). Seasonal

1
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torpidity, on the other hand, like hibernation and aes:ivation, occurs regularly
in a certain season of each year and is prominently controlled by an endogenous
circannual rhythm (Kilduff 1987, Wang 1989). For seasonal hibernators, such
as the ground squirrels used in the present experiments, there are two distinct
physiological states within each year: a non-hibernatingseason and a hibernating
geason. In non-hibernating season, animals are active and their Tb is
maintained relatively constant at around 37°C. The body weight of animals is
low and reletive stable. When they are exposed to cold in this season, they will
maintain their Tb anc combat cold through an increase of metabolic rate (Wang
1988) similar to other mammalian non-hibernators. At the onset of the
hibernating season, food consumption of the animals increases drastically, which
causes a rapid increase in body weight -- doubled in about a month -- to build up
body fat (Mrosovsky 1983, Wang 1988). Once the animals store enough energy
by fattening, they become anorexic and their body weight declines gradually. If
the animals are transferred to a cold environment at this time, they will
probably initiate hibernation (Wang 1988). Other than the obvious changes in
body weight prior to and/or during hibernation, many invisible, but important,
physiological changes also take place in preparing the animals for the prolonged
hypometabolic and hypothermic state typical of hibernation. These alterations
include modification of enzyme activities (Augee et al. 1984, Pehowich and Wang
1984, 1987, Storey 1989), possibly via phosphorylation (Storey and Storey 1990),
hyperinsulinemia and hypertriacylglycerolemia (Florant and Greenwood 1986),
lipogenesis (Castex and Sutter 1981, Melnyk et al. 1983), metabolic fuel
utilization (Dark et al. 1989, Krilowize 1985, Zimme-man 1982), the ability of
regulating intracellular free calcium (Belke et al. 1987, Liu 1993), and endocrine
functions (Wang 1982). Therefore, hibernation is a very actively controlled and

complex process rathe. than a simple passive abandonment of homeothermism.

In the hibernation season, however, the animals are not in continuous

hypothermia. They invariably arouse periodically to restore euthermia for a few
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hours to a few days before returning to hibernation again. Thus, a hibernation
season consists of many individual hibernation bouts interrupted by periodical
arousal and inter-hibernation euthermia (Wang 1979). One hibernation bout
refers to the episodes of entry intc maintenance of, end arousal from

hibernation.

At entry into hibernation, the heart rate of the animal decreases significantly,
with characteristic arrhythmia due to an increase in parasympathetic activity
(Lyman et al. 1982). Respiratory rate also decreases, with intermittent apnoea
(Lyman et al. 1982). The hypothalamic set-point for Tb regulation declines
gradually, promoting a reduction in regulatory thermogenesis and a fall in Tb.
When the decline of Tb is faster than that of the set-point, the animal starts to
shiver and the metabolic rate increases to slow down the too rapid a decrease in
Tb (Hudson 1973). When the animal is in deep hibernation, with Th as low as -
2 to 2°C (Wang 1988, Barnes 1989), its physiological functions are at the
minimum: the heart rate is about 5 to 10 beats per minute, which is less than
1/30 of the euthermic value; respiratory rate averages 0.4 times per minute (e.g.
golden mantled ground squirrel, Lyman et al. 1982), about 1/90 of the active
level; and imretabolic rate is less than 1/100 of the euthermic level (Wang 1988).
During hibernation, there is also an overall respiratory acidification, with the
lowest pH (6.8) observed in the brain (Wang 1989). This acidosis is responsible
for the further inhibition of metabolic rate during hibernation (Malan 1986,
Bharma and Milsom 1993). Despite the low energy consumption and Tb, the
animal is still capable of regulating a new steady-state homeostasis of their
internal environment and can respond appropriately to both internal and
external disturbances (Kayser 1961, Wang 1989). Upon external or internal
stimulus, bursts of muscle action potential appear with an increase in
respiratory, heart, and metabolic rates (Lyman et al. 1982). If the stimulus is
strong enough, arousal will be initiated. At the commencement of arousal,

sympathetic drive is at its maximum. A rapid increase of oxygen consumption
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results in a gradual increase of Tb, consequent to heat generated by non-
shivering and shivering thermogenesis (Lyman et el. 1982, Wang 1989). The
acidosis is reversed by hyperventilation at the beginning of arousal (Wang 1988).
The anterior portion of the body warms up faster than the posterior end until
euthermia is completed restored (Lyman et al. 1982). After hours or days in
inter-bout euthermia, the animal re-enters another hibernation bout. The
hibernation bouts are -epeated until the end of the hibernation season (Wang
1979). The energy saved u. ‘ough the whole hibernation season could be as high
as 87.8% (Wang 197y) comparing with the same animal resting in euthermia at
the same environmental temperature for the same duration. Overall, the whole
annual hibernation cycle is apparently controlled precisely by an endogenous
circannual rhythm for the purpose of energy conservation when the animal is

confronted by seasonal cold and food shortage.

Since hibernation is a general depression of autonomic functions and an
extended form of thermoregulation, appropriate control of the readjusted
physiological functions is essential for survival of the animals. The hypothalamic
region integrates autonomic functions of the brainstem and controls the release
of pituitary hormones (Angevine and Cotman 1981) and is therefore crucial for
the maintenance of physiological homeostasis (Heller 1979, Cohen and Shermen
1983). The septum, having numerous efferent and afferent communications with
the telencephalic, diencephalic, and mesencephalic nuclei (Hebel and Stromberg
1986, Staiger and Nurnberger 1989, 1991a, b), serves as a relay station between
the hypothalamus and the brainstem reticular formation (BSRF) to integrate the
somatic and autonomic activities (Swanson 1977, Vinogradova and Brazhnik
1977, Swanson 1987). Medial septal neurons generate rhythmic bursts to
entrain the hippocampal theta rhythm (Green and Arduini 1954, Petsche et al.
1962, Stewart and Fox 1990, Tranb and Miles 1991, Smythe et al. 1992), via
cholinergic, GABAergic, and possibly monoaminergic projections (Lynch et al.
1977, Storm-Mathisen 1977, Lee et al. 1994). The hippocampus, on the other
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hand, projects to the lateral septum, which in turn, sends efferents to the medial
septum, lateral hypothalamus, and the mamilliary complex (Swanson 1977, Hebel
and Stromberg 1986). Other direct or indirect projections from the hippocampus
are to the anterior thalamus, the ventromedial and arcuate nuclei of
hypothalamus, habenular, and interpeduncular nuclei (Swanson 1977, Hebel and
Stromberg 1986). The intense neural connection of the septo-hippocampal
complex to the hypothalamic and brain stem regions suggests its important role
in physiological regulation. It has been demonstrated that the septo-
hippocampal complex is involved in thermoregulation (Murakami et al. 1984,
Boulant et al. 1989, Lee et al. 1989, Zeisberger 1990), food intake (King and
Nance 1986, Stanley et al. 1989), cardiovascular functions (Wang and Ingenito
1992, 1994), and respiratory suppression (Rector et al. 1993).

During hibernation, neuronal activities (Strumwasser 1959), metabolism (Kilduff
et al. 1986, 1989), and gene expression (Bitting et al. 1994, Kilduff et al. 1993)
persist in the limbic regions, sometimes even more intense than in the non-
hibernating state. Additionally, these nuclei are able to respond to thermal and
neurochemical stimuli in the hibernating animals, indicating maintenance of
their physiological functions during hibernation despite the drastic decrease in
Tb (Beckman and Satinoff 1972, Stanton et al. 1980, Strumwasser 1959,
Wunnenberger et al. 1978, Yu and Cai 1993). It is, thus, hypothesized that
inhibitory activity of the septo-hippocampal complex to the BSRF is important
for transition from one state to the other in a hibernation bout (Heller 1979,
Beckman and Stanton 1982, Belousov 1993). More specifically, inhibitory
influence from the septo-hippocampal complex to the BSRF is a prerequisite for
entry into hibernation (Heller 1979), whereas reversal of this inhibition in the
septo-hippocampal region induces arousal of animals from hibernation (Beckman
and Stanton 1982, Belousov and Belousova 1992, Belousov 1993). Therefore, the
septo-hippocampal complex appears to be an important gating mechanism in

determining activity of the hypothalamus and BSRF for the onset and/or



termination of hibernation.

Numerous studies have indicated changes in the activities of various
neurochemicals during different phases of a hibernation cycle (Glass and Wang
1979, Beckman 1978, Beckman and Stanton 1982, Stanton et al. 1981). In
addition, manipulation of their activities modulates hibernation patterns. Thus,
these neurochemicals have been postulated to regulate different phases of a
hibernation cycle. Opioids represent one group of such neurochemicals
speculated to be an important comiponent in controlling the entry and

maintenance of hibernation (for review see Wang 1993).

To date, at least five different types of opioid receptors, namely y, 8, x, o, and
e, have been proposed based on ligand binding, biological assay, and behavioural
effects (Gilbert and Martin 1976, Martin et al. 1976, Lord et al. 1977, Wuster et
al. 1979, Zukin and Zukin 1981, 1984). However, only three main types, y, 8,
and x receptors, have been thoroughly investigated and well ’efined (Simon
1991, Loh and Smith 1990, Ueda et al. 1991, Barnard and Simon 1993, Reisine
and Bell 1993). The u receptor is termed from morphine-mediated effects. Its
selective agonists az> [D-Ala2N-Me-Phe*,Gly-ol%lenkephalin (DAGO) and [N-
MePhe3, DPro*]lmorphiceptin (PL017). The 8 receptor is named as it was first
found prominently in the mouse vas deferens. The selective agonists for &
receptors are [D-Pen?,D-Pen’lenkephalin (DPDPE), [D-Ser?Leu’lenkephalin
(DSLET), and [D-Ala%2,D-Lue®lenkephalin (DADLE). The x receptor is the
subtype which mediates the effects of ketocyclazocine; its specific agonists are
trans-(dl)-3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-cyclohexyl]-
benzeneacetamide methanesulfonate (U50488), ethyl-ketocyclazocine (EKC), and
dynorphin A. ’

Endogenous opioids, on the other hand, are generated from three distinct gene

families: proopiomelanocortin (POMC), proenkephalin, and prodynorphin (Cuello
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1983, Khachaturian et al. 1685, Civelli et al. 1986). f-Endorphin is the opioid
product of the POMC gene and is a potent agonist at both x and 8 receptors.
Non-opioid peptides co-expressed in the POMC family are ACTH and y-LPH.
Met-enkephalin and leu-enkephalin are the post-translational products of the
proenkephalin gene. Both of them prefer 8 receptors. Dynorphin A 1-17, 1-13,
1-8, along with dynorphin B and neo-endorphin, are post-translational products
of the prodynorphin family. Most of the dynorphins have x preference; the
exception is dynorphin A 1-8 which retains & capability and dynorphin A 1-13
which has high potency to both x and u receptors (Akil et al. 1984, 1988, Brush
and Shain 1989, Simon 1991).

The diverse endogenous opioids and the three types of opioid rucepior are
distributed widely in the central nervous systems (CNS), perivhei-' orvous
systems (PNS), and several organs or organ systems (Cuello 1983, kil et al.
1984, Stengard-Pedersen 1989, Lutz and Pfister 1992). They have been shown
to play multi-functional roles in various physiological, pharmacological, and
behavioral responses by acting on different types of opioid receptors in different
loci (Snyder 1986, Brush and Shain 1989). It has been shown that: (1)
intracerebroventricular (icv) or intrahypothalamic administration of dynorphin
or other u opioid agonists can stimulate food consumption at low dose, causing
an increase in body weight (Baile et. al 1986, Della-Fera et al. 1990, Shaw et al.
1990, Nizielski et al. 1986). Microinjection studies indicated that all three types
of opioid agonists can significantly induce feeding in rats when applied to the
specific hypothalamic nuclei (e.g. paraventricular nucleus of the hypothalamus,
dorsomedial nucleus of the hypothalamus, and ventromedial nucleus of the
hypothalamus) or extra-hypothalamic regions (e.g. the septum, hippocampus, and
amygdala; Stanley et al. 1989); (2) opioids modulate heart rate, blood pressure,
and respiration, depending on the routes of administration and the type of
opioids involved (Akil et al. 1984, Kunos et al. 1988, Olson et. al 1989, 1994).

Generally, peripheral k opioids reduce heart rate and x and 8 opioids inhibit
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vasoconstriction (Feuerstein and Siren 1987, Illes 1989, Yeadon and Kitchen
1989). Moreover, . agonists mediate respiratory depression by activating
centrally and/or periph¢ - ..ly located u receptors (Yeadon and Kitchen 1989); (3)
opioids have been shown to be involved in thermoregulation (Wang et al. 1987,
Adler et al. 1988, 1992, Lee et al. 1989, Burks 1991). It has been shown that x
agonists induce hypothermic responses at high doses both centrally and
peripherally (Adler et al. 1988, 1991), whereas u agonists are mainly responsible
for hyperthermia (Spencer et al 1990, Burks 1991, Adler et al. 1992); and (4)
opioid peptides have been demonstrated to modulate ihe activity of other
neurotransmitters and/or hormones (Illes 1989). The complex physiological
functions of the opioids are quite possibly carried out by modulating other
chemical factors. The similarities between the physiological effects of opioids on
feeding, the cardiovascular system, respiration, and thermoregulation and those
physiological changes prior to and during hibernation prompt the suysestion that
certain functional relationships between opioids and hibernation could exist
(Wang 1993).

Experimental evidence for the involvement of opioids in hibernation includes: (1)
an increase in dynorphin immunoreactivity in the hypothalamus, striatum, and
cortex in the hypophagic phase of the annual hibernation cycle (Nizielski et al.
1986). The sensitivity to manipulation of feeding by opioid agonists or
antagonists is different in the hyperphagic vs. the hypophagic phases of the
annual hibernation cycle (Nizielski et al. 1986), suggesting a seasonal alterati~u
in the content of endogenous opioids and responsiveness to exogenous opioids;
(2) administration of the non-selective opioid antagonist naloxone (Margules
1979, Beckman and Liados-Eckman 1985), naltrexone (Kromer 1980), the x
antagonist nor-binaltorphine (nor-BNI, Yu and Cai 1993), the & antagonist
naltrindole (Yu and Cai 1993) and the opicid agonists met-enkephalin (Beckman
et al. 1992) or B-endorphin (Beckman et al. 1993a) to hibernating animals caused

premature arousal from hibernation or shortening of the hibernating bouts,
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which indicates the necessity of specific opioid activity for the maintenance of
hibernation; (3) an increase in met-enkephalin-like substances in brain extracts
(Kramarova et al. 1983) and met-enkephalin immunoreactivity in perikarya of
the septum and hypothalamus of the hibernating animals (Nurnberger et al.
1991) have been reported; (4) failure in the development of physical dependence
to morphine in the hibernating state (Beckman et al. 1981), but not when the
animals are in an induced general CNS depreasion by pentobarbitol (Beckman
et al. 1993b), indicating the reduction in responstiv. ness of opioid receptor to
exogenous morphine is state-dependent; (5, a significant reduction in u opioid
agonist dihydromorphine binding in the hippocampus and septum during
hibernation (Beckman et al. 1986) and a decrease in x binding in the brain
homogenate of hibernating animals (Aloia et al. 1985), indicating a state-
dependent down-regulation of selective opioid receptors; and (6) a decrease in
thermoregulatory response to administration of exogenous opioids in the
hibernating phase (Wang et al 1987, Lee et al. 1989), suggesting desensitization
or down-regulation of specific opioid receptors by increased activity of
corresponding endogenous opioids. Taken together, these studies tend to suggest
that an increase in endogenous opioid activity may he a main characteristic of
the hibernation season and in the hibernating state. Particularly, endogenous
opioids may vegulate the entry into and/or maintenance of hibernation.
However, the exact mechanisms, what opioid types and in which specific regions,

the opioids regulate hibernation still remain unknown.

To date, only limited number of studies on the changes in opioid activity during
the hibernation cycle have been carried out. Most of them mainly focused on the
changes in one type of opioid or receptor (Beckman et al. 1986), in whole brain
homogenates (Aloia et al. 1985, Bourhim et al. 1993), or in selected CNS regions
(Wang et al. 1987, Kolaeva et al. 1989, Lee et al. 1989, Nurnberger et al. 1991).
No systematic investigation has been conducted to examine the changes of each

endogenous opioid and opioid receptor type in a seasonal hibernation cycle.
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Based on the above mentioned model of CNS regulation of hibernation (Heller
1979, Beckman and Stanton 1982, Belousov 1993), the present study is mainly
focused on changes of opioid activity in the septo-hippocampal complex to
provide further understanding on the differential roles of various endogenous
opioids in regulating the hibernation cycle. The main objectives are: (1) to
substantiate our existing hypothesis that: "a differential reduction of receptor
responsiveness to exogenous opioids and receptor binding in specific CNS regions
is associated with the hibernating state." A detailed documentation will be
provided on the seasonal alteration of three types of opioid receptors in the
regulation of thermoregulatory response, the modulation of 5-HT (serotonin)
activity, and their receptor binding characteristics; (2) to validate our supposition
that different central and peripheral opioids are involved in regulating different
phases of a hibernation cycle by comparing the regional (CNS and peripheral)
differences in the content of each endogenous opioids in a hibernation cycle; and
(3) to test the hypothesis that: "the functional role of endogenous opioids in
regulating hibernation should be reflected by their seasonal differences in
activity levels in selective CNS sites." To answer this, in vivo microdialysis will
be used to compare the apparent turnover of various opioids under different
phases of a hibernation cycle to provide a functional assessment of the
endogenous opioid activity. When all the results are combined from the above
mentioned approaches, a tentative model or scheme on how endogenous opioids
may be functionaliy involved in the regulation of seasonal hibernation will be

presented.
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CHAPTER TWO

In vitro and in vivo study on state-dependent
changes in opioid-mediated 5-HT release

Introduction
Opioid peptide-containing perikarya and terminals are widely distributed in the
central nervous system (CNS) (Angevine and Cotman 1981, Akil et al. 1984,

Simon 1991). All" 4ypes of opioid receptors, namely u, 8, and x, have been
located in the CN- sach of them distributes in a different pattern
(Akil et al. 1988, S: . .aghes 1989, Stengaard-Pedzrsen 1989) and is
involved in different p. ~gical functions by modulating the r=lease of other

neurotransmitters (Bradley and Brooks 1984, Illes 1989, Simon 1991). For
instance, activation of x receptors inhibits K*-stimulated acetylcholine (ACh)
release from the guinea pig thalamus (Siniscalchi et al. 1990) and the striatum
and hippocampus (Izquierdo 1990), whereas u receptor activation depresses K+-
stimulated ACh release from the rat cerebral cortex (Jhamandas et al. 1975) and
the striatum and hippocampus (Izquierdo 1990). Opioids have also been shown
to inhibit the K*- or electric-evoked release of dopamine (Loh et al. 1976),
norepinephrine {Taube et al. 1976, Mulder et al. 1989, Simmonds et al. 1992,
Matsumoto et al. 1994), and GABA (Cohen et al. 1992) in various regions of rat

CNS. In addition, it has been indicated that central or peripheral administration

This chapter has been published in part as articles entitled "State-dependent
variation in the inhibitory effect of [D-Ala%,D-Leu’]-enkephalin on hippocampal
serotonin release in ground squirrels" in Life Sci 48:175-181 (1991) and "The
modulatory effects of mu and kappa opioid agonists on 5-HT release from
hippocampal and hypothalamic slices of euthermic and hibernating ground
squirrels" in Life Sci 53:1957-1965 (1993).
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of opioid agonists reduces spontaneous secretion of ACh from the rat cerebral
cortex (Jhamandas et al. 1977) and alters basal dopamine efflux in several CNS
regions (Gudelsky and Porter 1979, Lubetzki et al. 1982, Di Chiara and Imperato
1988). Thereforz, opioidergic system seems to impose both tonic anH phasic

regulation: on the secretion of other neurotransmitters.

5-Hydroxytryptamine (5-HT) has been postulated as one of the important
neurochemicals in regulating entry into and maintenance of hibernation. It has
been demonstrated that 5-HT turnover (Novatona et sl. 1975) and the amount
of 5-hydroxyindoleacetic acid (5-HIAA, Lin and Pivorun 1989) increased during
hibernation or torpor. Recently, an increase in the activity of tryptophan
hydroxylase, a 5-HT synthesis enzyme, prior to hibernation has also been
observed (Popova et al. 1993). Furthermore, chemical or electrical lesioning to
reduce the 5-HT source from the median raphe nuclei has been shown to prevent
the onset of hibernation (Spafford and Pengelley 1971; Canguilhem et al. 1986).
In addition, opioids can alter 5-HT turnover (Van Loon and Souza 1978, Ahtee
and Attila 1980; Forchetti et al. 1982) and modulate 5-HT release (Passarelli and
Costa 1988; Yoshioka et al. 1993) in the CNS. Serotonergic terminals, projected
from the raphe nuclei, are found to overlap with opioid-containing terminals in
many CNS regions (Moore et al. 1978, Azmitia and Segal 1978, Angevine and
Cotm: 1 1981, Sharif and Hughes 1989). Functionally, opioids have been
reported to interact with the serotonergic system in regulating body temperature
(Tb, Oka 1978), pain perception (Ho and Takemori 1939, Millan and Colpaert
1990, Sawynok 1989), hypotension (Berger and Ramire 1988), and feeding
(Robert et al. 1989, 1991). However, because of the difference in distribution
(Akil et al. 1984, Mansour et al. 1988) and post-receptor events (Ueda et al. 1991,
Childers 1991, Barnard and Simon 1993) of different opioid receptors, each
receptor type has been demonstrated to mediate different physiological responses
(for review see Mansuor et al. 1988, 1994, Wollemann 1993). Thus, it is possible

that various opioids could contribute differently to the regulation of hibernation
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cycles through their differential modulating effects on the CNS serotonergic

activity.

Since the septo-hippocampal complex is a very important relay station between
the autonomic center, the hypothalamus and brain stem reticular formation
(BSRF), and has been demonstrated to be metabolically and electrically active
during hibernation, it has been proposed to be ¢ rucial component in regulating
the hibernation cycle (Heller 1979, Beckman and Stanton 1982, Belousov 1993,
Chapter One). The amount of inhibitory activity from the septo-hippocampal
complex to the hypothalamus and BSRF determines the state of the animal in
the hibernation cycle. To investigate the possible role of different opioids in
regulating the hibernation cycle by differentially modulating 5-HT release, three
opioid agonists, [D-Ala?,N-Me-Phe!,Gly-ol’]lenkephalin (DAGO), [D-Ala?D-
Leu®lenkephalin (DADLE), and trans-(dl)-3,4-dichloro-N-methyl-N-[2-(1-
pyrrolidinyl)-cyclohexyl]-benzenearetamide methanesulfonate hydrate (U50488)
(for u, 8, and x receptor, respectively), were used in the present study, using an
in vitro brain slice per.ifusion for the hippocampal and hypothalamic regions and

an in vivo microdialysis technique for the septum.

Methods

The experimental protocol has been previously approved by the University of
Alberta Animal Use Committee, following the guidelines of the Canadian Council

on Animal Care.

Animals Richardson’s ground squirrels (Spermophilus richardsonii) were live
trapped in the area surrounding Edmonton, Alberta and the Columbian ground
squirrels (Spermophilus columbianus) were trapped in the Rocky Mountains in

Alberta. No attempt was made to separate the sexes of either species. Six
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squirrels were kept together in a group cage at 22°C under natural photoperiod
with free access to food (rodent chow, mixed grains, and srunflower seeds) and
water. Their body weights were recorded weekly and monitored throughout the
year. The transition from the non-hibernation season to the hibernation season
was characterized by hyperphagia and a rapid body weight gain followed by
weight plateau and anorexia. When their body weights plateaued, the animals
were transferred to a cold (4 = 1°C), dark walk-in environmental chamber to
facilitate hibernation. Their activity was checked and recorded daily. The
hibernating state was verified as lack of movement, slow and shallow breathing
(less than one per minute), and when sawdust placed on the squirrel’s back
remained on the following day. The hibernating Richardson’s ground squirrels
used in the brain slice perifusion study were those who had completed at least
two hibernation bouts. They were sacrificed while hibernating (Th=5-7°C).
Non-hibernating squirrels were those whose body weight was relatively low and
stable for at least two months and were sacrificed while euthermic (Tb=37-38°C).
For microdialysis studies, Columbian ground squirrels were cannulated while
euthermic between hibernation bouts and used following artificial arousal on the
third day of their hibernation bout. Non-hibernating squirrels were used one

week after the cannulation.

Brain slice perifusion Hibernating or non-hibernating Richardson’s ground
squirrels were sacrificed by decapitation. The brain was rapidly removed from
the skull and the hypothalamus and hippocampi from both sides of the brain
were immediately separated and chopped into slices (300 pm thick) using a
Mcllwain tissue chopper. The slices were then incubated in oxygenated Krebs’
solution (NaCl 117 mM, KCl 3.5 mM, TaCl, 2.5 mM, MgSO, 1.2 mM, KH,PO, 1.2
mM, NaHCO, 28 mM, glucose 11 mM, pH 7.4) containing 0.2 mM ascorbic acid,
1 pM pargyline, and 0.1 pM [*H] 5-HT creatinine sulfate (specific activity 14.5
Ci/minol), at 37°C for 30 minutes. Following the incubation, the slices were

transferred to Brandel (SF-12 multi-channel superfusion system) perifusion
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chambers (100 pl/ chamber, about 80 mg of wet tissue) and superfused with
oxygenated Krebs’ solution at a flow rate of 1 ml per minute at 37°C. The first
30 minutes was to wash off external [*H] 5-HT, which has not been taken up
into the slices and the perfusate discarded. Starting from minute 31, the eluents
were collected every two minutes. The release of 5-HT was stimulated twice,
four minutes each time, at minute 46 (S;) and minute 72 (S,) using 35 mM K*
Krebs’ solution (increasing KCl to a concentration of tota! K* 35 mM and
reducing NaCl to balance ion concentration). Various concentrations (ranging
from 108 to 10 M) of the opioid agonists (DAGO, DADLE, and U50488) were
added to the superfusion medium immediately after the first stimulation (i.e., at
minute 50) and remained in the Kreb’s solution throughout the rest of the
experiment (Figure I1.1). At the end of the experiment, the tissue slices were
removed and solubilized in 1.0 ml 1 M NaOH. The radioactivity in the slices and
the superfusates was determined by liquid scintillation-spectrometry with a LKB
1217 Rackbeta scintillation counter. The amount of (*H] 5-HT released in each
fraction was expressed as a percentage of total radioactivity of all superfusion
fractions and the tissue slices. The total radioactivity of the first release (S,),
which did not include any opioid agonists, was used as a "gelf-control”. The
effect of various opivids on 5-HT release was measured as the ratio of Sy/S,.
Both S, and S, were first corrected by subtracting baseline radioactivity (average
value of the fraction before the release and the one right after the release). The
results were normalized using the control group (i.e., no opioid agonist was

added throughout the perifusion period) as 100 percent.

In vivo microdialysis Since the septum is a relatively small region, the amount
of tissue obtained from one animal is not sufficient to perform a single brain
slice perifusion experiment. As it is almost impossible to have two hibernating
animals within the same phase of the hibernation cycle, pooling septal samples

together from hibernating animals may mask the state-dependent changes.
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Figure II.1 Schematic diagram of the brain slices perifusion. A is the perifusion
chamber with temperature held at 37°C. B is the automatic fraction collector.
S, and S, represent the release of 5-HT stimulated by 356 mM K* kreb’s medium.



28

Therefore, in vivo microdialysis was used to investigate the effect of opioids on

5.HT release from the septum of ground squirrels.

Construction of microdialysis probes: The microdialysis probes were constructed
using hollow dialysis fibre (molecular weight cut off 6000 Dalton, OD. 250 um,

Spectrum), fused silica capillary tubing (World Precision Instruments Inc.), 23-
gauge thin-wall stainless steel tubing (Small Parts Inc.), and PE-50 tubing (Clay
Adams) as shown in Figure I1.2. Briefly, one end of a piece of 23-gauge stainless
steel tubing (about 18 mm in length) was inserted into a piece of PE-50 tubing
(10 mm) to about 3 mm. A piece of fused silica capillary tubing (about 25 mm
in length) was inserted into the steel tubing with one end extruding by 1.9 mm.
With the aid of a 31-gauge hypodermic needle, the other end of the fused silica
tubing pierced through the PE-50 tubing near its joint with the 23-gauge
stainless-steel tubing. A smal. piece of blue tip (Fisherbrand pipet tips for
nipetman, 1000 ul) was placed around the joint area of the PE-50 and the fused
silica tubing filled with epoxy glue to strengthen the joint. A piece of hollow
dialysis fibre (10 mm in length) was sealed at one end using epoxy glue and air
dried overnight. The microdialysis fiber was glided over the fused silica tubing,
leaving about 0.1 mm space between the sealed end of the dialysis fibre and the
tip of the silica tubing and the remaining part of the dialysis fibre was inserted

into the stainless steel tubing and affixed to it using epoxy glue.

Cannulation: Both non-hibernating and hibernating (in inter-bout euthermia)
Columbian ground squirrels were anaesthetized with halothane and cannulated
unilaterally with a 19-gauge stainless steel guide cannula in the lateral septum.
Since the base of the brain of the ground squirrel is tilted at an angle of 35°, it
was necessary to re-adjust the horizontal zero plane. This was achieved by
moving the incisor bar downward to a distance equal to the distance between the

interaural line (earbar) and the incisor bar times Sin35°. The tip of the guide
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cannula was positioned 2 mm above the intended perfusion region with the
coordinate of AP=13 X CR mm, L=0.7 X CR mm, H=3 X CR mm, where CR
(correction factor) was the distance between the interaural line and the incisor
bar divided by 36.8 mm (average distance of all animals used for preparing the
atlas). The guide cannula was fixed on the skull of the animal by dental cement
and sealed with a 23-gauge stylet.

Sampling and analysis microdialysis samples: On the day of experiment, non-

hibernating squirrels were placed in the lab for at least one hour before the
experiment, allowing them to accustomize to the environment. Ground squirrels
in hibernation phase used in the experiment were warmed up at room
temperature (22°C) at least six hours prior to experiment on the third day of the
hibernation bout. They were used only after completely aroused (Tb=37°C). A
microdialysis probe with a tip of 2 mm was then inserted into the guide cannula
in the lateral septum. The squirrel was then perfused with artificial CSF (NaCl
128 mM, KCl 2.55 mM, CaCl, 1.26 mM, MgCl, 0.94 mM) containing 0.005%
sodium metabisulfate at 2 pl/min using a CMA/100 microinjection pump
(Carnegie Medicine). Different opioid agonists at various concentrations were
added in the CSF after 60 minutes of perfusion. The animal was not handled
throughout the experimental period and its activity was monitored at all times.
The samples were collected every 15 minutes and immediately frozen in dry ice.
The amount of 5-HT and its major metabolite 5-HIAA in the perfusate were
analysed by reverse-phase HPLC using a C,s column (CSC-Spherisorb-ODS2, 5
pm, 15 x 0.46 cm) coupled with an electrochemical detector (ESA Coulochem
model 5100A). The composition of the mobile phase was 9% MeOH in 0.09 M
CH,OONa, 0.035 M citric acid, 0.13 mM EDTA, and 0.46 mM 1-octanesulfonic
acid sodium salt (pH 4.0). The flow rate was set at 0.8 ml/min. The potential
setting of the conditioning cell was -0.3 V and those of the dual analytical
detector were 0.05 V and 0.25 V for cell 1 and 2, respectively. The precise site
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of cannulation was determined histologically after completion of the experiments.

Statistics The effects of different opioid agonists on 5-HT release and the impact
of these ligands on ground squirrels under different hibernation states were
examined using unpaired t-test or the analysis of variance (ANOVA, one-way).
The differences in modulatory effects of opioids on 5-HT release in difference
hibernating states were analysed using two-way AN OVA. Significance was set

at P < 0.05. Results are expressed as mean * standard error.

ChemicalsDAGO, DADLE, D-Ala%-met-enkephalinamide naloxone hydrochloride,
tetrodotoxin (TTX), pargyline hydrochloride, and ascorbic acid were purchased
from Sigma. U50488 and nor-BNI (nor-binaltorphimine dihydrochloride) were
obtained from Research Biochemicals Incorporated. [3H]5-HT creatinine sulfate

(14.5 Ci/m mol) was an Amersham product. Other chemicals were obtained from
BDH.

Results

Effoct of three types of opioid agonists on K*-stimulated PH]5-HT release from
the hippocampal slices of Richardson’s ground squirrels in non-hibernating and
hibernating states

Effect of DAGO

The [3H]5-HT outflow elicited by 35 mM K* in the hippocampal slices of the non-
hibernating ground squirrels during the first period of stimulation (S,) was
8.70+0.42% of the total radioactivity and the ratio of Sy/S, was 0.71+0.04 in the
control group (n=8). The inclusion of DAGO, a u agonist, did not aiter the
baseline value of [3H]5-HT release. However, the addition of DAGO at the
concentrations of 108 - 10> M caused a dose-dependent (F, 3=4.61, P< 0.01, one-
way ANOVA) inhibition of 35 mM K*-evoked [*H])5-HT release from the
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hippocampal slices. The inhibition was significant when 107 to 10* M of DAGO
was used (Figure I1.3a). The maximal inhibition of 40% on [*H]5-HT release was
achieved at 10 M DAGO. The inhibitory effect of DAGO on K*-stimulated
[3H]5-HT release was significantly diminished by both opioid antagonist naloxone
(10 M) and the voltage-dependent sodium channel blocker TTX (10 M) (Figure
I1.3b). However, neither naloxone nor TTX alone had any significant effect on
the K*-evoked [SH]5-HT release (91.08:8.27% and 102.52+9.08% of the control

value for naloxo e and TTX respectively, n=6).

In hippocampal slices from the hibernating ground squirrels, the [3H15-HT efflux
from the control slices during the first stimulation (S,) was 9.12:0.82% and S,/S,
was 0.68+0.04 (n=8). These were not significantly different from those of non-
hibernating squirrels. DAGO, though less effective, still inhibited [3H]15-HT
release from the hippocampus of hibernating squirrels in a dose-related pattern
(F333=4.29, P=0.012, one-way ANOVA) at concentrations of 107-10 M. A ten-
fold higher concentration of DAGO than used in the non-hibernating squirrels
was required to elicit a significant inhibition (Figure I1.3a). The inhibition of
[SH]5-HT release at 105 M was about 35%. However, the right-hand shifted
dose-response curve in hibernating state was not significantly different from that
of non-hibernating squirrels at the doses of 107 to 10° M (the main effect of
states F, 3=2.01, P=0.16, two-way ANOVA).

Effect of DADLE

Similar to the u agonist, DADLE, a 8 agonist, also inhibited K*-stimulated [*H]5-
HT release from the hippocampal slices of the non-hibernating ground squirrels
in a dose-related pattern (Fs5=4.29, P=0.02, one-way ANOVA) (Figure II.4a).
Administration of DADLE did not cause a shift of basal [H]5-HT outflow.
Unlike DAGO, DADLE only significantly inhibited K*-stimulated [*H]5-HT
release at 10°° M and the efficacy of its inhibition was also lower (27%) than that
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Figure I1.3 Modulatory effect of the u agonist DAGO on K*-stimulated [*H)5-HT release
from the hippocampal slices. (a) Dose-response curve of DAGO on {*H5-HT release from
the non-hibernating (@) and hibernating (0) Richardson’s ground squirrels. (b)
Antagonism of naloxone (10¢ M) and TTX (104 M) on the inhibitory effect of DAGO
(10 M) on [*H]5-HT release from the hippocampal slices of non-hibernating animals.
* means significantly different from the control (P<0.05), whereas T significantly
different from DAGO alone (P <0.05).
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Figure IL4 Inhibitory effect of the 3 agonist DADLE on K*-stimulated [SH}5-HT release
from the hippocampal slices. (a) Dose-response curve of DADLE on [*H]5-HT release
from the non-hibernating (@) and hibernating (0) Richardson’s ground squirrels. (b)
Antagonism of naloxone (10 M) and TTX (10¢M) on the inhibitory effect of DADLE
(10 M) on [*H]5-HT release from the hippocampal slices. *: significantly different from
the control (P<0.05); 1: significantly different from DADLE alone (P<0.05).
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of DAGO (40%). This inhibition of [SH]}5-HT release could be attenuated by
simultaneous inclusion of the opioid antagonist naloxone (10-% M) (Figure 11.4b),
but TTX (10¢ M) had no effect on the inhibitory effect of DADLE on [3H]5-HT
release (Figure I1.4b).

During hibernation, the inhibitory role of opioid agonist DADLE on K*-
stimulated [H]5-HT release was diminished (Fg,6=1.75, P=0.20, one-way
ANOVA) (Figure I1.4a). The change in pattern of dose-response curves of
DADLE inhibiting [3H15-HT release from the hippocampus of non-hibernation
and hibernating ground squirrels was state dependent (F, 4=5.87, P=0.02, two-
way ANOVA).

Effect of U50488

In contrast to what was observed with DAGO and DADLE, U50488, a x agonist,
induced a dose-dependent (F;35=5.27, P<0.01, one-way ANOVA) enhancement
of K*-stimulated [3H]5-HT release from the hippocampal slices of non-
hibernating ground squirrels (Figure I1.5a). It elevated [*H]5-HT release by 37%
at the concentration of 105 M. Inclusion of U50488 ip the perifusion medium did
not alter the basal [3H]5-HT value. The stimuis!-ry ¢ fect of U50488 could not
be blocked by naloxone (105 M), but was completely abolished by either nor-BNI
(10 M), a specific x antagonist, or TTX (10 M) (Figure I1.5b). Neither nor-BNI
nor TTX alone altered the release of [3H}5-HT (96.05 + 8.43% and 102.52 +
9.08%, respectively).

In contrast to the non-hibernating squirrels, the stimulatory effect of U50488 on
K+*-stimulated [*H]5-HT release was completely absent in the hibernating
squirrels (F3=0.69, P=0.57, one-way ANOVA) (Figure II.5a). This change in
dose-response curves of x agonist U50488 on [*H]5-HT release was significantly
state-dependent (the main effect of state was F,g=9.11, P<0.01, two-way
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Figure II.5 Stimulatory effect of the x agonist U50488 on K*-stimulated [*H]5-HT
release from the hippocampal slices. (a) Dose-response curve of U50488 on [*H]5-HT
release from the non-hibernating(®) and hibernating (o) Richardson’s ground squirrels.
(b) Antagonism of naloxone (10° M), nor-BNI (10€ M), and TTX (10¢ M) on the
stimuiatory effect of U50488 (10 M) on [*H]5-HT release from the hippocampal slices.
*. significantly different from the control (P<0.05); t: significantly different from
U50488 alone (P<0.05).
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ANOVA).

Effocts of DAGO, DADLE, and U50488 on K*-stimulated PH}5-HT release from
the hypothalamic slices of the Richardson’s ground squirrels under non-
hibernating and hibernating states

As the hypothalamus is one of the few regions which exhibits neuronal electrical
and metabolic activities during hibernation, the modulatory effect of DAGO,
DADLE, and U50488 on K*-stimulated [SH]5-HT release was also examined in
the hypothalamic slices. The amount of [*H]5-HT released in the control of non-
hibernating squirrels (S,=9.34+0.67%, S,/S,=0.63+0.04, n=6) was similar to
that observed in the hibernating animals (S,=9.5420.65%, S,/S,=0.65+0.03,
n=6). Different from ihe observations in the hippocampal slices, none of DAGO,
DADLE, and U50488 had any significant effectz on K*-stimulated [3H]5-HT
release from the hypothalamic slices of either non-hibernating or hibernating
ground squirrels (Table II.1). In addition, none of the three opioid agonists
altered the basal [(H]5-HT outflow from the hypothalamic slices.

Effects of DAGO, DADLE, and U50488 on K*-stimulated PH]5-HT release from
the hippocampal slices of non-hibernating Columbian ground squirrels

To elucidate whether there is a species difference in the modulatory effects of
various opioid agonists on [3H]5-HT release, hippocampal slices of six non-
hibernating Columbian ground squirrels were also used in the brain slice
perifusion study. The [*H]5-HT outflow from the first K*-stimulation (S,) was
12.12 + 0.83% (n=6) of the total [3H]5-HT content of the slices which was
significantly higher than that of the Richardson’s ground squirrel (P=0.004).
However, the Sy/S, ratio was 0.73 + 0.03 (n=6) in control slices of Columbian
ground squirrels which was almost the same as that of the Richardson’s ground
squirrels. The p agor.’st DAGO at a concentration of 10 M also significantly
inhibited K*-stimulated [3H}5-HT release by 26% (P=0.03, t-test) (Table 11.2).
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TABLE I
The modulatory effects of opioid agonists on 5-HT release from hypothalamic

slices of non-hibernating and hibernating Richardson’s ground squirrels'

Non-hibernating

Hibernating

Mu agonist DAGO

Control 100.00 + 7.03% 100.00 % 4.94%
10" M 89.87 = 3.57% 103.02 +11.87%
108 M 96.68 * 4.71% 99.37 + 7.67%
10 M 84.72 + €.33% 103.30 +11.63%
Delta agonist DADLE
Control 100.00 + 4.26% 100.00 = 3.16%
10" M 120.95 + 6.39% 113.21 + 7.31%
104 M 104.92 + 2.64% 100.33 = 3.76%
10 M 94.00 + 5.38% 106.79 +11.09%
Kappa agonist U50488
Control 100.00 + 5.29% 100.00 + 4.91%
10" M 94.34 +15.58% 87.87 £13.12%
106 M 95.23 + 9.30% 109.39 + 7.40%
10° M 96.08 +11.40% 105.35 = 8.13%

+: The results are mean = s.e.m. of five to seven experiments using control as

100%.
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The inhibitory effects of & agonist DADLE (10° M) on K*-stimulated [*H]5-HT
release (18%) was similarly significant. Although insignificant, x agonist U50488
stimulated [3H]5-HT release by 11% (Table I1.2). Therefore, the general pattern
of various opioid agonists on modulating K*-stimulated [3H]5-HT release from
the hippocampal slices of both Richardson s and Columbian ground squirrels

appears to be similar.

In vivo study on the regulstory role of various opioids on 5-HT apparent
turnover in the lateral septum of Columbian ground squirrels via microdialysis
From the brain slices perifusion study on the modulatory role of opioids on K*-
stimulated [3H]5-HT release, species difference between Richardson’s and
Columbian ground squirrels did not seem to be profound. In addition, because
of the more docile nature of the Columbian ground squirrels, this species was

used in microdialysis studies instead of the more irritable Richardson’s ground

squirrels.

The squirrels were perfused with _rtificial CSF in the lateral septum at 2 ul/min
for 60 minutes before the medium was switched to CSF containing various opioid
agonists. After 45 minutes of perfusion with the opioid agonist, the dialysis
medium was changed back to CSF for another 30 minutes. Most of the animals
used in the experiments were quiet and resting during the dialysis period. The
amount of 5-HT and 5-HIAA in the dialysate was detected with HPLC-EC. The
retention times for 5-HIAA and 5-HT were 17 minutes and 28 minutes,
respectively (Figure I1.6). The detection limit of the system (signal/noise ratio of
2) was 8 pg for 5-HT and 5 pg for 5-HIAA.

The basal 5-HT and 5-HIAA apparent turnover in the lateral septum was
calculated by averaging their turnover before the application of opioid agonist
(from minute 30 to minute 60 after the perfusion started). The effect of opioids
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on apparent turnover ~f 5-HT and 5-HIAA was expressed as percentage of the
basal 5-HT or 5-HIAA turnover calculated as above mentioned. The average
basal 6-HT apparent turnover obtained from the septum of six Columbian
ground squirrels in their non-hibernation phase was 0.051 = 0.008 and 5-HIAA
was 0.042 = 0.013 pmol/ min. The 5-HT basal apparent turnover was not
significantly affected by application of 0.1 mM of DAGO in the dialysis medium
(Tabie I1.3, Figure I1.7), but 5-HIAA turnover was gignificantly suppressed by 0.1
mM DAGO (F, 3=4.05, P=0.05). The x agonist U50488 (at 0.65 mM) did not
alter the 5-HT apparent turnover nor that of the 5-HIAA (Table I1.3, Figure
11.8). However, administration of 0.17 mM D-AlaZ-met-enkephalinamide, a &
agonist, significantly elevated 5-HT and 5-HIAA apparent turnover by over 200%
and 50%, respectively (Table I1.3, Figure I1.9). In the septum of artificially
aroused hibernating Columbian ground squirrels, the basal 5-HT apparent
turnover was 0.031 + 0.005 pmol/min (n=4) which was significantly lower than
that of non-hibernating animals (F,2=6.38, P=0.02, one-way ANOVA).
Similarly, the 5-HIAA turnover was also lower in squirrels in their hibernating
phase (0.016 = 0.003 pmol/min). Similarly to non-hibernating phase, neither
DAGO nor U50488 had any significant impact on 5-HT and 5-HIAA apparent
turnover in the hibernating phase (Table I1.3, Figure 11.7, 8). However, D-Ala-
met-enkephalinamide, in contrast to that observed in non-hibernating animals,
had no significant impact on 5-HT and 5.-HIAA apparent turnover in the
hibernating phase (Table I1.3, Figure IL.9).
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Discussion

To study the modulatory role of opioids on serotonergic activity in different
hibernation states, two different approaches were employed. Brain slice
perifusion was a rather classical and well-established assay (Lipton 1985),
especially for studying modulation of neurotransmitter release. It has been
demonstrated that the modulatory effect of opioid agonists on the release of ACh
from rat cortical slices investigated via in vitro perifusion study is similar to that
illustrated by in vivo examination (Jhamandas et al. 1975). In addition, the
study of alterating adenosine receptor activity in modulating ACh release by in
vitro perifusion (Jin et al. 1993) is in concordance with the physiological and
pharmacological changes revealed by other methods (Corradetti et al. 1984).
Therefore, the "reduced preparation” (Lipton 1985), i.e. brain slice perifusion,
was used for larger regions, such as the hippocampus and hypothalamus.
However, the large amounts of tissue required for slice perifusion is seldom met
by other smaller brain regions, e.g. the septum. With the development of
microdialysis technique (Benveniste 1989, Ungerstedt 1991), it is possible to
monitor various neuronal activities in vivo with minimal damage. With
microdialysis, the small and slow changes in extracellular concentration of
certain neurotransmitters can be monitored during different behavioral profiles
or in response to certain pharmacological manipulations (Westerink and Justice
1991) in free-moving animals. Therefore, it is a very powerful tool in studying

the regulatory role of opioids in the outflow of other neurotransmitters.

The present study not only demonstrated that opioids modulate serotonergic
activity in the CNS of ground squirrels similar to previous observations in other
species (Passarelli and Costa 1988; Yoshioka et al. 1993), but also indicated that
the modulatory effects of opioids in the ground squirrels varies with the
specificity of the agonists, the actual location of the CNS regions, and the state

of - -2 animals. Although it has been indicated that acute administration of
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morphine increased cerebral 5-HIAA content (Ahtee and Attila 1980) and

microinjection of (D-Ala?-methionine enkephalin into the lateral ventricle or the
median raphe increased 5-HT turnover in the limbic forebrain (Algeri et al. 1978)
and the hippocampus (Forchetti et al. 1982), our hippocampal slice perifusion did
not evoke the same changes. This may be due to the addition of a MAO
inhibitor, pargyline, and an anti-oxidant ascorbic acid, in our perifusion medium
which may have prevented or minimized the hydrolysis of 5-HT to 5-HIAA. The
effectiveness of the treatment was verified by the HPLC examination of the slice
superfusate that over 90% of the radioactivity was in the form of 5-HT (i.e., the
[(®H}-5-HT had not been oxidized). In microdialysis study, however, because of
the less protection for 5-HT (only an anti-oxidant, sodium metabisulfate, was
added to the perfusion medium), the ratio of 5-HT/5-HIAA in the perfusate
collected from the lateral septum (2.5 to 4) was different from that of the slice
perifusion (around 9). However, as indicated in Table I1.3, the 5-HT and 5-HIAA
apparent turnover was altered to different degrees by the same opioid agonist D-
Ala2-met-enkephalinamide. This agreed with previous findings that extracellular
5-HIAA does not change in concordance with the change in extracellular 5-HT
concentration or serotonergic activity (Kalén e. al. 1988, Sharp et a!. 1989, Matos
et al. 1990). This was true for metabolites of other monoamine
neurotransmitters. The general lack of relationship between extracellular
concentration of monoamine transmitters and their metabolites could be because
the metabolites are mainly generated from the oxidation of intracellular un-
released monoamines (Grahame-Simth 1971, Commissiong 1985, Crespi et al.
1990). Therefore, the amount of metabolites in the extracellular space is
considered a poor indicator of monoaminergic activity (Crespi et al. 1990,
Westerink and Justice 1991).

It has been suggested (Wood 1986, Jackisch et al. 1988, Mulder et al. 1990) that
opioids regulate different physiological processes by modulating other



49
neurotransmitters through activation of specific opioid receptors. Our results
<howed that different opioid ligands exhibited different modulatory roles on the
release of 5-HT from the hippocampal region of non-hibernating ground
squirrels. Both the u agonist DAGO and the 8 agonist DADLE suppressed K*-
evoked 5-HT release from the hippocampal slices of non-hibernating
Richardson’s ground squirrel, whereas the x agonist U50488 enhanced it. The
stimulatory effect of x agonists appears to be a specific activation of the x
receptors, as the response was only attenuated by the specific x antagonist nor-
BNI, but not the non-specific opioid antagonist naloxone, even ata concentration
of 10 uM. Therefore, the difference in opioid-mediated 5-HT release observed in
the present study may be due to the ac:ivation of different opioid receptor types
in specific neuronal circuits in the hippecampus. This seems to be the case as
(1) the p agonist (optimal concentiatior. was 106 M with 40% inhibition) appears
to be more potent than the & agonist (27% inhibition at 105 M) in suppressing
5.-HT release; (2) inclusion of TTX in the perifusion medium attenuated the
inhibitory effect of u agonists, but not that elicited by & agonists. Therefore, &
agonists may inhibit 5-HT release by acting directly on serotonergic termina's,
whereas p agonists appear to elicit their effect indirectly via another
interneuron. Further, the x agonist U50488 apparer:tly also elicited its effect
indirectly via an interneuron because the simuitaneous addition of TTX in the
medium abolished the response. Similar diverse effects of agonist versus u and
& agonists in modulating hippocampal neuronal activity (Bradley and Brooks
1984), dopamine release (Di Chiara and Imperato 1988), and impairment of
spontaneous alteration performance (Itoh et al. 1994) have also been reported.
These differences may be a consequence of different mechanisms by stimulating
the different opioid receptor types located in different synaptic circuits coupled
to different second messenger systems (Simor s 1988). It has been shown that
the u and & receptors may be homeiogous anc co-exist in the same neuron as

separate receptors or even associated in a compl:x form {Wollemann 1990,
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Childers 1991, Traynor and Elliott 1993). Further, the second messenger

systems coupled to u and & receptors are also similar; both have heen shown to
inhibit adenylate cyclase activity and/or activate potassium channels (North et
al. 1987). The x receptor is distinctly different from the . and & receptors both
in its molecular make-up and in its coupling to the calcium channels (Ueda et al.
1989, Wollemann 1990, Childers 1991). Therefore, it is quite possible that
different types of opioid agonists affect the stimulated 5-HT release differently

by activating different ion channels and second messenger pathways.

In contrast to the observed inhibitory effect of & agonists on 5-HT release from
the hippocampal slices of non-hibernating Richardson’s ground squirrels, the &
agonist stimulated 5-HT outflow from the lateral septum of non-hibernating
Cnlumbian ground squirrels. This difference may not be a result of species
difierence since the modulatory effects of opioids on 5-HT release from
hippocampal slices of Columbian ground squirrels were similar to that observed
in Richardson’s ground squirrels. Therefore, opioids differentially modulate 5-
HT release in different CNS regions. The opposite effects of opioid in
modulating hippocampal neuronal activity to that of other brain regions have
also been extensively reported. For instance, met-enkephalin, B-endorphin, and
normorphine inhibit the neuronal activity of opioid-responsive cells in the
cerebral cortex, brainstem, caudate nucleus, and thalamus, but excite the
neuronal activity of opioid-responsive cells in the hippocampus (Nicoll et al.
1977). This latter "atypical" excitation has been shown to be the result of the
opioid inhibiting adjacent inhibitory interneurons (Gansberger et al. 1979),
causing disinhibition (Lee et al. 1980).

Different from the effects observed in the septal and hippocampal regions, none
of the three opioid agonists altered K*-stimulated 5-HT release from the

hypothalamic slices of Richardson s ground squirrels. This further demonstrated
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that the modulatory effects of opioids on 5 HT release is site-specific. However,
the failure of regulating 5-HT release by opioids in the hypothalamus of ¢ither
non-hibernating or hibernating ground squirrels is by no means suggesting that
opioids do not modulate the hypothalamic neuronal activity or that opioidergic
activity does not change during the hibernation cycle. Rather, it has been fow:d
that gene expression of the proenkephalin family in the periventricular
hypothalamus increased significantly during hibernation (Nurnberger et al.
1994). Therefore, it is possible that an indirect modulatory pathway of opioids
on 5-HT release was disturbed in the “reduced preparation” of hypothamalic
slices or hypothalamic opioids may modulate the activities of neurotransmitters

other than 5-HT in regulating the hibernation process.

In addition to ligand dependency and site specificity, the regulatory role of
opioids on 5-HT release from the lateral septum and hippocampus of ground
squirrels is also state-dependent. The inhibitory effect of DADLE in the
hippocampus was only present in the non-hibernating animals. Similarly, only
in the non-hibernating state did U50488 stimulate 5-HT release from the
Richardsons’ hippocampus and D-Ala®met-enkephalinamide elevate 5-HT
turnover in the Columbian’s lateral septum. However, in the hibernating state
there is a lack of responsiveness of 5-HT efflux to DADLE, U50488, and D-Ala*-
met-enkephalinamide in both squirrels. This sensitivity change appears to be
receptor specific as the suppressive effect of 1 agonist on 5-HT release from the
Richardsons’ hippocampus persisted, though decreased slightly, in the
hibernating animals. Moreover, as the pattern of K+*-stimulated 5-HT release
from the hippocampal slice of control groups were about the same in both
hibernating and non-hibernating animals, it is unlikely that the failure of
DADLE, U50488, and D-Ala2-met-enkephalinamide to affect the 5-HT outflow in
the hibernating animals was due to a general depression of neuronal activity

during hibernation. This is further strengthened by recent findings that the
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general CNS depression induced by anaesthesia could not prevent the
development of physical dependence to morphine observed during hibernation
(Beckman et al. 1993). Ratber, the reduction in responses to opioids may
indicate an endogenous change in the hippocampal and septal opioid system
during the hibernating state. To date, there has been some evidence indicating
an increased brain opioid activity during the hibernating phase (Kromarova et
al. 1983; Nurnberger et al. 1991). It is quite possible that the reduced
responsiveness to DADLE, U50488, and D-Ala2-met-enkephalinamide observed
in the hibernating squirrels may reflect a reduction in the responsiveness of
opioid receptors consequent to an enhanced endogenous opioid activity prior to
or in the early hibernation phase. This interpretation is supported by previous
observation that the binding of dihydromorphine, a relative non-specific opioid
ligand with p preference, in the hippocampus decreased in the hibernating
golden-mantled ground squirrel (Beckman et al. 1986). In contrast to the
reduced sensitivity to & and x agonists, the modulatory effect of the u agonist
still remained during the hibernating state. This may be interpreted to suggest
that the hippocampal u type opioid receptors have not been down-regulated to
the same extent as & and x receptors during hibernation. This may also be due
to the differences in distribution of the three opioid receptors. However, the

exact physiological significance of these variations is still unknown.

As it has been reported that dificrent opioid agonists elicit opposing neuronal
responses in the hippocampus of rats and guinea pigs (Wagner et al. 1992;
Dingledine 1985), the modulatory effects of opioids on 5-HT release from the
hippocampus of ground squirrels was aiso different from that of rats. U50488
stimulated 5-HT release from the hippocampus of non-hibernating ground
squirrels, whereas, at the same concentration, it suppressed 5-HT efflux from
that of rats (Cui et al. 1994). This difference in pharmacological responses may

be due to species differences in distribution of the three opioid receptor types
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which has been shown previously (Herkenham and McLean 1988). However, the

significance of species differences in relation to a receptor’s physiological

function and its possible adaptive value is still unknown.

In rolation to the regulation of hibernation, the physiological significance of
state-dependent changes in opioid-modulated 5-HT release from the septum and
hippocampus remains unclear. Based on the current model of neuronal
regulation of Tb in hibernation (Heller 1979; Beckman and Stanton 1982) and
penral activity in the hibernating animals (Belousov 1993, Pakhotin et al. 1993),
inhibition of the BSRF by the septe-hippocampal complex is a fundamental
determinant in initiating and maintaining the depression of Tb and general
autonomic suppression. The physiological activity of both opioids and 5-HT is
primarily inhibitory (Chesselet 1984; Segal 1975); it is possible that opioids and
5-HT within the septum and hippocampus may work in concert to regulate the
onset and maintenance of hibernation. Furthermore, the differences in the
modulatory effect of different opioids on 5-HT release may suggest that they play

different roles in the regulation of the hibernation cycle.
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CHAPTER THREE

Changes in the thermoregulatory effects of opioids
and 5-HT in the septo-hippocampal complex in the
hibernation cycle

Intreduction

Among the many physiological fumctions of opioids, their thermor=gulatory
effects have been substantially inwestigated (for reviews see Clark 1983, Clark
and Lipton 1983, 1991, Myers amd Lee 1989, Adler and Geller 1492). The
alteration of body temperature (Tt  following administration of on-oid ligands,
varies depending on the specificity of ligands, dosage, route Vi application,
species, ambient temperature, and the physiological conditior of the animal used
(Wang et al. 1987, Adler et al. 1988, Shukla and Nhawan 1988, Burks 1991,
Handler et al. 1992, 1994). For instance, intracerebroventricular (icv) injection
of a u selective ligand, DAGO, caused hyperthermia in rats, while injection of a
5 ligand, DPDPE and a x ligand, U50488, induced hypothermia (Spencer et al.
1990). In rats, subcutaneous injection of morphine, a ligand with some u
potency, caused an increase in Tb at low dose and a decrease in Tb at high dose,
whereas icv administration of morphine induced only hyperthermia at both low
and high doses (Adler et al. 1988). When rats were restrained, icv application
of the u agonist, DAGO, caused hypothermia rather than the hyperthermia
observed in unrestrained rats (Spencer et al. 1988). Alteration of ambient
temperature (Ta) from 30°C to 5°C also changed the hyperthermic response in
rats to icv injection of DAGO to a hypothermic response (Handler et al. 1994).
In ground squirrels, icv application of morphine produced a biphasic
hyperthermia/hypothermia thermoregulatory response in the nor-hibernating

phase; however, in the hibernating phase, morphine provoked only hyperthermia
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even at high dose (Wang et al. 1987).

Other than the icv approach, the role of opioids on the central nervous system
(CNS) thermoregulation has been mainly limited to the preoptic ar-a and
anterior hypothalamus (POAH, Adler et al. 1988, Burks 1991, Clark and Lipton
1991). The possible role of opioids in modulating thermoregulation in other CNS
regions has not been systematically studied. The hippocampus and septum have
been implicated in the integration of thermal stimuli and are involved in
thermoregulatory functions (Murakami et al. 1984, Boulant et al. 1989). The
metabolic activity of the hippocampus increased during autonomic
thermorerulation (Murakami et al. 1984). Electrical stimulation of the
hippocampus in rats induced a change in Tb in a direction tows.rds the ambient
temperature ‘Osaka et al. 1984). Thermosensitive neurons liave been shown to
exist in the septum (Hori et al. 1989, Nakashima et al. 1489, Zeisberger 1990)
and electrophysiological and neuroanatomical studies have demonstrated
neuronal connections between the hypothalamus and the septo-hippocampal
complex (Kiyohara et al. 1984, Disturnal et al. 1986). Intraseptal administration
of opioid agonists, morphine and D-Ala%met-enkephalinamide, evoked a biphasic
change in Tb in non-hibernating ground squirrels (Lee et al. 1989). Therefore,
the septo-hippocampal complex may also be a potential neuronal structure

involved in thermoregulation.

The monoamine 5-HT has long been known as one of the important CNS
neurotransmitters involved in thermoregulati-r. (Komiskey and Rudy 1977, Bligh
1979, Myers and Lee 1989, Chopin et al. 1964). It has been demonstrated that
depletion of central 5-HT by p-chlorophenylalanine (p-CPA) attenuates the
hypothermic effect caused by i.p. morphine administration (Haubrical and Blake
1971). In addition, application of an exogenous 5-HT precursor to p-CPA-treated
animals could restore morphine-elicited hypothermia (Oka 1977). Lesioning of

the raphe nuclei, a major 5-HT source, also abolished morphine-mediated
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hypothermia (Samanin and Carattini 1972). Thus, there is evidence that 5-HT
may mediate the morphine-induced thermoregulatory response (Oka 1978).

Since hibernation is considered a modified form of thermoregulation (Flora.ii
and Heller 1977, Florant et al. 1978, Jansky 1990) and both opioids and 5-1 1T
have been shown to influence thermoregulation, it is possible that opioidc end
5-HT may be involved in the regulation of hibernation by interacting with each
other. The present study investigated the thermoregulatory functions of opioids
and 5-HT in the septo-hippocampal regions in different phases of a hibernation
cycle. The interaction of opioids and 5-HT on the thermoregulatory response

was also examined.

Methods

All experimental procedures received prior approval of the University of Alberta
Animal Use Committee and followed the guidelines of the Canadian Council on

Animal Use.

Animals Columbian ground squirrels (Spermophilus columbianus) of both sexes
were live trapped in the Rocky Mountains of Alberta. Squirrels were housed
individually at 22°C under natural photoperiod and supplied with food (rodent
chow, mixed grains, and sunflower seeds) and water ad lib. Body weights of the
squirrels were measured year round on a weekly basis. Onset of the hibernation
season in an animal was indicated by a rapid weight gain, followed by a weight
plateau and anorexia. When the body weight reached the plateau, the animal
was transferred to a cold (4+1°C), dark, walk-in environmental chamber to
facilitate hibernation. The activity of the animal was monitored daily.
Hibernation was characterized by a the lack of movement and extremely slow,

and regular breathing (less than one per minute). The duration of hibernation
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was estimated using the sawdust method: sawdust placed on the back of the
animal remained on the following day if the animal was hibernating. Non-
hibernating animals were characterized by having relatively stable body weights

fo- at least two months before their use.

Cannulation of the septal and hippocampal regions Ground squirrels in the
hibernating phase were cannulated only when they had completed two
hibernation bouts and were in an interbout euthermic period. Under halothane
anaesthesia, the skull basal plane of ground squirrels was first adjusted
horizontally by tilting the upper incisor down D x Sin35° mm, where D is the
distance from the interaural bar to the incisor. Using the interaural bar as the
zero stereotaxis point, the coordinates for the septum were AP =13 X CR mm,
L =0.7 X CR mm, H =4 X CR mm and those for the hippocampus were AP =10
X CR -1 mm, L =4 X CR mm, H =3 X CR mm. The CR, correction factor, was
D divided by 36.8 mm. The tip of a 23-gauge stainless steel guide cannula was
bevelled and placed 1 mm above the intended injection site and secured with
dental cement on the skull of the animal. A 27-gauge stainless steel stylet was
always kept in the guide cannula when the cannula was not in use. The exact
anatomical location of the injection site was verified histologically following
completion of the experiments. At the time of cannula implantation, a pre-
calibrated temperature-sensitive radiotransmitter (Model T-M, Mini-Mitter Co.)
was placed in the peritoneal cavity. Non-hiberrating ground squirrels were used
one week after surgery. Hibernating animals were not used until they had again
hibernated for two days and then were artificially aroused before
experimentation (body temperature, Th=37°C) by transferring them to room

temperature (22°C) for about six hours.

Determination of body temperature and metabolic rate The squirrel was placed
in a water-jacketed Plexiglas metabolic chamber (20 x 20 cm, diameter x height)

in which the ambient temperature could be controlled accurately at 20 + 1°C or
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5 + 1°C. Once the animal was in the chamber, it was not handled again
throughout the experiment. Usinga mass-flow controller (Matheson model 8240
controller and 8142 transducer), dry air to the metabolic chamber was regulated
at 1500 ml/min STP. The oxygen and carbon dioxide concentration of the
exhaust gas, from the metabolic chamber, was analyzed simultaneously by
splitting it into two streams. Oxygen concentration was measured by an O,
analyzer (Applied Electrochemistry, S-3A/1) after desiccation with Drierite and
removal of CO, by Ascarite. The concentration of carbon dioxide was measured
using a CO, analyzer (Applied Electrochemistry, CD-3A) after desiccation. The
animal’s Tb was determined and recorded every minute with the
radiotransmitter implanted in the animal. The signals from the O, analyzer,
CO, analyzer, and telemeter receiver were processed by an IBM personal
computer interfaced with an ISAAC 91-] data acquisition system. Oxygen
consumption (VO,) and respiratory quotient (RQ) were calculated using the
method of Wang (1978). The heat production (HP) was calculated using
Kleiber’s equation (1975):

87+27RQ_
HP=——%2—.4—Q-><V02

Thermoregulatory effect of drugs afler cemtral administration Prior to
administration of drugs, the animal was kept in the metabolic chamber for at
Jeast 60 minutes or until its Tb and metabolic HP had stabilized. Each drug
used was freshly prepared in artificial CSF (NaCl 128 mM, KCl 2.55 mM, CaCl,
1.26 mM, MgCl, 0.94 mM) and passed through a 0.22 mm Swinnex Millipore
filter to eliminate pyrogens and bacteria before injection. Opioid agonists or 5-
HT (in 1 ul artificial CSF) at various concentrations were injected into the
cannulated areas via a 27-gauge needle. Cyproheptadine was injected intra-
peritoneally 15 minutes before the central administration of opioids or 5-HT at

a dose of 2.5 mg(ml'kg)? weight. The behaviour of the animal was closely
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observed throughout the entire experimental period. To avoid inducing physical
dependence to opioids in the ground squirrels, the animals were used only every

other day.

Statistics Body temperature and HP of Columbian ground squirrels in the-
non-hibernating and hibernating phases before injection were compared using
Student’s t-test. The effects of drugs on Thb and HP over time were analyzed
using one-way ANOVA by comparing post-injection values with pre-injection
levels and two-way ANOVA by comparing the post-injection changes following

drug administration with vehicle injection. Significance was set at P < 0.05.

Chemicals [D-Ala%}-Met-Enkephalinamide, 5-hydroxytryptamine (5-HT)
creatinine sulphate, and cyproheptadine were obtained from Sigma. U50488 was

purchased from Research Biochemicals Inc. Others were products of BDH.

Results

Thermoregulatory effoct of 5-HT in the hibernation cycle

The average Tb of ground squirrels in the non-hibernating phase at a Ta of
20 °C, before drug applications, was 37.55 + 0.32°C (n=8). Their HP was 2.09
+ 0.10 Kcal/(Kg-h)! (8.74 + 0.42 KJ(Kg'h)!). Intra-septal injection of artificial
CSF did not have significant impact (P=0.90) on the Tb of the animals (Figure
I1l.1a). Heat production rose slightly, but, not significantly (P=0.54) within the
first 20 minutes after CSF injection . Intra-septal application of 5-HT creatinine
sulphate at 12.91 n mol to 51.63 n mol induced a suppression in HP, initiated at
10 minutes post-injection and reached maximum at 15 to 30 minutes (Figure
I11.1b) (two-way ANOVA in comparison to CSF administration, F; »7=8.69,
P<0.01 for 12.91 n mol 5-HT and F, 2,=6.92, P=0.01 for 51.63 n mol 5-HT). A

dose-dependent hypothermic effect was observed following the decline in HP.
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Figure IIL1 Thermoregulatory effect after lateral septal injection of 5-HT in non-
hibernating ground squirrles at 20°C. (Arrow indicates injection of CSF: closed circle;
12.91 n mol 5HT: closed square; 25.81 n mol 5-HT: closed triangle; 51.63 n mol 5-HT:
closed reversed triangle). * means change in Tb following injection is significantly
different from its pre-injection values, whereas < indicates the change is significantly

different from the vehicle (CSF) treatment.
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The decrease in Tb maximized between minute 30 and 40 after 5-HT injection
(Figure III.1a). There was also a moderate increase in exploring activity of the
ground scuirrel within the first 10 minutes following injection. The animal then
spread out and rested for the next 20 minutes or so; after which its activity
returned to normal. Although the drop in Tb, comparing with pre-injection level,
was significant only following injections of 25.81 and 51.63 n mol 5-HT (0.61°C,
P<0.01 and 1.18°C, P<0.01, respectively), the Tb changes following application
of 5-HT at all three doses was significantly different from that after CSF
injection (two-way ANOVA, main effect of treatment compared to CSF,
F, 947=6.04, P=0.02 for 12.91 n mol 5-HT; F, »,=67.59, P<0.01 for 25.81 n mol
5-HT; and F, »3=261.76, P<0.01 for 51.63 n mel 5-HT). The decrease in Tb
seemed to be at least partly the result of the suppression in HP because the

reduction in HP always occurred and reached maximum prior to that of Tb.

When non-hibernating ground squirrels were held at a Ta of 5°C, average Tb
(37.48 * 0.35°C, n=8) was maintained at the same level as when they were at
20°C (P=0.89) through increased heat production (3.10 + 0.19 Kcal(Kg-h)! or
1296 + 0.79 KJ(Kgh)!, P<0.01). The decline in Th following 5-HT
administration at Ta=5°C (0.54, 0.70, and 1.49 for the same three doses; see
P.66) was slightly greater and maximized sooner than that seen at 20°C (Figure
II1.2a). At all three doses used, a profound decline in HP comparing with pre-
injection (P<0.01 for 12.91 n mol 5-HT, P=0.02 for 25.81 n mol 5-HT, and
P=0.03 for 51.63 n mol 5-HT) accomranied and preceded the significant decrease
in Tb (Figure II1.2).

Following disturbed arousal, ground squirrels in their hibernating phase were
kept in the metabolic chamber at 5°C, maintained their Tb at the same level as
those in the non-hibernating phase (37.47 + 0.30°C, P=0.98) (n=8). Similarly,
HP was also close to those in the non-hibernating phase (3.00 = 0.18
Kcal(Kg-h)! or 12.54 = 0.75 KJ(Kg-h)?, P=0.71). Following CSF administration,
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Figure 1.2 Thermoregulatory response following lateral septal administration of 5
HT in non-hibernating ground squirrles at 5°C. (Arrow indicates administration of
CSF; closed circle; 12.91 n mol 5-HT: closed square; 25.81 n mol 5-HT; closed triangle;
51.63 n mol 5-HT: closed reversed triangle). * represents significantly different from
its pre-treatment level, while < indicates significantly different from the control (CSF)
treatment.
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the change in Tb did not differ from that in the non-hibernating phase (two-way
ANOVA main effect of state, F,253=0.63, P=0.43). However, intra-septal
injection of the same doses of 5-HT did not produce as profound a
thermoregulatory effect as that seen in the non-hibernating phase. As indicated
in Figure II1.3, only at 51.63 n mol 5-HT did a significant reduction in Tb
(0.56°C, P<0.01, comparing with pre-injection level and CSF injection) occur and
which was signifiéantly smaller than that seen in the non-hibernating phase
(two-way ANOVA main effect of state, F, 54=11.71, P<0.01). The suppression
of HP after 5-HT injection was also only significant at 51.63 n mol (P=0.04).

Figure I11.4 indicates the anatomic maps of the injection sites. Closed circles
represent the sites at which 5-HT administration induced significant
hypothermia. Only these sites, which were mainly located in the lateral septum,
were used to evaluate the thermoregulatory responses. Injection of 5-HT to the
medial septum or caudate nucleus putamen (open circles) did not evoke a
hypothermic response and was not included in calculating thermoregulatory

responses.

Possible Interaction of 5-HT and opioids in thermoregulation in the septal region
Previous experiments have demonstrated that intra-septal administration of high
dose of [N -Ala?]-Met-Enkephalinamide also induced hypothermia in non-
hibernating ground squirrels (Lee et al. 1989). Therefore, the possibility that
opioids provoked hypothermia by interacting the serotonergic system was
investigated. As shown in Figure JIL.5, both 51.63 n mol of 5-HT and 87.92 n
mol of met-enkephalinamide, injected into the lateral septum, resulted in a
profound hypothermia in the non-hibernating ground squirrels (P<0.01 and
P=0.03, respectively). The drop in Tb, induced either by 5-HT or
enkephalinamide, could be attenuated by pretreatment of a 5-HT antagonist
cyproheptadine (2.5 mgkg, ip., P=1.00 and P=0.86, respectively).
Cyprohaptidine alone did not induce any significant thermoregulatory effect
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Figure IIL3 Thermoregulatory effect after lateral septal injection of 5-HT in the
hibernating phase at 5°C. (Arrow indicates application of CSF; closed circle; 12.91 n
mol 5-HT: closed square; 25.81 n mol 5-HT; closed triangle; 51.63 n mol 5-HT; closed

reversed triangle). * significantly different from its pretreatment value;
significantly different from the CSF control.
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AP=15 mm

AP=14 mm

AP=13 mm

Figure 1.4 Stereotaxic loci of 5HT administration in the septal region of Columbian
ground squirrles. (closed circles represent the sites at which 5-HT elicited a dose-
dependent hypothermia; open circles indicate the Jocations that produced no obvious
change in Tb; CA: Anterior commissure; CC: Corpus callosum; CLA: Claustrum; CPU:
Caudate nucleus putmen; LS: Lateral seputm; MS: Medial septum; POA: Lateral
preoptic area).
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Figure [IL5 Antagonism by cyprohaptidine (2.5 mg/Kg, i.p.) of hypothermia and HP
suppression induced by lateral septal injection of 5HT and met-enkephalinamide in
non-hibernating ground squirrels. (5-HT: 51.63 n mol; met-enkephalinamide: 87.92 n
mol). * significantly different from its pre-injection value; % significantly different
from the CSF control; % significantly different from 5-HT application; @ significantly
different from ENK treatment.
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(P=1.00). The change in Tb over time following 5-HT or enkephalinamide

administration in cyprohaptidine-pre-treated animals was also different from 5-
HT or enkephalinamide without the pre-treatment (two-way ANOVA, F}170=3.55,
P=0.06 for 5-HT injection and F,,,=6.20, P=0.01 for enkephalinamide

injection).

Thermoregulatory effect of U50488 in the lateral septum

To examine the functional role of k receptors in thermoregulation, U50488 was
injected into the lateral septal region of non-hibernating ground squirrels. In
contrast to enkephalinamide, none of the three doses of U50488 (27.08, 54.17,
and 108.33 n mol) elicited any significant thermoregulatory responses (Table
IIL.1).

Effoct of hippocampal administration of enkephalinamide and Ub0488 on body
temperature of non-hibernating and hibernating ground squirrels

Injection of 1 ul of CSF into the hippocampus of non-hibernating ground
squirrels, at 20°C, did not alter either Tb (P=1.00) or HP (P=0.98). Following
intra-hippocampal injection of 3.52 n mol [D-Ala%}-met-enkephalinamide, there
was a slight increase in HP preceded an rise in Tb (Figure I11.6). The elevation
in Tb at 3.52 n mol was not significantly different from the pre-injection level
(P=0.44), but the Tb change after opioid administration was significantly
different from that of vehicle application (two-way ANOVA main effect of
treatment, F 544=23.278, P<0.01). Administration of met-enkephalinamide at
17.58 n mol caused a significant increase in Tb (P<0.01) starting at minute 30
and lasting for more than 90 minutes (Figure IIL.6). The increase in Tb seemed
to be related at least in part to an increase in HP (P=0.04). The changes in both
Tb and HP at 17.58 n mol were significantly different from that of the CSF
injection (two-way ANOVA, F,24,=27.94, P<0.01 and F,4=18.14, P<0.01,
respectively). An increase in grooming and exploring activity was also evident,

especially in the first 30 minutes after opioid administration. In contrest, a
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Figure II.6 Thermoregulatory effect of hippocampal administration of D-Ala®*Met-
enkephalinamide in non-hibernating ground squirrles at 20°C. (Arrow: injection;
closed circle: CSF:; closed square: 3.52 n mol ENK: cosed triangle: 17.58 n mol ENK;
closed reversed triangle: 87.92 n mol ENK). * significantly different from its pre-
treatment value; < significantly different from the vehicle (CSF) treatment.
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higher dose (87.92 n mol) of met-enkephalinamide usually caused moving,
licking, and finally spreading out on the floor of the chamber during the first 30
minutes. The high dose induced decline in Tb was not significant comparing
with pre-injection level (P=0.49), but it significantly differed from the Tb change
following CSF injection (Fy 55,=22.31, P<0.01, two-way ANOVA). The decrease
in Tb did not appear to be preceded by a reduction in HP (Figure II1.6).

When the non-hibernating animals were exposed to 5 °C, intra-hippocampal
administration of CSF did not influence their Tb or HP (P=1.00 and P=0.98
respectively, Figure II1.7). Application of low doses (3.52 and 17.58 n mol) of
met-enkephalinamide in the hippocampal region did not induce hyperthermia
(P=0.95 and P=0.99 respectively and F, 5,=2.40, P=0.12, F; 20=2.22, P=0.14
respectively, two-way ANOVA). At a high dose (87.92 n mol), however, met-
enkephalinamide caused a significant decline in Tb comparing with the pre-
injection level (Fa520,=1.63, P=0.03) and the vehicle injected value (F, 3,=18.74,
P<0.01) (Figure II1.7). Similar to the observation at 20°C, the hypothermia
induced by this high dose of opioid cculd not be correlated with a suppression
of HP.

When ground squirrels in the hibernating phase (artificially aroused) were held
at 5°C, intra-hippocampal administration of met-enkephalinamide at low dose
(3.52 n mol) did not have any effect on their Tb (P=0.96) (Figure IIL.8). In
addition, high dose (87.92 n mol) of met-enkephalinamide induced a
hyperthermic response (Figure 111.8; two-way ANOVA main effect of treatment
in comparison to CSF, F;,4=9.79, P<0.01) rather than hypothermia observed
in the non-hibernating animals. The change in thermoregulatory response to
87.92 n mol enkephalinamide was, therefore, state-dependent (F, 335=25.60,
P<0.01, two-way ANOVA, main effect of state). The rise in Tb following high
dose of enkephalinamide in the hibernating phase possibly resulted from an
increase in HP (F; 155=33.52, P<0.01, two-way ANOVA), which was significantly
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Figure III.7 Thermoregulatory effect of hippocampal injection of D-Ala*Met-
enkephalinamide in non-hibernating ground squirrles at 5°C. (Arrow: injection; closed
circle: CSF; closed square: 3.52 n mol ENK; closed triangle: 17.58 n mol ENK; closed
reversed triangle: 87.92 n mol ENK). * significantly different from its pre-injection
level; <+ significantly different from the CSF treatment.
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Figure II1.8 Thermoregulatory effect following hippocampal application of D-Ala’Met-
enkephalinamide in the hibernating phase at 5°C. (Arrow: injection; closed circle:
CSF; closed square: 3.52 n mol ENK; closed reversed triangle: 87.92 n mol ENK).
< significantly different from the vehicle (CSF) treatment.
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different from the vehicle injection (F,,9e=9.79, P<0.01, two-way ANOVA).

In contrast to met-enkephalinamide, U50488 did not cause any consistent or
significant thermoregulatory response at doses up to 108.33 n mol when injected
into the hippocampal region of non-hibernating (Table III.1) and two hibernating

(data not shown) ground squirrels.

The microinjection sites are shown in Figure I11.9. Met-enkephalinamide caused
a biphasic hyperthermia/hypothermia thermoregulatory response in the non-
hibernating ground squirrels only when injected into the CA2/CA3 and dentate
gyrus of the hippocampal region (closed circle However, in any other
surrounding areas (open circles), enkephalin: did not elicit significant
thermoregulatory effect and therefore were not included in evaluating the

thermoregulatory responses.

Effect of 5-HT in thermoregulation in the hippocampus

Intra-hippocampal injection of 5-HT even at 51.63 n mol did not alter either the
Tb or the HP of non-hibernating Columbian ground squirrels (Figure II1.10).
Similarly, wha: anplied to the hippocampus of ground squirrels in the
hibernating ; »23¢, § iI't did not elicit any significant thermoregulatory response
either (Fig:: -¢ 711.10)

Discussion
Maintenance of a relatively constant Tb is one of the important features of
mammalian homeostasis. The POAH has been known for decades to be the
primary thermoregulatory "controller". The POAH receives and integrates
central and peripheral thermal stimuli to activate appropriate effectors (Alder
et al. 1988, Boulant et al. 1989, Schonbaum and Lomax 1990). Peripheral cold



AP=11mm

Figure IIL9 Stereotaxic map of met-enkephalinamide injection loci in the hippocampal
region of Columbian ground squirrles. (closed circles indicate the sites at which ENK
induced a biphasic hyperthermia/hypothermia thermoregulatory response whereas
open circles represent the loci which brought no consistent change in Th; CC: Corpus
cailosum; DG: Dentate gurus; FH: Hippocampal fissure; HPC: Hippocampus;
HYPOTHAL: Hypothalamus; PVG: Periventricular grey; THAL:Thalamus.)
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Figure I11.10 Maximal increase and decrease in Tb and F* following hippocampal
administration of 5HT (51.63 n mol) in Columbain gro:: ad squirrels in the non-
hibernating phase (clear bar) and hibernating phase (hatci:ed bar) at 5°C.
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stimulus increases the firing of cold-sensitive neurons in the POAH and elicits
HP, whereas activation of-warm-sensitive POAH neurons by peripheral warmth
causes an increase in heat loss (HL, Boulant and Dean 1986, Boulant et al.
1989). Thus, in most circumstances, Tb is normally regulated within a narrow
temperature range by proper adjustment of HP and HL. On the otlier hand,
other CNS regions, such as the posterior hypothalamus, septum, brainstem
reticular formation, spinal cord (Boulant et al. 1989, Clark and Lipton 1991) and
the hippocampus (Murakami et al. 1984), are also thought to be important in
integrating and regulating Tb. This is supported by results of the present study
on petential function of opioids and/or 5-HT on the therinoregulatory functions

in the septum and hippocampus.

Alteration of Th by administration of ¢ rugs can be either due to changing of set-
point or modification of thermoregulatory function (Adler et al. 1988, Clark and
Lipton 1991). A change in set-point is characterized by a coordinated adjustment
of HP and HL and a consistent shift in Th in the same direction at both high
and low Ta. In contrast, modified thermoregulatory ability is distinguished as
a paradoxical change in HP, HL and/or inappropriate response to thermal
stimulus. The 5-HT induced decline in Tb, in the present study, appeared to be
the result of suppressed HP as the decrease in HP always proceed a drop in Tb
(Figure 11.1, 2). However, as the decrease in HP was not large enough to
account for the full decline in Tb, an increase in HL must have also contributed
to the decrease in Tb; the latter was also supported by the observation of the
animal’s posture (spreading out) following 5-HT injection. These results are in
concordance with previous experiments that 5-HT excites warm-sensitive
neurons and inhibits cold-sensitive neurons (Hori and Nakayama 1973, Jell
1974). However, the effects of 5-HT on cold- and/or warm-gensitive neurons vary
with the CNS regions investigated (Myers and Lee 1989). The exact mechanism
of the present observed thermoregulatory response following septal injection of

5-HT needs to be further verified by behavioral studies and single cell recording.
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Although the change in Tb after 5-HT injection in the septum at 5°C was similar
to that at 20°C, the fall in Tb at 5°C was larger than that of the same dose at
20°C. Since at 20°C, the cold-gensitive neurons of thz animal were only
minimally activated and the resting HP was relatively low, the decrease in
regulatory HP by 5-HT was necessarily low (Figure III.1). At 5°C, cold
stimulated the cold-sensitive neurons and induced a greater elevation of
regulatory HP than at 20°C. Thus, at 5°C, 5-HT could suppres= HP to & greater
extent than at 20°C (Figure 111.2). In addition, since the HL at 5°C was also
higher than that at 20°C, an enhancement of HL by 5-HT would further

contribute to : >~ . reater decrease in Tb at 5°C.

_nterestingly, t* ¢ *: sitiermzc effect of 5-HT injected into the lateral septum was
gimilar te i~ ar high dose of met-enkephalinamide epplied to the same
region (Lee et a. :989). It has been suggested, however, that the hypothermic
response of 5-HT administration in the septum is not mediated by activation of
the opioid system in rats (Cui et al. 1993). It is, thus, possible that the reverse
may be true: opioids modulate the serotonergic system in the lateral septum to
elicit the hypothermic effect. This seems to be the case as (1) the initiation of
Tb decrease after 5-HT administration was always sooner than that of met-
enkephalinamide; and (2) met-enkephalinamide-induced hypothermia coul® be
attenuated by pre-treatment with 5-HT antagonist cyprohaptidine, although
cyprohaptidine alone had no significant thermoregulatory effect (Figure IIL.5).
Therefore, septal administration of met-enkephalinamide leads to activation of
the serotonergic system which in turn induces the hypothermic response as seen
in the non-hibernating ground squirrels. This interpretation is further
supported by previous work that hypothermia induced by peripheral or central
administrated morphine was mediated by the serotonergic pathways (Oka 1978,
Burks and Rosenfeld 1979).

Similar to previous observations involving the lateral septum (Lee et. el. 1989),
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intra-hippocampal injection of D-Ala*-Met-enkephalinamide also induced a

biphasic thermoregulatory responses in the non-hibernating ground squirrels.
Low doses (3.52 and '" "2 u mol) of D-Ala?-Met-enkephalinamide caused
hyperthermia, while L (87.92 n mol) produced hypothermia at Ta of
20°C. The hyperthermia p.« ked by low doses of met-enkephalinamide was due |
in part, by an increase in HP (Figure II1.6). However, at Ta=5°C, the cold-
sensitive neurons had been activated for HP before drug application and further
enhancement of the neuronal HP activity by the drug may not be noticeable or
feasible. Therefore, the hyperthermic response provoked by low doses of met-
enkephalinamide diminished at 5°C. Furthermore, the HL at 5°C was much
higher than at 20°C. The outcome of both an increase in HL. due to the cold and
a minimum augmentation of HP appeared to be responsible for the attenuated
hyperthermic effect at low doses and enhancement of hypothermic effect at high
cose of met-enkephalinamide at 5°C. In contrast to the met-enkephalinamide
elicited hypothermia in the lateral septum (Lee et al. 1989), the hypothermic
effect following hippocampal administration of met-enkephalinamide was not a
result of suppression in HP (Figure II1.6, 7). It appeared to be solely due to an
elevation in HL. In addition, 5-HT administration in the hippocampus of
Columbian ground squirrels did not evoke significant thermoregulatory
responses. Therefore, the enkephalinamide-induced hypothermia in the
hippocampus differs from that of the lateral septum, and may be mediaied by

other mechanisms.

Since D-Ala®-met-enkephalinamide binds to 8 receptors and with some potency
to u receptors, its biphasic effects in thermoregulation could not exclude the u
component (hyperthermia) as seen after icv administration of u agonist DAGO
alone (Spencer et al. 1988, 1990, Handler et al. 1992). The thermoregulatory
outcome of met-enkephalinamide, thus, depends on the ratio and affinity of 8
and p receptors in the hippocampal or lateral septal regions. Although p

agonists also produce a hypothermic response under thermal or environmental
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stress in rats (Spencer et al. 1988, Handler et al. 1992), it .. gercrally agreed
that u agonists mainly cause hyperthermia in rodents (Adl: * al. 1988, Shukla
and Dhawan 1¢ 3, Burks 1991). 'Ihe po gible role o ° receptor in
thermoregulat.on is still controv :sial since either a lowering o1 ..o change in the
get-poin! hv & agonists in rats have been reported (S cer et al. 1990, Burks
1991, Geller et al. 1991, Proccardo and Improte 19¢2, Handler et al. 1992, 1994).
It is speculated from the present study that activation of & receptors induces
hypothermia but this is somewhat “di luted" by .he hyperthermic u effects at low
doses of inet-enkephalinamide. This view is sup; yrted by our microdialysis
studies in the lateral septum (chapter two); activation of the & receptor
stimulated 5-HT release which in turn induced hypothermia. However, in the
hippocampus, further thermoregulatory studies with specific & receptor agonists

and/or p antagonists need to be done before any conclusion can be drawn.

Another controversial aspect of opioid and thermoregulation centers is on the
potential function of the x receptors (Adler et al. 1988, Burks 1991). The
present study demonstrated that k agonist, U50488 up to a dose of 108.33 n mol,
did not produce any profound thermoregulatory effect following administration
into the lateral septum or hippocampus of non-hibernating Columbian ground
squirrels. However, intra-peritoneal injection of U50488 (0.11 mmol/Kg weight)
produced a long-lasting (5 to 6 hours) and severe hypothermia (almost 7°C
decrease) in the non-hibernating ground squirrels (unpublished observation).
This supports the contention that x-mediated hypothermia is largely due to
activation of peripheral rather than central x receptors (Adler et al. 1988, Adler
et al. 1991).

The other important finding of the present study was the reduction in the ability
of met-enkephalinamide and 5-HT to modulate thermoregulation in the
hibernating phase. The right-hand shift in enkephalinamide thermoregulatory
dose-response curves observed in the hibernating phase (Figure I11.3, 8) suggests
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desensitization or down-regulation of opioid receptors in hibernation. Thisa;, .os
with previous studies (Wang et el. 1987, Lee et al. 1989) on seasonal differences
of thermoregulatory response following icv and septal application of morphine
and met-enkephalinamide in hibernators. However, rather than an enhanced
hypothermia following 5-HT administration, when injected icv as reported by
Glass and Wang (1979), the efficacy of 5-HT induced hypothermia by septal
administration was lower in the hibernating phase. This may be due to the
difference in injection locations and, thus, activating different pathways. This
speculation is supported by the observations of opposite or attenuated effccts «n
HP following 5-HT injection in the lateral septum and icv of the © « “irna: 1g
ground squirrels (Figure III.3, Glass and Wang 1979). Be .se t  drug
delivered by icv could diffuse out to the surrounding regions, 1 .ifert wouid

a composite of all affected effectors.

Based on previous and present experiments, 8 opioid induces 5-HT release
(Chapter Two) and an increase in endogenous opioid activity (demonstrated by
down-regulation of opioid receptors) appears evident prior to or during the
hibernating phase (Beckman et al. 1986, Wang et al. 1987, Lee et al. 1989). It
is possible that an increase in 5-HT activity may then also be expected in the
hibernating phase as has been demonstrated previously (Popova and Voitenko
1981). Long term increase in serotonergic activity, therefore, may result in
down-regulation of serotonin receptors (Gothert 1991). The result of the
decrease in responsiveness to 5-HT will lead to the attenuation of 5-HT
hypothermia and other inhibitory influences on the septo-hippccampal complex

(Chapter One) and, thus, may facilitate arousal.
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CHAPTER FOUR
Autoradiographic determination of changes in
opioid receptor binding in the hibernation cycle

Introduction
Since the discovery of opioid receptors in the central nervous system (CNS) in
the 70's (Pert and Snyder 1973, Simon et al. 1973, Terenius 1973), their
heterogeneity and distribution have been studied extensively (for reviews see
Akil et al 1988, Chang 1984, Khachaturian et al. 1985). Based on ligand binding,
biological assays, and behaviour effects (Gilbert and Martin 1976, Martin et al.
1976, Lord et al. 1977, Zukin and Zukin 1981), mainly three types of opioid
receptors, u, 8, and x, have been thoroughly investigated and well defined
(Simon 1991, Loh and Smith 1990, Ueda et al. 1991). The u selective agonists
are D-Ala?N-Me-Phe!,Gly-ol’lenkephalin (DAGO and [N-MePhe?D-
Pro‘lmorphiceptin (PL017). [D-Pen?D-Pen®lenkephalin (DPDPE),-[D-
Ser?,Leu’]enkephalin (DSLET), and [D-Ala?,D-Lue®lenkephalin (DADLE) are the
selective agonists for & receptors. The selective agonists for x receptors are
trans-(dl)-3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-cyclohexyl]-
benzeneacetamide methanesulfonate (U50488), ethylketocyclazocine (EKC), and
dynorphin A. All three types of opioid receptors have been illustrated existing
in the CNS but with different distribution patterns and densities (Atweh and
Kuhar 1983, Mansour et al. 1988) and they vary among species (Robson et al.
1985, Herkenham and McLean 1988, Sharif and Hughes 1989). Activation of
different receptors by various selective ligands is responsible for the diverse

pharmacological phenomena of opioids.

One possible physiological role of opioids is their involvement in mammalian

93
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hibernation. Experimental evidence has suggested that an increase in opioid
activity is essential for the entry and maintenance of hibernation (see review
Wang 1993). Changes in endogenous opioid activity can be a result of changes
in the concentration of endogenous opioid peptides and/or spontaneous changes
in the receptor number or conformation or altered gene expression of opioid
receptors. Spontaneous changes in opioid receptors have been demonstrated to
correlate with specific pathological and developmental events (Barg and
Simantov 1991, McConnaughey et al. 1992). On the other hand, chronic
increases in opioid concentration, either endogenously or administrated
exogenously, could induce desensitization or down-regulation of opioid receptors
(Bhargava et al. 1991, Tao et al. 1991, Stein et al. 1992). This desensitization
or down-regulation has been demonstrated to be responsible for the decrease in
opioid receptor sensitivity to exogenous opioids (Dingledine et al. 1983).
Therefore, previous observations that a decrease in opioid receptor
responsiveness in mediating thermoregulatior. and modulating the release of
other neurotransmitters in certain brain regions during hibernation may be a
result of increased endogenous opioid activity (Lee et al. 1989, Kramarova et al.
1991, Cui et al. 1993). The present study is, thus, aimed at directly and
quantitatively determining the changes in opioid receptors in different states of

a hibernation cycle.

Receptor binding and receptor autoradiography are two common methods used
to directly evaluate the receptor density of a specific brain region and may
correlate with the observed changes in a specific physiological or pathological
event. However, there are some limitations to receptor binding assays. For
instance, because a relatively large amount of homogeneous sample is required
for one complete assay, for smaller brain regions, pooled samples from several
animals have to be used. However, in the present study, it is aimost impossible
to obtain two hibernating animals of identical state to pool. So, the receptor

binding approach is not feasible. In addition, if receptor density only changes



95

in one nucleus of a large region, this change may be masked by other unaltered
nuclei of the same region when receptor binding is employed. Finally, if a
change is indeed demonstrable by the receptor binding assay, it is still unable to
pin-point the exact nucleus (or nuclei} of the change. With the improvement in
instrumentation, it is now possible to quantitatively determine the receptor
density in a nucleus and compare its change under different physiological
conditions using receptor autoradiography. Therefore, receptor autoradiography

has been chosen for this study.

Although a decrease in opioid receptor binding with dihydromorphine has been
illustrated in the hippocampus and cortex of hibernating animals (Beckman et
al. 1986), this study mainly provided information on changes in u receptors. On
the other hand, a reduction in x, but not u or &, receptor binding in the brain
homogenate of hibernating ground squirrel (Aloia et al. 1985) and no change in
either affinity or number of opioid receptors in the hypothalamus and
hippocampus of hibernating ground squirrels (Kolaeva et al. 1989) have also been
reported. These isolated, seemingly conflicting observations did not provide a
holistic vision on changes of opioid activity during hibernation. Because of the
complexity of multi-opioid receptors, it is not necessarily that ail three types of
receptor change, or even if so, change in unison during hibernation. It is,
therefore, apparent that a systematic investigation on multi-opioid receptor
activities throughout a hibernation cycle would further clarify the regulatory role
of opioids in hibernation. The limbic opioid activity was selected as the focus of
the present study because of the hypothesized crucial inhibitory role of the limbic
systew: in regulating the onset and/or maintenance of hibernation (Heller 1979,
Beckman and Stanton 1982, Belousov 1993, and also see Chapter One).
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Methods
Animals The experimental protocols were approved by the University of Alberta

Animal Use Committee, following the guidelines of the Canadian Council on
Animal Care. Both male and female Columbian ground squirrels (Spermcphilus
columbianus) were trapped in the foothills of the Rocky Mountains in Alberta.
They were kept individually at 22°C under 12L:12D photoperiod and ad Iib. food
(rodent chow, mixed grains, 1d sunflower seeds) and water. The body weights
of the squirrels were recorduu weekly and monitored throughout the year. The
onset of the hibernation season in an individual was characterized by its rapid
weight gain followed by a plateau. When this occurred, the animals were
transferred to a cold (4x1°C) and dark walk-in environmental chamber to
facilitate the transition to hibernation. The activities of the animals were then
checked and recorded daily. The hibernating state of the animal was
characterized by a lack of movement, slow and regular breathing (less than one
per minute), and the remaining of sawdust on its back when placed the previous
day. Hibernating animals (body temperature, Th=5-7°C) were used only after
they had completed at least two hibernation bouts and on the second day of the
current hibernation bout. The non-hibernating animals (Tb=37-38°C) were the
active ground squirrels with relatively stable body weight for at least two

months.

Preparation of brain sections Non-hibernating or hibernating Columbian ground
squirrels were terminated by decapitation. The brains were removed from the
skull rapidly and immediately frozen in powdered dry ice. They were then
sectioned coronally at 10 um using a cryostat microtome at -17°C. The sections
were mounted on pre-treated (over night acid wash snd gelatinized) microscope
slides and dried at 20°C for 2 hours. The brain slices were stored in refrigerator

(4°C) for no longer than a week before use.
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Determination of optimal incubation conditions for the binding of three types of
opioid receptor

The initial incubation conditions for the opioid ligands were selected based on
previous reports (Wood 1986;. The brain sections were incubated with tritiated
ligands at the concentration around the reported Ky value and the incubation
time was set according to k..t normally used in the literature. The total binding
and non-specific binding w:re determined using liquid scintillation counting and
specific binding was obtain.»d by subtracting non-specific binding from the total
binding. '

Wi ut curve For total u ieceptor binding, brain slices were incubated in 2 nM
of [FSH]JDAGO with 50 mM phosphate buffer (pH=7.4) con*sining 0.2% BSA and
enkephalinase inhibitors (50 mM bacterin, 20 uM bestatin, and 2 mM captopril)
for 120 minutes at 20°C; 2 nM [3H]DAGO in the presence of 2 uM DAGO was
used for non-specific binding. The slices were then washed in ice-cold phosphate
buffer for various periods of time (4 rinses, 2 seconds to 10 minutes each time)
with a final in-out dip in ice cold distilled water. The brain sections were wiped
off with GF/C glass microfibre filter and the radioactivity of the slices was
counted by liquid scintillation spectrometry (Beckman LS 6500). For ¢ binding,
brain sections were incubated with 4 nM [SHIDPDPE for 60 minutes at 20°C.
The non-specific binding was evaluated by incubating brain sections in 4 nM
[HIDPDPE with 4 uM DADLE. The slices were also washed in ice-cold
phosphate buffer for four times, 2 seconds to 10 minutes each time, and the
radioactivity measured thereafter. For x binding, since the x receptor has been
reported as unstable at high incubation temperature (Wood 1986), all incubations
for x binding were performed at 4°C. In addition, as EKC binds x receptor
specifically only when u and & binding sites are occupied, the total binding was
determined using 3 nM of [SHIEKC in the presence of 100 nM DAGO and 100
nM DADLE with a incubation time of 90 minutes. For non-specific binding,
brain sections were incubated with [SHIEKC in the presence of 3 uM
bremazocine, 100 nM DAGO, and 100 nM DADLE. The wash out time was
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similar to that used for p and & receptor binding. The radiowinivity of brain
sections was then plotted against the washing time for all three types of opioid
receptor.

Pre-incubation curve Brain sections were first incubated ii: 0 ::'M phosphate

buffer for various periods of time, from 0 to 40 minutes, at roon. : = perature for
p and & binding and 4 °C for x binding before incubating with ir 7:sed ligands.
They were then blow-dried at room temperature for 10 minutes av. incubated
with corresponding tritiated ligand under the ' we condition as deacribed in the
above section. The incubation was terminated by washing the slices in ice-cold
phosphate buffer for a specific time period determined from the previous section
based on a high ratio of specific/non-specific binding. Radioactivity of the brain
sections was detected using liquid scintillation counting and the radioactivity was
plotted against pre-incubation time.

Association curve Based on the pre-incubation curve, brain slices were pre-
incubated for a particular time period which provided the best specific binding
and the ratio of total/non-specific binding. The slices were then dried and
incubated with corresponding radioactive ligands with vae above used conditions
for different durations (from O to 180 minutes) before washing with ice-cold
phosphate buffer. The radioactivity of each slice was also measured and plotted
against the incubation time.

Saturation curve The slices were pre-incubated and then incubated with
radioactive u, 3, or x ligands at various concentrations under optimal conditions
as determined in the above experiments. The total binding, non-specific binding,
specific binding, and bound/free of tritiated ligand at different concentrations
were evaluated and calculated. Saturation curves were constructed using
radioactivity of the slices vs. the concentration of the ligand. The Scatchard plot
was obtained by plotting bound/free of the ligand vs. bound ligand. The K, and
B..,. values of each ligand in the brain of ground squirrels were determined from
the Scatchard plot (Wood 1986).

Displacement The brain sections were incubated with radioactive 1, &, or x
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ligands in the presence of various u, &, and x opioid agonists, antagonists, or
non-opioid ligands. Tke specific binding in each condition wus determined and
expressed as the percentage of the specific binding in the absence of any cold
ligand. The specificity of each ligand to a certain receptor type was represented
by IC,, (inhibition constants) which is defined as the concentration of the cold
ligand at which it displaces 50% of the specific binding of tritiated ligand..

Preparation of standard brain paste To quantify the opioid receptor density
bound by tritium-labelled ligands, homemade brain paste was used. The whole
brain (including forebrain, midbrain, cerebellum, and medulla) of a Colombian
ground squirrel was homogenized with PYREX (No. 7 725) homogenizer at 0 °C.
It was degassed in a 12 X 75 mm test tube with centrivap concentrator
(LABCONCO) and frozen in dry ice. The brain paste was removed from the test
tube, sectioned at a thickness of 10 um at -17°C and mounted on gelatinized
microscope slide. At the same time, the dry weight and protein content
(Bradford 1976) of ten brain paste sections were determined. Because of the
abundance of GABA receptors in the brain, each of the mounted brain paste
section was incubated with different amount of [SHIGABA to obtain evenly
labelled standard paste sections. Following 120 minutes incubation at 20°C, the
brain paste sections were blow-dried and finally washed in ice-cold distilled water
for two seconds before air dried. They were used with brain sections in the
development of autoradiogram of opioid receptor binding. The radioactivity of
each brain paste section was subsequently measured after the development of

autoradiogram to construct a standard curve.

Autoradiography Brain sections of non-hibernating and hibernating ground
squirrels were pre-incubated, incubated, and washed in pairs at the optimum
conditions for each of the three types of opioid receptors elucidated from the
above experiments. After the final wash, the slices were immediately dried by
blowing cool, dry air onto them. These slices along with the [FHIGABA labelled
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standard brain paste were then mounted in Kodak X-ray cassettes and the
tritium hyperiilms (Amersham) were put against them tightly. They were kept
at -70°C for 10 to 20 weeks. The exposed hyperfilms were processed with Kodak
developer D-19 for 5 minutes at 20°C and rinsed in water for 30 seconds before
being fixed in rapid fixer for 5 minutes. The film. were finall; rinsed in running

water for 20 minutes and air dried.

Quantification of autoradiograms The density of three types of opioid receptor
binding in various brain regions of non-hibernating and hibernating ground
squirrel was analysed using a computer-assisted image analysis system. The
image was captured by a video camera NC-68L (Mti Scries 68, DAGE-MTI Inc)
which was connected to a JENAMED microscope (Carl Zeiss Jena). This system
evaluated the optical density of the autoradiogram in a certain pointed region
(ranging from 0.0369 mm? to 0.922 mm?) and assigned its average frequency as
grey levels (ranging from 0 to 64) using Genias 25 (version 1.3) software (Joyce-
Loebl). The optical density of the standard brain paste image, which was co-
exposed to the same hyperfilm along with those brain sections, was also
determined simultaneously. The optical density of each standard brain paste was
plottec against its radioactivity per unit area to construct a best fit standard
curve. The radioactivity per unit area in each examined brain region was
converted from the optical density using the standard curve. The specific
binding of each opioid ligand to the corresponding receptor in a certain brain
region was measured five times with five adjacent sections of the same region

and avc 'aged after it was corrected for non-specific binding.

Statistics To analyse changes in receptor binding of non-hibernating and
hibernating ground squirrels, the receptor binding in each brain region was
compared using the Mann-Whitney non-parametric tests because of the small
sample pool and non-normality distribution. The significance was set at P <
0.05.
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Chemicals [*H]DAGO (52.5 Ci/mmol), ["HIDPDPE (33.0 Ci/mmol), and [*HJEKC
(18.7 Ci/mmol) were Dupont products. [PHJGABA (99.6 Ci/mmol) and hyperfilms
were purchased from Amersham. Nor-BNI  (Nor-binaltorphimine
dihydrochloride), naltrindole, U50488, and bremazocine were obtained from
Research Biochemicals Incorporated. DAGO, DADLE, Naloxone, bacterin,
bestatin, and captopil were acquired from Sigma. Other chemicals used in the
experinent were obtained from BDH.

Results

Washout curves of brain sections binding with opioid ligands

As shown in Figure IV.1a, after the incubation of brain sections with 2 nM of
[*H]DAGO in the presence or absence of 2 uM DAGO for 120 minutes, the total
[H]DAGO binding and non-specific binding decreased drastically within the first
minute of wash and then gradually decreased with the increase in wash time.
The specific binding of [FHIDAGO decreased slowly throughout the washing
period. However, the ratio of total binding versus non-specific binding increased
progressively as wash time increased. To achieve both a high specific binding
and a good ratio of total binding over non-specific binding, the optimal washout
time for [3H]JDAGO was determined to be 1 minute for 4 times (a total of 4

minutes).

For & receptor binding, the brain sections were incubated in 4 nM [*HIDPDPE
with or without 4 uM of DADLE for 90 minutes. The x binding was performed
at 4°C, using 3 nM [*HIEKC containing 100 nM DAGO and DADLE in the
presence or absence of 3 uM bremazocine for 90 minutes. The pattern of
washout curves for both & (Figure IV.1b) and x receptor (Figure IV.1c) binding
was similar to that of u receptor. The only difference was that their specific

bindings were lower than u receptor. This is possibly due to the relatively fewer
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Figure IV.1 Washout curve of [FHIDAGO (a), *HIDPDPE (b), and [*H]EKC (c) binding
in brain sections of Columbian ground squirrel. (open square represents total binding,
open circle indicates specific binding, and open triangle denotes non-specific binding,
n=3)
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& and x receptors than u receptors in the CNS of squirrels (Herkenhman and
MecLean 1988). According to the above mentioned criteria, the optimal washout
time for & and x binding was therefore set with 4 X 1 minuie (total of 4 minutes)

and 4 X 5 minutes (total of 20 minutes), respectively.

Pre-incubation curves

To eliminate the interference of endogenous opioids in receptor binding, the
brain slices were pre-incubated first in phosphate buffer to deplete the
endogenous peptides. In the first few mirntns of pre-incubation, the total
binding of [SH]DAGO increased profoundly as the pre-incubation time increased,
presumably because of the freeing of opioid receptors from the binding of
endogenous opioids (Figure IV.2a). However, with the proloungation of pre-
incubation, the total binding of u receptor started to decrease as the inactivation
or instability of opioid receptors increased with pre-incubation time. The non-
specific binding of the [PHIDAGO was increased slowly throughout the time
course of pre-incubation. Therefore, the specific binding of u receptor increased
within a short period of the pre-incubation (peaked at about minute 5) a:-1 then
decreased gradually (Figure IV.2a). Similar to the pre-incubation curve of
[*HJDAGO binding, the specific binding of [*H]DPDPE and [FH]EKC in the-pre-
incubation curve for & and . receptors also increased first and then declined
slowly (Figure IV.2b and Figure IV.2c). Therefore, the optima! pre-incubation

time was 5, 5, and 10 minutes for u, 8, and x receptor binding, respectively.

Association curves

To assess how long it takes to reach the equilibrium for each opioid ligand to
bind with its receptor, various incubation times were examined. As indicated in
Figure IV.3a, b, and ¢, with the increase in incubation time the total binding of
opioid ligands increased rapidly in the early phase of incubation. With further
increase in incubation time, the total receptor binding still increased, but, at a

slower pace. The non-specific binding increased gradually over the entire
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Figure IV.2 Pre-incubation curve of [PHIDAGO (a), ["HIDPDPE (b), and [*H)EKC (c)
binding in brain sections of Columbian ground squirrel. (open square means total
binding, open circle denotes specific binding, and open triangle is non-specific binding,

n=3)
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Figure IV.3 Association curve of [PHIDAGO (a), [*HIDPDPE (b), and [PHJEKC (c)
binding in brain sections of Columbian ground squirrei. (open square indicates total
binding, open circle represents specific binding, and open triangle is non-specific
binding, n=3)
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incubation time. Therefore, the specific binding of FH]JDAGO to u receptor
increased in the first 120 minutes and levelled off afterwards. For & and x
receptors, the specific binding reached its maximal level at minute 40 and 89,
respectively. Further increase in incubation did not add any more specific
binding. Thus, the optimal incubation times for u, 8, and x receptor binding

used in later experiments were 120, 40, and 80 minutes, respectively.

Saturation curves To appraise the pharmacological che:-acteristics of the opioid
receptors in the CNS of ground squirrels, brain sections w. re incubated with
different radioactive ligands in concentrations ranging from 0.125 nM to 19.2 nM
using the optimal incubation condition for each type of opioid receptor (Table
IV.1). Saturation curves were plotted using total, non-specific, and specific
binding vs. concentration of the ligand. As shown in Figure IV.4a, with the
increase in concentration of [B(HIDAGO, the total binding increased markedly in
the low concentration range and slowly in the higher concentration range, while
non-specific binding increased gradually throughout the concentration range.
Therefore, the specific binding increased rapidly at low concentration and
levelled off at high concentration (around 8nM of [*HJDAGO). Using the same
set of datz, a Scatchard plot was constructed by graphing regression of
Bound/Free vs. Bound of [*HIDAGO. The data fell onto a straight line with a
12 of the regression line equal to 0.95. The X intercept of the Scatchard plot was
B,..= 325.59 fmol/mg protein in the brain of ground squirrels (Figure IV.4b).
The slope of the regression line was -1/K; =-0.36. The K, value of [*H]JDAGO in
binding p receptor of the brain of ground squirrel was, therefore, 2.75 nM. The
K, values of [*BH]IDPDPE and [*H]EKC obtained from their respective Scatchard
plots were 3.70 nM and 3.61 nM, respectively, and the B, of 8 and « receptors
in the brain of ground squirrel was 225.70 fmol/mg protein (Figure IV.5b) and
236.75 fmol/mg protein (Figure IV.6b).
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Figure IV.4 Saturation curve (a) and Scatchard piot (b) of [*HJDAGO binding in brain
sections of the Columbian ground squirrels. (open square represents total binding, open
circle means specific binding, and open triangle indicates non-specific binding, n=3)
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Figure IV.5 Saturation curve (a) and Scatchard plot (b) of [BH]DPDPE binding in brain
sections of the Columbian ground squirrels. (open square represents total binding, open
circle is specific binding, and open triangle designates non-specific binding, n=3)
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Figure IV.6 Saturation curve (a) and Scatchard plot (b) of [*H)EKC binding in brain
sections of the Columbian ground squirrels. (open square indicates total binding, open
circle represents specific binding, and open triangle designates non-specific binding,
n=3)
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Displacement of specific opioid receptor binding by different opioid or non-opioid
ligands

To evaluate the receptor specificity of various ligands, brain sections were
incubated in 2 nM [*H]JDAGO, or 4 nM [*HIDPDPE, or 3 nM [SH]JEKC in the
presence or absence of other opioid or non-opioid ligands with the conditions
listed in Table IV.1. The radioactivity of each slide was then measured and the
specific binding of the radioactive ligand in each condition was normalized using
the control slices incubated only with the corresponding tritiated ligand as 100%.
The percentage of specific binding in each condition was plotted against the
concentration of the corresponding cold ligand. The specificity of each ligand to
a certain receptor type was expressed as its ICg value which was obtained from

the displacement curve.

As demonstrated in Figure IV.7, the p agonist DAGO displaced about 5% of
[*H]JDAGO at 0.1 nM, 40% at 1 nM, and 72% at 10 nM. Therefore, its IC5 was
3.16 nM. Bremazocine, a general opioid agonist with certain preference to x
receptor, also replaced [FHJDAGO very efficiently: around 5% at 0.1 nM, 47% at
1 nM, 78% at 10 nM, and with an ICy, of 1.58 nM. Naloxone, a general opioid
antagonist with high u affinity, had an IC4, value of 5.37 nM to displace
[PH]DAGO. On the other hand, the & agonist DADLE, the x antagonist Nor-
BNI, the & antagonist naltindole, and the x agonist U50488 had much lower
affinities for p receptors, with IC;, values of 25.1 nM, 0.13 uM, 0.18 uM, 0.55 uM
to displace [SH]IDAGO. In addition, the non-opioid ligand 5-HT could hardly
displace any [FH]DAGO binding from the u receptor even at a concentration of
1 mM.

To displace 50% of the & receptor from [*H]DPDPE binding, 1.26 nM of DADLE
or 2.51 nM of naltrindole was required (Figure IV.8). Other opioid ligands, such
as bremazocine, naloxone, Nor-BNI, DAGO, and U50488, were less compatible
in displacing [SHIDPDPE (with ICj, values of 0.14 M, 0.18 uM, 0.56 uM, 5.01
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Figure IV.7 Displacement of [fH]IDAGO bindnigto p receptors by various opioid or non-
opioid ligands.

(n=3, Legend: open circle, bremazocine, closed circle, DAGO, open square, naloxone,
closed square, DADLE, open triangle, Nor-BNI, closed triangle, naltrindole, reversed
open triangle, U50488, and reversed closed triangle, 5-HT)
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Figure IV.8 Displacement of binding of the 8 agonist [lHIDPDPE by different opioid
agonists, opioid antagonists, or a non-opioid ligand.

(n=3, Legend: open circle, DADLE, closed circle, naltrindole, open square, bremazocine,
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uM, 89.1 uM, respectively). The non-opioid ligand 5-HT only displaced less than
15% of the [SHJDPDPE binding even at a concentration up to 1 mM.

For [3SH]JEKC binding to the x receptor, only 1.056 nM of bremazocine, or 2.82 nM
of Nor-BNI, or 8.91 nM of U50488 could displace it by 50% (Figure IV.9). Other
opioid ligands, such as DAGO, DADLE, naloxone, and naltrindole, used in the
experiments could only displace the [PHJEKC binding by 20% to 40% at a
concentration up to 10 uM. Also, the non-opioid ligand 5-HT did not displace
any [BH]EKC binding even at a concentration of 1 mM.

Analyses of the Autoradiogram

The p receptor binding in the limbic system of non-hibernating and hibernating
ground squirrels is shown in Figure IV.10. The darkness of a certain region
indicated the binding density of [BHIDAGO. As can be seen, u receptor binding
in the limbic region of non-hibernating ground squirrel was densely located in
the lateral septum, preoptic area, CA3 region of the hippocampus, and
hippocampal fissure, while it was only moderately distributed in the medial
septum, CAl and dentate gyrus of the hippocampus. As for the non-specific
binding, the optical density was releative evenly distributed and slightly darker
than the background. In calculating the specific binding, the amount of
radioactivity of non-specific binding was subtracted from the total binding.
During hibernation, the p receptor binding in the medial septal and CA3 region
of the hippocampus was significantly reduced when compared with that of the
non-hibernating squirrels (Table IV.2).In the other regions of the limbic system
examined, such as the lateral septum, the preoptic area, and dentate gyrus of the
hippocampus, there were no significant changes in [BH]DAGO binding between
the hibernating and non-hibernating ground squirrels (Table IV.2). The non-
specific binding in the brain sections of hibenrating animals was similar to those

of non-hibernating animals.
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Figure IV.9 Displacement of binding of the [*HJEKC to x receptors by opioid agonists,

opioid antagonists, or a non-opioid ligand.
(n=3, Legend: open circle, bremazocine, closed circle, Nor-BNI, open square, U50488,

closed square, DADLE, open triangle, DAGO, closed triangle, naltrindole, reversed open
triangle, naloxone, and reversed closed triangle, 5-HT)
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Comparatively, the overall 8 receptor binding in the non-hibernating ground
squirrels was less than that of p binding. Its distribution in the limbic system
was mainly concentrated in CAl, dentate gyrus, ar- hippocampal fissure of the
hippocampal formation (Figure IV.11). A mode#:te iocalization of & receptor was
also observed in CA3 of the hippocampus, whereas 3 receptors were sparsely
located in the lateral septum, medial septum, and the preoptic area. The binding
of [3SH]DPDPE to & receptor in the lateral septum, CA3, and hippocampal fissure
of the hippocampal formation was significantly decreased in the hibernating
squirrel. The reduction in & receptor binding of hibernating ground squirrels
was also observed in the CAl and dentate gyrus of the hippocampus although
the difference was not significant (P=0.074 and 0.069, respectively, Table IV.3).

Different from u and § receptors, the distribution of the x receptor was limited
in certain regions. For instance, it was very dense in the claustrum o’ the limbic
system, while only moderate in dentate gyrus of the hippocampus and sparsely
in most other parts of the limbic system, such as the lateral septum, medial
septum, the preoptic area, and the CAl and CA3 of the hippocampus (Figure
IV.12). In the hibernating squirrels, the [BHIEKC binding was significantly
reduced in the claustrum and the CA3 of the hippocampus (Table IV.4). In the
lateral septum and preoptic area, a decrease in x receptor binding was also
observed though not significantly (P=0.054 and 0.064, respectively, Table IV.4).

Discussion
Before autoradiography can be performed, the optimal incubation conditions
have to be determined for a specific species. Although the washout and pre-
incubation procedures were both aimed at dissociating the specific bound ligand
from its receptor, the criteria used for evaluating the time required for each were

different. Washout was aimed at reducing the no.:-specific binding of the ligand
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to a reasonable level without losing too much of the specific binding. The
purpose of pre-incubation, on the other hand, was to reduce the pre-occnpation
of receptors by the endogenous ligand. Therefore, the washout and pre-
incubation time may not be the same, they may also be different from the
association time as they did not reach the equilibrium (Table IV.1).

Another concern in the autoradiography is whether the specific ligand used in
the experiment really binds to its relevant receptor. Therefore, the
pharmacological characteristics of each ligand need to be examined. The Ky
value of [FH]IDAGO binding in the brain of ground squirrels obtained from the
Scatchard plot was 2.75 nM which was close to the reported values obtained
from other species ranging from 0.20 to 4.5 nM (Wood 1986, Paterson 1991, Fan
et al. 1992). The K, values of [*SH]DPDPE and [*H]JEKC were 3.70 nM and 3.61
nM respectively, which were also in the reasonable range of the reported values
from 0.63 to 4.9 nM and 1.7 to 5.8 nM, respectively (Wood 1986, Paterson 1991,
Stevens et al. 1991, Fan et al. 1992). In addition, all three types of receptor
binding in the brain of the ground squirrels were determined as having only one
high affinity binding-site (using the Beckman "AccuFit Saturation-two site"
program for receptor binding). Further displacement experiments indicated that
each of the tritiated ligands used indeed bound to its own specific receptor with
fairly high selectivity. For instance, [FH]JDAGO was only displaced by those
ligands with high u affinity at the nM range, whereas other & or x ligands could
only displace it at much higher concentration (Figure IV.7) and the u/é ratio of
DAGO was about 1000 (Figure IV.7 and 8). Similarly, "HIDPDPE or [*H]JEKC
binding could only be displaced by low concentrations (nM range) of its specific
agonists or antagonists (Figure IV.8, 9). Therefore, the receptors investigated

in the experiments were very likely u, &, and x receptors as intended.

To quantify the density of receptor binding in certain brain regions the

traditional way, i.e., as fmol/mg protein, a series of standards had to be used.
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However, because of the difference in density and physical characteristics
between brain and manufactured plastic standards, the quenching factors for
tritiated ligand are completely different. Therefore, proper correction of the
quenching factor is essential (Kuhar and Unnersrall 1990, Geary et al. 1985) in
achieving accurate results. Instead of trying to make quenching corrections of
our brain tissue against commercial standards, we used our own standards
employing a homogeneous brain paste of the Columbian ground squirrel. To
convert the optical density of an autoradiogram to the receptor ligand binding
of a specific region as fmol/mg protein by comparing with a standard curve, two
assumptions are generally made: (1) the interested brain region is uniform in the
density of white matter and grey matter, therefore the quenching factor is
identical to that of the standard, and (2) the protein content is also evenly
distributed in the region. However, the brain itself is not a homogeneous tissue
and the quenching effects of grey matter are different from that of the white
matter. Therefore, the quenching factor may vary from one region to another.
In addition, the protein content in the brain is not homogenously distributed
either. To meet the first assumption, other than using the same tissue to make
standards, there is not a good and easy way to get around the problem except
removal of lipids by chloroform extraction (Geary et al. 1985). Since the main
concern of the present study was to compare changes ir receptor binding in the
same region under two different physiological conditions, but not the absolute
level of receptor binding between regions, the difference in quenching should
only be minimal. The second criterion can be met by expressing the data only
as fmol per unit area (rather than per mg protein), which has been found to be
more reliable (Kuhar and Unnersrall 1990).

Similar to the reported results for the rat brain (Mansour et al. 1988, Sharif and
Hughes 1989), the distribution and binding of the three types of opioid receptors
in the Columbian ground squirrels’ CNS was also quite different. The u receptor
was the densest in binding of the three types and it was evenly distributed
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throughout che limbic system. The & receptor binding was less than the u
receptor overall, with most of it concentrated in the hippocampal region. With
the exception of a very dense binding in the claustrum, x receptor binding was
the sparsest of the three opioid receptors. During hibernation, however, the
density of opioid receptors decreased in certain CNS regions. The reduction in
p receptor binding was not uniform throughout all regions; it was significantly
reduced in the medial septum and CA3 region, but without change in the lateral
septum, preoptic area and dentate gyrus. Therefore, the decrease in receptor
binding in the hibernating ground squirrel was not a uniform depression of the
opioid system. This conclusion was supported by a recent study (Beckman et al.
1993) that the failure in development of physical dependence to morphine
observed in the hibernating animal can not be mimicked by a general depression
of the CNS induced by pentobarbital. Instead, the alteration in receptor binding
during hibernation appears to be site- and receptor-specific. The reduction in &
receptor binding was found. localized in the lateral septum and the CA3 and
hippocanpal fissure of hippocampal region, whereas that of x binding was most

profound in the claustrum and CA3 of the hippocampus.

The seasonal changes in opioid receptor sensitivity to exgenous opioids have been
shown by previous investigations examining state-dependent changes in
thermoregulation (Wang et al. 1987, Lee et al. 1989) and modulation of
neurotransmitter release (Kramarova et al. 1991, Cui et al. 1993). Injection of
met-enkephalinamide into the lateral septum of non-hibernating ground squirrel
induced a biphasic thermoregulatory responses: hyperthermia at low dose and
hypothermia at high dose, but only a uniphasic hyperthermia was induced after
high dose in the hibernating state. This right-hand shift in the dose-response
curve could be explained by the observed reduction in ["[HJDPDPE binding to &
receptor in the lateral septum of the hibernating ground squirrels (Table IV.3).
In addition, the attenuation of inhibitory effect of & agonist on 5-HT release
from the hippocampal slices of hibernating ground squirrel (Chapter Two) may
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be a result of the decrease in & receptor binding in the CA3 and hippocampz:
fissure of the hippocampal region (about 29%). Similarly, the decline of the
density of x receptor binding by 31% (mainly in CA3 of the hippocampus) may
also beaccounted for the attenuation of x agonist mediated stimulation on 5-HT
release from the hippocampal slice of hibernating animals. However, the
[(HIDAGO binding in the hippocampal region of hibernating greund squirrel
only decreased by 19% (mostly in CA3 region) which lead to the insignificant
downward shift of dose-response curve of the inhibitory modulation of 1 agonist
on 5-HT release (Chapter Two). It has been known for a long time that
increased extracellular neurotransmitter will induce desensitization or down-
regulation of its receptors. Chronic administration of exogenous opioids have
been shown to either Jesensitize or down-regulate various opioid receptors
(Bhargava et al. 1991, Tao et al. 1991). An elevation of endogenous opioid
activity couid also lead to the downregualtion of opioid receptor (Stein et al.
1992). It is thus quite possible that the observed decrease in opioid receptor
binding in specific CNS regions during hibernation may be a result of increased

endogenous opioid activity.

Different from the hippocampal region, the p receptor binding in the medial
septum was decreased strikingly (569%) in the hibernating ground squirrels. The
medial septum is generally believed to be one of the critical elements in
generating the theta-rhythm of the septo-hippocampal complex (Green and
Arduini 1954, Petsche et al. 1962, Stewart and Fox 1990). The inhibition of
theta-rhythm has been speculated to directly regulate the entry and maintenance
of hibernation (Heller 1979). As the nature of opioid activation is mainly
inhibitory, an increase in endogenous u activity in the medial septum may
suppress neuronal activity (including theta-rhythm) in the septo-hippocampal
complex, facilitating the onset or maintenance ¢f hibernation. On the other hand,
down-regulated opioid receptors, in the late phase of a hibernation bout, in

concert with other excitatory neurotransmitters, e.g. norepinepherine and
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thyrotropin-releasing hormone, may lead to reversal of the inhibition in the
septo-hippocampal region and induce arousal from hibernation (Beckman and
Stanton 1982, Belousov and Belousova 1992, Belousov 1993). The increase in
inhibitory u activity in hibernation, therefore, further supports the theory that
the medial septum is an important functional link in regulating different states
of the hibernation cycle (Belousov 1993).

Another interesting finding was the significant reduction in the binding of x
receptor in the claustrum of hibernating animals. Although the exact function
of this nucleus is still largely unknown, it has been suspected to be responsible
for appetite regulation (Simpson and Fitch 1988). x agonists have been
demonstrated to be involved in feeding and body weight gain (Ferguson-Segall
et al. 1982, Morley and Levine 1981, 1983). In addition, a seasonal increase in
the activity of the endogenous x agonist, dynorphin, has been observed in ground
squirrels (Nizielski et al. 1986). It is thus quite possible that an increase in
activity, indicated by down-regulation of x receptors, in the claustrurn may be

related to the pre-hibernation fattening.

To date, the exact mechanisms which regulate or cause the changes in receptor
binding are unclear. It can be due to an increase in endogenous opioid activity
by an endogenous clock, which in turn down-regulates their receptors. However,
the expression of opioid receptors has also been demonstrated to be modulated
by other neurotransmitters and second messenger systems (Desjardins et al.
1992, Shariabi and Sharp 1993, Simth et al. 1993). The possibility of a
spontaneous reduction in the expression of opioid receptor controlled by an
endugenous mechanism cannot, be excluded until further investigation of opioid
receptor gene expression by in situ hybridization has been carried out.
Mevertheless, the results tend to suggest that the non-uniform changes in
binding to various opioid receptors may be responsible for their diverse

physiological roles in regulating different states of hibernation.
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CHAPTER FIVE

State-dependent changes of endogenous opioids in
the central and peripheral systems in the

hibernation cycle
Introduction

Since the discovery of endogenous opioids in the early 1970’s (Hughes et al
1975), three distinct endogenous opioid families have been identified, namely:
proopiomelanocortin (POMC), proenkephalin, and prodynorphin (Cuello 1983,
Khachaturian et al. 1985, Civelli et al. 1986). The post-translational products of
POMC gene are B-endorphin, a potent agonist at both p and 8 receptors, and
non-opioid peptides ACTH and y-LPH. Met-enkephalin and leu-enkephalin are
the products of the proenkephalin gene expression. Both of them prefer &
receptors. Dynorphin A 1-17, 1-13, 1-8, along with dynorphin B and neo-
endorphin, are produced from the prodynorphin family. Most of the dynorphins
have x preference except dynorphin A 1-8 which retains & capability and
dynorphin A 1-13 which has high potency to both x and p receptors (Akil et al.
1984, 1988, Brush and Shain 1989, Simon 1991). The diverse endogenous
opioids are distributed widely in the central and peripheral nervous systems and
several organs or organ systems, such as the adrenal gland, gastrointestinal
tract, pancreas, etc. (Hokfelt et al. 1984, Genazzani et al. 1984, 1989,

Versions of this chapter have been submitter for publication. Cui, Y., Lee, T.F.,
Wang L.C.H. “In vivo microdialysis study o1 changes in septal dynorphin and -
endorphin activities in active and hibernating Columbian ground squirrels”
Brain Research; and “State-dependent changes of brain endogenous opioids in
mammalian hibernation” Brain Research Bulletin.
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Schick and Schusdziarra 1985, Negri et al. 1989, Stengaard-Pedersen 1989).
Each type of opioid participates in controlling diff -rent physiological functions
by uctivating its specific opioid receptors (Olson et al. 1990, 1992).

Opioids have been indicated to mediate increased feeding at low doses (Gosnell
1987, Stanley et al. 1989) and anorexia at high doses (Yim and Lowy 1984,
Nizielski et al. 1986), bradycardia and hypotension (Kunos et al. 1988, Rabkin
1989), respiratory suppression (Yeadon and Kitchen 1989), lowering of set-point
(Tset) in thermoregulation (Spencer et al. 1990, Burks 1991, Handler et al.
1992), and releasing of other neurotransmitters (Jackisch et al. 1988, Illes 1989).
These opioid-mediated physiological changes are similar to those observed during
mammalian hibernation, e.g. hyperphagia induced obesity followed by anorexia,
decrease in heart and respiratory rate, and decrease in Tset for body
temperature {Tb) regulation. Itis, thus, speculated that endogenous opioids may
be involved in controlling the hibernation cycle. Previous reports have
demonstrated an increase in met-enkephalin-like peptides in the brain extracts
(Kromarova et al. 1983) and in the perikarya of the septal and hypothalamic
regions (Nurnberger et al. 1991) in hibernation and a decrease in opioid receptor
efficacy in hibernation (Beckman et al. 1981, 1986, Wang et al. 1987, Lee et al.
1989). These observations imply an increase in endogenous opioid activity
associated with hibernation. However, previous investigations only covered a
few regions in the central nervous system (CNS). No attempts have been made
to reveal changes, if any, in the peripheral opioid system which has been shown
to be generated and regulated differently from the central opioids (Alessio et al.
1989, Negri et al. 1989, Hokefelt et al. 1984). The present study, therefore,
aimed to provide a detailed and systematic documentation of changes in
endogenous opioids from three opioid families in the central and peripheral
gystems in different stages of a hibernation season. With the aid of in vivo
microdialysis (Benveniste 1989, Kendrick 1989, Ungerstedt 1991), we attempted

to verify whether the observed changes in opioid content in different regions of
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the CNS are of any functional significance by simultaneously measuring the
extracellular concentration and "apparent turnover" (which is the amount of
opioids diffused into the dialysate per unit time) of the same opioids in the same

region.

Methods
All experimental protocols had been approved by the University of Alberta

Animal Use Committee, following the guidelines of the Canadian Council on

Animal Care.

Animals Columbian ground squirrels (Spermophilus columbianus) of both sexes
were live trapped in the foothills of the Rocky Mountains in Alberta. All
squirrels were housed at 22°C under natural photoperiod with free access to food
(rodent chow, mixed grains, and sunflower seeds) and water. Their body weights
were measured weekly and monitored year round. The onset of hibernation
season was determined as a rapid gain in body weight, because of hyperphagia,
followed by weight plateau and anorexia. When their body weights reached
plateau, the animals were transferred to a cold (4 = 1°C), dark walk-in
environmental chamber to facilitate hibernation. Their activity was checked and
recorded daily. The hibernating state was verified as a lack of movement, slow
and regular breathing (less than one per minute), and the sawdust remaining on
the squirrel’s back when placed on it the previous day. The hibernating ground
squirrels used for collecting brain tissues and plasma samples were those who
had completed at least two hibernation bouts. They were sacrificed on the
second day of a hibernation bout while still hibernating (Tb=4-5°C). Non-
hibernating squirrels were those whose body weight was relatively constant for

at least two months prior to use and were sacrificed while euthermic (Tb=37-
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38°C). For microdialysis studies, hibernating squirrels were cannulated during
their inter-bout euthermia and used on the second day of a reentered hibernation

bout following surgery. Non-hibernating squirrels were used only one week after

surgery.

Preparation of brain tissues and plasma samples Non-hibernating or hibernating
squirrels were terminated between 10:00 and 11:00 am by decapitation. Brains
were rapidly removed from the skull and immediately dissected on ice into
several brain regions: frontal cortex, septum, striatum, hypothalamus, claustrum,
hippocampus, cerebellum, and medulla. Following separation, the brain tissues
were immediately frozen in dry ice and stored at -70°C until used.
Simultaneously, about 10 ml blood of the animals were collected in an ice-cold
centrifuge tube containing 200 ul of 0.5 mM EDTA solution and 100 ul
enkephalinase inhibitors (2 mM bestatin, 100 uM captopril, and 10,000 units
aprotinin). Plasma was separated by centrifugation at 3000 rpm for 15 minutes
at 4°C and stored at -70°C until used.

The brain tissues were homogenized in 1 ml of 0.1% trifluoroacetic acid (TFA)
containing enkephalinase inhibitors: 20 uM bestatin, 1 uM captopril, and 1000
units aprotinin, using an ultrasound homogenizer Sonifier (Branson). An extra
200 11 10% TFA was added to the homogenate following homogenization. 1 ml
of »is:ma sample was also mixed with 200 ul of 10% TFA. The acidified brain
tissue homogenates and plasma were centrifuged at 14,000 rpm for 10 minutes.
The pellets were redissolved in 0.1 M perchloric acid and used for measuring the
amount of protein (Bradford 1976). Endogenous opioids were extracted from the
supernatant using solid phase extraction (SPE). Briefly, C,s SPE columns
(containing 190 mg packing material) were equilibrated by washing with three
1-ml portions of 60% acetonitrile (ACN) in 0.1% TFA fcllowed by six 1-ml
volumes of 0.1% TFA under negative pressure. The supernatant of acicified

brain tissue homogenates or plasma were then loaded onto the pre-treated SPE
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columns and slowly drawn through the column. The column was then washed
with two 1-ml volumes of 0.1%TFA. Endogenous opioids from brain tissues or
plasma samples were finally eluted with two 1-ml portions of 60% ACN in 0.1%
TFA and lyophilized using a Centrivap Concentrator (LABCONCO). The
lyophilized extractions were rehydrated either in radioimmunoassay (RIA) buffer
(0.05 M NaCl, 0.1% BSA, 0.01% NaNy, and 0.1% Triton X-100 in 0.1 M sodium
phosphate buffer, pH="17.4) for detection of dynorphin A and B-endorphin or in
HPLC mobile phase (30% ACN in 20 mM KH,PO,, pH 2.7) for analyzing met-
enkephalin and leu-enkephalin content.  Standard met-enkephalin, leu-
enkephalin, dynorphin A, and 3-endorphin were underwent the same procedure
for estimating the recovery rates of each opioid following SPE extraction. These

recovery rates were used for calculating actual content of endogenous opioids.

HPLC detection of met-enkephalin and leu-enkephalin content in the brain
tissue and plasma Reverse-phase HPLC with C,s column (CSC-Spherisorb-ODS2,
5 um, 15 x 0.46 cm) coupled with an electro-chemical detector (ESA Coulochem
model 5100A) was used to quantify the amount of met-enkephalin and leu-
enkephalin. The mobile phase contained 30% ACN in 20 mM KH,PO, (pH 2.7)
and was delivered at a flow rate of 1.0 ml/min. Before reaching the injector, the
mobile phase was "cleaned" by a high-potential guard cell set at 0.85 V. The
settings of the dual analytical detectors were 0.40 V for detector 1 and 0.80 V for
detector 2. DADLE, used as an external standard, was mixed with standard met-
enkephalin and leu-enkephalin. Brain and plasma samples were spiked with a
mixture of 1 ng met-enkephalin, 1 ng leu-enkephalin, and 0.5 ng DADLE before
injection and the peaks were compared with the same amount of standard and
the unspiked samples to calculate the amount of met-cnkephalin and leu-

enkephalin in the samples.

Cannulation of Columbian ground squirrels in the septal and hippocampal
regions Both non-hibernating and hibernating (in inter-bout euthermia)
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Columbian ground squirrels were cannulated unilaterally with 19-gauge stainless
steel guide cannulae in the lz -ral septum and hippocampus under halothane
anaesthesia. Briefly, the base skull plane of ground squirrels was re-adjust to
the horizontal zero plane by tilting the incisor bar downward 35°. Using
interaural line as the zero point, the stereotaxic coordinates for the septum were
AP=13 X CR mm, L=0.7 X CR mm, H=3 X CR mm and AP=10 X CR-1 mm,
L=4X CR mm, H=3 X CR mm for the hippocampus. The CR (correction factor)
was the distance between the interaural line and the incisor bar divided by 36.8
mm (average distance of all animals used in preparing the atlas). The tips of the
guide cannulae were positioned 2 mm above the intended perfusion regions and
fixed on the skull with dental cement. A 23-gauge stylet was always kept in the
guide cannula when the cannula was not in use. The precise location of the

cannula was determined histologically after completion of the experiments.

In vivo microdialysis Microdialysis probes were assembled using hollow dialysis
fibre (molecular weight cut off 6000 Dalton, O.D. 250 um, Spectrum), fused silica
capillary tubing (World Precision Instruments Inc.), 23-gauge thin-wall stainless
steel tubing (Small Parts Inc.), and PE-50 tubing (Clay Adams) as indicated in
Chapter Two. Briefly, a piece of fused silica capillary tubing (about 25 mm in
length), as the inlet tubing, was inserted into a 18 mm long 23-gauge stainless-
steel tubing. One end of the silica tubing extruded the steel tubing by 1.9 mm
and enclosed by a piece of one-end-sealed (epoxy glue) hollow dialysis fibre (10
mm in length) leaving about 0.1 mm space between the sealed end of dizclysis
fibre and the sealed tip of silica tubing. The remaining part of the dialysis fibre
was inserted into the stainless steel tubing and affixed to the steel tubing using
epoxy glue. The other end of the fused silica tubing pierced through a PE-50
tubing (10 mm), which was connected to the other end of the 23-gauge stainless-
steel tubing for about 3 mm. A small piece of plastic blue tip was finally placed
around the joint area of the PE-50, steinless-steel tubing, and fused silica tubing
and filled with epoxy glue to strengthen the joint.
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Recovery rates of opioids from perfusate of the microdialysis probe was assessed
at both 37°C and 5°C by immersing the tip of the probe into various
concentrations of dynorphin or f-endorphin in an artificial CSF medium (NaCl
128 mM, KCl 2.55 mM, CaCl, 1.26 mM, MgCl; 0.94 mM). The flow rate of
microdialysis was also varied to evaluate its effects on absolute recovery (the
amount of substance picked up in the perfusate per unit time) and relative
recovery (percentage of substance picked up in the perfusate comparing to the
bathing medium in which the probe was kept).

On the day of experiment, non-hibernating squirrels were placed in the lab for
at least two hours before experimentation to allow them to become accustomed
to the environment. A microdialysis probe was inserted into either the septum
or the hippocampus and perfused with artificial CSF at a flow rate of 2 ul/min
using a CMA/100 Microinjection pump (Carnegie Medicine). Samples were
collected every 20 minutes and stored at -70°C. Hibernating squirrels were used
on the second day of a hibernation bout. They were gently picked up and
rotated so that they lay on their sides. Attempts were made to minimize
disturbance when picking up the animals and no other manipulations were
involved throughout the experimental period. A microdialysis probe was inserted
into the guide cannula in the lateral septum when they were still hibernating
(brain temperature, Thr=4-5°C) and perfused with artificial CSF at 1 gl/min in
the cold room (ambient temperature, Ta=4+1°C). A fine thermocouple was
introduced into the cannula implanted in the hippocampus to monitor the Tbr.
The Tbr, breathing pattern, and activity of the animal were monitored
throughout the experiment. Samples were collected every 40 minutes and
immediately frozen on dry ice and stored at -70°C. Extracellular concentrations
were calculated using the pre-determined relative recovery rates at corresponding
temperatures and flow rates. Apparent turnover was obtained using opioid

concentration (fmoljul) in the perfusate multiplying by the flow rate used.
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RIA measurement of dynorphin and p-endorphin Dynorphin and p-endorphin
in the dialysis perfusate and in extracted brain and plasma samples were
analysed using the dynorphin A 1-13 (porcine) RIA kit (RIKB676, Peninsula Inc.)
and the p-endorphin (rat) RIA kit (RIK8883, Peninsula Inc.), respectively. The
cross-reactivity of dynorphin A 1-13 (porcine) antiserum is: dynorphin A 1-13
(porcine) (100%), Big dynorphin 1-24 (porcine) (100%), Big dynorphin 1-32
(porcine) (25%), dynorphin A (porcine) (100%), dynorphin A 1-12 (porcine)
(100%), dynorphin A 1-11 (porcine) (1.5%), dynorphin A 1-10 amide (porcine)
(1.5%), dynorphin A 1.9 (porcine) (0%), dynorphin A 1-8 (porcine) (0%),
dynorphin A 1-7 (porcine) (0%), dynorphin A 1-6 (porcine) (0%), dynorphin B
(porcine) (0%), B-endorphin (0%), and met-enkephalin (0%). The cross-reactivity
of Bp-endorphin (rat) antiserum is: B-endorphin (rat) (100%), p-endorphin
(human) (40%), B-endorphin (porcine) (100%), B-endorphin (equine) (100%),-B-
endorphin (camel, bovine, ovine) (100%), a-endorphin (100%), y-endorphin
(60%), ACTH (human) (0%), met-enkephalin (0%), y-MSH (0%). A 20 uldialysis
perfusate spiked with 0.5 pg standard dynorpain A 1-13 or 1 pg p-endorphin was
used to measure the dynorphin or p-endorphin content in the perfusate.

Statistics Since the population size was small and the distribution of samples
was non-normal, Mann-Whitney’s non-parametric test was used to compare the
differences of endogenous opioids in the brain tissue, microdialysis perfusate, and

plasma of non-hibernating and hibernating Columbian ground squirrels.

Chemicals Met-enkephalin, Leu-enkephalin, DADLE, bestatin, aproiinin, =ind
captropoil were purchased from Sigma. Dynorphin A (porcine) RIA kit and B-
endorphin (rat) RIA kits were obtained fron. Peninsula Inc.
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Results
Recovery of opioid peptides after solid phase extraction
Following SPE, the recovery rate of met-enkephalin was 61.50 + 5.41% (n=3)
and of leu-enkephalin, 87.33 + 2.88% (n=3). The recovery rate for dynorphin
A 1-13 was 59.33 + 5.41% (n=3) and for B-endorphin, 71.98 + 0.94% (n=3).
These recovery rates were used in adjusting later calculations of endogenous

opioid contents in various brain regions and plasma samples.

Changes in endogenous mat-enkephalin and leu-enkephalin in several regions of
the CNS of hibernating and non-hibernating brain homogenate samples

Figure V.1a shows the HPLC profile of standard met-enkephalin (1 ng), leu-
enkephalin (1 ng), and DADLE (0.5 ng). The retention times for met-
enkephalin, leu-enkephalin, and DADLE (external standard) were 4.2, 5.8, and
10.6 minutes, respectively (Figure V.1a). The sensitivity, defined as a minimum
signal/noise ratio of 2 of our detection system was about 100 pg for met-
enkephalin and about 150 pg for leu-enkephalin. Figure V.1b shows the HPLC
chromatogram of a spiked (with 1 ng met-enkephalin, 1 ng leu-enkephalin, and
0.5 ng DADLE) brain homogenized sample and figure V.1c presents the same

sample without the inclusion of spiked standards.

Met- and leu-enkephalin contents in several brain regions of the non-hibernating
and hibernating Columbian ground squirrels were summarized in Table V.1.
The amount of met-enkephalin in the hypothalamus and septum of the
hibernating ground squirrels increased significantly (335% and 120%
respectively) comparing to the non-hibernating animals. In the medulla region,
on the other hand, met-enkephalin content declined significantly (57%) during
hibernation. The tstal met-enkephalin concentration of all investigated regions
combined was no’ significantly different between the non-hibernating and

hibernating ground squirrels (P=0.20). As compared with met-enkephalin, leu-
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Figure V.1 HPLC chromatogram in the quantitive measurement of met-enkephalin and
leu-enkephalin. (a) standard met-enkephalin (ME, 1 ng), leu-enkephalin (LE, 1 ng), and
external standard DADLE (0.5 ng); (b) brain extract spiked with standard ME (1 ng),
LE (1 ng), and DADLE (0.5 ng); (c) the same brain extract alone.
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Table V.1 The amount of met-enkephalin and leu-enkephalin in the brain of

non-hibernating and hibernating Columbian ground squirrels

Non-hibernating

Hibernating Mann-Whitney tests

(n=8) (n=6) P Value
Met-enkephalin (pmol/mg protein)
Cortex 265 + 0.72 4.10 = 1.58 1.00
Hippocampus 851 = 241 11.67 = 2.73 0.52
Hypothalamus 21.16 + 5.93 92.12 +£15.45 <0.01°
Medulla 10.99 = 2.58 4.69 = 0.82 0.154°
Septum 18.17 + 231 40.10 +10.22 0.05°
Striatum 67.256 +14.56 63.14 +14.88 0.81
Leu-enkephalin (pmol/mg protein)
Cortex 099 = 0.35 0.90 = 0.27 0.84
Hippocampus 1.59 + 0.46 3.73 £ 1.12 0.15
Hypothalamus 526 = 2.01 13.36 £ 1.91 0.01°
Medulla 1.34 = 040 2.07 = 1.27 0.47
Septum 332+ 0.78 2.78 + 029 0.68
Striatum 859 + 1.94 8.93 + 1.60 0.57

The results are expressed as mean * s.e.. * indicates significantly different

between non-hibernating and hibernating ground squirrels.
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enkephalin was lower in overall concentration in both non-hibernating and
hibernating squirrels. Except for a significant elevation (149%) in the
hypothalamus and a slightly but insignificantly decreased (16%) in the septum,
leu-enkephalin level during hibernation in most of the investigated regions was
unaltered. Similar to met-cnkephalin, the total concentration of leu-enkephalin
of all investigated regions combined did not change significantly during
hibernation (P=0.61).

Change in endogenous dynorphin A- and p-endorphin-like peptides in the central
nervous system

Dynorphin A and B-endorphin contents were determined using commercial RIA
kits. The total specific binding of the Dynorphin A 1-13 RIA kit was 32.31%
with an ED,, (at which 50% of '*I-Dynorphin A was displaced by standard
dynorphin A from the anti-serum) of 3.93 pg/tube. The sensitivity (EDjso) of the
B-endorphin RIA kit was 13.91 pg/tube with a maximal specific binding of
33.82%.

During hibernation, dynorphin A-like peptides in the hippocampus almost
doubled the amount of non-hibernating Columbian ground squirrels (Table V.2).
There was also a significant increase (56%) in dynorphin A-likc peptides in the
claustrum. TkLe dynorphin A-immunoreactivity in the septum and hypothalamus
of hibernating animals was also elevated slightly, though not significantly, by
58% and 46%, respectively. The total amount of dynorphin A immunoreactivity
of the examined regions increased slightly, but not significantly, during
hibernation (P=0.1). This increase was brought about by a modest elevation of
dynorphin A-like peptides in most of the examined regions except the cerebellum,
which showed a 61% decrease, though not significant, in dynorphin A
immunoreactivity in the hibernating squirrels (Table V.2). During hibernation,
p-endorphin immunoreactivity increased in the hypothalamus (165%), whereas
it decreased to 21% in the medulla (Table V.3). The overall p-endorphin-like
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peptide in the investigated brain regions of hibernating squirrels did not differ
(P=0.50) from that of non-hibernating squirrels.

Moeasurement of extracellular apparent turnover of dynorphin A and p-endorphin
in the septum of non-hibernating and hibernating squirrel using microdialyais
At 37°C, the relative recovery rates of dynorphin A and B-endorphin were
concentration independent. With the increase in flow rate, the relative recovery
rates of both dynorphin A and B-endorphin decreased (Figure V.2). However,
the absolute recovery increased when flow rate increased from 0.5 ul/min to 2
pl/min and gradually levelled off when flow rate reached 4 ul/min. At 2
pl/minute, the relative recovery was 2.75 + 0.26% for dynorphin A (n=3) and
2.24 + 0.09% for f-endorphin (n=3). The absolute recovery rate of dynorphin
A was 0.110 fmol/min and that of f-endorphin was 0.090 fmol/min in a medium
concentration of 2 nM dynorphin A and B-endorphin. At 5°C, because of the
temperature effect, the recovery rates decrzased. To compensate for the decline
in recovery at 5°C, flow rate was reduced to half of that used at 37°C, ie 1
pl/min. In this condition, the relative recovery rate of dynorphin A was 2.63 *
0.24% (n=3) and that of p-endorphin was 1.93 + 0.05% (n=3); these values were
very close to their relative recovery rate at 37°C at a flow rate of 2 ul/min. The
absolute recovery rate, in this condition, was 0.053 fmol/min for dynorphin A and
0.039 fmol/min for p-endorphin in the medium concentration of dynrophin A and
p-endorphin as used at 37°C. Therefore, the absolute recoveries at 5°C used in
the present experiment were about half of that at 37°C for both dynorphin A and
B-endorphin because of temperature (Qq) effect.

The apparent turnover of dynorphin A in the septal dialysate of non-hibernating
ground squirrels (Tbr=37+1°C) was 0.081 + 0.012 fmol/min (n=18). With the
pre-determined recovery rate, the estimated interstitial concentration of
dynorphin A-like peptides in the septum of non-hibernating Columbian ground
squirrels was 1.47 = 0.22 nM. During hibernation (Tbr=4-5°C), Jynorphin A
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Figure V.2 Relative (closed symbol) and absolute (open symbol) recovery rates of
Dynorphin A (circle) and p-endorphin (square) in the dialysate at 37°C.
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apparent turnover in the perfusate was almost the same (0.080 = 0.017
fmol/min) as that of non-hibernating animals. The estimated extracellular
concentration, during hibernation, was 3.05 = 0.64 nM, with an increase of
107% (n=17, P<0.01, Figure V.3). Following complete arousal (Tbr=37+ 1°C)
from hibernation, dynorphin A apparent turnover increased to 0.134 + 0.039
fmol/min (n=3) with an estimated extracellular concentration of 2.43 = 0.71 nM,
about 65% higher than the non-hibernating level. The inter-bout euthermic
extracellular dynorphin A immunoreactivity was, therefore, between the
hibernating and non-hibernating state, and not significantly different from either
of them ( P=0.33 for non-hibernating vs. inter-bout euthermia and P=0.40 for

hibernating vs. inter-bout euthermia).

The B-endorphin apparent turnover in the septal perfusate of non-hibernating
ground squirrels was 0.089 + 0.017 fmol/min (n=18, 18 samples from 5 animals)
and, thus, an extracellular concentration of 1.99 + 0.38 nM. During hibernation,
the apparent turnover of p-endorphin decreased slightly to 0.073 = 0.028
fmol/min (n=7, 7 samples from 3 animals), but its estimated inierstitial
concentration increased (90%) significantly to 3.78 = 1.44 nM (P=0.01, Figure
V.3). When animals were completely aroused from hibernation, there was a
drastic increase in B-endorphin apparent turnover (97%, 0.175 + 0.035 fmol/min,
n=3, 3 samples from 3 animals) which led to an even higher extracellular
concentration of 3.90 = 0.78 nM. Thus, the extracellular concentration of B-
endorphin-like peptide in the inter-bout euthermia was significantly higher
(P=0.02) than that of squirrels in the non-hibernating state.

Changes in peripheral opioid concentration

The met-enkephalin concentration in the plasma of hibernating Columbian
ground squirrels was significantly higher (38%) than that of non-hibernating
animals (n=5, P<0.01). However, the concentration of leu-enkephalin did not
change in the hibernating state (0.12 = 0.01 pmol/ml, Figure V.4) as compared
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to the non-hibernating animals (0.11 = 0.01 pmol/ml, n=5, P=0.21). Similar to
met-enkephalin, there was a drastic elevation (401%) of dynorphin A
immunoreactivity in the plasma of hibernating ground squirrels (n=4) in
comparison to non-hibernating animals (n=9, P=0.02, Figure V.5). In contrast,
p-endorphin concentration in the plasma decreased by 29% during hibernation

(n=4) as compared to the non-hibernating animals (n=9, P=0.25, Figure V.5).

Discussion
The present study demonstrated a state-dependent increase in endogenous opioid
peptides. However, this was not an overall elevation of opioid content in every
CNS region. Rather, the increase was only limited to a few regions, such as the
hippocampus, septum, and hypothalamus. In contrast, there waseven a decrease
in opioid contents in other regions (mainly medulla). It has been shown that
met-enkephalin, leu-enkephalin, p-endorphin, and dynorphin are produced from
three distinct genes via different pathways (Brush and Shain 1989, Siraon 1991)
and each of them distributes differently in the brain and in the periphery (Cuello
1983, Hokfelt et al. 1984). Changes in opioid content in the CNS and peripheral
systems have been demonstrated to be related to physiological or pathological
responses (Kurumsji et al. 1987, Alessio et al. 1989, " iabeshima et al. 1992).
Therefore, the diversity of changes in endogenous opioids in various CNS regions
and in the peripheral during hibernating may be related to the state of

hibernation.

Our observed increases in endogenous opioid contents during hibernation were
not due to cold or other physical stresses. The patterns of change in brain opioid
peptides under various stresses have been revealed. For instance, cold and
immobilization caused a decrease in met-enkephalin-like immunoreactivity in the

prefrontal cortex, hypothalamus, thalamus, hippocampus, and striatum
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(Kurumaji et al. 1987). Further, both environment-induced conditioned stress
and forced swimming reduced con.2ntrations of met-enkephalin in the striatum
and leu-enkephbalin in the hypothalamus, but induced an increase in dynorphin
A concentration in the hypothalamus (Nabeshima et al. 1992). During
hibernation, both met-enkephalin and leu-enkephalin concentrations increased
significantly in the hypothalamus, which was opposite to stress-induced decrease
in endogenous opioids (Kurumaji et al. 1987). The significant elevation of septal
met-enkephalin level during hibernation was also different from the unchanged
levels during cold and immobilization stress (Kurumaji et al. 1987). The 203%
increase in dynorphin A content in the striatum during hibernation is also
different from the decrease in dynorphin content under stress (Nabeshima et al.
1992). These state-dependent changes echo our previous findings that an
increase in met-enkephalin immunocytochemical activity in the lateral septum
only appeared in the hibernating ground squirrels but not in the artificially
induced hypothermic ground squirrels while in the non-hibernating phase
(Nurnberger et al. 1991). In addition, the increase in opioid activity was not
uniformly expressed in the CNS. A significant reduction in medulla met-
enkephalin and B-endorphin content has been observed. Likewise, the activity
changes of the four investigated endogenous opioids were not identical to each

other in different hibernation states.

One of the interesting observations was that dynorphin A-like peptides were
extremely higt in the claustrum (CLA). During hibernation, dynorphin A-
immunoreacti ity in this region was much higher than the non-hibernating state.
The claustrum uas been speculated to be involved in feeding (Simpson and Fitch
1988). A decrease in 5-HT receptor binding in the claustrum was found to be
associated with a reduction in food intake in chronic 5-HT, agonist-treated
animals (Rouru et al. 1993). The x opioid agonists have been shown to modulate
food intake (Stanley et al. 1989). In addition, activation of x receptors has been
demonstrated to stimulate fat intake (Romsos et al. 1987). Increase in
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dynorphin immunoreactivity in the cortex, hypothalamus, and striatum has been
shown in the hypophagic phase of the hibernation cycle (Nizielski et al. 1986).
Thus, our observed increase in dynorphin A-like activity in the CLA during
hibernation may be related to the modulation of food intake at different
hibernation states, such as fall fattening and the ensuing anorexia prior to
hibernation. However, the precise roles of the opioids in the CLA 4 hibernation

and other physiological events still require further investig.izs..

Microdialysis has been shown to be a very ugeful tool in investigating small and
yet relatively slow changes of neurotransmitters in the extracellular space during
behavioral or pharmacological manipulation (Westerin. and Justice 1991).
Different from most neurotransmitters, opioids have nct been shown to have a
reuptake mechanism by neuronal terminals. Therefore, the interstitial
concentration of endogenous opioid peptides reflects an equilibrium, among the
rates of release, degradation, and diifusion. From this point of view, the
apparent turnover rate (which is the amount cf opioids diffused into the
dialysate per unit time) may be more appropriate an index in representing opioid
activity in different hibernating states. However, because extracellular
concentration is most commonly used in presenting microdialysis data in
publications, the estimated extracellular opioid concentrations in different
hibernation states were also calculated in the present study. During hibernation,
because of the over 30°C drop in Tb, the enzymic, neuronal, physiological, and
metabolic activities all decreased significantly (for review see Wang 1988, 1989).
The lowering in Tb also reduced diffusion rate. It is, therefore, expected that
opioid turnover would decrease correspondingly during hibernation. On the
contrary, our observation showed that the apparent turnover of dynorphin A-like
peptides in the septum of hibernating squirrels (Tbr=5°C) was about the same
as that of the non-hibernating animals at Tbr of 37°C. Based on an assumed Qo
of 2.5 for biological systems, a 30°C difference would entail a 16 fold difference

in biological rate functions. Thus, it may be implied that during hibernation, the
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apparent turnover of dynorphin A was 15 times greater than that seen in the
euthermic, non-hibernating state. The septal turnover rate of p-endorphin
during hibernation was slightly lower than the non-hibernating animals.
However, a 30°C decrease in Tb during hibernation would have brought about
a 94% decrease in biological rate functions, assuming a Qo of 2.5. Our observed
12% decrease in B-endorphin apparent turnover may indicate an extremely high
activity during hibernation. Thus, unlike other suppressed physiological
parameters, the very high activities of dynorphin A and B-endorphin during
hibernation may suggest their functional roles in hibernation. In addition, the
changes in dynorphin A and B-endorphin turnover in the septum were not
following the same pattern after arousal. Dynorphin A turnover was increased
slightly (not significant) in inter-bout euthermia compared with non-hibernation
state whereas B-endorphin turnover increased drastically after arousal from
hibernation. This may imply different roles of these two endogenous opioids in

regulating hibernation.

In terms of extracellular concentration, increased dynorphin A-like peptides in
the lateral septum of hibernating ground squirrels was in agreement with brain
tissue homogenate results although the increase indicated in brain homogenates
was less profound. This may be caused by the large size of tissue sample used
which combined several nuclei and changes in only one or a few nuclei may be
masked by other nuclei without changes. However, an elevation in septal
interstitial p-endorphin concentration, observed in microdialysis, was not evident
in the tissue homogenate sample. Other than the above stated reason, another
possibility for this discrepancy is that opioid content in homogenates includes
both intracellular and extracellular peptides. Intracellular opioids are those
being translated and stored. Only extracellular opioids, which are released to the
interstitial space, are functionally involved and may not necessarily correlate
with their intracellular levels. Therefore, concentration and apparent turnover

measured by in vivo microdialysis seem to be better indicators of functional
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neuronal activity.

Peripheral opioids are synthesized from different sources than are CNS opioids
(Zakarian and Smyth 1982, Hokfelt et al. 1984, Akil et al. 1988). Plusma -
endorphin is mainly from the pituitary whereas enkephalins and dynorphin are
from adrenal medulla and/or gastrointestinal tract (Zakarian and Smyth 1982,
Hokfelt et al. 1984, Negri et al. 1989). The regulation of peripheral opiocids is
also different from the central system (Hokfelt et al. 1984, Genazzani et al. 1984,
Vescovi and Coiro 1993) and changes differently in response to various
physiological or patholugical conditions (Alessio et al. 1989). Physiologically,
peripheral administration of dynorphin or other x agonists has been shown to
induce hypothermia (Adler et al. 1991) and reduce heart rate and cardiac
contractility (Illes 1989). Chronic administration of x agonists also depresses the
hypothalamic-pituitary-adrenocortical (HPA) activity and decreases plasma -
endorphin level (Milanes et al. 1991). The observed increase in dynorphin A-
immunoreactivity in the plasma of hibernating animals may thus be speculated
to have exerted a facilitatory role for hibernation by activating peripheral x
receptors. The periphe.al p-endorphin, on the other hand, has been suggested
to modulate the activity of other neurohormones, stimulate HPA activity, and
stimulate lipolysis (Richter et al. 1983, Dalayeun et al. 1993, Vescovi and Coiro
1993). Our observed decrease in p-endorphin-like peptides in the plasma of
hibernating ground squirrels is consistent with the reported generally depressed
endocrinological functions during iibernation (Wang 1982), including that of the
HPA. However, the precise functions of these opioids in regulating hibernation
still needs to be further investigated.

The increase in endogenous opioids during hibernation vould be a result of an
increase in gene expression. Opioid gene expression h~s been shown to be
regulated by neuronal activity and/or chronic exposure to opioid ligands
(L’Hereault and Barden 1991, Romualdi et al. 1991, Comb ¢* :l. 1992, McMurray
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et al. 1992, Pelletier 1993, Yebenes and Pelletier 1993). The persistence of

neuronal activities in the septum, sensory cortex, and medial preoptic area
during hibernation (Strumwasser 1959) may have contributed to the increase of
opioids activity during hibernation. However, a reduction in opioid degradation
at Jow Tb can not be completely excluded. Carrier m w.cuies ®r enkephalins
have been shown to exist in plasma and they can incvease the stability of plasma
enkephalins (Roda et al. 1983). Experiments harve also shown the existence of
endogenous plasma enkephalinase inhibitor: vhich protect opioids from being
degraded (Marini et al. 1990). Th= discovery of an increase in ay;-macrogolbulir

a broad-spectrum plasma protease inhibito:, during hibernation (Srere et = .
1992, Martin et al. 1993) further supports tke possibility of reduced degradat'on
of macromolecules during hibernation. Fu.:her experiments on opioid ene
expression during hibernation are thus needed to decipher the alteration of
endogenous opioid metabolism during hibernation as well as vheir ,unctional

roles in regulating hibernation.
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CHAPTER SIX

General discussion and conclusions

Mammalian hibernation is a complex phenomenon, involving a series of
complicated adjustments at the cellular, biochemical, physiological, neuronal, and
behavioral levels. Transition from one state of the hibernation cycle to the other
is precisely controlled by an endogenous circannual rhythm located in the central
nervous system (CNS). The regulating processes involved in a hibernation bout,
though still largely unknown, comprise at least of neuronal network activation,
neurochemical interactions, and receptor and ion channel activation, affecting
cardiovascular, respiratory, and metabolic functions. Among the numerous
neurochemicals, endogenous opioids have been speculated to be one of the
important components in regulating hibernation. Previous investigations have
suggested an increase in opioid activily during hibernation and antagonism of
opioid activity by exogenous opioid antagonists induces premature arousal from
hibernation (for review see Chapter One). Our observations in this thesis
research demonstrate a hibernation state-dependent increase in various
endogenous opioid activities and a correlated decrease in opioid receptor efficacy
in several CNS regions. Furthermore, an elevation of plasma opivid peptides has

also been observed during hibernation.

CNS control of hibernation

Mammalian hibernation is an active, precisely controlled process, much different
from poikilothermic torpor. Prior to any visible transitions, when animals are
about to enter into or arouse from hibernation, changes in neuronal electro-
activity always precede physiological changes (Strumwasser 1959, Wunnenberg
et al. 1978, Lyman 1982). This implies that the transition is a controlled event
rather than passively manipulated by externa! cues. Even at very low Tb,

hibernating animals are still able to control their autonomic physiological
165
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functions (Heller 1979, Beckinan and Stanton 1982, Lyman 1982). Precise

regulation of the re-adjusted autonomic activities is vital for survival of the
animals under such depressed metabolic conditions. The hypothalamic region,
along with the brain stem reticular formation (BSRF), are the primary regions
for thermoregulation and autonomous physiological adjustments (Heller 1979,
Cohen and Shermen 1983). The septo-hippocampal complex, as an important
relay station between the hypothalamus and BSRF (for review see Chapter One),
has been demonstrated to be involved in thermoregulation (Murakami et al.
1984, Boulant et al. 1989, Lee et al. 1989, Zeisberger 1990), food intake (King
and Nance 1986, Stanley et al. 1989), and other autonomic functions (Wang and
Ingenito 1992, 1994, Rector et al. 1993). These limbic regions still remain
metabolically and electrically active during hibernation (Strumwasser 1959,
Wunnenberger et al. 1978, Kilduff et al. 1986, 1989). It is, thus, hypothesized
that an inhibitory influence from the septo-hippecampal complex to the BSRF
induces the entry into hibernation (Heller 1979), whereas, reversal of this
inhibition in the septal-hippocampal region causes arousal from hibernation
(Heller 1979, Beckman and Stanton 1982, Belousov and Belousova 1992,
Belousov 1993). Therefore, the investigations in the thesis are mainly focused

on the septo-hippocampal regions.

Central distribution of endogenous opioids and opioid receptors in Columbian
ground squirrels

All three types of opioid receptor, i, 8, and x, have been demonstrated to be
widely distributed and especially dense in the limbic structure of the CNS
(Mansour et al. 1988, 1994a, Simon 1991). Receptor autoradiography (Chapte:
Four) revealed that, among the investigated regions, the density of u opioid
receptor binding in non-hibernating ground squirrels is as follows: hippocampal
fissure >> lateral septum > CA3 > preoptic area > CAl = dentate gyrus >
medial septum. This distribution pattern is different from that of rat brain,

investigated both by receptor binding using autoradiography (Mansour et al.
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1986, 1988, Sharif and Hughes 1989) and receptor mRNA using in situ
hybridization (George et al. 1994, Mansour et al. 1994a, 1994b). The binding
density of the & receptor is hippocampal fissure > dentate gyrus > CAl > CA3
> lateral septum > preoptic area > medial septum. The localization of &
receptors is also different from rat and mouse (Mansour et al. 1988, Garters et
al. 1993, George et al. 1994). Kappa agonist binding, on the other hand, is
different from p and 8: Claustrum >> dentate gyrus > lateral septum = CA3
> preoptic area = CAl > medial septum. Except for its high density in the
claustrum of several species (DePaoli et al. 1994, Mansour et al. 1994c),
localization of the x receptor is also species-specific (Mansour et al. 1988, Sharif
and Hughes 1989). Base on the measured receptor density (maximal binding)
of i, 8, and x opioid receptors in the brain of non-hibernating Columbian ground
squirrels (Chapter Four), their proportional make-up is about 41%, 29%, and
30%, respectively. This proportional make-up is also different from rats, mice,
guinea pigs, pigeons, and humans (Mansour et al. 1988). The species differences
in opioid receptor distribution pattern and overall ratio have long been in
evidence (Herkenham and McLean 1988, Mansour et al. 1988, Sharif and Hughes
1989). Whether the species variation is related to specific physiological

characteristics or adaptations of each species is currently uncertain.

Similar to opioid receptors, endogenous opioids, derived from
proopiomelanoco;iin, proenkephalin, and prodynorphin families, hav. also been
located throughout the CNS (Akil et al. 1984, 1988, Khachaturia et al. 1985,
Mansour et al. 1986, 1988, Brush and Shain 1989). The concentration of B-
endorphin, the endogenous opioid with both u and & potency, is high in the
hypothalamus, septum, and claustrum regions, and low in the frontal cortex,
hippocampus, medulla, striatum, and cerebellum of non-hibernating Columbian
ground squirrels (Chapter Five). Overall, the concentrations of met-enkephalin
and leu-enkephalin, endogenous ligands preferring the & receptore, are about two

orders of magnitude higher than other endogenous opioids. Their concentrations



169

are high in the striatum, moderate in the hypothalamus and septum, and low in
the hippocampus. The concentration of dynorphin A-related peptides is
extremely high in the claustrum, correlating well with the dense distributions of
x receptors in the same area. The concentration of dynorphin A-like peptides
is also high in the hypothalamus and septum, moderate in the hippocampus and
striatum, and low in the frontal cortex and cerebellum. As indicated above, the
distribution and density of opioid receptors aru endogenous opioids are
consistent for most of the investigated regions. However, because of the
complexity and low specificity of endogenous opioid peptides, mismatches
between the peptides and receptors do exist, as reported both in this study and
in previous studies (Akil et al. 1984, Khachaturian et al. 1985, Mansour et al.
1988, 1994a, Reiner et al. 1989). This endogenous opioid-receptor mismatch is
speculated to be a result of low specificity of endogenous opioids, diffusion of
opioids in the synaptic space to reach their receptors in nearby regions,
unidentified receptors, and "spare" receptors (Herkenham and McLean 1988,
Mansour et al. 1988, 1994a, Reiner et al. 1989). The first two are most likely

responsible for the mismatch in our observations.

Changes in endogenous opioid activity in the hibernation cycle

When receptors are being exposed to their putative agonist, either endogenously
released or exogenously applied, for an extended period of time, the effectiveness
of the ligand to induce corresponding physiological or pharmacological effects is
reduced. This can be a result of receptor desensitization or receptor down-
regulation. Desensitization is characterized as a reversible conformatic nal
change of the receptors without altering the receptor numbers (Johnston anc Wu
1995, Raynor et al. 1994). It is possibly mediated by a post-receptor mechanism,
such as phosphorylation (King and Cuatrecasas 1983, Kandel et al. 1995).
Down-regulation, on the other hand, is a decrease in the number of membrane
receptors due to internalization (Niedel 1983, Bhargava et al. 1991). The

reduced sensitivity to agonist-induced responses under physiological or
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pharmacological circumstances can be a result of receptor desensitization and/or

receptor down-regulation {Bhargava et al. 1991, Polastron et al. 1994).

During hibernation, u receptor binding decreased significantly in the medial
septum (Chapter Four). This decline in u receptor binding is probably the result
of an increase in p-endorphin content in the septum, as demonstrated by tissue
homogenate (Chapter Five). Although the p receptor binding is unaltered in the
lateral septum, in vivo microdialysis revesled an elevation in extracellular B-
endorphin concentration as well (Chapter Five). However, extracellular p-
endorphin concentration is even higher in the inter-bout euthermia than during
hibernation, which suggests that the increase in p-endorphin concentration may
have been only initiated during hibernation and does not peak until the
completion of arousal. Thus a short term exposure of u receptor to relativeiy low
p-endorphin activity could not induce the down-regulation of u receptors in the
lateral septum during hibernation. In the hippocampal formation, a decrease in
p receptor binding is only observed in the CA3 region whereas the receptor
density in the CAl and dentate gyrus is about the same in hibernating squirrels
as that in non-hibernating animals (Chapter Four). This supports the
observation that the inhibitory effect of the u agonist, DAGO, on 5-HT release
from the hippocampal slices remains during hibernation (Chapter Two) sirce 5-
HT terminals are densely located in the dentate gyrus but only moderately in
CA1 and CAS3 of the hippocampal formation (Moore and Halaria 1975, Parent et
al. 1981). The reduction of i agonist inhibition on 5-HT release from the CA3
region may be masked by an unaltered response in the dentate gyrus which is
compactly innervated by 5-HT terminals. In addition, an increase in g-endorphin
immunoreactivity was also observed during hibernation. However, this increase
in u opioid activity was not reflected by the u receptor binding (Chapter Four)
in the preoptic area because it is only a small portion of the hypothalamus and
may have not changed correspcndingly with the other nuclei. In contrast to the

septum, a decrease in P-endorphin content is shown in the medulla of
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hibernating Columbian ground squirrels (Chapter Five). This observation is in
accordance with the observed decrease of p-endorphin in the midbrain and pons

of hibernating golden-mantled ground squirrels (Mueller et al. 1990).

Similar to p-endorphin, an elevation of met-enkephalin content in the septum of
hibernating animals is also evident. This supports previous immunochemical
studies showing an increase in met-enkephalin-immunoreactivity in the
perikarya of the lateral septum (Nurnberger et al. 1991). It is also in agreement
with the observed decrease in & receptor binding (Chapter Four), reduced
sensitivity in thermoregulatory effects to external met-enkephalinamide
administration (Lee et al. 1989), and a decreased efficacy of met-enkephalinamide
on stimulating in vivo 5-HT release as measured by microdialysis (Chapter Two).
Although the leu-enkephalin content decreased slightly in the septum, because
of its low concentration compared to met-enkephalin, its contribution to the
overall alteration in endogenous & agonists is insignificant. In the hippocampus,
on the other hand, a decrease in 8 receptor binding in the CA3 and hippocampal
fissure of the hippocampal formation echoes the attenuation of inhibitory
modulation of 5-HT release in the hibernating animals. However, only a slightly
increased met-enkephalin content in the overall hippocampal region was
observed, probably because of the masking by the insignificant change in the
CAl and dentate gyrus.

Unlike B-endorphin and the enkephelins, a very high claustral content of
dynorphin A-like immunoreactivity was observed in the non-hibernating ground
squirrels (Chapter Five). During hibernation, the dynorphin A immunoreactivity
was even higher (Chapter Five), probably accounted for the observed decrease
of claustral x receptor binding (Chapter Four). Similarly, an increased
hippocampal dynorphin A-immunoreactivity during hibernation (Chapter Five)
is in accordance with the observed attenuation of k agonist stimulation of 5-HT

release from the hippocampal slices during hibernation. Autoradiographic study
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further confirms the decrease in x receptor density in the CA3 region in the
hippocampus (Chapter Four). Further, a rise in extracellular concentration of
dynorphin A-like peptide in the lateral septum, indicated by in vivo microdialysis,
is also in agreement with a decline in x receptors in the same region. However,
the absence of an expected significant increase in dynorphin A-immunoreactivity
in the lateral septum is probably masked by the lack of change in the medial
septum, when both areas were homogenized together. In contrast to the change
in septal p-endorphin concentration, septal dynorphin A concentration is the
highest in the hibernating state, intermediate in the inter-bout euthermia, and

lowest in the non-hibernating phase.

Peripherally, the synthesis and secretion of opioids have been demonstrated from
several sources, such as the peripheral nervous system and numerous organs or
organ systems (Akil et al. 1984, 1988, Hokefelt et al. 1984, Alessio et al. 1989,
Negri et al. 1989). Locally, opioids may only elicit their physiological functions
by activating receptors in the vicinity whereas circulating opioids can interact
systemically with remote receptors or even with receptors in the CNS via specific
transporters for crossing the brain-blood-barrier (Schick and Schusdziama 1985,
Banks and Kastin 1990, Begley 1994). Therefore, circulating endogenous opioids

may have important multi-functional roles in regulating hibernation.

During hibernation, the plasma concentrations of met-enkephalin and
immunoreactive dynorphin A were elevated whereas that of leu-enkephalin was
unaltered (Chapter Five). In contrast, the plasma concentration of p-endorphin-
like peptide of the hibernating ground squirrels decreased. This is not
unexpected since previous studies have shown that the p-endorphin content in
the pituitary, the main source of plasma B-endorphin, decreases significantly
during hibernation (Mueller et al. 1990). Similar to central endogenous opioids,
enkephalin concentrations are also about two orders of magnitude higher than

B-endorphin and dynorphin A-like peptides in the plasma.
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Taken together, the selective increases in endogenous opioids in certain ‘mbic
nuclei during hibernation correlate well with the observed decrease in efl.. ¢y
of corresponding receptors. These results confirm previous observations of
reduction in dihydromorphine, a u ligand with low selectivity, binding in the
septum and hippocampus (Beckman et al. 1986) and decrease in binding of a x
ligand, EKC, in the brain homogenate of hibernating animals (Aloia et al. 1985).
The present results also provide an explanation to the reported absence of-state-
dependent changes of opioid receptor binding (Wilkinson et al. 1986, Koleava et
al. 1989) since they were based on whole brain or large sized tissue homogenates

rather than small regions or nuclei.

Our observed decrease in opioid receptor binding does not seem to be a result of
general CNS depression during hibernation because pentobarbitone-induced
general depression does not prevent the development of physical dependence of
animals to morphine (Beckman et al. 1993a), whereas physical dependence to
morphine can not be induced in the hibernating state (Beckman et al. 1981). It
is, therefore, suggested that the lack of physical dependence to exogenous
morphine during hibernation is the result of decreased opioid receptor efficacy
induced by increased endogenous opioid activity. In addition, the increase in
endogenous opioids during hibernation does not seem to be induced by cold
because cold stimulus decreases hypothaiamic dynorphin level (Morely et al.
1982), which is not seen during hibernation. Physical stress-induced changes in
met-enkephalin and dynorphin (Kurumaji et al. 1987, Nabeshima et al. 1992) do

not follow the same pattern as seen in hibernation, either.

The state-dependent increase in opioid contents in tissue homogenates is further
substantiated to be of functional significance since they correlate with their
extracellular concentration and apparent turnover as demonstrated by in vivo
microdialysis (Chapter Five). These observations tend to indicate that the-

state-dependent changes in endogenous opioid activity may be regulated at the
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gene expression level by a circannual rhythmic mechanism in the limbic system.
The observed specific changes in endogenous opicid activities may imply their
functional importance in regulating different physiological processes in

hibernation.

Possible functional roles of regulatory changes in endogenous opioids and opioid
receptors in the hibernation cycle

An elevation of endogenous opioids can be a result of increased production/gene
expression and/or reduced degradation. Gene expression of three opioid families
has been demonstrated to be regulated by neural activity and neurochemical
stimulations (Uhl et al. 1988, Pelletier 1993, McMurray et al. 1992). Enhanced
neuronal activity in the limbic system prior to and/or during hibernation is
speculated to be able to modulate opioid gene expression. However, gene
expression of one opioid family is differentially regulated from the others to
accomplish the desired specific physiological functions (Comb et al. 1992,
L’Hereault and Barden 1991, McMurray et al. 1992), such as food intake,
thermoregulation, cardiovascular responses, and modulating release of other
neurotransmitters/ }: ormones (for review see Chapter One). The expression for
each of them may be regulated by various internal or external cues affecting

different nuclei of the limbic system.

A. Prodynorphin family #nd x receptors

Expression of prodynorphir: has been demonstrated to be regulated by relevant
physiological or neural stimuli, such as inflammation, seizure, and ed ministration
of excitatory neurotransmitters (L.adarola et al. 1988, Naranjo et &!. 1991) which
in turn leads to alterations of the ¢vnorphin level in the corresponding nuclei
(Gall 1988). Based on the results of the present findings, it is postulated that
on the transition from the non-hibernating o the hibernating phase,
prodynorphin gene expression is enhanced by an endogenous CNS mechanism.

This is supported by our observed extracellular dynorphin A immunoreactivity
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in the septum being the highest during hibernation, intermediate in the inter-
bout euthermia, and lowest in the non-hibernation phase. Physiologically, the
onset of the hibernation season is characterized by hyperphagia and deposition
of body fat which causes a rapid gain in body weight followed by hypophagia and
weight plateau. Activation of hypothalamic and extra-hypothalamic x receptors
stimulates food and fat intake and increases body weight (Nizielski et al. 1986,
Romsos et al. 1987, Stanley et al. 1989, Bhargava and Matwyshyn 1993),
whereas high dose of x agonist reduces feeding (Yim and Lowy 1984, Nizielski
et al. 1986). The postulated increase in concentration of dynorphin A-like x
peptides at the onset of hibernation season, may result in stimulation of food
intake leading to the fall fattening. However, a further increase in dynorphin
A level induces hypoghagia and body weight plateau or even a decrease prior to
hibernation. This is in accordance with previous studies that cortical,
hypothalamic, and striatal dynorphin content increased during the fall fatiening
season and reached its highest concentration at the onset of anoxia (Nizielski et
al. 1986). The claustrum, as part of the limbic system, has been shown to
modulate sensory motor and somatosensory inputs and is speculated to be
involved in appetitive behavior responses (Simpson and Fitch 1988). A higher
dynorphin A immunoreactivity in this area at the early phase of the hibernation
season may be related to its proposed role in food intake. Furthermore, central
and peripheral x opioids have been shown to induce hypothermia, sedation,
bradycardia, and respiratory depression (Snyer 1986, Stanley et al. 1989, Adler
et al. 1988, 1991, 1992, Burks 1991, Wollemann et al. 1993, Olson et al. 1994).
An increase in dynorphin A-like immunoreactivity in both CNS and plasma may
induce the overall autonomic depression in the entry phase of the hibernation

season.

As shown in Chapter Two, the x receptor may also act with 5-HT in the possible
regulation of hibernation. 5-HT is one of the neurotransmitters which is

considered to be important in the entry into and maintenance of hibernation.



il6
Evidence supporting such a role includes an increase in 5-HT turnover during
hibernation or winter torpor (Novotona et al. 1975, Lin and Pivorun 1989), the
preventicn of onset of hibernation by chemical or electrical lesioning of specific
5-HT-producing neurons in the median raphe nucleus (Spafford and Pengelley
1971, Canguilhem et al. 1986), and an increase in 5-HT synthesizing enzyme
prior to hibernation (Popova et al. 1993). The increased endogenous x opioid,
dynorphin A, at the onset of hibernation season stimulates 5-HT release.
Increased 5-HT activity suppresses eating (Leibowitz 1986, Rauru et al. 1993),
enhances inhibitory neural activity in the septo-hippocampal complex (Milner
and Veznedaroglu 1993), and further facilitates the inhibition of the
hypothzlamus and the brain stem reticular formation for transition to
hibernation. As 5-HT terminals directly modulate septo-hippocampal neuronal
activity (Milner and Veznedaroglu 1993), increased inhibitory activity may

facilitate the x induced autonomic depression, resulting in entry into hibernation.

It has been shown that neuronal activity or electrical activity in the perforant
pathway, a major input to the hippocampus from entorhinal cortex, may
suppress prodynorphin expression in the dentate gyrus of hippocampal formation
(Comb et al. 1992). Further, increase in x activity itself also reduces the release
of dynorphin to the synaptic gap by autoregulation (Nikolarakis et al. 1989). It
is reasonable to hypothesize that a drastic raise in dynorphin A level prior to
hibernation will in turn inhibit further prodynorphin expression (Romualdi et
al. 1991) and release. The increase in dynorphin A immunoreactivity in the
entry phase of hibernation also down-regulates k receptors during hibernation,
which accounts for the reduced sensitivity and/or indifference to x ligands in
deep hibernation or arousing phase. In concert with the reduction of gene
expression, the gradual decrease in x activity occurs during a hibernation bout.
The slowly declined extracellular dynorphin concentration together with the
reduced x receptor efficacy causes a gradual reduciion in inhibitory activity of

the septo-hippocampal complex to a point that it can on longer maintain the



1717

animal in hibernation and the animal arouses. This hypothesis is supported by
observations of plasma dynorphin A immunoreactivity variability during a
hibernation bout (unpublished data). Preliminary studies with continuous blood
sampling, using jugular cannulation, throughout a hibernation bout indicate that
the highest dynorphin A immunoreactivity was reached on the first day of a
hibernation bout and gradually declined as the hibernation bout progresses.
Dynorphin A ccntent in plasma reached the lowest level during arousal.
Therefore, it appears that both central and peripheral dynorphin A activities
increase during inter-bout euthermia. Ons:~ - 10ther hibernation bout results

when dynorphin reaches its highest level.

B. Proenkephalin family and & receptors

Proenkephalin gene expression has been demonstrated to be stimulated by
electrical or chemical stimuli, neural activity, and mediators of the second
messenger systems (Comb et al. 1992). Increased neural activity in the limbic
system prior to hibernation or during the entry phase of hibernation may be a
stimulatory factor for proenkephalin gene expression, resulting in a gradual
increase in enkephalin levels in the CNS. The observed increase in met-
enkephalin content in the septal region (Chapter Five) may have some functional
roles in regulating hibernation cycle. It may enhance the release of 5-HT
(Chapter Two), resulting in lowering of Tb (Chapter Three). In view of the
inhibitory nature of met-enkephalin, further increase in met-enkephalin activity
in the septal area may interact with 5-HT to impose an inhibitory signal from
the septo-hippocampal complex to the reticular formation. It is, thus, possible
that endogenous enkephalinergic system may elicit one or both above mentioned

effects to facilitate the entry into and/or maintenance of hibernation.

Thyrotropin-releasing-hormone (TRH), on the other hand, is presumed to be an
arousal factor. It has been shown previously that hippocampal injection of TRH

causes premature arousal from hibernation (Stanton et al. 1980, 1981). Further,
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inclusion of TRH to septal slices of hibernating ground squirrels induces a
profound increase in the frequency of spontaneous activity of medial septal
neurons (Belousov and Belousova 1992). It has been demonstrated that TRH
antagonizes pentobarbital narcosis and induces arousal through activating the
septo-hippocampal system (Kalivas et al. 1981). These observations raise the
possibility that arousal from hibernation can be initiated by an increase in
excitatory activity of TRH in the septo-hippocampal complex to remove the
prevailing inhibitory suppression on BSRF and hypothalamus (Belousov and
Belousova 1992, Belousov 1993). This notion is supported by the recent finding
of seasonal and state-dependent changes in TRH receptor binding (Stanton et al.
1992), showing a seasonal daecrer TRH receptor binding in some
hypothalamic nuclei comparing wi. euthermic with summer euthermic
animals and a state-dependent decrease in hypothalamic TRH binding and an
increase in amygdala TRH binding when hibernating animals were compared
with winter euthermic animals. Enkephalin- and TRH-containing neurons have
been demonstrated to co-exist in the hypothalamic region (Ceccatelli et al. 1989,
Tang and Mah 1991) and some project to the lateral septum (Ishikawa et al.
1986, Merchenthaler 1991). Furthermore, enkephalins have been shown to have
an i - effect on central TRH activity (Jordan et al. 1986, Krumins 1988,
Loqume o al. 1993). These observations may lead to a suggestion that the
~or-~ue . enxeph&.in activity may facilitate and maintain hibernation by
't .ug endegenc s TRH activity. This may possibly be the case since a
decrease in TRH concentration in most of the limbic region is observed in t}

hibernating ground squirrels (Stanton et al. 1982).

Increased enkephalin activity may down-regulate & receptors (Prather et al.
1994) during hibernation. With the prolongation of the hibernation bout, the
increased & activity might also reduce the expression of proenkephalin gene via
negative feedback (Uhl et al. 1988) and the release of enkephalins by activating
presynaptic autoreceptors (Nikolarakis et al. 1989), Consequently, the
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inhibitory effect of enkephalins on TRH may diminish with time in hibernation

and arousal ensues. Therefore, an increase in 8 opioid activity in the early phase
of hibernation facilitates hibernation by enhancing 5-HT and/or suppressing
TRH activities whereas a decrease in 8 opioid activity in late hibernation bout
may Jead to spontaneous arousal by removing its inhibitory effect on TRH
activity. This speculation that enkephalins may facilitate the entry into and
maintenance of hibernation is further supported by previous observations that
premature arousal initiated when 8 opioid activity was blocked by the non-
specific opioid antagonists naloxone (Margules 1979, Beckman and Liados-
Eckman 1985) and naltrexone (Kromer 1980) or the 8 antagonist naltrindole (Yu
and Cai 1993).

C. POMC family and u receptors

Most of the POMC gene expression has been shown to be located in the arcuate
nucleus of hyvpothalamus, the main source of central B-endorphin, and the
anterior pituitary, which releases p-endorphin to blood (Genazzani et al. 1984,
Negri et al. 1989). The expression is regulated by dopamine and other
neurotransmitters/ hormones, including opioids (L’Hereault and Barden 1991,
Pelletier 1993, Yebenes and Pelletier 1993). However, the expression is
differentially regulated in the arcuate nucleus and pituitary (Pelletier 1993).

Since p-endorphin binds to u, &, and a proposed e receptors, its physiological
effects are the result of activation of all bound receptors and are .ore
complicated. However, as B-endorphin concentration is usually two orders of
magnitude lower than that of enkephalins in the same region in both non-
hibernating and hibernating ground squirrels (Chapter Five) and rats (Cuello
1983), the physiological responses induced by B-endorphin, if not seen by 8
activation, are mostly likely non-8 and supposedly via u receptors. In the
hibernating ground squirrels, septal f-endorphin content is intermediate between

that of euthermic non-hibernating and euthermic inter-hibernation bout animals
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(Chapter Five). Further, unlike x and & receptors (Chapter Two), u receptors
are not down-regulated during hibernation, ss evidenced by its unaltered binding
(Chapter Four) and its persistent inhibitory effect on 5-iiT release, suggesting
a low p activity during hibernation. The gradual increase in p-endorphin level
from hibernating state to inter-bout euthermic state, in the septal region, may
imply its role in arousal. It has been demonstrated that stimulation of central
u receptors elevates epinephrine and norepinephrine concentration in blood and
enhances sympathetic drive (Van Loon et al. 1989). Increase of symipathetic
activity has been shown to be a critical component of the arousal process (Lyman
1982). Moreover, activation of u receptors in the hypothalamic paraventricular
nuclei has been demonstrated to increase blood pressure and tachycardia
(Bachelard and Pitre 1995). Therefore, the observed increase in B-endorphin
immunoreactivity in the hypothalamus (Chapter Five) during hibernation may
have a role in inducing arousal. In addition, slowly increased B-endorphin
concentrations with the progression of hibernation bout (Chapter Five) could
suppress 5-HT activity (Chapter Two, Passarelli and Costa 1988, Yoshioka et al.
1993). The attenuation of 5-HT activity may work together with elevated TH

activity, caused by reduction of & activity, to induce arousal.

Interestingly, u receptors have been shown to elicit opposite effects to x
receptors in many physiological and pharmacological situations, such as in
thermoregulation (Spencer et al. 1990), modulating 5-HT (Cui et al. 1993) and
dopamine release (Di Chiara and Imperato 1938), firing-rate of dopamine cells
(Walker et al. 1987), modulating locomotor activity (Mansour et al. 1988), and
fluid regulation (Mansour et al. 1988). Mu agonist-induced increase in dopamine
metabolism (Kim et al. 1987) and impa.rment of spontaneous alieration
performance (Itoh et al. 1994) have been sliown to be antagonized by x agonists.
In addition, down-regulation of x receptor binding, induced by chronic
administration of x agonists, causes a simultaneous up-regulation of x binding
(Morris and Herz 1989). The difference in u and x receptor-elicited physiological



181
effects may be a result of coupling to different ion channels. It has been shown
that u receptors couple to potassium channels (North et al. 1987), whereas x
receptors couple to calcium channels (Wollemann 1990. Childers 1991). It is,
thus, quite possible that u receptors play a different role from x receptors in
regulating hibernation. The speculation that activation of u receptors mediates
arousal from hibernation is supported by the recent obser-—-ation that icv infusion

of B-endorphin in hibernating ground squirrels induces premature arousal
(Beckman et al. 1993b).

Being very complicated systems, endogenous opioids and receptors also interact
and cross-react with each other and with other neurotransmitters and hormones
to modulate gene expression (Reimer and Holt 1991, Romualdi et al. 1991, Lason
et al. 1992), the release (Leda et al. 1987, Nikolarakis et al. 1989, Kelly et al.
1990) of the three families of opioid peptides, and the regulation of opioid
receptor sensitivity and /or composition (Simantov et al. 1989, Bhargava et al.
1991, Polastron et al. 1994, Prather et al. 1994, Raynor et al. 1994). For
instance, chronic administration of a x agonist, U50488, induces a decrease of
plasma B-endorphin content (Milanes et al. 1991), which may suggest that the
decrease in plasma B-endorphin concentration during hibernation is a result of
increased x opioid dynorphin activity. Moreover, opioid systems are not in
isolation from other neurotransmitters. They have been demonstrated io
modulate the activity of other neurotransmitters and hormones (Illes 1989) and
be modulated by other neurochemicals (McMurray et al. 1992, Pelletier 1993) as
well. It has been shown that increase in 5-HT activity by administration of 5-
HT precursor or uptake inhibitor elevated hypothalamic p-endorphin
immunoreactivity (Majeed et al. 1985). The possibility that our observed
increase in B-endorphin content in the hypothalamus during hibernation is a
consequence of increased 5-HT activity stimulated by x and/or 3 opioids cannot
be ruled out. Norepinephrine, acetylcholine, adenosine, vasopressin, and

melatonin have also been indicated to be possibly relate to the regulation of
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hibernation (Stanton et al. 1984, 1987, Wang 1989, Hermes et al. 1993, Lee et
al. 1993). Therefore, it is possible that opioids may regulate hiber  tion through

activating or inhibiting other neurotransmitters and hormones as well.

In conclusion, the state-dependent increase of various opioid activities indicates
their functional roles in regulating hibernation. Increased x opioid activity at
the onset of the hibernation season stimulates foo« intake and body weight gain.
Further enhancement of k activity stimulates 5-HT activity, which, in concert
with central and peripheral x opioids, leads to the suppression of BSRF from the
¢., - . pocampal complex and general depression of autoncmic functions.
Fur i ‘re,inerease in & activity, prior to or in the early stage of a hibernation
40, .ucilitates the transition to and maintenance of hibernation, by enhancing

© .ctivity and suppressing TRH excitatory activity in the septo-hippocampal
complex. As the hibernation bout progresses, the x and & inhibitory effects
diminish because of negative feedback and receptor down-regulation until the
inhibitory activity is overcome by excitatory TRH impact. In addition, with the
facilitation of P-endorphin-induced increase in sympathetic drive, arousal
initiates. However, the regulation of hibernation is probably much more complex
an event than we hypothesized here. Opioids must have acted in concert with
other neurochemicals to regulate the complicated physioiogical changes
throughout a hibernation bout as well as the seasonal hibernation cycle. The
proposed hypothesis has to be verified by further investigations into opioid
peptide and receptor gene expression throughout the hibernation cycle, and by
altering hibernation patterns through the administration of various opioid
agonists and antagonists during the various time periods of a hibernation cycle.
Only after such systematic investigations plus the interaction of opioids with
other neurochemicals, can we begin to understand the key aspects regulating the

hibernation precess.
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